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Preface

The most undesirable and noticeable deterioration of different kinds of materials is corro-
sion of metals, which is defined by ISO (International Organization for Standardization) as
“physicochemical interaction between a metal and its environment that results in changes in
the properties of the metal, and which may lead to significant impairment of the function of
the metal, the environment, or the technical system, of which these form a part.” Total costs
of corrosion include “the design and construction or manufacturing, the cost of corrosion
related maintenance, repair and rehabilitation, and the cost of depreciation or replacement
of structures that have become unusable as a result of corrosion” and are estimated to be US
$2.5 trillion that corresponds to approximately 4% of the global GDP. To protect metals or
alloys from corrosion, some methods can be used such as isolating the structure from the
aggressive media (using of coatings or film-forming chemicals) or compensating the loss of
electrons (corrosion is oxidation process) from the corroded structure (e.g., cathodic protec-
tion by impressed current or by using sacrificial anodes). The use of corrosion inhibitors
may include organic and inorganic compounds that adsorb on the metallic structure to iso-
late it from its surrounding media to decrease oxidation-reduction processes. Organic inhib-
itors create their inhibition by adsorbing their molecules on the metal or alloy surface to
form a protective layer. Alternatively, inorganic inhibitors act as anodic inhibitors and their
metallic atoms are enclosed in the film to improve its corrosion resistance.

This book collects new developments about corrosion inhibitors and their recent usages. I
would like to appreciate all the contributors of this book and thank them for their high-qual-
ity manuscripts. I wish the open access publishing of this book would help all researchers to
benefit from this collection.

Dr. Mahmood Aliofkhazraei
Tarbiat Modares University, Iran
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Chapter 1

Organic Corrosion Inhibitors

Bogumit Eugeniusz Brycki, Iwona H. Kowalczyk,
Adrianna Szulc, Olga Kaczerewska and Marta Pakiet

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72943

Abstract

Organic corrosion inhibitors are one of the five ways, besides material selection, design,
cathodic protection and coatings, to protect materials against corrosion. Corrosion is an
ubiquitous phenomena that deteriorates all materials, metals, plastics, glass and con-
crete. The costs of corrosion are tremendous and amounts to 4.0% of gross domestic
product (GDP) in USA. The similar losses of GDP are noted in all countries around the
world. At this point of time, there is no way to completely stop the corrosion processes.
Some new solutions can only slow this process. Organic corrosion inhibitors are widely
used in industry because of their effectiveness at wide range of temperatures, compati-
bility with protected materials, good solubility in water, low costs and relatively low
toxicity. Organic corrosion inhibitors adsorb on the surface to form protective film which
displace water and protect it against deteriorating. Effective organic corrosion inhibitors
contain nitrogen, oxygen, sulfur and phosphorus with lone electron pairs as well can
contain structural moieties with m-electrons that interact with metal favoring the
adsorption process. This review presents mechanisms and monitoring of corrosion,
laboratory methods for corrosion study, relationship between structure and efficacy of
corrosion inhibitions, theoretical approach to design new inhibitors and some aspects of
biocorrosion.

Keywords: organic corrosion inhibitors, biocorrosion, sulfate-reducing bacteria gemini
surfactants, corrosion tests

1. Introduction

The world we live in is chemical. Everything what surrounds us is composed of natural or
synthetic chemical compounds. Some of them are very durable, some of them are less stable.
But all of them are subjected to interactions with the environment what adversely affects the

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN



4 Corrosion Inhibitors, Principles and Recent Applications

structural performance, including reliability over time. The deterioration process concerns all
materials, not only metals but also plastics, glass, concrete, wood, leather and paper. The
cracking, swelling, crazing, discoloration, phase separation or delimitation of plastics is caused
by UV-light, heat, moisture or biological activity, that is, by physical, chemical or biological
reactions [1, 2]. Corrosion of glass is due to reactions with atmospheric pollutants such as SO,
or CO, as well as hydroxyl ions attack on siloxane bonds what leads to extraction of silica
[3, 4]. Corrosion of concrete materials is also a very important economic problem. The mainte-
nance costs of concrete microbial corrosion (CMC) of sewer pipelines in Hamburg (Germany)
in 1970s reached up to €25 million whereas in Los Angeles (USA), the sewer pipe of 208 km in
a total length of 1900 km had been damaged by CMC, and the rehabilitation costs were as high
as $400 million [5]. Wood may also cleave or decompose what is related to its chemical
structure based on cellulose, lignin and hemicelluloses. In natural environment, wood is
rapidly colonized by microorganism and insects and the process of decomposition begins [6—
8]. Deterioration of wood materials is a serious problem especially for historic wood pieces and
monuments [9-11].

The deterioration of different kind of materials is defined as corrosion by American Society for
Testing and Materials (ASTM International), that is, “the chemical or electrochemical reaction
between a material, usually a metal, and its environment that produces a deterioration of the material
and its properties” [12]. However, the most undesirable and noticeable is corrosion of metals
which is defined by ISO (International Organization for Standardization) as “physicochemical
interaction between a metal and its environment that results in changes in the properties of the metal,
and which may lead to significant impairment of the function of the metal, the environment, or the
technical system, of which these form a part” [13]. Total costs of corrosion include “the design and
construction or manufacturing, the cost of corrosion-related maintenance, repair and rehabilitation, and
the cost of depreciation or replacement of structures that have become unusable as a result of corrosion”
[14] and is estimated to be US$2.5 trillion what corresponds to 3.4% of the global GDP (2013).
The use of current corrosion control practice and procedures, including organic corrosion
inhibitors, would allow to save 15-35% costs of corrosion [14]. The cost of corrosion varies
depending on branch of industry and usually it is the highest in transportation and chemical
industry. In China in 2014, direct corrosion cost in transportation was 268.72 billion RMB that
constitutes 23.97% of total corrosion costs [15].

Corrosion is an ubiquitous phenomena and there is no way to completely stop it. Some new
solutions can only slow this process. However, the environmental pollution, global warming
and climate change are the direct cause for increasing corrosion costs. Only the increase of
global temperature by 2°C causes an increase of corrosion rates by up to 15% [16].

2. Mechanism of corrosion

Corrosion is mainly induced by chemical and electrochemical processes. Chemical corrosion
takes place in dry gases and nonconductive liquids where there is no current/electron flow. The
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main effect of chemical corrosion is an oxide layer as a result of oxidation in the air [17].
Electrochemical corrosion takes place in solution, between metallic materials and electrolytes
due to different potentials on the surface of the corroded metal and due to redox reactions. One
part of the metal is anode where metal oxidizes and becomes ion.

M—M" +ne 1)

The another part is cathode, where depolarization takes place, mainly reduction of oxygen and
hydrogen cation [15, 16].

O, +4H" +4¢— 2H,0 2)

2HY 4+2e¢— Hyt 3)

A scheme of electrochemical corrosion is shown in Figure 1.

Another type of corrosion is biocorrosion, commonly called microbial-induced corrosion
(MIC) and is defined as deterioration of metallic material caused by consortia of microorgan-
isms [20]. Microbes form a biofilm on the metal surface which is very good environment for
their growth [21]. Biofilms are multicellular communities of bacteria encased in an extracellu-
lar matrix of exopolysaccharide, protein and sometime extracellular nucleic acids [22]. Biofilms
are very hard to eradicated from any environment. They are resistant to most antimicrobial
agents [23]. Sulfate-reducing bacteria (SRB) and sulfur-oxidizing bacteria which form biofilm
to large extend are the main reason of the biocorrosion [21].

Another term associated with material’s degradation is erosion which means “a progressive loss
of original material from a solid surface due to mechanical interaction between the surface and a fluid, a
multicomponent fluid or impinging liquid or solid particles” [24]. A process involving conjoint
corrosion and erosion is named corrosion-erosion [24].

Electrolyte

L

M™

Figure 1. Scheme of electrochemical corrosion.
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6 Corrosion Inhibitors, Principles and Recent Applications

3. Monitoring of corrosion

To estimate real corrosion damage, many direct and indirect physicochemical analytical methods
are used [25]. The most basic method is visual inspection [15, 23]. However, many non-intrusive
methods are commonly applied, like ultrasonic [27], potential measurements, radiography, eddy
current, magnetic particle inspection [28] and acoustic emission [29]. Ultrasonic allows to control
thickness by using sonic waves with high frequency (1-6 MHz). The method can be used for
liquids and solids but not for gases [28]. The equipment is calibrated on two thicknesses and by
collecting data of material sound velocity, the thickness is calculated. The method can be used in-
service and also allows to measure pipe with high temperature and over coatings [27]. The
advantage of this method is a possibility to access the material only from one side. The surface
of material has to be prepared carefully to have a good contact with the equipment [18, 19].
Acoustic emission measures acoustic sound waves which are emitted due to deformation in the
monitored material. The sensors are very sensitive microphones. The sound waves are produced
from mechanical stress (pressure or temperature changes) so the technique does not need excita-
tion or human intervention [30]. This technique is a source of large amount of data which
requires elaborate filtering and analysis [29]. Potential measurements to control corrosion can
be done with a voltmeter with high internal resistance. To get results, the equipment has to be
connected to a reference electrode (usually Ag/AgCl electrode). Another method, radiography,
uses ability of gamma radiation to penetrate the investigated material. When the beam passes
through the material, some energy is absorbed in the material. The thicker the material, the larger
amount of the absorbed energy. As a result, a photographic film is obtained where dark color is
associated with high intensity of the transmitted beam and light is associated to low intensity.
The gamma radiation can penetrate up to 5 cm of the metal with acceptable signal of attenuation
[29]. The method is commonly used to control of the permanence of the weld [28]. Radiography
is also used for corrosion pits monitoring. Limitation of the methods is a fact that the material has
to be available from both sides [18]. Eddy current is a technique used for monitoring of cracking
and pitting corrosion of metallic materials. The method depends on the eddy current produced
in the surface of the metallic material. The method is restricted to a small layer in the surface of
the metal [28]. Magnetic particle inspection method is applied only to ferromagnetic materials
and is based on the fact that the surface distortion imparts to a magnetic field. The tested material
can be magnetized by several methods like flow an electrical current through material or using
electromagnets [28]. Another possibility to control corrosion is to measure indirect changes such
as hydrogen evolution which is a product of cathodic reaction. Hydrogen monitoring is applica-
ble to oil and petrochemical industries. The monitoring is based on techniques such as hydrogen
pressure or vacuum probe, electrochemical hydrogen patch probe and hydrogen fuel cell probe
[29]. Water chemistry analyses can provide interesting information to corrosion monitoring
program such as measurement of pH, conductivity or dissolved oxygen [29].

Corrosion monitoring methods like weight loss measurements, linear polarization measure-
ments or electrical sensor utilizing electrical resistance are also used in the field. However, the
measurements are indirect which make it difficult to estimate real corrosion damage [25]. All
used methods have to be standardized. Examples of extensive collections are the NACE
(National Association of Corrosion Engineers) standards and the ASTM (American Society for
Testing and Materials) standards [18].
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4. Laboratory methods for corrosion study

The most widespread methods for laboratory corrosion study as well to calculate a corrosion
rate (CR) are gravimetric and electrochemical (potentiometry and impedance spectroscopy)
techniques, whereas scanning electron microscope (SEM), atomic force microscope (AFM) and
transmission electron microscope (TEM) are used to show morphology of surface. The gravi-
metric method, that is, the weight loss measurements, is one of the simplest methods to carry
out. A sample of tested metal, previously carefully degreased and polished is weighed and
immersed in an electrolyte solution for specified time (t). After that time, the sample is taken
out, sluiced, degreased and weighted. The average weight loss (AW) is calculated by following
equation:

AW = W-W, 4)

where W; and W, is samples weight before and after immersion in electrolyte solution for t
time, respectively [31]. AW is represented in grams. Based on obtained results, corrosion rate
can be estimated as

CR = (K* AW)/(A*t"d) )

where K is a constant (8.76 x 10*) which allows to represent CR in mm/year; A is the surface of
the metal sample (cm?); t is the immersion time (hours); d is the density of the metal (g/cm) [31].

On the other hand, open circuit potential (OCP), named also corrosion potential (E.o,), linear
polarization resistance (LPR) and potentiodynamic measurements (Tafel slopes) are included
in potentiometric methods [32]. The measurements are conducted in standard, three electrode
system such as reference (saturated calomel electrode), auxiliary (platinum electrode) and
working (sample of the tested metal).

Electrodes are immersed in the electrolyte solution. After reaching an equilibrium, OCP (E o),
which is a difference in potential of microcells of the metal, is registered. At that potential,
oxidation and reduction reactions occur which allows to estimate if the metal is resistant to
corrosion in tested environment. The higher value of E.,,, the higher corrosion resistance of
the metal [33]. Graphical representation of results of the potentiodynamic measurements are
Tafel slopes: graphs of applied potential (E, V) versus registered current density (i, A/cm?)
(Figure 2) [34].

The graph of applied potential versus registered current density is a straight line but that
behavior is not observed for measured current (black lines). Due to that, corrosion current
density (ic.) is estimated by extrapolation of straight part of the measured current (green
lines). The value of corrosion current density is equal for anodic and cathodic reactions, that
is, the parameter has a direct influence on the corrosion rate [34].

The value of ic, can also be estimated by measuring linear polarization resistance which is a
quick testing technique for this method the material is polarized. The material’s resistance (R,)
is found by taking the slope of the potential versus current and the corrosion current density is
calculated by using Stern-Geary Equation [35]:

7
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E A
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Figure 2. Tafel slopes.

icorr = (BB/2:303(B, + B.)) /Ry ©)

where 3, 3. are slopes of anodic and cathodic of Tafel slopes, respectively [34].

Knowing the i, value, corrosion rate can be estimated:

CR = ign* By 10 315107 /F* d @)

where E is the equivalent mass of metal exposed to corrosion (g); F is the Faraday constant
(96,500 C); d is the density of metal (g/cm’) and 10x3.15x10 is the conversion factor used to
obtain the result in mm/year [36].

Electrochemical impedance spectroscopy is also carried out in the standard three electrode
system. After reaching equilibrium, impulse with known potential and frequency is applied. It
disturbs balance of the electrochemical system. A measured quantity is impedance of the
working electrode, Z (1), which is described by two types of impedance: real, Re(Z) and
imaginary, Im(Z). The results are presented as Nyquist diagrams: a curve in Re(Z)-Im(Z)
system [34]. Analysis of obtained data consists in describing the studied system with an
equivalent electrical circuit. When the processes are related to charge transfer between metal
and electrolyte, then the equivalent circuit consists in: solution resistance (R;), charge transfer
resistance (R.) and double layer capacitance (Cg4;) formed at the metal:solution interface. An
example of the Nyquist diagram and the equivalent circuit is presented in Figure 3.

In practice, instead of double layer capacitance, constant phase element (CPE) is used. Thanks
to that, a fact that the system is not ideal capacitor to be considered. CPE is converted to Cg4; by
following equation [37]:

Car = [(CPER)""] /Re ®

Where n is a chase shift which represents degree of imperfection [38].



Organic Corrosion Inhibitors
http://dx.doi.org/10.5772/intechopen.72943

Zin A tai
RN
st}
R
r
Ry Ret Lo

Figure 3. Nyquist diagram and equivalent circuit.

Corrosion rate is calculated from the equation:

CR = ign* By 10 315107 /F* d )

Corrosion current density is calculated from Stern-Geary equation [36].

Surface morphology of the metal is examined by using microscope techniques, SEM, AFM or
TEM. It allows to observe all surface defects/damage done by corrosion [39]. Very often
confocal laser scanning microscope (CLSM) is used to choose the right area of the surface for
further SEM/AFM/TEM examinations [37]. The mentioned methods are the most popular but
there are also other possibilities to estimate corrosive damage such as analytical methods,
volumetric, radiography or magnetic-powder testing. Analytical methods are based on the
determination of the metal ions content in environment and qualitative and quantitative
analysis of corrosion products by using mass spectrometry, absorption atomic spectrometry
or spectrophotometry [31, 37]. Volumetric method measures volume of evolving gas in the
corrosive reaction. Radiography is based on phenomenon of radiation absorption by materials.
Radiographic images are compared with the image of undamaged sample [41]. Magnetic-
powder testing consists in irregularity of distribution of the magnetic field in material’s
defects. Tested sample has to be magnetized and then magnetic particles are applied and
assemble in damage. Magnetic-powder testing is applied only for ferromagnetic materials [34].

5. Corrosion protection methods

There are five primary methods of corrosion control: (I) material selection, (II) design, (III)
cathodic protection, (IV) coatings and (V) inhibitors. The simplest method for controlling the
corrosion is the selection of the structural materials that change composition, change micro-
structure stress and eliminate tensile stress [39, 40]. Another method is an application of
rational design principles which can eliminate many corrosion problems and reduce the time
and costs associated with corrosion maintenance and repair [39, 40]. Cathodic protection is an

9
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electrical method to reduce corrosion rate of metallic structures in electrolytes such as soil or
water [42]. To achieve the protection, the impressed current cathodic protection (ICCP) system
and the sacrificial anodes cathodic protection (SACP) system are used [44]. Corrosion control
by anodic protection is known from the literature [43] but currently it is rarely used due to high
restrictions.

Coatings, that is, the isolation of the metal from the corrosive environment is one of the most
significant method of protection against corrosion. Coatings could be metallic (tin-plated steel
and galvanized steel) or non-metallic (organic or inorganic). The most important are organic
coatings, polymers made from epoxides, polyurethanes, polyesters, melamine formaldehyde
resins, polyacrylates and phenolic polymers [42, 43].

Recently, many new protective coatings have been developed; they could be based on grap-
hene [47], hybrid based on graphene oxide (GO) and reduced graphene oxide [22, 45, 46],
polypyrrole [50], polyaniline/polyvinyl chloride blended [51], nano-hybrid epoxy coatings
[52], bio-based polymers [53] or inorganic: siloxane based sol-gel coatings [54], silica-
titaniahybrid [55] and iron aluminide coating [56]. Some of them can be used to form the
superhydrophobicity surface [48, 49, 54-59, 61]. The coatings can also contain anticorrosive
pigments, for example, lanthanum molybdate [62] or sodium phosphomolybdate [63], or
anticorrosive coating additives like multiwalled carbon nanotubes [64]. To get the best protec-
tion against corrosion as well the optimal economy coatings and cathodic protection can be
complementary used [44]. Corrosion inhibitors are special group of substances or their mix-
tures that prevent or minimize the corrosion. Inhibitors are adsorbed on the surface of the metal
and form a protective thin film [39, 62].

The consumption of corrosion inhibitors reached nearly $1.1 billion in USA in 1998 and is
forecasted to increase to $2.5 billion in 2017 [66].

Inorganic corrosion inhibitors, besides the oldest one, that is, molybdate anion, belong to
calcium nitrite, rare earth metals salts, zinc phosphate, chromates and lanthanide compounds.
However, the most numerous class of corrosion inhibitors are organic once [67]. Many of them
are surfactants with hydrophilic and hydrophobic molecular moieties [68]. The corrosion
inhibitors can be introduced as protective coating [69], bio-based lubricants [67, 68] and smart
coatings that are released by the action of specific stimulus (e.g. change of pH, ionic strength or
the change of electrode potential) [42, 60, 69-72].

6. Organic corrosion inhibitors

Organic corrosion inhibitors are widely used in industry because of their effectiveness at wide
range of temperatures, compatibility with protected materials, good solubility and relatively
low toxicity [78, 79] This is a very important issue for researchers which is confirmed by an
increasing number of papers (Figure 4). These compounds act as cathodic and anodic inhibi-
tors. Cathodic corrosion inhibitors move the corrosion potential toward lower values and inhibit
or delay the reactions occurring at the cathode (oxygen reduction and hydrogen evolution).
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Figure 4. Number of published papers about organic corrosion inhibitors versus year of publication.

In contrast, anode corrosion inhibitors react with the metal cation to form an insoluble hydrox-
ide, block the active sites on the metal surface and move the corrosion potential in the direction
of positive values, which prevents further oxidation (dissolution) of the metal thus reducing the
rate of corrosion. It is very important to use the right amount of an anode inhibitor, because
insufficient concentration to cover all the active sites can lead to localized corrosion which is
difficult to detect. Mixed inhibitors provide the highest protection because they affect both
cathodic and anodic reactions.

The mechanism of action of organic corrosion inhibitors is based on the adsorption on the
surface to form protective film which displace water from the metal surface and protect it
against deteriorating. This process is not either purely physical or purely chemical adsorption.
Adsorption is influenced by the chemical structure of organic inhibitors, nature and surface
charge, the distribution of charge in the molecule and type of aggressive media (pH and/or
electrode potential). The physical adsorption is based on electrostatic interaction between the
charged metal surface and charged inhibitor molecule. Chemical adsorption is connected with
the donor-acceptor interactions between free electron pairs and vacant, low energy d-orbital of
metal (Figure 5).

11
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Figure 5. Schematic diagram representing the adsorption mechanism of Shiff bases on mild steel surface [82].

Effective organic corrosion inhibitors should contain heteroatoms (nitrogen, oxygen, sulfur
and phosphorus) with lone electron pairs and moiety with m-electrons (aromatic rings and
multiple bonds) that can interact with free orbital d metal, favoring the adsorption process [73].

The standard adsorption free energy (AG°,4s) gives information about type of adsorption.
Values up to —20 kJ/mol are connected with the electrostatic interaction (physical adsorption).
More negative values, below —40 kJ/mol, correspond to chemisorption process. Negative
values mean that both processes are spontaneous. Also the standard enthalpy of adsorption
provides valuable information about the mechanism of corrosion inhibition. An endothermic
adsorption process (AH®,4s > 0) is attributed to chemisorptions, whereas an exothermic
adsorption (AH®,4s < 0) is connected to physical or physical/chemical adsorption process [26].
Presence of the heteroatoms with lone pair of electrons like nitrogen, oxygen, sulfur or phos-
phor as well rt-electrons of multiple bonds or aromatic rings enhance adsorption phenomena
[74]. Chemisorption involves transfer or sharing of unbounded electrons between the inhibitor
molecule and the metal surface [75]. The order of corrosion inhibition is the reverse order of the
electronegativity of these atoms

P>S>N>0O (10)

In acid environment, heteroatoms are protonated that additionally promotes the interactions
between the inhibitor and the surface. The adsorption of organic corrosion inhibitors onto the
surface of a corroding metal may be regarded as a substitution process between the organic
compound, especially aliphatic chain in aqueous phase and water molecules adsorbed on the
metal surface:
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Org o) +XH2O(ads) = Orgogs) +XHaOfsan) (11)

where Org (sol) and Org (ads) are, respectively, the organic species dissolved in the aqueous
solution and adsorbed onto the metallic surface; H,O (ads) and H,O (sol) is the water molecule
adsorbed onto the metallic surface and that in the bulk solution; x is the size ratio representing
the number of water molecules replaced by one organic adsorbate.

The aliphatic chain has an influence on the corrosion protection due to the repulsion of
nonpolar hydrophobic part of inhibitor and polar medium. The hydrophobic chains form a
protective layer at the metal/water interface. The size and molecular weight of organic inhibi-
tor also have an impact on the efficiency of inhibition [76]. Larger the molecule, greater is the
inhibition efficiency:

RsN > RNH > RNH, (12)

where R is a hydrocarbon chain.
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Concentration of corrosion inhibitors has an important impact on the inhibitor efficiency. The
corrosion rate decreases with increasing concentration of inhibitors because the adsorption of
the inhibitor also increases.

6.1. Structures of organic corrosion inhibitors

The large number of organic corrosion inhibitors can be divided for some clusters with specific
elements, like (Figure 6):

*  compounds containing nitrogen: amines [77], pyridine derivatives [74, 75], quaternary ammo-
nium salts [80], triazole derivatives [81], Schiff base [82], amino acids [64] and indazole [83],

*  compounds containing nitrogen and sulfur: imidazole derivatives [84], thiadiazole deriva-
tives and thiazole derivatives [85],

*  compounds containing sulfur: thiourea derivatives [86] ans sulfonates,

*  compounds containing nitrogen and oxygen: oxazol derivatives [87], phtalimides [88] and
plant extracts/natural [89].

Data about material, kind of inhibitor and inhibition efficiency are summarized in Table 1.

Polymers have also a high anti-corrosion efficacy. This involves the ability to interact with many,
so that surface adsorption is stronger in comparison with monomers. Polymers can be a protec-
tive coating, but they can also be used as corrosion inhibitors. For example, deoxyribonucleic
acid is a biopolymer with high inhibition efficiency against steel reinforcement [94]. Similarly,
natural polymer, chitosan, is used as corrosion inhibitor of copper in hydrochloric acid [95].

Material Medium Corrosion inhibitors Conc. of Inhbition Reference
inhibitor efficiency (%)
Mild steel 1 MHCI 2-(4 -nitrophenyl) 1mM 93.7 [90]
benzimidazole
Mild steel 1 MHCI (6-methyl-3- 107" mM 66.7 [91]
oxopyridazine-2-yl)
acetate
Mild steel 1MHCI Shiff base 1mM 92.0 [82]
Low-alloy steel 1% NaCl L-cysteine 400 ppm 65.7 [64]
specimen
Carbon steel 1.65 wt%NaCl con. Imidazoline 0.1g/L 99.3 [84]
(API N8O0) 1 g/L acetic acid
Copper 3% NaCl N-decyl-3-amino- 10°M 99.2 [92]
1,2,4-triazole
Tin 0.5 M HClI Adenosine 107 M 73.0 [93]
Indium 0.5 M HCl Adenosine 107°M 72.0 [93]
Tin-Indium Alloy 0.5 M HCl Adenosine 103 M 73.0 [93]
(5%Indium)

Table 1. Data about material, kind of inhibitor and inhibition efficiency.
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7. Quaternary ammonium salts as corrosion inhibitors

Due to the presence of positively charged nitrogen atom and the amphiphilic structure, qua-
ternary ammonium salts are the center of interest for using them as highly effective corrosion
inhibitors [96-100]. A special attention is devoted to new generation of quaternary ammonium
salts—gemini surfactants. These compounds contain two hydrophilic head groups and two
hydrophobic tails connected by a spacer at the head groups or closed to them. The spacer can
have different structure; it can be rigid or flexible. It can also be hydrophobic or hydrophilic.
The neutral charge of the molecule is retained by the presence of organic or inorganic anions.
The gemini alkylammonium salts possess a very low critical micelle concentrations (cmc),
which is up to hundred times lower than cmc’s of corresponding monomeric surfactants.
Gemini surfactants also have a larger molecular area in comparison to monomeric analogs
which cause them to act more efficiently as corrosion inhibitors [80, 101-110]. Dimeric surfac-
tant 1,4-tetramethylene-bis(N-dodecyl-N,N-dimethylammonium bromide) (12-4-12) is more
efficient in decreasing corrosion rate of carbon steel in 1 M HCl than its monomeric analogue
N-dodecyl-N,N,N-trimethylammonium bromide (DTAB). The relationships of concentration
and corrosion rate for both surfactants are presented in Figure 7.

Resistance of the carbon steel in a system-containing dimeric surfactant is much higher in
comparison to blank solution (1 M HCI) or to solution-containing monomeric surfactant
(Table 2). It means that metal is less susceptible to corrosion [111].

Inhibition efficiency (IE%) is affected not only by number of positively charged nitrogen atoms
but also depends on the length of alkyl chain. Longer the alkyl chain higher is the inhibition
efficiency [97, 105] (Table 3).
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Concentration of surfactant (mM) R (Qcm?)
Blank — 43
DTAB 0.05 159
12-4-12 0.001 364

Table 2. Resistance of the carbon steel immersed in solution without and with cationic inhibitors.

2]
© Br

Br ®
e NN
N

\/ I {|:nH21n+2

CaHznez
n IE (%)
10 93.7
12 95.3
14 96.5
16 98.2

Table 3. Inhibition efficiency of dimeric surfactants for aluminum in 1 M HCI; concentration of surfactants: 1 mM [112].

The same correlation is observed in the spacer length. Longer the spacer, higher is the inhibi-
tion efficacy. For gemini surfactant ((C;2Ha,s5)sN™-s-N"(C2Hys)s) with two methylene groups as
spacer (s) inhibition efficiency is 89% whereas IE is 93% for six methylene units at concentra-
tion 5 mM [109].

Additional heteroatoms or 7t electrons also favor adsorption onto the metal surface [113]. The
order of the effective action increases with decreasing the electronegativity of the heteroatom:
O <N <S5 <P [114]. Replacement of isopropyl group to hydroxyethyl or benzyl group leads to
the increase of the inhibition efficiency from 95 to 96 or 97%, respectively (Table 4) [115].
Oxygen is a source of two unbonded electron pairs whereas benzene ring is a source of three
pairs of 7 electrons, which can interact with free d orbitals of the metal.

Increasing the number of heteroatoms also affects the inhibition efficiency (Figure 8) where
12-6-12 is 1,6-hexamethylene-bis(N-dodecyl-N,N-dimethylammonium) dibromide; G6-MOH-12 is
(1,6-hexamethylene-bis(N-dodecyl-N-hydroxyethyl-N-methylammonium) dibromide; 12-MOH-
O-MOH-12 is 3-oxa-1,5-pentamethylene-bis(N-dodecyl-N-hydroxy-ethyl-N-methyl-ammonium)
dichloride [116].

The plots in Figure 8 present a semicircular shape with a diameter corresponding to the corro-
sion resistance (large diameter and higher resistance). The stainless steel impedance response in
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(CH,),CHN"(CHa), 95.43
OHCH,CH,N*(CH)» 96.24
PhN*(CH,CHa), 97.19

Table 4. Influence of the presence of heteroatoms and 7 electrons on inhibition efficiency of steel in 1 M HCL
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Figure 8. Structure of the gemini surfactants and Nyquist plots for stainless steel in 3 M HCl in the presence and absence

of the synthesized inhibitors (naturally aerated, 7 days of immersion).

the blank solution (black) shows a smaller diameter compared to the diameters of the plots for
both gemini surfactants, the latter indicating higher resistance, that is, lower corrosion rate. The
diameter is the biggest for surfactants functionalized with three oxygen atoms (12-MOH-O-
MOH-12) [116]. Some of gemini surfactants, which are already commercially used, are a part of
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OH
R= CBH'”. C1|:|H21

Figure 9. Structure of one commercially used inhibitor.

special compositions which are based on synergistic effect in order to lower the concentrations
used [30, 110-112]. Some gemini surfactants are a part of patent about multifunctional corro-
sion inhibitors for iron alloys (tanks transporting oil and liquid fuel) which are subjected to
acidic pollution, sulfur compounds, water, oxygen as well as calcium and magnesium cations
[120]. Another patent is about using gemini surfactants as corrosion inhibitors of metallic
materials which are used for gas and oil extraction [121]. The inhibitors contain heteroatoms
and 7t electrons, their efficiency is higher than 90%. One inhibitor’s structure is presented in
Figure 9 [120].

One of the interesting organic corrosion inhibitors are ionic liquids (ILs) as potentially green
chemicals. Amidation of chitosan subsequently quaternized with oleic acid and p-toluene
sulfonic acid gave new ionic liquid. The corrosion inhibition of the prepared polymeric ionic
liquid on steel in acidic medium was investigated by using different electrochemical tech-
niques [122].

8. Biocorrosion

Microbially induced corrosion (MIC) is one of the fundamental problems in marine industry,
pulp and paper industry, natural gas transmission, industrial water transmission, metalwork-
ing and chemical process industries. This kind of corrosion is also called as biocorrosion,
bacterial corrosion, microbial corrosion is deterioration of metal or non-metal materials as a
result of the metabolic activity of microorganisms [116, 117]. Biocorosion is mostly a result of
the interaction of mechanical, physical, chemical and/or biological factors. Wind, water, parti-
cles of dust, pollution atmosphere and water, and, in the case of stone materials, action light
and temperature changes cause damage to materials, allowing penetration moisture and
colonization of microorganisms on their surface. This leads to the uprising biofilm, a biologi-
cally active layer of various types of microorganisms as well as mucus being the product of
their metabolic activity. Biofilm creates very good environment for growing microorganism,
and increase rate of corrosion even to 10,000 times. The key to avoid this problem is under-
standing the dynamics of microbes [118, 119].

8.1. Microorganism and environment

Prerequisites for microbial-induced corrosion are the presence of microorganisms. If the corro-
sion is influenced by their activity, further requirements are (a) an energy source, (b) a carbon
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source, (c) an electron donator and (d) water. The kinetics of biocorrosion is strongly influenced
by the concentration of oxygen, presence of salts, pH value, redox potential and conductivity.
The living bacteria produce extracellular polymeric substances (EPS) and form biofilms on the
metal surface. Biofilms are characterized by strong heterogeneity [120, 121]. Biofilm consists of
bacterial cells and extracellular polymeric substances (mixture of polysaccharides, proteins,
nucleic acids and fats) which facilitate the attachment of bacterial cells to the surface. The
biofilm also includes inorganic sludge from water and/or corrosion products [122, 123]. The
most common methods to observe biocorrosion effects are scanning electron microscope (SEM)
and confocal laser scanning microscope (CLSM) [128] as well as X-ray photoelectron spectros-
copy [124-126] and time of flight-secondary ion mass spectroscopy (ToF-SIMS) [129].

Bacteria involved in corrosion can be divided into following groups:

Sulfate-reducing bacteria (SRB) are anaerobic microorganisms that can obtain energy by oxidiz-
ing organic compounds or molecular hydrogen (H,) while reducing sulfate (SO,>") to hydro-
gen sulfide (H,S). In a sense, these organisms “breathe” sulfate rather than oxygen in a form of
anaerobic respiration [20, 21]. Sea water is a primary source of sulfate-reducing bacteria (SRB)
(Figure 10).

Metal-reducing bacteria (MRB) affects the corrosion of iron and its alloys by dissolving the
passive film on the surface of the metal or by transformation of the sediment to a less stable
reduced form that does not inhibit corrosion process. Included in this group are the bacteria of
Pseudomonas and Shewanella have the ability to reduce iron oxide and manganese oxides
whereby the speed reduction depends on the type of sediment [130, 133].
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Metal-depositing bacteria (MDB)— Siderocapsa, Gallionella, Leptothrix, Sphaerotilus, Crenothrix and
Clonothrix are involved in the biotransformation of iron oxide and manganese. Iron-depositing
bacteria (e.g. Gallionella and Leptothrix) gain energy by oxidizing Fe (II) ions (dissolved or
bound in sediments) to Fe (III). All these types of bacteria have the ability to oxidize Mn (II)
to Mn (IV) with the precipitation of manganese dioxide that occurs in the rapid filter beds.
Filamentous bacteria are associated with the formation of pitting corrosion [21].

Hydrogen sulfide-producing bacteria (SPB) are bacteria producing a large amount of extracellular
polymeric substances (EPS) during the development of biofilm (e.g. Clostridium, Flavobacterium
and Desulfovibrio) their role in the corrosion process consists in covering the metal surface with
a EPS layer facilitating the attachment and multiplication of others bacteria [21].

Acid-producing bacteria (APB) are bacteria that secrete inorganic and organic acids as products
by-pass metabolism while simple organic acids (acetic, formic and lactic) are metabolites of
bacteria heterotrophic [21].

8.2. Biocorrosion inhibitors

Methods to significantly slow have concern on inhibition of the growth of microorganisms and
modification of the environment in which the corrosion process takes place. The basic steps to
prevent and control biocorrosion are (i) cleaning procedures; (ii) microbiocides; (iii) coatings
and (iv) cathodic protection [65].

Obviously it is not easy to stop process of growing bacteria with one compounds. Because
these kind of species should have antimicrobial activity and also should be corrosion inhibi-
tors. Example of that kind of multifunctional compounds are gemini surfactants [127, 128].
Biocidal activities of the synthesized surfactants were achieved by dropping the redox poten-
tial and confirmed preventing sulfide production in the reactor’s bulk phase. This means that
all sulfidogenic bacteria are active in the reactor’s bulk phase and on the metal surface. Labena
et al. describe potential biocorrosion inhibitors that contain quaternary ammonium atom
(Figure 11) [135].

Quite new approach is using surface modification technologies such as short anti-biofilm
peptides applying by immobilization method [136] also using small lipopeptides [137]. Using
of coatings based on on silicone and epoxy resins are also method to protection against
biocorrosion.
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Figure 11. Structure of potential biocorrosion inhibitors.
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9. Designing organic corrosion inhibitors

Quantum chemical methods are useful for designing new, effective organic corrosion inhibi-
tors as they relate electron structure of the compounds to their reactivity. Every year density
functional theory (DFT) is more often applied for predicting a theoretical ability to inhibit
corrosion process according to some quantum chemical parameters: energy of the highest
occupied molecular orbital (Egomo), energy of the lowest unoccupied molecular orbital
(ELumo), gap energy (AE), chemical hardness (1), softness (o), ionization potential (Ip) and
electron affinity (E,), electronegativity (x) and fraction of electron transferred (AN) [94, 99, 131,
138]. The energy of the highest occupied molecular orbital (HOMO) is associated with the
ability of a molecule to donate electrons to the free d orbital of a metal. Compounds with
higher Eyjomo are more capable of donating electrons. The energy of the lowest unoccupied
molecular orbital (LUMO) is related to the ability to accept electrons from the metal. Lower
values indicate higher tendency of accepting electrons. Moreover, positive values are
connected with chemisorption, whereas negative values with physisorption [94, 132]. Another
important parameter is energy gap:

AE = Erymo—Enomo (13)

The lower AE, the more reactive molecule, is related to better adsorption of inhibitor’s mole-
cules onto the metal surface [133, 134]. The dipole moment (u) is also an important parameter
which gives information about polarity in a bond. Corrosion inhibition efficiency increases
with increasing the value of i, due to the stronger dipole-dipole interactions with the metal
surface which results in stronger adsorption and efficient corrosion inhibition [140]. Chemical
hardness (1)) and softness (o) provide information about the resistance of a molecule to charge
transfer and about the capacity of a molecule to receive electrons. They are calculated
according to the equations:

n = —1/2 (Enomo — ELumo) (14)
o=1/n (15)

The higher o value suggests softer nature of the molecule and greater tendency to donate
electrons to the metal [101]. Energy of HOMO and LUMO orbitals can be used for calculating
ionization potential (Ip) and electron affinity (Ea) by the following equations:

Ip = —Enomo (16)
Ea = —Erumo (17)

The calculated values are used for estimating the electronegativity (x) [141]:

x = (Ip+Ea)/2 (18)

21
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R IE (%) Enomo (eV) Erumo (eV) AE (eV) u (De) AN
C4Hg 79.86 —4.03 0.86 4.89 2.16 1.11
CeHis 79.49 —-2.10 0.83 2.93 5.45 2.17
CgHy7 81.32 —1.43 0.73 2.16 6.42 3.08

Table 5. Electron parameters and IE% for the gemini surfactants.

High value of x suggests strong ability to attract electrons from the metal which leads to
greater interactions and higher corrosion protection. The last parameter which is calculated is
the fraction of electron transferred (AN):

AN = XFe ~ Xinh/z(ﬂFe - T]inh) (19)

where Xg. equals 7 eV and g, = 0 [101]. If AN > 0, electrons are transferred from the molecule
to the metal and if AN <0, from the metal to the molecule. For all tested gemini surfactants, the
values of the fraction of electron transferred are negative indicating transfer from the metal to
the molecules. Some quantum parameters for gemini surfactants and corrosion inhibition
efficiency (IE%) of carbon steel are presented in Table 5 [139].

According to the presented results, elongating the alkyl chain (R) leads to increasing corrosion
inhibition efficiency from 79.86 to 81.32%. Based on the electron parameters, all values of
ErLumo are negative, which are associated with physisorption. The lowest value of E;ymo and
the highest value of Eyomo were noticed for a surfactant with octyl group, as well as the
lowest AE and the highest dipole moment. The electron parameters suggest the compound
with octyl group should be the most efficient inhibitor of the tested group. This observation is
in agreement with experimental results (IE%). The values of AN which are higher than 0
indicate that electrons are transferred from inhibitor to free d orbital of the metal.
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10. Summary

Organic corrosion inhibitors with heteroatoms and m-electron moieties are very efficient com-
pounds to fight corrosion. The reviewed literature data clearly indicate that a new way to
inhibit deterioration processes can be multifunctional gemini surfactants. Gemini alkylammo-
nium surfactants with the highest corrosion inhibition efficacy can be synthesized according to
prediction by theoretical calculations structures. These organic corrosion inhibitors can be also
immobilized and used as biocorrosion inhibitors.
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Abstract

Reinforced concrete has been widely used in the last century, however, due to aggressive
agents such as carbonic gas and chloride ions, it suffers premature deterioration. The
concrete is a physical barrier that protects steel from corrosion, and the alkalinity of
concrete leads to the formation of a passive layer around the reinforcement, which
increases protection against corrosive processes. However, concrete is a porous material
and has cracks that allow the entrance of aggressive agents, destabilizing the passive
layer and corroding steel. The corrosion is the major cause of deterioration of concrete
structures and several methods of protection and repair have been developed to increase
the durability of such structures. Corrosion inhibitors, chemical substances that reduce
the corrosion rate, have been widely used, both for prevention and correction. Inhibitors
are classified according to their method of application, their mechanism of protection
and chemical composition. In this chapter, through a literature review the main inhibi-
tors used in reinforced concrete structures and their acting mechanisms are presented, as
well as their efficiency and some side effects on concrete. It is very important to know
the different types of inhibitors for correct use, thus increasing the life span of reinforced
concrete structures.

Keywords: reinforced concrete, deterioration, corrosion inhibitors

1. Introduction

Reinforced concrete is a successful steel and concrete combination that has been widely used
for over 100 years [1]. Steel provides tensile strength to the set, while concrete, as a high
alkalinity material and in the role of a physical barrier, protects the steel from corrosion. The
alkalinity of the concrete, which, according to Abdulrahman et al. [2], with pH values of about
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12 to 14, provides the conditions for the formation of a passive film protecting the steel
reinforcement from corrosion [3].

However, the protection provided by the concrete is not sufficient because the material is porous
and has fissures, thus allowing the penetration of aggressive agents, such as chloride ions that
lead to the corrosion of the reinforcement. Also of note is the action of carbon dioxide (CO,) that
reacts with the cement hydration products, a process known as carbonation, resulting in the
formation of calcium carbonate and consequently, a pH decrease, thus destabilizing the rein-
forcement passivating film and making it susceptible to corrosion [4].

The corrosion of steel reinforcement is one of the main causes of premature deterioration of
reinforced concrete, leading to significant economic losses [5, 6]. Rapid deterioration can be
caused by chloride ions in a marine zone or due to the use of thaw salts [7] or by carbonation in
urban zones [8].

In order to provide additional protection and increase the life span of reinforced concrete
structures, several products identified as corrosion inhibitors have been used in recent years
[2]. Due the advantages that they offer, corrosion inhibitors have been receiving more attention
in recent years. The use of inhibitors is a promising method to increase the durability of
concrete structures exposed to chloride ions [9] and carbonation.

Inhibitors are chemicals which, when present at in certain concentrations, reduce the corrosion
rate without significantly altering the concentration of any other corrosion agent [10]. Corro-
sion inhibitors may be a good alternative compared to other conventional methods of protec-
tion and repair, due to their lower cost and ease of application [11]. In addition, inhibitors can
be applied preventively or as a corrective action [2].

Corrosion inhibitors can be classified according to their application methods, protection mech-
anism, or composition [12], which can be organic and inorganic, inhibiting the corrosive
process through the formation of a passivating film (anodic inhibitors) or by increasing the
polarity and decreasing the corrosion potential (cathodic inhibitors). There are also inhibitors
that act both ways. These products can be applied directly to the reinforcement, by a
pretreatment through the immersion of the reinforcement in an inhibitor solution, added in
the kneading water during the concrete mixing, or applied to the surface of the reinforced
concrete structure, with the inhibiting solution penetrating the concrete by capillarity.

Known corrosion inhibitors used in reinforced concrete structures are sodium nitrite (NaNO,),
calcium nitrite [Ca(NO,),], sodium monofluorophosphate (Na,PO3F), amine-based inhibitors,
sodium and potassium chromate, sodium phosphate, and bauxite residue (red mud) [13]. In
parallel, surface protection systems are adopted, such as painting, applying varnishes, epoxy
resins, chlorinated rubber resins, and water-repellant silicones. Figure 1 shows the main inhibitors
used for reinforced concrete, and Table 1 shows some recent studies that used these inhibitors.

In this chapter, the main inhibitors used in reinforced concrete structures and their acting
mechanisms are presented through a literature review, as well as their efficiency and some
side effects on the concrete. Knowing the different types of inhibitors is essential for the correct
use of them, thus increasing the life span of reinforced concrete structures.
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Figure 1. Corrosion inhibitors usually used for reinforced concrete.
Inhibitor Type Ref. Inhibitor Type Ref.
Sodium nitrite Inorganic  [14-16] Amine Organic [15, 27-29]
Calcium nitrite Inorganic  [15,17-20]  Carboxylates Organic [27, 28]
Lithium nitrate Inorganic  [7,21,22]  Amino acids Organic [27, 28]
Sodium monofluorophosphate  Inorganic  [23-25] Pharmaceutical compounds ~ Green inhibitors  [30, 31]
Sodium phosphate Inorganic  [25] Red mud Inorganic [32]
Potassium chromate Inorganic  [16, 26] Natural inhibitors Green inhibitors  [12, 33-35]

Table 1. Recent studies about the main corrosion inhibitors used for reinforced concrete structures.

2. Corrosion mechanisms in reinforced concretes

2.1. Corrosion

For the correct understanding of the mechanisms of action of the inhibitors, it is first necessary to
understand the phenomena involved in the corrosion process in reinforced concrete because the
mode of action of the inhibitors is closely related to the corrosion cell [36]. Corrosion can be
defined as a process of deterioration of the material due to the chemical or electrochemical action
of the environment, resulting in loss of material mass. The corrosion of the steel reinforcement of
a reinforced concrete structure is an electrochemical process and occurs when there is difference
in the concentration of dissolved ions inside the concrete, creating electrochemical potential cells
or corrosion cells, characterized by a flow of electrons and ions between the cathodic and anodic
regions [37]. The cathode and the anode are different regions of the same reinforcement, the
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region with section loss being the anodic region where corrosion of the steel occurs. The iron
turns into ferrous ions and electrons, which migrate from the anode to the cathode. The rein-
forcement areas that have a more positive electrochemical potential act like cathodes, reducing
oxygen and consuming the electrons coming from the anodic areas, in the presence of water, to
form hydroxyl ion. In the electrochemical cell formed, the steel bars act as electrical conductors,
and the interstitial fluid of the concrete is the electrolytic environment in which the ions move
[38]. The schematic representation of the electrochemical corrosion process is shown in Figure 2.

According to Souza [37], the presence of different electrochemical potentials that form the
corrosion cells is a consequence of physical and/or chemical heterogeneities on the metal
surface. In steel reinforcement, these heterogeneities are mainly caused by differences in the
concentration of ions in the surroundings of steel, such as alkalis, chlorides, and oxygen.
Causes of potential difference between the points of the rebar include the difference in humid-
ity, aeration, and stress in concrete and steel. As a result, in the presence of the electrolyte, part
of the metal becomes anodic and another part cathodic, thus forming an electrochemical cell.

Egs (1)—(3) represent the reactions that occur at the anode and at the cathode.

Anodic reaction: Fe — Fe*" +2¢~  (oxidation reaction) 1)
Cathodic reaction: O, +2H,0 + 4e~ — 40H™ (redox reaction) (2)
2Fe + O, + 2H,0 + 4¢~ — 2Fe(OH), G)

According to Baroghel-Bouny et al. [38], ferrous hydroxide [2Fe(OH),] may undergo new oxida-
tion reactions, forming various hydroxides and oxides, depending on the pH, temperature,
amount of oxygen, and water availability. Souza [37] states that generally Fe(OH), is oxidized
to insoluble ferric hydroxide [2Fe(OH);], also represented by Fe;O3;-H,O, commonly known as
rust. The formed oxides and hydroxides have a higher volume than steel, as shown in Figure 3.
The volume of the corrosion products is compared to the initial volume of iron (Fe).

- 0, 4 ZH, 0 + de~ = 40H-

:; Fe = Fe*t + 2a

COMNCRETE REINFORCED CONCRETE

Figure 2. Representation of the corrosion process [37].
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Figure 3. Corrosion product relative volume [38].

These higher volume corrosion products lead to pressure, generating cracks and thus reducing
the adhesion between the steel bars and the concrete and also the chipping and detachment of
concrete [38]. The formation of these expansive products causes the deterioration of concrete
structures and, therefore, reduces their life span.

However, not all corrosion products are harmful to concrete structures. The formation of
Fe;04, one of the products of reinforcement corrosion, generates a compact and adherent
passive film (passivating film) on rebar, acting as a physical barrier between the corrosive
environment and the steel surface, protecting it from the corrosion process in the absence
of chloride ions [37]. The formation of this compound occurs only at high pH values when
the concrete is alkaline. This is the passive state, while the concrete is alkaline and free from
aggressive ions such as chloride. However, the passive protective film can be destroyed in
a phenomenon called depassivation, by decreasing the pH of the concrete to values
between 8 and 9 (carbonation) and/or by the existence of chloride ions dissolved in the
pore solution [36]. After the reinforcement has been depassivated, it will become suscepti-
ble to corrosion.

The main causes of corrosion in reinforced concrete structures are the penetration of chloride
ions in marine regions and the carbonation process in urban environments. Thus, to better
understand the mechanisms of inhibition of corrosion, these two processes must be understood.

2.1.1. Carbonation

In the absence of chloride ions, the steel passivating film is considered stable because the pH of
the solution in the concrete pores is greater than 11.5. As Portland cement has high alkali
contents and solid calcium hydroxide (about 20%) in the solution, the pH of the environment
under normal conditions exceeds 12 [39]. However, reinforced concrete structures over time can
undergo a decline in pH due to a process known as carbonation, which destabilizes the passiv-
ating layer and therefore leads to the beginning of the corrosion process. Carbonation occurs
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mainly in urban areas where there are large amounts of CO, emitted by vehicles and industrial
parks [40]. Figure 4 shows an example of corrosion on a viaduct caused by carbonation [41].

Carbonation is a process in which carbon dioxide (CO,) penetrates the concrete by diffusion,
reacting with the water present in the pores and forming carbonic acid. Carbonic acid reacts
with the portlandite [Ca(OH),] formed during the cement hydration, resulting in the formation
of calcium carbonate (CaCO3) (Eq. (4)). This reaction causes a reduction in the environment pH
to around 8 as the formed product (CaCOg) is less alkaline than portlandite [42]. From the
Pourbaix diagram (Figure 5), which shows the regions of immunity, passivation, and corrosion
in an iron-water system at 25°C, the pH reduction to 8 with the same corrosion potential leads
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Figure 5. Iron-water system, without chloride, at 25°C Pourbaix diagram [43].
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the system from the passivation region to the region of corrosion. This pH reduction is
responsible for the destabilization of the passivating film, thus initiating the corrosive process.
The summarized carbonation reaction is presented in Eq. (4):

Ca(OH), + CO, + H,0 — CaCOs + 2H,0 4)

2.1.2. Chloride attack

The presence of chlorides in concrete, arising from seawater, marine atmosphere, setting time
accelerator additives containing CaCl,, water or contaminated aggregates from industrial
pollutants, is one of the main causes of corrosion of reinforced concrete reinforcements [44].
Figure 6 shows an example of corrosion caused by the action of chloride ions on Qeshm Port,
Iran [45].

In the presence of chlorides, the passivating film can be destroyed even at pH values greater
than 11.5. Small amounts can do this as this phenomenon is related to the amount of hydrox-
ides available in the solutions present in the concrete pores. The maintenance of the passivat-
ing film depends on the balance between the alkalinity (verified by the amount of OH™ ions)
and the acidity (verified by the quantity of C1™ ions). Thus, the relationship between chloride
ions and hydroxyl ions controls the rate of pitting corrosion [39, 46]. According to studies
carried out by Hausmann [46], for CI"/OH™ molar ratios higher than 0.6, the passivating film
becomes permeable or unstable, thus leaving the steel reinforcement unprotected against
corrosion.

The corrosion process due to chloride ions is different from the corrosion process caused by
carbonation because corrosion does not occur in a generalized way, but rather by pitting. In
corrosion due to the action of chlorides, there is the formation of micro piles, in which the
pitches constitute the anodic zones and the passivating film the cathodic surface [38].

The complete mechanism of corrosion due to the action of chloride ions is not yet fully
understood. The most accepted theory suggests that the presence of ions causes a destabiliza-
tion of the passivating layer, reacting with iron to form iron hydroxide (Egs. (5) and (6)). In this
process, the chloride ions are not consumed and are thus available to continue to react.

Figure 6. Corrosion of reinforced concrete in Qeshm port, Iran [45].
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Figure 7. Iron-water system with the presence of chloride, at 25°C Pourbaix diagram [43].
Fe +3CI™ — FeCly +2¢” ®)

FeCl; +20H™ — Fe(OH), + 3CI~ ©6)

Several aspects influence the probability of occurrence of corrosion due to chlorine ions. The
decrease in the concrete water/cement ratio and concrete relative humidity, resistivity and
increasing concrete cover thickness, the use of mineral additions, and the use of inhibitors tend
to hinder the occurrence of corrosion.

The influence of the chloride ions on the depassivation of reinforcement can be observed by the
alteration in the Pourbaix diagram for the iron-water system in the presence of chlorides
(Figure 7). In this diagram, a decrease in the passivity region is observed in comparison to the
Pourbaix diagram without the presence of chlorides (Figure 5). This reduction is due to the
presence of pitting corrosion and imperfect passivity regions occurring due to the presence of
these ions. From this diagram, it is possible to observe that corrosion can occur for all pH
values, including values between 8.5 and 14, the zone of passivity or immunity for the iron-
water system without chloride ions.

3. Corrosion inhibitors

Corrosion inhibitors are chemicals that when present in suitable quantities are capable of
promoting a reduction in corrosion rate without significantly altering the concentration of
any corrosive agent [10]. Thus, this concept excludes other corrosion protection methods that
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alter the concentration of aggressive agents, such as some mineral additives and other surface
protection mechanisms such as coatings and pore blockers.

Corrosion inhibitors can act in the corrosive process in two ways: delaying the reinforcement
depassivation, strengthening the passivating film, or reducing the corrosion rate after
depassivation [36]. Thus, the use of corrosion inhibitors, when in adequate concentrations,
delays the corrosive process and therefore prolongs the life span of reinforced concrete struc-
tures [13]. Nowadays, with increasing concern about the durability of reinforced concrete
structures, the use of corrosion inhibitor additives has been gradually increasing so as to
prolong the life span of the structures [15].

For reinforced concrete structures, different products are used to protect new and settled
structures. For new structures, the inhibitors can be added to the fresh concrete mix, in a
preventive way, to avoid or delay the onset of the corrosive process. In the preexisting struc-
tures, inhibitors can be added to repair mortars or repair concrete, applied to the concrete
surface, or introduced through holes or grooves on the surface in order to accelerate the
diffusion through the covering [13].

Among the inhibitors applied in existing concrete structures are the liquid products, usually
phosphate substances such as monofluorophosphate [13]. For this category of inhibitors, it is
essential that these substances have absorptive capacity so that they can penetrate the concrete
structure through the interstitial pores to reach the reinforcement.

Inhibitors, especially those mixed with concrete, can alter the concrete properties both in the
fresh and hardened state and may influence the setting time, the strength gain rate, and other
properties. Thus, it is fundamental to understand its mechanism of action and its possible side
effects in order to avoid unforeseen damage.

3.1. Classification of inhibitors

Corrosion inhibitors used in reinforced concrete structures can be classified according to their
chemical composition (organic and inorganic), their protection mechanism (anodic, cathodic
and both), or their method of application (mixed into the concrete and applied to the surface)
and may also be grouped into another class known as green inhibitors.

3.1.1. Chemical composition

The action mechanisms and use of inhibitors are derived from their base (chemical composi-
tion). According to Ryu et al. [22], different types of inhibitors are used, traditionally divided
into inorganic chemical compounds (basically nitrites) and organic (alkanolamine and carbox-
ylates).

3.1.1.1. Inorganic inhibitors

Regarding inorganic inhibitors, nitrites stand out as the most used. These inhibitors, mainly
added to the blend of fresh concrete as a preventive action, began to be tested in the 1950s.
Initially sodium nitrite was studied. However, due to side effects, such as poorer of concrete
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strength and increased occurrence of the probability of alkali-silica reaction (RAS), which have
negative effects on the concrete, it was replaced by calcium nitrite, the first to be widely
commercialized on a large scale [13].

According to Ryu et al. [20], greater care is needed in estimating the quantity of calcium nitrite-
based inhibitors to be used, because if the amount is less than necessary, it will have a negative
impact on both the concrete and steel. Thus, it is of utmost importance to define the optimal
amount to be added for the inhibitor work properly.

According to Abdulrahman et al. [2], the main advantage of using calcium nitrite is the
possibility of using rational methods, based on the quality of the concrete, the exposure
conditions, and the amount of calcium nitrite, to design it for a long life span with a certain
chloride/nitrite expected ratio. In addition, nitrites are effective in inhibiting the corrosion
process caused by both chloride ions by carbonation and the action of sulfate ions [47]. Among
the side effects in concrete, nitrites accelerate the setting of fresh concrete and increase its
strength gain rate [36].

Despite their efficiency in reducing the corrosion rate of concrete structure reinforcement,
nitrites are carcinogenic and toxic [48] and banned in several European countries, such as
Germany and Switzerland [5]. Because of this, alternative inhibitors are being studied. Among
other inorganic inhibitors are sodium monofluorophosphate (Na,PO5F) and red mud.

Sodium monofluorophosphate (Na,POsF) has the ability of both delaying the corrosion
onset and reducing the corrosion rate, even in carbonate concretes. The Na,PO3F in aque-
ous and neutral environment undergoes hydrolysis, forming orthophosphate and fluoride,
which reacts with the corrosion products, forming Fe;O,, y-Fe;O3, and FePO,.H,O passive
films.

Red mud is a residue from the bauxite processing in the manufacture of aluminum. It has the
capacity to increase reinforced concrete structures resistance to corrosion. Its performance as
corrosion inhibitor is discussed in Section 3.1.4. of this chapter.

3.1.1.2. Organic inhibitors

Like inorganic, organic inhibitors have been widely used in recent years, with several studies
on their mechanisms of action and efficiency [27, 49-51]. Organic compounds can donate
electrons to or receive electrons from the surface of the metal, forming covalent bonds and are
therefore excellent corrosion inhibitors [51]. According to Zhi-Yong et al. [49], organic inhibi-
tors applied on the concrete surface are considered one of the simplest and most effective
methods to control the corrosion in existing reinforced concrete structures. Ryu et al. [52] argue
that organic inhibitors are popular and frequently used to control corrosion in reinforcement
concrete, including in the presence of chloride ions.

Those inhibitors are developed based on organic compounds which have nitrogen (N), oxygen
(O), and sulfur (S) atoms and multiple bonds within molecules which aid the adsorption of
these on the metallic surface because its efficiency is related to the adsorption properties.
Additionally, adsorption depends on the nature and state of the metallic surface, the corrosive
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environment type, and the chemical structure of the inhibitor [2]. According to Hmamou et al.
[53] and Singh et al. [54], the adsorption on the steel surface depends on various factors. These
are mainly on the physical-chemical properties of the inhibitor group, as with the functional
group, the donated atom’s electronic density and the character p of the orbital.

Thus, the inhibition efficiency depends on the molecular electronic structure containing active
centers of adsorption (S, N, O), the molecular size, the method of absorption, the formation of
metallic compounds, and the rate of inhibitor cover on the metallic surface [51].

Within the corrosion inhibitors, the amines and alkanolamines are widely used due to their
high solubility in water and small influence on the properties of concrete in its fresh and
hardened state [27]. These inhibitors have a high capacity to spread themselves through the
concrete. They are called volatile inhibitors or migration inhibitors as they can be mixed on the
concrete, repair mortar, or be applied on the concrete surface during service [13].

The amines are organic compounds which possess a nitrogen atom with a lone pair that pro-
vides the material with the capacity to adhere to the metal surface, protecting it from corrosion
[27]. According to Lourenco and Souza [13], the amine can be adsorbed on the metal surface,
preventing contact between the metal and the corrosive environment, forming a protective steel
barrier. Additionally, the amine is capable of removing corrosion products from the metallic
surface, granting direct contact of the metallic surface with the protection layer [13].

Another group used as organic inhibitors is substances such as carboxylate, characterized by
the presence of a carboxylic acid group (-COOH) [27]. As amines, these substances have the
ability of adhere to the surface of the metal, thus forming an organic layer, protecting the steel
from corrosion [36]. Among the effects generated in the concrete, carboxylate-based inhibitors
tend to decrease the cement hydration rate, increasing the setting time and slowing the
increase in resistance rate [36].

Amino acids, molecules composed by functional groups of amine and carboxylate (Figure 8),
are also used as organic inhibitors [27].

In a study comparing 80 organic inhibitors, Ormellese et al. [27] conclude that amines have a
low effect of inhibition, amino acids presented an inhibiting effect, but not enough for industrial
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Figure 8. Functional groups of amines (A) and carboxylates (B) [27].
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application. The authors also concluded that the substances with carboxylate, particularly poly-
carboxylates, present high efficiency in corrosion rate reduction. These are the most promising
among the tested inhibitors.

3.1.2. Protection mechanisms

The inhibitors are classified as anodic, cathodic, or mixed [13] according to the electrochemical
protection mechanism.

3.1.2.1. Anodic mechanism of protection

Anodic inhibitors, also known as passivation inhibitors, act as oxidizing agents, gaining electrons
[36]. Such inhibitors act by promoting the oxidation of the ferrous ions on ferritic ions, which
precipitate, forming a passive dense film on the steel surface and ceasing the corrosion process
anodic reaction [13, 36]. The cohesive and insoluble film formed on the metallic surface is a result
of the reaction between the inhibitors and the product of corrosion [55]. According to Myrdal
[36], the effects of these inhibitors on the cathodic reaction are negligible.

According to Myrdal [36], the action of the anodic inhibitors increases the electrochemical
potential of the anodic region, and therefore the anodic and cathodic curves intercept with a
lower corrosion current and higher corrosion potential, as illustrated in Figure 9.

The anodic inhibitors are effective if present in high concentrations, which is defined according
to the level of chloride existing in the environment to which the steel will be exposed [56].

According to Elsener [57], reinforced concrete counts on the use of calcium nitrite [Ca(NO,),]
and calcium nitrate [Ca(NO;),] as anodic inhibitor, as they present similar inhibiting proper-
ties [36]. Nitrite alkali salts, benzoate, and chromate are also used as anodic inhibitors [11].
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Figure 9. Corrosion potential with anodic inhibit effect (Ecorr = corrosion potential and icorr = corrosion rate) [36].



Corrosion Inhibitors for Reinforced Concrete
http://dx.doi.org/10.5772/intechopen.72772

3.1.2.2. Cathodic mechanism of protection

The cathodic inhibitors act during the corrosion process on the cathodic region and prevent a
cathodic reaction on the steel [55]. These inhibitors retard the oxygen reduction reaction that
occurs on the steel surface, as they produce insoluble compounds that precipitate on the
cathodic regions, forming a superficial barrier upon deposition on the metal, thus forming a
compact and adherent film [36, 55]. This barrier restricts oxygen diffusion and the conduction
electrons in this region [55].

The reduction in the oxygen supply in the corrosion process reduces the corrosion rate and the
corrosion potential for lower negative values [36, 55]. By the time the corrosion potential is
reduced, it is usual to consider that there is a smaller corrosion risk [36]. It can be observed in
the Pourbaix diagrams (Figures 5 and 7), in which the lower the potential, the bigger the
probability for the steel to be in an immunity zone. Figure 10 illustrates the cathodic inhibitor
behavior on the corrosion process.

As observed in Figure 8, the cathodic inhibitor promotes a change in the corrosion potential
and in the corrosion rate for the values E’corr and i'corr, respectively. As the corrosion poten-
tial is reduced to lower values, the corrosion rate diminishes [36], thus cathodic polarization
occurs.

Examples of cathodic inhibitors include carbonates, phosphates, polyphosphates, and silicates
[36]; zinc oxide was also reported by Rincén et al. [58] as a cathodic inhibitor. According to
Soylev and Richardson [11], sodium hydroxide and sodium carbonate are among the most
used cathodic inhibitors, which tend to increase the pH around encompassing the steel, in
addition to reducing the oxygen transport and creating a film on the steel surface.

The contents of cathodic inhibitors tend to be higher than anodic inhibitors because the
suppression effect of the corrosive process is inferior to the anodic inhibitors [59].
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Figure 10. Corrosion potential with cathodic inhibitor effect (Ecorr = corrosion potential and icorr = corrosion rate) [36].
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3.1.2.3. Mixed mechanism of protection

The mixed inhibitors act both on the cathodic and the anodic regions, usually by the adsorp-
tion on the steel surface, forming a protecting layer [11], therefore being denominated adsorp-
tion inhibitors [60] or pellicle forming inhibitors [61]. The inhibitor reduces the corrosion rates,
causing no significant changes to the corrosion potential. The corrosion potential is slightly
changed for the anodic or cathodic side, so regardless of the most affected reaction, the total
effect upon the corrosion potential is negligible [36]. This type of inhibitor is therefore just
effective on the reduction of the corrosion rate (icorr) as shown in Figure 11.

Several mixed inhibitors are organic compounds such as amines and alkanolamines [12],
capable of application both as inhibitors mixed on the fresh concrete, as much as inhibitors
applied on the concrete surface which migrate to its interior [36].

3.1.3. Application methods

Inhibitors can also be classified according to the application method. They can be either mixed
with the concrete or applied to the surface of the structures.

3.1.3.1. Mixed into the concrete

Additives are mixed to concrete usually to improve its properties in the fresh or hardened
states; however, corrosion inhibitors act mainly on the steel surface. Inhibitors are mixed into
the concrete in the fresh state, at the moment the mixing water is in contact with the steel
surface at the time of concreting. They are considered corrosion inhibitors because they interact
chemically or electrochemically with the surface of the steel [61].
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Figure 11. Corrosion potential with mixed inhibitor effect (Ecorr = corrosion potential and icorr = corrosion rate) [36].
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These inhibitors should not impair the properties of the concrete, but as a result of being
mixed in the fresh state, they usually give other characteristics to the concrete as well as
inhibiting corrosion. Given this, some studies have been developed in order to verify the
effects of corrosion inhibitors on the properties of the concrete. According to Gaidis [62],
inhibitors can influence the concrete hydration process, the gain in mechanical resistance,
and other properties.

According to Elsener and Angst [61], monofluorophosphate (MFP) cannot be used as a
corrosion inhibitor mixed into the concrete due to its reaction with the fresh concrete, which
removes the active substance from the concrete pore solution and retards its hydration; it is
therefore recommended only for surface application. The sodium nitrite or potassium nitrites
cause a fall in the concrete compressive strength and raise the risk of alkali-aggregate
reaction (AAR). The calcium nitrite, on the other hand, acts by accelerating the cement
hydration, which requires the addition of a water reducer and a setting retarder in the
concrete mix.

3.1.3.2. Applied to the concrete surface (absorption and migration)

The corrosion inhibitors applied to the surface should be capable of migrating to the concrete
interior until they reach the metal reinforcement through absorption by capillary pores [36]
and become adsorbed on the metallic surface. These are also called migration corrosion inhib-
itors (MCI) and are considered an effective technique, able to inhibit and retard the reinforce-
ment corrosive process and the concrete structure corrosive process [63]. Several studies have
been developed [63, 64] in the use of this technique, and it is becoming one of the main
methods used, mainly due to the ease of application.

These inhibitors act by forming an adsorbed film on the steel surface, preventing the depolarizing
agents (O, and CI7) from getting into direct contact with the reinforcement surface, avoiding
therefore the onset of the corrosive process [5]. Fei et al. [5] claim that this protective layer formed
by the inhibitors and blocks the electrons flow on the concrete/metal interface, also creating a
barrier to the aggressive ions, making the reinforcement less prone to corrosion. The efficiency of
the inhibitor in protecting the steel from corrosion depends mainly on the interaction between the
inhibitor and the metallic surface [51].

Among the corrosion inhibitors applied to concrete, there are the alkanolamines and amines,
which are able to penetrate the capillary pores and micro pores of the concrete [63]. Lan et al.
[64] found that inhibitors of amino alcohol and carboxylates applied on the high resistance
concrete contaminated with chlorides are efficient at inhibiting the corrosive process in
medium and low concentrations of chloride ions.

3.1.3.3. Commercial inhibitors

Several corrosion inhibitors for reinforced concrete structures are marketed worldwide. Table 2
shows some of these inhibitors and their respective manufacturers, chemical basis, and method of
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Manufacturer Product Chemical basis Method of use

Sika CNI Calcium nitrite Mixed into concrete
FerroGard 901 Amino alcohols Mixed into concrete
FerroGard 903 Amino alcohols Applied on concrete

BASF MasterLife 222 Amines and esters Mixed into concrete
MasterLife CI30 Calcium nitrite Mixed into concrete

W.R. Grace DCI Calcium nitrite Mixed into concrete

Cortec Co. MCI 2000 Amino alcohols Mixed into concrete
MCI 2005 Amine carboxylate Mixed into concrete
MCI 2007 Superplasticizer + amine carboxylate Mixed into concrete
MCI 2020 Amino alcohols + carboxylic acid salt Applied on concrete

Euclid chemical EUCON BCN Calcium nitrite Mixed into concrete
EUCON CIA Calcium nitrite Mixed into concrete

Table 2. Examples of commercial inhibitors.

use. As can be seen in Table 2, most of the commercially available corrosion inhibitors are organic
or calcium nitrite based.

3.1.4. Green inhibitors

Inhibitors may be natural or synthetic [55]. Synthetic inhibitors are artificially produced and can
lead to damage to both man and the environment, synthetic organic inhibitors in particular. Due
to these problems, several studies have examined the versatility and feasibility of the use of
environmentally sustainable inhibitors, known as green or natural inhibitors [33].

These natural and low-cost inhibitors that are capable to feed the need for synthetics [33-35]
have been shown to be more effective and highly beneficial to the environment compared to
organic and inorganic inhibitors produced by chemical and petrochemical industries [34].

Examples of green inhibitors are natural organic compounds obtained from several types of
plants such as herbs, spices, and others [12, 34]. Such plants are an abundant source of
naturally synthesized chemical compounds, which can be extracted through simple and low-
cost practices, besides being biodegradable. Much research has been carried out into the
extraction of natural stems, leaves, or plant seeds [12, 33-35].

Within the classification of green inhibitors is red mud, a compound based on ferric oxide and
alumina and a residue generated in bauxite processing for aluminium production. Ribeiro
et al. [43] evaluated the incorporation of red mud in the reinforced concrete, in contents of 10,
20, and 30% of the cement mass. The authors experimentally observed a significant decrease in
the reinforcement corrosion rate as the amount of red mud increased. The corrosion reduction
is probably due to the increase in the alkalinity near the region of the steel reinforcement,
which favors the reestablishment of the passivating film, in addition to the high concentrations
of aluminates, which hinder the diffusion of chlorides.
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3.2. Factors influencing inhibitor choice

Given the variety of available inhibitors, choosing the appropriate inhibitor should be based on
the physical-chemical properties of the inhibitor, as well as the nature and conditions of the
metal surface and the aggressive environment in which the concrete structure is situated [51].

The efficiency of the corrosion inhibitors can be calculated by Eq. (7), which relates the
decreasing corrosion rate with the use of the inhibitor:

_RD_Ri

B ="g

x100 )

where E;—efficiency factor (%)
R,—corrosion rate on concrete without inhibitors (1A/cm?)
R;—corrosion rate on concrete with inhibitors (p.A/cmZ)

Table 3 summarizes the results obtained in several studies with varied inhibitors.

Ref. Inhibitor Type Efficiency (%) Aggressive conditions
[15] Calcium nitrite, 25 (g/L) Inorganic 92.30 Carbonation

[15] Calcium nitrite, 10 (g/L) Inorganic 64.90 3.5% NaCl

[22] Calcium nitrite, 8.94 (g/L) Inorganic 85.75 0.99 NaCl (g/L)
[22] Calcium nitrite, 71.55 (g/L) Inorganic 83.26 7.91 NaCl (g/L)
[15] Sodium nitrite, 25 (g/L) Inorganic 95.00 Carbonation

[15] Sodium nitrite, 10 (g/L) Inorganic 82.60 3.5% NaCl

[14] Sodium nitrite, 40 ppm Inorganic 61.40 —

[20] Lithium nitrate, 2.15 (g/L) Inorganic 63.67 0.99 de NaCl (g/L)
[20] Lithium nitrate, 17.21 (g/L) Inorganic 31.71 7.91 de NaCl (g/L)
[15] Sodium molybdate, 10 (g/L) Inorganic 95.40 Carbonation

[15] Sodium molybdate, 40 (g/L) Inorganic 82.60 3.5% NaCl

[14] Sodium molybdate, 1000 ppm Inorganic 98.60 —

[15] Tannin, 10 (g/L) Organic 64.00 Carbonation

[15] Tannin, 10 (g/L) Organic 80.60 3.5% NaCl

[15] Amine, 10 (g/L) Organic 84.80 Carbonation

[15] Amine, 10 (g/L) Organic 61.80 3.5% NaCl

[14] Sodium nitroethane, 20 ppm Organic 87.40 —

[65] DAESPN, 5 x 10> M Organic 39.40 3.0 M NaCl

[65] Bis-HSPN, 10 ° M Organic 59.00 3.0 M NaCl

[51] PT,107°M Organic 93.68 HCI1M

[66] Amine-ether, 10 (g/L) Organic 41.30 Carbonation

Table 3. Efficiency factors of various inhibitors studied by different authors.
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Among the inhibitors shown in Table 3, sodium molybdate shows the highest efficiency
(82.60-98.60%); however, despite its good performance, it is expensive which makes the use
of this inhibitor unviable for some applications.

4. Future trends

The use of inhibitors of low environmental impact is becoming more popular nowadays
mostly due to the major concerns about the use of these chemicals. Studies with green inhibi-
tors have been widely discussed, and we should their use increase in the next few years.

There remain some gaps in our knowledge, and further work is needed, for example, the effect
of inhibitors upon the properties of fresh concrete and the development of multifunctional
blends, besides the use of inhibitor without undesired secondary effects starting from a com-
bination of different types, such as a mixture of an inhibitor that has a setting retarder effect
with an inhibitor that has a setting accelerator effect [36].

Lastly, Quraishi et al. [67] point out the importance of studies about association of the effects of
chemical admixture (corrosion inhibitors) and minerals (pozzolans) so as to increase the life
span of reinforced concrete structures.

5. Final considerations

Among the commercially available inhibitors, there is a wide variety classified according to
their chemical composition, method of protection, and method of use. The use of inhibitors
generally leads to side effects in the concrete; therefore an understanding of these substances is
of fundamental importance in order to avoid damage to structures.

The environmental issue related to toxicity and carcinogenic inhibitors, such as calcium nitrite,
which is widely used, has led to several studies reviewing the use of current inhibitors and
developing natural inhibitors that do not harm the properties of concrete while being eco-
friendly [33]. It is important to investigate any side effects the inhibitor may have on the
properties of concrete, both in the fresh and hardened states [36].

The concrete composition and microstructure must be considered in the evaluation of the
performance of corrosion inhibitors, as they may influence several aspects of the concrete in
the corrosive process [5]. Therefore, when evaluating inhibitors, it is necessary to verify their
composition, mechanism of action, and application, as well as the aspects related to concrete
and also the influence of the inhibitors on the concrete (changes in the hydration process,
porosity, resistance, others).
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Abstract

Corrosion of metals is a serious environmental problem. Most of the corrosion inhibitors
are synthetic chemicals that are hazardous to environments and expensive. Today, there
has been an increasing search for green corrosion inhibitors, due to the toxicity of some
inhibitors. Green corrosion inhibitors are biodegradable and free of heavy metals or other
toxic compounds. There is an intensive effort underway to develop new plant origin cor-
rosion inhibitors for metal subjected to various environmental conditions. Salts of rare
earth elements can be also used as inorganic alternative nontoxic corrosion inhibitors.
Sol-gel coatings can be recommended as green protective films for metal corrosion. The
origin of sol-gel process, its advantages and limitations, and the type of coating method
are presented in this chapter, as well as a brief summary of recent literature concerning
the use of hybrid inorganic-organic sol-gel and nanostructured sol-gel protective coat-
ings for metal corrosion in different media.

Keywords: corrosion, green inhibitors, plant extracts, protective films, sol-gel process

1. Introduction

Metallic materials are the pre-eminent important materials used in structural and decora-
tive applications and are still the most widely used group of materials particularly in both
mechanical engineering and transportation industry [1]. The usefulness of these metals is
constrained by one common problem known as corrosion. The corrosion, deterioration or
destruction of metals is an unavoidable but controllable process by means of optimum corro-
sion management practices.

One of the established methods of protection against corrosion damage is the use of corro-
sion inhibitors. A corrosion inhibitor is a solid or liquid substance when added in a suitable

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. Types of corrosion inhibitors and their possible mechanisms.

concentration to an environment reduces the corrosion rate by reducing the corrosivity of
the environment [2]. Corrosion inhibitors can be divided into two broad categories: passive
film formation and adsorbing on the metal surface. In both cases, a barrier was created on the
surface that prevents access of corrosive agents to the metal surface [3]. Corrosion inhibitors
have always been considered to be the first line of defiance against corrosion. According to
their action, there are four types of corrosion inhibitors: anodic inhibitors, cathodic inhibitors,
mixed inhibitors and volatile corrosion inhibitors (VCI). Anodic inhibitors usually cause a
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large anodic shift of the corrosion potential to reach passivation region by forming a protec-
tive oxide film on the metal surface. Cathodic inhibitors act by selectively precipitating on
cathodic areas. This blocking of cathodic areas limits the diffusion of reducing species to the
surface. Also, they can slow the cathodic reaction itself. Mixed inhibitors work by reducing
both the cathodic and anodic reactions by forming film compounds that block both anodic
and cathodic sites. Volatile corrosion inhibitors (VCI) compounds have sufficient vapor pres-
sures to allow vaporization and subsequent condensation and adsorption on metal surfaces
as a monomolecular passivating layer and control the corrosion attack. In closed vapor spaces,
such as shipping containers, volatile solids such as salts of dicyclohexylamine, cyclohexyl-
amine, and hexamethyleneamine are used [4-6]. When choosing an inhibitor, there are sev-
eral factors including cost and amount, easy availability and, most importantly, safety to
environment need to be considered.

Another newly established method for corrosion control, covered in this chapter, is employ-
ing green sol-gel coatings. Sol-gel science, early discovered in the 1800s and studied in detail
since the 1930s, has attracted researchers’ interest to a great extent. As inorganic gels can be
formed at low temperatures and converted to glasses without the need of melting process.

Sol-gel materials encompass a wide range of inorganic and organic-inorganic hybrid materials
which share a common preparation strategy: the sol-gel process. It involves the generation of
colloidal suspensions, “sols” [7]. During the process, inorganic networks grow by sol (colloi-
dal suspension) formation then the sol undergoes gelation (gel). Metal alkoxides, mainly alk-
oxysilane, are most commonly used precursors for the sol synthesis as they react easily with
water. Deposition of a protective layer can be a proper way to enhance the corrosion resistance
of a substrate. This can be done by a variety of ways such as chemical [8] or physical [9] vapor
deposition, laser cladding [10], thermal spraying [11] and sol-gel [12]. Upon comparison, the
sol-gel method has advantages of being simple, deposition can be achieved at low tempera-
tures. The low-temperature reaction makes it possible to incorporate organic modifiers into
the inorganic network, thus providing new materials which have combined reactants’ proper-
ties [13-15]. In conclusion, types of corrosion inhibitors with their possible mechanisms are
summarized in Figure 1.

2. Green inhibitors

Green corrosion inhibitors or “eco-friendly inhibitors” are biodegradable compounds and
do not contain heavy metals or other toxic compounds. They are biocompatible with nature.
Similar to the general classification of “inhibitors,” “green inhibitors” can also be grouped
into two categories, namely organic green inhibitors and inorganic green inhibitors.

2.1. Organic green inhibitors

The organic green inhibitors are the quinine, alkaloids, phenol, phenylpropanoid flavonoids,
organic acid and other natural products obtained from natural sources like plants. It also
includes synthetic compounds with negligible toxicity. Herein, plant extracts, gums, drugs
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and oils have been considered as green corrosion inhibitors. The use of wastes from plants as
corrosion inhibitors can be another way of extending the beneficial use of these plants and so
enhance municipal waste management. Some of the notable developments on organic green
inhibitors, especially plant extracts, are discussed here.

Aquatic plants contain some organic compounds that provide definite physiological actions
on the human body and these bioactive substances include alkaloids, terpenoids, steroids,
phenolic compounds, tannins and flavonoids and most of them are known to have corrosion
inhibition efficiency.

Plant material extracts contain many active principles. They contain polar or hetero atoms
such as S, N, O, P and aromatic rings, favoring the adsorption by donor-acceptor interaction
between 7t electrons of donor atoms S, N, O, P and aromatic rings of inhibitors, and the vacant
d-orbitals of metal surface atoms [16]. Because of adsorption of inhibitor molecules on the
metal surface, protective film is formed that isolates the metal from the aggressive environ-
ment. Thus, corrosion is controlled.

Large numbers of organic extracts of plant materials have been used to prevent a variety of
metals such as mild steel [17-28], various types of steel [29, 30], cast iron [31] aluminum and
its alloys [32-34], zinc and its alloys [35-38], copper [39-41], nickel [42, 43] and tin [44, 45].

According to corrosive medium, extracts of plant materials have been used to prevent corrosion
of metals in various medium. Most studies were conducted in acidic medium [31] than in basic
[34] and neutral medium [35]. Different parts of plants that include roots, leaves, bark, flowers and
fruits (shell, juice and seed) were used to reduce the corrosion. Many methods have been employed
such as hydrogen evolution, weight loss method, thermometric methods, electrochemical studies
and so on to evaluate corrosion inhibition efficiencies of inhibitors extracted from plants. The pro-
tective film has been analyzed by various surface analyses techniques such as fourier-transform
infrared spectroscopy (FTIR) spectroscopy, UV-visible spectroscopy, scanning electron micro-
scope (SEM), energy dispersive X-rays analysis (EDXA) and atomic force microscope (AFM).

Overtime, plants extracts have been used as corrosion inhibitors, alone or in combination
with other inhibitors. The mixture of plants extracts shows better inhibition efficiency than
individual members, which is called synergistic effect. Many additives have been used to
improve the inhibition efficiency of plant extracts. For example Zn*, methylene dichloride,
n-butanolic extract [46-51], KI[22, 52, 53], KCL, KBr [54-58], formaldehyde, diethylamine [59],
ethyl acetate [60], and dimethyl sulfoxide [61].

2.1.1. Advantages and limitations of plant extract use

Plant extracts are environmental friendly, nontoxic, low cost and easily biodegradable.
Despite these features as environmentally acceptable, readily available and renewable
source for a wide range of green inhibitors, they have some main drawbacks. The draw-
back of most reports on plant extracts as corrosion inhibitors is that the active ingredient
has not been identified. Also, they are easily biodegradable and contaminated by micro-
organisms which limit the storage of liquid extract or even the solid extract for a long
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term. According to a number of research works published in the last two decades on these
groups of products, plant extracts occupy the first place by 68% for aluminum and its alloys
corrosion inhibition (Figure 1) [16].

It is important to consider the type of plant extract (water, alcohol, acid). The quality of the
ingredients present in plant extracts consequently affects the effectiveness of the extracts in
inhibiting corrosion.

2.1.2. Mechanism of action of green inhibitors

Many theory mechanisms have been put by several workers. These mechanisms are being
summarized in the following points:

¢ Organic substances may form onium ions in acidic solutions and are adsorbed on the ca-
thodic sites of the metal surface.

* Organic substances in some plant extracts contain an alkaloid berberine which has a
long chain of aromatic rings, an N-atom in the ring, and O atoms as H atoms substitu-
tion. The free electrons on the O and N atoms form bonds with the electrons on the metal
surface.

¢ Allyl propyl disulfide, which is an S-containing unsaturated compound, exists in many
plant extracts and affects the potential cathodic process of metals such as steel.

¢ Pyrrolidine in neutral and alkaline aqueous media ionizes, and the N-atom acquires a neg-
ative charge, and the higher charge on free electrons on N results in stronger bond between
the pyrrolidine and metals.

* The N-atom in alkaloid ricinine is in the ring attachment of the -OCH, favoring the interac-
tion with the metal surface.

2.2. Inorganic green inhibitors

Green inhibitors display substantially improved environmental properties as compared to the
existing inhibitors whose toxic level is above 50%. The action of inorganic green inhibitors is to
improve the passivity of a metal and alloys. According to that, most inorganic green inhibitors
are compounds or metal ions that have more positive redox potential than the metal surface
and also improve the passivity of a metal by favoring the electropositive metal to be reduced
and deposited on the surface. There are several inorganic salts that are less toxic than chromate
inhibitors. Among the metals used for corrosion inhibitor are: mercury (Hg) [62], lanthanide
salts (La) [63, 64], samarium (Sm) [63], cerium salts [64-68] and platinum (Pt) [69] (Table 1).

Moreover, there are inorganic anions providing passivation protection to metal surfaces
through their incorporation into the oxide layer; the most widely used of these are: chromate
(CrO,%), nitrate (NO,"), molybdate (MoO,’), phosphate (H,PO,") and silicates [70].
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Inhibitor medium Metal and medium Reference
La(NO,),, Sm(NO,),, LaCl,, SmCl, AISI 434 SS in NaCl [65]
CeCl, Aluminum alloy in NaCl [66]
CeCl, AAS5083 alloy and galvanized steel in NaCl [67]
CeCl, Sn-Fe alloy in NaCl [68]
CeCl, AA6964 Al-Zn alloy in NaCl [69]
(Ce(NO,),-6H,0) Tinplate in citric-citrate [70]
Tryptamine (TA) ARMCO iron in 0.5 M deaerated H,SO, [71]

Table 1. Model inorganic green inhibitors.

2.2.1. Mechanism of inhibitors

In neutral and alkaline media, the oxygen reduction reaction is more favored as cathodic
reaction Eq. (1).

0,+2H,0+2¢ - 40H" (1)

The cathodic reaction in Eq. (1) of oxygen reduction increases local pH by generating a high
concentration of OH™ ions. These OH" ions formed over the cathodic sites react with metal
ions present in the solution according to Egs. (2) and (3).

Ce*+30H" — Ce(OH), )

La*+30H- — La(OH), 3)

These reactions give rise to the precipitation of lanthanide oxides or hydroxides over cathodic
sites and block them. Blocking the cathodic active sites by these compounds decreases the
available cathodic current and therefore reduces the corrosion process.

2.3. Sol-gel protective coatings

The sol-gel process involves several stages as shown in Figure 2 [71]:

¢ Hydrolysis of the precursors with the formation of hydroxide species;
* Condensation with the formation of oxide species;

* Gelation with the formation of a “spanning cluster” yielding a network which entraps the
remaining solution;

¢ Ageing with the formation of further crosslinks which change the structure in pore sizes
and pore wall strengths;
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Figure 2. Sol-gel process and possible coatings routes [71].

* Drying with the loss of solvent and the associated development of capillary stress; and

¢ Densification with the collapse of the open structure and formation of a dense material.

2.3.1. Advantages of sol-gel coatings

There are many advantages using sol-gel coatings, and some of the most important features
are listed as follows [72]:

1. Excellent chemical stability.
2. Enhanced corrosion resistance for metal substrates.

3. An environmentally friendly technique of surface protection “green coating” (Replace-
ment of toxic pretreatments and coatings which have traditionally been used for increasing
corrosion resistance of metals).

4. Sol-gel process can be achieved at room temperature, thus degradation or thermal volatili-
zation of incorporated organic species can be avoided.

5. Cast coating is possible without the need for complicated processes. Since used precursors
are in the liquid form.

6. These are economical and fast and can be used for all types of surfaces to control the size
and porosity of the resultant thin film.

7. Precursor such as metal alkoxides and mixed alkyl/alkoxides are frequently volatile and
easily purified to very high levels using techniques developed for the microelectronics
industry.
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8. Highly porous materials and nanocrystalline materials may be prepared in this way.

9. Since liquid precursors are used, it is possible to cast ceramic materials in a range of com-
plex shapes and to produce thin films or fibers as well as monoliths, without the need for
machining or melting.

10. Hybrid silica sol-gel coatings are of growing interest as corrosion protection materials for
metals as these coatings have good adhesion to metallic substrates and offer good corro-
sion resistance by combining properties of organic polymers and properties of ceramics
[73, 74].

2.3.2. Limitations of sol-gel coatings

Common sol-gel limitations can be summarized in the following points [7]:

e Precursors are sensitive to moisture;
* Precursors are expensive, limiting large-scale manufacture;
* The process is time-consuming; and

* The dimensional change can occur on densification, shrinkage, cracking on drying, require
attention.

2.3.3. Applications of sol-gel coatings
2.3.3.1. Spin-coating

Spin coating has been used for several decades for the application of thin films. In this pro-
cess, a small drop of the coating material is loaded onto the center of a substrate, which is
then spun at a controlled high speed. In the spin-coating process, the substrates spin around
an axis which should be perpendicular to the coating area. As a result, the coating mate-
rial spreads forming a thin film on the surface. Film properties, such as thickness, will be
affected by several factors such as: viscosity, surface tension, drying ease and the rotation
speed [75].

2.3.3.2. Dip coating

This method can be achieved by immersing a metal into a tank containing the coating material
then withdrawing it to obtain a homogeneous film. Compared to the spin coating, the film
obtained by dip coating is thicker [76].

2.3.3.3. Spray coating technique

Spray coating technique is a process in which molten or softened particles are applied by
impact onto a substrate to produce a coating. This is done by using a vessel under pressure
that pumps loading through a spray gun. The operation occurs in a totally enclosed system to
minimize radiation of coating and product wastes [75].
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2.3.3.4. Flow-coating process

In flow-coating process, the liquid-coating system is more or less poured over the substrate
to be coated. The coating thickness depends on the angle of inclination of the substrate, the
coating-liquid viscosity and the solvent evaporation rate. Thus, nonplanar large substrates
can be readily coated [76].

There are many studies, investigate the ability of the sol-gel method to protect metals from
corrosion, will be discussed in the following section.

2.3.4. Corrosion control by using sol-gel coatings

Sol-gel-coated layers can exhibit good adhesion to the metal substrate due to the formation of
chemically adsorbed M—O—5i bonds, as shown in Figure 3, resulting in a good anticorrosion
performance. The following section summarizes a brief collection of recent and novel studies
concerning the use of sol-gel coatings for corrosion control in metals and metal alloys.

Al-Cu-Fe alloy powder, a highly effective lubrication-oil additive, was coated by conventional
sol-gel method employing tetraethyloxysilane (TEOS) as the precursor for purpose of improv-
ing its corrosion resistance [78]. The sol-gel method was modified by employing ultrasound to
study the effects of both ultrasonic power and irradiation time on the coating process. The coated
powder had a high corrosion resistance in the acid media of pH 1. Vignesh et al. used 3-mercap-
topropyltrimethoxysilane (MPTMS) as the precursor for sol-gel coating on aluminum metal [79].
The results brought to light the potential of MPTMS as a precursor in the development of sol-gel
coating over Al metal. The FTIR studies revealed the mechanism of the gelation of MPTMS and
the formation of Si—O—Al linkage on the metallic substrate. The formed film was found to be
stable up to 350°C as evident from thermogravimetric analysis. The X-rays diffraction (XRD)
data also confirmed the formation of sol-gel coating on the metal surface. The electrochemical
impedance spectroscopy (EIS) analysis of MPTMS coating on aluminum showed the inhibition
of the corrosion by acting as a barrier to the electrolyte by impeding its contact with the metal
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Figure 3. Bonding of silane precursors to the metallic surface [77].
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surface. The polarization studies revealed that MPTMS sol-gel coating on aluminum blocked the
anodic sites of the metal and thereby reduced the metal dissolution into the electrolyte solution,
while SEM confirmed the protective nature of the MPTMS coating over aluminum substrate.

Seifzadeh et al. have studied the novel and crack-free nanocomposites based on sol-gel pro-
cess for corrosion protection of copper [80]. The best results have been obtained after addition
of sodium montmorillonite nanoclay at 0.01% concentration. Also, the phenyltrimethoxysi-
lane sol-gel coating becomes more hydrophobic after addition of nanoclay at low concentra-
tions (0.01 and 0.1%). Results indicated that phenyltrimethoxysilane coating provided a high
protection from corrosion when compared with copper substrate. The addition of nanoclays
resulted in a crack-free sol-gel coating and enhanced protective properties of the coating.
A conversion coating was formulated and applied on mild steel prior to sol-gel AL,O, coating
to improve the corrosion resistance of mild steel reported by Tiwari et al. [81]. The comparison
was made between conversion coated and conversion followed by sol-gel Al,O,-coated mild
steel. The modified surfaces, produced by conversion coating and conversion followed by
sol-gel AL, O, coating, were characterized by XRD and X-ray photoelectron spectroscopy (XPS)
and SEM. The corrosion resistance of the sol-gel coating was evaluated in 3.5 wt.% NaCl solu-
tion by one-component plasma (OCP), polarization and EIS measurement. By examining the
surface morphology of solgel after Al,O, coating (0.36 + 0.03 um thickness), the surface seems
smooth with featureless topography. The sol-gel AL,O, coating is free from any defect and is
homogeneous. No change in the coating morphology is seen after long immersion (240 h) in
3.5 wt.% NaCl solution and repeated anodic polarization. The conversion coating by using sil-
ica sol and aluminum oxyhydroxide followed by heat treatment at 500°C produced mild steel
surface suitable for sol-gel Al,O, coating. The conversion coating formed a composite oxide
containing Al O,, 5iO,, a-Fe O, and Fe O, on the surface. The Al O, coating is amorphous and
stable for 240 h in 3.5 wt.% NaCl solution. The protective nature of a coating composed of a
hybrid sol-gel and a phosphate-based conversion layer for magnesium-alloy corrosion was
investigated by Li et al. [82]. The sol-gel coating itself has a good anticorrosion performance;
however, the presence of an additional conversion layer highly enhanced the protection abil-
ity. The corrosion process was examined by EIS which showed that the presence of the con-
version layer increases the system resistance upon immersion in a 0.05 M NaCl solution, as
compared to the single sol-gel coating. Hassannejad et al. studied the effects of cerium doping
on corrosion resistance of amorphous silica-titania coating [83]. Potentiodynamic polarization
and EIS spectroscopy have been used to study the corrosion behavior of composite coating
in 3.5% NaCl solution. Results showed that ceria doping presented higher corrosion resis-
tance than undoped silica-titanium composite layer and also the passive region of the doped
films in potentiodynamic tests expanded with respect to undoped silica-titanium composite
layer. The film corrosion resistance is noticed due to the inhibition action of cerium. There is
a critical cerium concentration, above it cracking occurs, this can be related to the high expan-
sion coefficient of cerium oxide. Mei et al. examined the effects of cerium salts on corrosion
behaviors of Si-Zr hybrid sol-gel coatings [84]. The Si-Zr hybrid sol-gel coatings on aluminum
substrate were prepared through hydrolysis and condensation of GPTMS and zirconium(IV)
n-propoxide, used as inhibitors for corrosion, three types of cerium salts (Ce(NO,),, CeCl,
and Ce(CH,COO),) were doped into the sol-gel coatings. The corrosion process is retarded
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by the addition of cerium salts due to its self-healing abilities. The sol-gel coating doped with
Ce(CH,COO), has the highest corrosion resistance due to the utilized hydrolysis and conden-
sation provided by CH,COO'". Ali et al. investigated the corrosion behavior of zinc substrates
in 0.5 M HCI solution pretreated with various mono- and bilayered sol-gel films [85]. It was
found that the bilayer morphology is similar to that of the outer layer. The protection abilities
of mono- and bi-films are discussed in terms of film structure and functionality. The hybrid
bifunctional organic coating (i.e. contains two different organic functional groups) is more
efficient than monofunctional one. Hybrid monolayer has higher protection ability than its
corresponding bilayers. Rahimi et al. reported the corrosion- and wear-resistance character-
ization of environmentally friendly sol-gel hybrid nanocomposite coating on aluminum. The
hybrid nanocomposite coatings have been synthesized from TEOS and GPTMS precursors.
The multilayer coatings were prepared by dip-coating technique. Effects of different layers on
corrosion and wear resistance were studied. The coatings were found to increase the electro-
chemical corrosion resistance of aluminum. The maximum corrosion resistance properties, as
determined by using electrochemical cyclic polarization testing, were observed for triple sol-
gel-coated layer. The results suggested that crack-free plain organic-inorganic hybrid nano-
composite coatings with Si-O-Si structure backbone and CH, group incorporated into a silica
network could be obtained on aluminum substrate by sol-gel synthesis. Atomic-force micros-
copy height images showed smooth nanostructural surface with root mean square less than
4 nm and the existence of organic and inorganic components in coatings could be a result of
excellent wear and mechanical properties. Shi et al. studied that the sol-gel coatings were pre-
pared using GPTMS and TEOS as precursors, diethylentriamine as curing agent. Inhibition
effect of 2-methyl piperidine on magnesium alloy in 0.005, 0.05 and 0.5 wt.% NaCl solution is
investigated.

The protection abilities of unmodified and modified GPTMS-VTMS sol-gel films with dif-
ferent Ti- and Al-alkoxides concentrations against zinc corrosion in 0.5 M HCI solution are
reported by Ali et al. [85]. It was shown that the presence of the modifiers, either Ti or Al,
facilitates the formation of the network structure and increases slightly the thermal stability of
sol-gel materials. Weight-loss and electrochemical measurements proved that the highest pro-
tection ability of sol-gel coatings is assigned with low modifiers concentrations. The protec-
tion efficiency is increased from 69.2 to 96.2% and 95.8% upon modification with 0.005 M of Ti
and Al modifiers, respectively. On the other hand, higher modifier concentrations may cause
a galvanic corrosion which results in lower protection efficiency values. Corrosion inhibitors
and nanoparticles can be added in the silane sol-gel network to improve corrosion resistance
[86]. Balan et al. examined the effect of adding activated cerium nitrate nanoparticles into a
coated sol-gel matrix on low-carbon steel substrates. Hybrid sol-gel films have been prepared
from mixture of TEOS and GPTMS. Silica, alumina and their equimolar mixtures are used as
nanoparticles with a concentration of 250 ppm. The SEM confirmed crack-free surface for pre-
pared substrates with different pretreatments. Inorganic corrosion inhibitor was introduced
into the coating via encapsulation in the nanoparticles reported by Tavandashti et al. [87].
Organosiloxane sol was prepared by mixing GPTMS, TEOS and isopropanol to obtain a sol
with 75 mol.% organic content. The high corrosion-resistance performance of such coatings is
due to the presence of encapsulated cerium nitrate corrosion inhibitor that can be released at
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the defects within the coating, hindering the corrosion reactions at defective sites. Asadi et al.
investigated the cloisite concentration effect on the protective performance of sol-gel coating,
prepared from GPTMS, TEOS and methyltriethoxysilane on mild steel substrate [88]. The
optimum concentration of nanoparticles was determined. The data indicated superiority of the
hybrid film embedded with 1000 ppm of cloisite nanoparticles. Confirming the electrochemi-
cal data, FTIR spectra and water contact angles showed that the nanoparticles well dispersed
in the silane film might improve barrier properties moreover, a good trend correlation was
observed between the noise resistance and low-frequency IZI data. Naderi et al. studied the
synergistic effect of incorporation of nanoclay along with cerium nitrate as a corrosion inhibi-
tor into an eco-friendly silane layer consisting of GPTMS, TEOS and methyltriethoxysilane
applied on pure Al [89]. EIS and polarization results showed that the high protective nature of
film containing cerium is due to film deposition on cathodic regions, thus preventing entrance
of aggressive species to the surface. FTIR spectra proved the presence of the inhibitor in the
film structure. N-nanoparticles silane coating in the presence of cerium salt provided higher
corrosion protection compared to the film with only incorporated nanoclay.
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Abstract

The use of corrosion inhibitors has proven to be one of the effective methods of corro-
sion protection of metals and alloys. Aluminum alloys are good candidate materials for
structural components in major industrial application owing to their excellent corrosion
resistance. However in high intensity coastal and acidified medium the challenge of
micro porosity and hydrogen embrittlement distributed along the interface cannot be
neglected as suitable corrosion inhibitive compounds is needful without significantly
reacts with the environmental components. The challenges of most effective organic and
inorganic Inhibitors when dissolved in aqueous environments are increasingly due to
their toxicity. Drug as inhibitive compound have been seen as suitable replacement for
this high toxic organic inhibitors since both react by adsorption on a metallic surface.
They are usually compounds that form film and cause the formation of precipitates on
the metal surface, thereby blocking both cathodic and anodic and sites. Therefore, this
study covers the general overview of impact of some drugs as corrosion inhibitive
compound on aluminum for industrial applications and their environmental impact.

Keywords: corrosion inhibitors, protection, coastal, acidified, drug and impact

1. Introduction

Aluminum is a silvery white material and a member of boron group. It is one of the most
abundant metal in the Earth’s crust, and the third most abundant element within, after oxygen
and silicon. It is yielding, long-lasting, lightweight, malleable metal with physical appearance
varying from silvery coloration to approximate gray, which depend on the roughness of the
surface. Aluminum is not a Ferro-magnetic material. It is also not soluble in alkanols, despite
the fact that, in certain form, it can be water-soluble. It has an appreciable yield strength of

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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S/N Research work Result Reference

1 Meclizine (Antihistaminic Drug) as Corrosion  The result showed that the drug excellently inhibited [2]
Inhibitors of Aluminum in HCI Environment the aluminum in the acid medium at 303 K

2 Clotrimazole and Fluconazole (Antifungal The results pointed out that both drug server as [3]
drugs) as Corrosion Inhibitors of Aluminum in  excellent inhibitors in the Medium
HCI Environment

3 Amine Compound as Corrosion Inhibitors of The result indicated 92% inhibitive efficiency at 30°C  [4]

Aluminum in HCI Environment and 83% at 60°C using 100 ppm inhibitor
concentration
4 Voltaren (expired) Drug to inhibit Aluminum in Corrosion potential (Ecorr) was shifted to the [5]
HCI Environment direction that is more noble by the Inhibitor
molecules

5 Domiana Extract as inhibitor of Aluminum in ~ From the result, the inhibition efficiency displayed  [6]
Acidic medium direct variation with inhibitor’s concentration but
demonstrated inverse relation with temperature

6  Corrosion Inhibitor of Aluminum using It was deduced that chloroquine excellently [7]
Chloroquine in HCI Environment Media inhibited the aluminum in the acidic environment
and the efficiency of the inhibitor increased with
concentration of inhibitor but not favored by

temperature
7 Corrosion Inhibitor of Aluminum using Aloe The result showed that Aloe Vera is potential green  [8]
Vera in NaCl medium corrosion inhibitor in saline environment
8 Corrosion inhibition of Aluminum Alloy in The result showed the potential of the Omeprazole  [9]

NaOH Medium using Anti-inflammatory drug  drug in inhibiting corrosion in the basic environment

9 Corrosion inhibition of Aluminum using The result displayed the antifungal drug as potential [10]
Fluconazole & Clotrimazole in HCl Medium inhibitor of aluminum in the acidic environment

10 Corrosion inhibition of Aluminum using green  The result showed the extract as eco-friendly [11]
corrosion inhibitor in acidic medium inhibitor in the acidic environment

Table 1. Analysis of inhibitive drugs and their performance.

about 10 MPa for the pure metal, while that of its alloys can range from about 150 to 650 MPa.
Aluminum is about 33% dense and stiff in comparing to steel.

The machinability and formability of aluminum is excellent with outstanding corrosion resis-
tance due to its ability to form an effective and tenacious thin surface layer of its oxide in
atmosphere. It is also noteworthy that the strongest alloys aluminum are less corrosion resis-
tant because of the possibility internal galvanic cell that may be developed in service [1]. This
corrosion resistance is also often greatly reduced in the presence of various salts or dissimilar
metals and often corrosion of aluminum can be mitigated using corrosion inhibitors, even the
use of inhibitive drugs (Table 1).

2. Passivity of pure aluminum and its alloys

2.1. Corrosion of aluminum

Al has a reactive metal, can react with acidic, basic or salty foods to release itself into the food
product. Also, an aluminum container that is worn out or pitted may contaminate the food by
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releasing excess aluminum into it [12]. Therefore, temperature does have an effect on the
corrosion of aluminum. The aluminum subjected to the higher temperature does corrode
because of the increase in particles’ collision [13]. Corrosion of aluminum depends on environ-
ment, design, alloy and preventive measures put into considerations. A dirt-free aluminum
surface is highly reactive and will spontaneously react with air or water to form aluminum
oxide. This oxide is usually stable and possess excellent adhesion to the surface of metal
therefore protects the material (aluminum) from further corrosion or oxidation. Thus alumi-
num has excellent corrosion resistance in stable oxide layer environments [14]. This oxide layer
will be weaken in environments where there is low or high pH particularly, in the presence of
aggressive ions. That is, at a pH below 4 and beyond a pH of about 8.5, there will generally be
an increase in the aluminum corrosion rate, though this depend on the ions that are present in
that particular environment. The oxide layer will be broken down by the aggressive ions
locally and localized corrosion attacks start. Of all the ions that display high aggression,
chloride ion (C17) is of the most practical importance [15]. From thermodynamically point of
consideration aluminum is a metal with high activity. Nevertheless, in aerated environment,
the metal is rapidly covered with an intense oxide layer [16]. This oxide layer is basically inert,
and prevents further oxidation. The thickness of this layer depends largely on the temperature,
environment and alloy elements. The oxide films that are formed in air at ordinary room
temperature are about 2.5 nm of thickness on pure aluminum. Heating to about 400°C may
results in films up to about 25 nm (this is about 10 times that at room temperature [17]. If the
oxide film is destroyed, e.g. by a scratch, new oxide will spontaneously and immediately form
on the uncovered metal [18]. Thus pure and even many of its alloys display excellent perfor-
mance in corrosion protection.

3. Aluminum alloy

Major reason for alloying aluminum is to increase hardness, strength and resistance to fatigue,
stress relaxation, wear or creep. The Effects of different alloying elements and combinations of
them on these properties are specific and related to the phase diagrams of constituent alloy
elements.

Figure 1 shows the relationships between some of the more commonly used alloys in the 6xxx
series. The elements that are most frequently used in commercial aluminum alloys to provide
better strength especially, when related to strain hardening via cold working or heat treatment,
or both are; zinc, copper, silicon, magnesium and manganese (Figure 2). All these elements
have high solid solubility in aluminum, and usually, the solubility increases as temperature
increases.

Aluminum and its alloys possess significant industrial and economic value due to its light
weight, good thermal and electrical conductivity as well as low cost [20]. The most important
property of aluminum is its ability to effectively resist atmospheric and several aqueous
solution because of the quick formation of protective oxide of thin film which adhere tenaci-
ously to the surface, that serves as barrier between the corrosive environment and the metal.
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Figure 3. Aluminum in the redox strength of metals.

The reaction is in line with the position of aluminum in the redox strength of metals (Figure 3).
It has been observed that this film (oxide) is stable at a range of about 5-9 range of pH [21].

4. Pitting corrosion of aluminum

Aluminum usually suffers pitting corrosion in the presence of chloride ions. Pitting corrosion is a
dangerous form of localized corrosion that selectively attacks areas of a metal surface where
there is; (i) a surface scratch or a mechanically induced break in an otherwise protective film, (ii)
an emerging dislocation or slip step caused by applied or residual stresses and (iii) a composi-
tional heterogeneity such as an inclusion, segregate or precipitate [22]. Pitting is one of the most
insidious forms of corrosion. It is very destructive to many engineering materials since it causes
perforation of the metal. As a result of its localized nature, it often causes sudden unexpected
failures. Pitting is often difficult to detect because corrosion products may cover small pits.
General illustration of pitting corrosion on aluminum alloys is shown in Figure 4.
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Figure 4. General illustration of pitting corrosion on aluminum alloys [18].

5. Corrosion inhibitors

Corrosion inhibitors have been established to be effective and easier means of corrosion
control. Using chemical inhibitors to reduce the rate of corrosion processes is somewhat
amenable. Corrosion inhibitors found applications in various industries, examples are; oil and
gas, chemical industries, production, refineries, heavy manufacturing, water treatment and etc.
[23]. In extraction the oil, chemical and processing industries, the use of corrosion inhibitors
are usually considered to be the primary line of protection. Therefore, a large numbers of
scientific research have been concentrated to the issue of corrosion inhibitors [24-29]. Table 1
shows application of corrosion inhibitors in some specific system environment. An inhibitor is
a chemical substance or mixture of substances which when added in very little concentrations
to a corrosive environment, it effectively retards or prevents corrosion without significantly
reacts with the environmental components.

Inhibitors can be classified as either organic or inorganic compounds and they are usually
dissolved in aqueous environments. Some of the most effective inorganic inhibitors are car-
bonates, chromates, nitrites, silicates and phosphates. The organic inhibitors comprise amines,
nitrogen compounds, sulfur compounds such as thioethers, thioalcohols, thioamides, thiourea
and hydrazine. Chromates and zinc salts are used increasingly less due to their toxicity and are
currently largely replaced by organic inhibitors.

Also, with reference to their influence on the electrochemical reaction relating to metal, and
their environment corrosion inhibitors (the inorganic inhibitors) can also be classified as
anodic, cathodic or mixed corrosion inhibitors (Figure 5). Figure 6 displays the adsorption
mechanism of an organic inhibitors on aluminum. These have been in application for quite
some years and the most common examples of their uses are in films and coatings on metals
where chromate, nitrate, borates, phosphate, benzoates, and oxides are incorporated, Nitrites
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Figure 5. Classification of corrosion inhibition.

it
(hatal] eid fn s

n-polar group | molecule

Y Ty N Q0
LSl T R @ A -'I @ functional group | OrEaNIC

Figure 6. Adsorption mechanism of an organic inhibitor on an aluminum surface in an aqueous environment.

are being used as inhibitor in concrete reinforcement. While the organic inhibitors react by
adsorption on a metallic surface.

Anodic inhibitors generally act by forming a protective oxide film on the surface of the metal to
be protected resulting in a large anodic shift of the E,, (corrosion potential). This shift usually
forces the surface of metal into the region of passivation. That is, they slow down the anodic
dissolution reaction rate of and produce products of reaction which form a thin film over
anode. Examples are; Chromates, nitrates, tungstate and molybdates.

Cathodic inhibitors usually work by either slowing down the cathodic reaction or precipitating
(selectively) on cathodic regions to inhibit the diffusion of reducing parts to the surface. That is,
they interrupt the flow of electrons from the anode to the cathode and produce products of
reaction which precipitate selectively at cathodic sites. Examples are zinc sulfate, nickel sulfate,
aminoethylene and polyphosphate.
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Mixed inhibitors act by reducing both the anodic and cathodic reactions. They are usually
compounds that form film and cause the formation of precipitates on the metal surface,
thereby blocking both cathodic and anodic and sites. Common examples are the phosphates
and silicates.

Therefore, this study deals with general overview of aluminum, corrosion inhibitors, their
classifications, Inhibitive drugs, considerations in employing them, their efficiency industrial
applications and their environmental impact.

6. Properties of a good inhibitor

In order to prevent or mitigate the corrosion of materials (metallic), inhibitors in question must
be able to satisfy these following measures [26]:

i. It must be effective in corrosion protection at a very little concentration of the inhibitor.

ii. It must offer protection to all the part of the component that are exposed from the
corrosion attack of corrosion.

iii. It must maintain its effectiveness at extreme operating conditions (high velocity and
temperature).

iv.  During application, over or under dosage of inhibitor, the rate of corrosion must not
drastically increased.

V.  The inhibitor or inhibitor’s products must not form any deposit on the surface metal
especially at regions of heat transfer.

vi. It must mitigate both localized and uniform corrosion.
vii. The range of effectiveness should be long.

viii. It must not pose health hazard or pollution potential.

7. Drug inhibitors

Typical examples of organic eco-friendly inhibitors are fast green and carmine. The molecules
of fast green have aromatic ring with electroactive nitrogen and oxygen atoms while molecules
of carmine have aromatic rings (electron rich) with electroactive oxygen atoms. These molecu-
lar structures are shown in Figure 7. These compounds are adsorbed at the metal surface and
they block the active site and consequently, decreasing the corrosion rate and consequently
increase the inhibition efficiency [30]. Nevertheless, Most of organic inhibitors are poisonous
and harmful to the environment. The increasing health and ecological awareness have drawn
the attentions toward research and development of very effective and efficient eco-friendly
inhibitors.
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Figure 7. Structure of (a) carmine and (b) fast green [31].

Therefore it is vital and essential to develop cheap and environmentally secure corrosion
inhibitors [32, 33]. Recently drugs have now been used as corrosion inhibitors. According to
Gece [34], the use of drugs as corrosion inhibitors of metals corrosion possesses some merits
over using some inorganic/organic inhibitors because of their little or insignificant impact on
the environment. Drugs are nontoxic, cheap, negligible negative effects on environment, so it
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suggested replacing the traditional toxic corrosion inhibitors [35]. Many Researchers in this
field generally agree that drugs are corrosion inhibitors that can compete favorably with
discovered green corrosion inhibitors and that most of these drugs can be synthesized from
natural products. The choice of some drugs used as corrosion inhibitors is based on the
following: (a) drug molecules contain oxygen, nitrogen and sulfur as the main active centers,
(b) drugs are reported to be environmental friendly and important in biological reactions and
(c) some drugs are easy to produced. Therefore, it has been established from research findings
that, since majority of these drugs are natural product or plants extracts have been discovered
to accomplish the aim of employing a cheap, environmentally suitable, abundantly available
and effective high inhibition efficiency and little or insignificant environmental impact.
Tables 2 and 3 reveal application of corrosion in specific system environment and examples
of drugs (quinolones) commonly used as corrosion inhibitors in our common environment
respectively [34]. Nowadays, studies are now focusing on using pharmaceutical drugs
nontoxic corrosion inhibitors to slow down the corrosion of metals and their alloys. For
instance, Abdallah [36] used rhodanine azosulpha drugs to inhibit the corrosion of 304 stain-
less steel in HCl solution, [37] also anti-bacterial drug to control the deterioration of aluminum
in HCI solution. Similarly, Obot and Obi-Egbedi [38] used antihypertensive drugs to slow
down the corrosion of aluminum and aluminum alloys in aqueous solutions.

The presence of benzene ring in the molecules and heterocycles like pyridine, thiophenes,
isoxazoles, others that present in drugs has sensitized researchers all over the world to inten-
sifying their investigation of drug compounds as green corrosion inhibitors as save alternative
to the conventional toxic corrosion inhibitors [39].

A number of studies have reported the use of drugs particularly antibacterial as corrosion
inhibitors [40]. For instance, Eddy and Ebenso [40] investigated on Corrosion Inhibition and
Adsorption Characteristics of Tarivid on Mild Steel in H,SO, using thermometric and
gasometric methods. Their finding showed that tarivid drug inhibits the deterioration of mild
steel in the acid environment (H,SO,). The inhibition efficiency of tarivid was established to
increase in values as its concentration increased however; it decreased as the temperature
increases. The mechanism of physical adsorption was proposed from the acquired kinetic and
thermodynamic factors. Also, Langmuir isotherm adsorption model was followed. Abdallah
[36] studied the effect of Rhodanine azosulpha drugs as corrosion inhibitors on the corrosion
of 304 stainless steel in HCI environment using gravimetry and potentiodynamic methods.
Parallel adsorption technique was used for the inhibition process on the steel surface because
of the presence of multiactive center within the molecules of the inhibitor.

Solmaz et al. [41] have shown that Rhodanine is a good corrosion inhibitor for low carbon steel
in hydrochloric acid. They used electrochemical techniques for the corrosion findings.

The effect of a number of antibiotic drugs, like; spectinomycin, paromomycin and streptomycin
on the corrosion performance of zinc metal in hydrochloric acid environment was studied by
[42], using some electrochemical and gravimetric techniques. The percentage of inhibition effi-
ciency was discovered to be increasing as the concentration of drug increases but decreases with
temperature. It has been discovered that majority of the drugs used display vital roles in
biological reactions due to their antibacterial, anticonvulsant, antidiabetic, and other properties
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[10, 11]. The criteria used in selection of these drugs as corrosion inhibitors depend on the
following (i) whether the molecules contain sulfur, oxygen and nitrogen as active centers, (ii)

the ease of production as well as purification. (iii) They are eco-friendly.

Sysiem Inhibiior Metals Concentration
Acids
HCI Ethy laniline Fe 0.5%
= Mercaptobenzotriasole = 1%
= Pyridine + phenylhyvdrazine 0.5% + 0.5%
= Rosin amine + ethylene oxide - 0.2%
Sulfuric Phenylacriding = 0.5%
Phosphoric Sodium iodide = 200 ppam
Others Thiourea - 1%
- Sulfonated castor oil 0.5-1.0%
- Arsenic Oxide 0.5%
- Sodium arsenate 0.5%
Water
Potable Calcium bicarbonate Steel, cast iron 10 ppm
= Polyphosphate Fe, fn, Cu, Al S-10 ppm
- Calcium hydroxide Fe, Zn, Cu 10 ppm
- Sodium silicate - 10-20 ppm
Cooling Calcium bicarbonate Steel, cast iron 10 ppm
- Sodium chromate Fe, #n. Cu 0.1%
- Sodivm nitrite Fe 0.05%
- Sodium phosphate monobasic - 1%
o Muorpholine " 0.2%
Boilers Sodium phosphate monobasic Fe, fn, Cu 10 ppm
= Polyphosphate s 10 ppm
- Morpholine Fe variahle
= Hydrazine 02 scavenger
= Ammonia . neutralizer
B Octadecylamine - variable
Engine coolants Sodium chromate oE sz‘u Cu, 0.1-1%
Sodium nitrite Fe 0.1-1%
- Borax 1%
Glycol/water Borax + MBT All 1% + 0.1%
Oil field brines Sodium silicate Fe 0.01%
- Quaternaries .- 10-25 ppm
- Imidazoline 10-25ppm
Seawater Sodium silicate In 10 ppm
- Sodium nitrite Fe 0.5%
- Calcium bicarbonate All pH dependent
- Sodium phosphate monobasic + Sodium nitrite Fe 10 ppm + 0.5%

Table 2. Application of corrosion inhibitors in specific system environment [24].
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Abstract

The objective of the topic is to review the recent trends in corrosion inhibitors for rein-
forced concrete and their application in the laboratory and field conditions. Inhibitors
are chemical substances which when added to the concrete in small concentrations will
inhibit or prolong the time to initiation of corrosion in concrete structures. This chapter
focuses on the type of inhibitors used in concrete based upon their mode of action and
the way of application. The section deals with anodic, cathodic, mixed inhibitors; perfor-
mance of admixed inhibitor vs. migrating/surface applied inhibitor and their evaluation
studies; and electrochemical injection of corrosion inhibitor (EICI) in concrete and elec-
trochemical chloride extraction techniques has been reviewed.

Keywords: anodic inhibitors, cathodic inhibitors, mixed inhibitors, organic inhibitors,
migrating inhibitors, electrochemical injection, reinforced concrete

1. Introduction

Corrosion of steel in concrete structures plays a significant role in affecting the service life of
the concrete structures. Various methods have been developed with the intent of preventing
the corrosion and to enhance the service life. The methods include the coating to the con-
crete surface, the coating to the reinforcement, cathodic protection, electrochemical methods,
alternative reinforcement, and corrosion inhibitors. Among all the available techniques, the
use of corrosion inhibitors is one of the most appropriate and efficient methods for corrosion
protection of reinforced concrete structures due to the easy operation, low cost, and excellent
corrosion resistance effect [1-8]. Inhibitors which are added to the concrete in small concen-
trations are intended to delay and slow the onset of corrosion in reinforced concrete. Most
of the inhibitors act by stabilizing the steel surface by forming the protective film, and some

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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inhibitors react with concrete forming the complex thus reducing the permeability of the con-
crete. Corrosion inhibitors are generally used as admixtures in concrete for new construction,
but they can also be utilized for repairs by admixed with concrete for patches, sprayed onto
the surface of the concrete or applied by saturation treatment [9-13].

As per NACE international, “a corrosion inhibitor is a substance when added to an environ-
ment, either continuously or intermittently to prevent corrosion by forming a passive film
on the metal.” In other processing industries, inhibitors are the first line of defense against
corrosion [14].

Inhibitors slow down the corrosion process by:

* increasing the anodic or cathodic polarization behavior;
* reducing the movement of ions of the metallic surface;

¢ increasing the electrical resistance of the metallic surface.

1.1. Classification of corrosion inhibitors

Corrosion inhibitors for concrete are classified based on [15-18] (Figure 1):

¢ Electrochemical mechanism of action (anodic or cathodic, or both).
* Type of chemicals used (organic and inorganic).

* The way of application; either mixed with concrete or applied on hardened concrete
(migrating inhibitors).

1.2. Anodic (passivating) inhibitors

This type of inhibitors forms an insoluble protective film on anodic surfaces to passivate the
steel. An anodic inhibitor shifts the potential to the passivation zone causing the formation of
a thin passive film on the anodic sites, which increases the potential of the anode and decrease
the corrosion in rate. There are two types of passivating inhibitors.

* Oxidizing anions, such as chromates, nitrates, and nitrites, passivate the steel in the ab-
sence of oxygen.

¢ Nonoxidizing ions, such as phosphate, tungstate, and molybdates, require the presence of
oxygen to passivate the steel.

Anodic inhibitors are effective only when present in sufficiently high concentrations [15].
Typically, the concentration required is determined by the level of chloride present in the
environment in which the steel is exposed. The most commonly used anodic inhibitor for
concrete is calcium nitrite [18]. Calcium nitrates show similar inhibiting properties in con-
crete. Some anodic inhibitors, such as nitrites, cause accelerated corrosion and pitting if the
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Figure 1. Classification of corrosion inhibitors.

concentration drops below the threshold/critical level [19]. Nitrates, benzoates, chromates,
molybdates, and orthophosphates are used as anodic inhibitors.

1.3. Cathodic inhibitors

Cathodic inhibitors slow down corrosion by reducing the rate of cathodic reactions in the
corrosion environment. A cathodic inhibitor causes the formation of insoluble compounds
precipitating on the cathodic sites in the form of a barrier film. These inhibitors are called
precipitation inhibitors [20]. Zinc and magnesium salts are cathodic inhibitors that form pre-
cipitates of zinc hydroxide and magnesium hydroxide at the cathode [21, 22]. Phosphates
precipitate as ferrous and ferric phosphates on the steel substrate [23]. Cathodic inhibitors are
not as effective as anodic inhibitors, but they are not likely to cause pitting [24].
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1.4. Mixed inhibitors

Mixed inhibitors quash both the anodic and cathodic reactions, and they reduce the cor-
rosion rate by forming a thin protective hydrophobic film on entire surface of the metal
through adsorption mechanism [25]. The material with the hydrophobic group that has
polar groups, such as N, S, and OH, is effective. These inhibitors are called adsorption
or film-forming inhibitors [26-28]. The effectiveness of the film depends on the chemi-
cal composition, molecular structure, and their affinities for the metal surface. Cationic
inhibitors, such as amines, and anionic inhibitors, such as sulfonates, get adsorbed on the
metal surface, whether it is charged positively or negatively. The strength of the bond is
the dominant factor for organic inhibitors. Organic inhibitors can also act as pore blockers,
reducing the permeability of the concrete. Amines and amino alcohols are the commonly
used mixed inhibitors, which displace the chloride ion and form a durable passivating
film [29].

Organic inhibitors are further classified into two categories, based upon their application:
inhibitor admixed concrete and migrating corrosion inhibitors that are applied on the hard-
ened surface of the concrete [10, 19]. Corrosion inhibitors may be a good alternative for repair
concrete due to their lower cost and ease of application. The main application methods for
corrosion inhibitors are: added to fresh concrete as an admixture, applied on the hardened
concrete and damaged structures migrating corrosion inhibitors (MCI), added to repair mor-
tars, used as a surface treatment to rebars before concreting [10].

1.5. Effect of anodic, cathodic, and mixed inhibitors in concrete

Corrosion of steel in concrete structures is the primary concern when the structures are
exposed to the coastal marine environment. The use of corrosion inhibitors can delay the
onset of chloride-induced corrosion, prolong the time to initiation of corrosion, and thereby
reduce the corrosion rate [30, 31]. Calcium nitrite is the most commonly used anodic corro-
sion inhibitor for reinforced concrete. This inhibitor is a passivating inhibitor, which forms
a passive film on the surface of steel and significantly reduces the corrosion rate of steel in
chloride-contaminated concrete [1, 32]. The inhibitive action of steel with calcium nitrite is as
follows [1, 10]:

2Fe* + 20H+2NO; — 2NO {+Fe,0,+ H,0 (1)

Fe* + OH +NO; — NO 1 +yFeOOH 2

Different authors have reported different threshold value threshold [Cl']/[NO, ] ratio depends on
the environment. It was reported that the re-passivation of the corroded steel was observed at the
[CI']/[NO, ] ratio from 0.5 to 1[32]. For chloride-contaminated concrete or mortar, the [CI']/[NO, ]
ratio ranges from 1 to 3, and for simulated alkaline solutions and chloride-contaminated concrete,
the [CI']/[NO,] ratio ranges from 1 to 4 [3, 31]. Several laboratory studies have established the
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System on Tafel slopes  Corrosion rate Efficiency (%)
(mV vs. SCE) (mV dec™) (mmpy)
ba bc
Plain -544 53 84 0.0010 —
Plain +1% CI~ -566 58 88 0.0042 —
Plain +2% CI- -576 50 87 0.0062 —
Plain +3% CI- -580 58 85 0.0091 —
Plain +0.5% NO, -538 50 87 0.0001 92
Plain +0.5% NO, + 1% CI- -547 53 87 0.0004 91
Plain +0.5% NO,+ 2% CI- -556 51 85 0.0007 89
Plain +0.5% NO,+ 3% CI- -566 51 81 0.0017 81

Table 1. Potentiodynamic polarization parameters for steel in ternary cement extract [45].

performance of calcium nitrite as an efficient corrosion inhibitor [1, 10, 15, 27, 33]. But, at the
same time, possible increase of corrosion rate in case of low dosage or the presence of cracks
[16]. Also, increase in dosage resulted in a decrease of the setting time and lowers the com-
pressive strength of concrete and corrosion process may get accelerated [10, 32]. However,
their application in corrosion protection is limited due to its toxicity and carcinogenicity [6,
34]. Chromates are carcinogenic, and hence its use is also prohibited [35, 36]. Haleem et al.
[37] investigated the pitting corrosion behavior of phosphates, tungstate, and molybdates in
chloride-contaminated Ca(OH), solution and found that pitting corrosion current reaches
steady state values, which depend on the way of introducing the inhibiting anions in the
solution. Studies revealed that sodium phosphate forms a protective layer on the surface of
the steel in chloride-contaminated synthetic concrete pore solution. Besides pretreatment of
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Figure 2. Impressed voltage test [1].
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Systems Corrosion rate (mmpy)
1% 2% 3%

Control 0.0093 — —
NaNO, 0.0023 0.0093 0.0250
ZnO 0.0022 0.0023 0.0024
Mixed 0.0009 0.0012 0.0037
Triethanolamine 0.0117 0.0038 0.0071
Monoethanolamine 0.0171 0.0042 0.0096
Diethanolamine 0.0203 0.0034 0.0083

Table 2. Corrosion rate of rebar exposed to various types of inhibitors admixed with chloride [1].
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Systems om Tafel slopes corr Corrosion rate (mmpy)
(mV) (mV dec™) (uAcm™)
bc ba
OPC - Control -580 80 350 20.5 0.240
NaNO, 1% -440 110 260 2.51 0.029
2% -450 120 230 2.72 0.031
3% -480 140 240 2.94 0.034
Zn0O 1% -440 115 300 1.35 0.015
2% -490 140 280 1.29 0.014
3% -480 150 260 1.79 0.020
Mixed 1% -420 180 225 0.90 0.010
2% -485 120 200 1.20 0.013
3% -490 135 220 1.30 0.015
Triethanolamine 1% -470 110 292 4.52 0.052
2% -530 90 284 7.81 0.090
3% -545 75 248 9.73 0.112
Monoethanolamine 1% =510 83 306 10.5 0.121
2% -560 87 300 10.2 0.118
3% -550 82 301 12.7 0.147
Diethanolamine 1% -500 90 400 13.4 0.155
2% =570 85 356 14.8 0.172
3% -565 80 345 12.6 0.146

Table 3. Potentiodynamic polarization parameters for mild steel in concrete containing different inhibitors [15].

steel with 0.5 M inhibitor solution for 72 h forms a protective layer which further enhanced
the protection efficiency [38—41]. Nahali et al. [42] studied the effect of Na,PO, addition in
chloride-contaminated mortar and concluded that the addition of phosphate inhibitor in con-
crete decreases the chloride ions effect on localized corrosion.

Yohai et al. [43, 44] reported that the phosphate ions behaved as a mixed type inhibitor. Soluble
phosphate compounds, such as disodium phosphate or mono fluoro phosphate, can be mixed
with mortar or applied on concrete [42] by immersion or by surface application [45]. Song et al. [46]
evaluated the role of alkaline nitrites on the inhibition of corrosion of steel in binary (OPC + PPC)
and ternary cement (OPC + PPC + PSC) and reported that ternary system provides 81% pro-
tection efficiency (Table 1) for steel in concrete in the presence of 3% chloride concentration.
Muralidharan et al. [47] evaluated the effect of various inhibitive ions (hydroxide, citrate, and
stannate) in chloride-contaminated (OPC + FA) extract and mortar and found that the addition of
inhibitive ions decreased the corrosion rate of the steel rebar in simulated concrete environments.
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Furthermore, the effectiveness of corrosion inhibitors was enhanced by using hybrid corro-
sion inhibitors; these inhibitors had good corrosion resistance and low toxicity, but the mech-
anism of protection is not clear [48]. The combined effect of pitting and uniform corrosion on
the surface of the rebar was studied by using sodium molybdate (Na,MoQO,), cerium nitrate
hexahydrate, 2,5 Dimercapto-1,3,4-thiadiazole (DT), 2-Mercaptobenzothiazole (MBT), and
1H-benzotriazole (BTA). All the inhibitors except DT and Na,MoO, are toxic. From the study,
they concluded that Na,MoQ, is the non-toxic inhibitor, which re-passivates the pits formed
on the surface of the steel rebar by forming an insoluble FeMoO, compound [36]. Saraswathy
et al. [1] and Song et al. [15] studied the effect of anodic, cathodic, and mixed inhibitors in
concrete by conducting various short- and long-term accelerated techniques. They concluded
that the mixed inhibitor had shown higher time to cracking (Figure 2), lower coulomb values
(Figure 3), higher compressive strength (Figure 4), and lesser corrosion rate (Tables 2 and 3).

2. Effect of organic inhibitors in concrete

2.1. Admixed vs. migrating corrosion inhibitors (MCI)

Recently, organic inhibitors gained more attraction in the construction industry due to their
promising application as admixtures in reinforced concrete with improved protection effi-
ciency and low cost [49]. Organic inhibitors are used as an admixed corrosion inhibitor [13, 18]
or migrating corrosion inhibitors (MCI) [18, 50-52]. Migrating inhibitors are also called as
surface applied inhibitors. Both admixed and migrating corrosion inhibitors prevent steel
corrosion by forming a thin layer of protective barrier film on the surface of the rebar through
adsorption mechanism. Amines and alkanol amines [1, 52-54] and their salts are used as
organic inhibitors in concrete. It has been reported that the alkanol amine-based inhibitors
could be able to decrease the corrosion rate of the carbonation induced corrosion effect only
for the chloride-induced corrosion of reinforcement [55]. Furthermore, the results indicated
that penetrating corrosion inhibitors when applied to the surface of existing or new struc-
tures can able to reduce the corrosion rate below 0.1 pA/cm? Organic inhibitors can adsorb
by chemisorption or physisorption. Chemisorption leads to the chemical reaction between
active centers of corrosion onto metal and organic inhibitor, where charges from the polar
group of inhibitor and charges from metal and metal oxides formed in concrete are shared.
Then, organic inhibitor forms the thin coating film blocking the metal surface from the aggres-
sive species by strong chemical bonds. Physisorption leads to the formation of a mechanical
barrier, made by organic inhibitors [56]. This inhibitor can halt both the anodic and cathodic
reactions, thus reducing the corrosion rate of the reinforcing steel [57]. It has been reported
that carboxylate and amino alcohol-based corrosion inhibitors show dual actions in con-
crete as the amines and alkanol amines adsorb on the metal surface and form a protective
film against chloride [58, 59], whereas the carboxylate ester compound reacts with calcium
hydroxide, precipitates and blocks the pores of the concrete. This pore blocking property is
said to be a secondary protection mechanism against reinforcement corrosion [16, 18, 44, 58].
Furthermore, another study reported that some organic inhibitors adsorb better on the iron
surface in the active state than in the passive state [60]. Ormellese et al. [61] reported that
amines and alkanol amines (Table 4) had poor corrosion inhibition effect on steel in chloride
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Amines [61] Carboxylic acids [66]
Methylamine CH,-NH, Sodium gluconate
Dimethylamine (CH,),-NH D-Saccharic acid, monopotassium salt
Ethylamine CH,CH,-NH, Calcium a-D Eptagluconate
Propylamine CH,CH,CH,-NH, Phthalic acid, monopotassium salt
Cyclohexylamine CH,-NH, Lactic acid

Triethylentetramine NH,-CH,CH,~(NHCH,CH,),-NH, Maleic acid
Hexamethylentetramine CH,N, Suberic acid

Alkanolamines Adipic acid

Monoethanolamine (OHCH,CH,)-NH, Sodium benzoate
Dimethylethanolamine (CH,),(OHCH,CH,)-N

Triethanolamine (OHCH,CH,).-N

Methyldiethanolamine (CH,)(OHCH,CH,),-N

Table 4. Various amines and alkanolamines investigated by Ormellese et al. [61] and Monticelli et al. [66].

containing alkaline solutions. They further observed that polycarboxylates are more efficient
against pitting corrosion. Comparison of carboxylates with amines/alkanol amines and amino
acids were investigated in the same study, and the results are summarized in Predeferri’s
diagram showing pitting potential vs. chloride concentration (Figure 5). From the figure, it
is evident that amines/alkanol amines had only moderate effectiveness, while carboxylates
showed the best behavior at low and medium chloride levels. It was reported that amines
were reported to reduce the compressive strength of cement paste and the reducing effect
increased with increasing dosage [62]. Heren et al. [63] showed that the decline in concrete
strength was enhanced by an increase in corrosion inhibitor concentration.

Surface-applied migrating corrosion inhibitors (MCI) are suitable for repairing the chloride-con-
taminated concrete. In concrete, chloride and inhibitor ions work on three mechanisms: natural

CARBOXYLATES

+0.2+

Pitting potential [V vs 5CE]
g
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Figure 5. Pedeferri type diagram showing pitting potential vs. chloride ions and the range of corrosion organic inhibitors [61].
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diffusion, electrical migration, and transport by movement of pore solution due to the capil-
lary suction or pressure gradient. MClIs are typically based on commercial organic compounds.
Aminoalcohols rapidly penetrates through the pores of the concrete, and it protects the steel
rebar by forming a hydrophobic layer by physical or chemical adsorption. Another function of
this inhibitor is, it reacts with the cement particles and forms an insoluble compound blocking
the pores of the concrete [58]. This type of inhibitors is an appropriate strategy to rehabilitate
reinforced concrete structures because of its ease of operation, low cost, and safety. MCls are
topically applied to the chloride-contaminated concrete surfaces before placement of the patches
and overlays [64]. Zheng et al. [7] studied the durability of the surface applied inhibitor in con-
crete by conducting various accelerated tests and concluded that the durability of the concrete is
improved. Criado et al. [65] examined the surface applied corrosion inhibitors in mortars with
fly-ash additives. Another study has shown that amino alcohol-based inhibitors are most effec-
tive on the reference mortar specimens than on the specimens with ladle furnace slag. Further,
it was noted that the corrosion rate was lowered in the samples with lesser chloride percentage,
but was not effective with higher chloride ion containing mortar specimens [66].

Organic MCls are mostly mixed inhibitors. It creates a hydrophobic layer that helps to repel
moisture away from the steel rebar [67]. Monticelli et al. [68] investigated the different type
of inhibitors based on amine/alkanol amine and carboxylate (dicarboxylic and hydrocarbox-
ylic acids) on steel corrosion behavior in saturated calcium hydroxide solution containing
0.1 M chloride and chloride admixed mortar. They concluded that among the inhibitors stud-
ied, dicyclohexylammonium nitrite seems to be a better inhibitor than dicyclohexylamine.
Further, they found that maleic acid was efficient in increasing the pitting potential of the steel
in chloride-contaminated alkaline solutions. Of all the acids tested, maleic acid failed to hin-
der the corrosion process during longer exposure in mortars as like sodium nitrite. However,
there is some controversy regarding their use. Elsener et al. [69] reported that amines/alkanol
amines are not effective against chloride-induced corrosion. Most of the problems related to
low effectiveness have been associated with leaching and evaporation of AMAs volatile com-
ponents [70, 71] leading to decrease the inhibitor effective concentration in concrete.

Thangavel et al. [72] studied the effect of migrating vs. admixed corrosion inhibitors for steel in
Portland, pozzolana, and slag cement concretes under macrocell condition. Macrocell corrosion
parameters such as anode potential, macrocell current, and the total integrated current were
monitored over a period of 1 year. The corrosion rate of the steel rebar embedded in different
types of cement concretes was assessed by gravimetric weight loss method. The admixed inhibi-
tor consists of 0.5% sodium citrate +0.5% sodium stannate and migrating inhibitor consisted of
0.5% amino alcohol, 0.5% amines and 0.5% nitrites. Table 4 shows the various types of inhibitor
combinations studied. The authors have concluded that MCI performed better than the admixed
system in all the three types of cement used. Among the three types of cement, PSC showed low-
est corrosion rate (Table 5). MCI showed 60% reduction in macrocell current (Figures 6-8) and
admixed system showed 40% reduction in macrocell current in PSC concrete.

2.2. Electrochemical injection of corrosion inhibitors (EICI)

Several methods of repair treatments are adopted in the rehabilitation of concrete structures.
They are a partial replacement of concrete cover, electrochemical re-alkalization, electrochemical
chloride extraction, cathodic protection, and surface application of corrosion inhibitors [73-75].
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Systems Alkalinity (pH) Free chloride contents (ppm) Corrosion rate (mmpy)
orC

Control 11.45 4667 0.2044
Migrating 12.16 3750 0.1878
Admixed 12.08 3813 0.1892
PPC

Control 11.46 3257 0.1810
Migrating 12.40 2862 0.1621
Admixed 12.33 3229 0.1751
PSC

Control 11.46 2019 0.1396
Migrating 12.40 1813 0.1027
Admixed 12.31 2017 0.1188

Table 5. Corrosion rate of steel in OPC, PPC and PSC concretes [73].
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Figure 6. Macrocell current vs. number of cycles of exposure for steel in OPC concrete under macrocell condition [72].
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Figure 7. Macrocell current vs. number of cycles of exposure for steel in PPC concrete under macrocell condition [72].
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Figure 8. Macrocell current vs. number of cycles of exposure for steel in PSC concrete under macrocell condition [72].

Electrochemical injection of corrosion inhibitors (EICI) was found to be an efficient corrosion
mitigation technique for carbonated and chloride-contaminated reinforced concrete structures
to improve the durability. In EICI, a current density of 1-5 A m™ is usually applied between the
embedded steel cathode and an externally placed anode on the concrete surface in an aqueous
solution containing inhibitors for a few weeks [76]. During the application of current, the cat-
ionic species of the corrosion inhibitor migrate into the concrete cover to the cathode, whereas
the chloride ions in the concrete migrate out of the concrete towards the external anode [73, 76].
EICI was found be an effective method of preventing corrosion in existing structures; and this
method serves as a rehabilitative measure to retard or reduce corrosion. Kubo et al. [77] applied
the EICI technique in a 40-year-old carbonated reinforced concrete railway viaduct in Tokyo.
They tried the electrochemical injection of the organic base corrosion inhibitor, ethanolamine
into an existing aged carbonated concrete was found to allow penetration of an adequate con-
centration of the inhibitor near the steel. It was found that pH near the steel was changed due to
the buffering action of the inhibitor. It was also found that due to the variation in the concrete
cover (as is usually the case in real concrete structures) the current density distribution was
affected resulting in an uneven injection treatment. Further, it was reported that detailed infor-
mation on the distribution of concrete cover within the structure is therefore needed to establish
a reasonable treatment plan for successful inhibitor injection.

Mangayarkarasi et al. [78] studied the efficiency of the electrochemical injection of inhibitors
in chloride admixed concrete with OPC, PPC, and PSC concrete by using electrochemical
techniques. The inhibitor consists of 0.1 M guanidine, 0.1 M thiosemicarbazide, 2 M trietha-
nolamine, and 2 M ethyl acetate. They concluded the multi-component inhibitor injection
showed more than 95% efficiency (Table 6) in terms of reduction in corrosion rate irrespective
of chloride levels in different concretes at a current density of 0.5 A/m? Karthick et al. [2] inves-
tigated the EICI by using the same type of inhibitor in a chloride-contaminated old concrete
slab (Figure 9) at a current density of 0.5 A/m?. The efficiency of the inhibitor formulation was
evaluated through various electrochemical tests, and the mechanism of inhibition was estab-
lished by FTIR, SEM, EDAX, and MIP studies. They found that FTIR studies (Figure 10) indi-
cated that the functional group of the inhibitors namely -NH,, C-H, and C=C move towards
the cathode of embedded rebar and adsorbed on the metal surface and thereby provided
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System Cement E_(mVvs. I (mA.cm?) x10° Corrosion rate Inhibitor efficiency
SCE) (mmpy) x 107 (%)
Without electro OPC -591 91.910 10.650 —
njection PPC 567 82.080 9512 -
PSC -478 30.690 3.556 -
With electro injection  OPC -282 6.034 0.699 93.43
PPC -345 2.276 0.263 97.22
PSC -295 2.024 0.234 93.40

Table 6. Polarization parameters for the corrosion of rebar embedded in OPC, PPC, and PSC concretes with and without
electro injection process [79].

inhibition. MIP studies (Figure 11) proved that nearly 50% reduction in porosity was observed
for concrete samples after EICI. SEM analysis (Figure 12) indicated that the hybrid inhibitor
formulation act as a pore blocking agent. They also found that the EICI treatment can shift
the rebar potential (+300 mV) towards the passive region in the potentiodynamic polarization
curve (Figure 13) with the result the corrosion rate of the rebar also reduced considerably.

Pan et al. [79] evaluated the inhibition efficiency of eight organic inhibitors by monitoring the
corrosion rate steel in aggressive, simulated concrete pore solution through electrochemical
injection method. The data showed that tetrabutylammonium bromide (TBA-B) and tetrameth-
ylammonium chloride (TMA-C) outperformed other chemicals as corrosion inhibitors in the
simulated concrete pore solution, by reducing the corrosion rate of steel by 85 and 75%, respec-
tively. Nguyen et al. [80] performed the EICI rehabilitation treatments in repair mortar with tetra
butyl ammonium bromide salt at a current density of 5 A/m? by using two electrolytes of 0.1 M
NaOH and Na_BO, for 1 and 4 weeks, respectively. The results reveal that the EICI treatment
with 0.1 M Na,BO, was more efficient in improving the chloride penetration resistance and the
compressive strength of the mortar, relative to 0.1 M NaOH as the electrolyte.

o = "

o

Concrete

Figure 9. Schematic representation of electrochemical EICI process in concrete [2].
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Figure 10. FTIR spectroscopy for concrete—before and after EI [2].

Liu and Shi [81] presented a state of the art report on electrochemical chloride extraction
(ECE) and EICI, which covers the laboratory studies and computational models to predict the
kinetics of ECE and EICIL. Sawada et al. [76] evaluated ethanolamine and guanidine, the two
organic inhibitors for steel, in aqueous media by immersing the carbonated and non-carbon-
ated concrete and impressing a current density of 1-5 A/m? for 3-14 days. It was found that
the efficiency was far higher in carbonated concrete than in non-carbonated concrete and that,
in the carbonated specimens, the inhibitors became concentrated near the embedded steel. In
non-carbonated concrete, guanidine penetration was accelerated, but the ethanolamine pen-
etration was not significantly enhanced by the application of current density.

0.7

Mercury intrusion porosity (%)

0.0 - T T T v T
0 50 100 150 200
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Figure 11. Mercury intrusion porosity for before and after EI process for concrete [2].
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Figure 12. SEM images for concrete before and after EI [2].

Xu et al. [54] adopted a novel method called bi-directional electromigration rehabilitation
[BIEM] for injecting the corrosion inhibitor (triethylenetetramine) into chloride-contaminated
concrete specimens. In this process, an electric field was applied between the embedded steel
cathode and external anode to inject the inhibitor from an external electrolyte to the concrete
specimens and extract the chloride ions from the cover zone concrete. After the treatment,
the specimens were drilled to determine the concentration profiles of the corrosion inhibitor,
chloride, and hydroxyl ions within the concrete. ECE was compared with as a control experi-
ment using saturated Ca(OH), solution as an external electrolyte. They found that the chloride
content decreased, and alkalinity increased after treatment. The concentration of the inhibitor
injected around the embedded steel bars was adequate to provide corrosion protection. Among
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Figure 13. Potentiodynamic polarization curve for rebar in concrete before and after EI [2].
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the electrochemical rehabilitation techniques available, ECE is the most widely used method
of repairing chloride-contaminated structures. However, this approach cannot completely
remove the chlorides in the structure and is only a temporary solution because chloride ions
tend to come back after treatment is stopped [75]. Simultaneous effect of chloride removal and
re-passivation of concrete by using nitrite (migrating) inhibitor was tried by the application of
ECE treatment. The electrochemical response of the embedded rebar after the ECE treatment
was found that the migration of nitrite ions re-passivated the steel surface and the chloride
removal efficiency was also increased [82].

3. Summary of inhibitors used

Tables 7 and 8 show the review of the most commonly used corrosion inhibitor dosage in con-
crete. From the table, it is evident that recently organic inhibitors are mainly focused and most
of the studies are carried out in simulated concrete pore solution containing chloride. Only a
few studies are conducted in mortar and concrete. Very fewer field studies are undertaken.

Reference Inhibitor used Dosage Environment
Jiang et al. [6] Deoxyribonucleic acid as a biological 0.0025% Simulated concrete pore
corrosion inhibitor solution
Zheng et al. [7] Organic inhibitors —surface applied Concrete
Diamanti et al. [22] Organic inhibitors 0.0001, 0.001, 0.01, Concrete pore solution
and 0.1 M

Xu et al. [33]

Anodic, cathodic, and mixed inhibitors

1, 2% by vol.

Simulated environment

Nahali et al. [41] Na,PO, Mortar +CI~
Yohai et al. [42] Na,PO, Mortar +CI”
Fei et al. [47] Cathodic inhibitor Pore solution

Verbuggen et al. [48] Organic inhibitors 10*M Concrete pore solution

Ormellese et al. [50]  Organic inhibitors/Migrating 0.3 mol/L Concrete pore solution

Shi et al. [52] Migrating corrosion inhibitor Mortar

Xu et al. [54] Organic inhibitors —electro-injection

Criado et al. [66] Organic inhibitors 0.05 M Activated fly ash mortar

Prieto et al. [67] Organic inhibitors —surface applied 0.500 kg/m? Mortar

Cabrini et al. [68] Organic inhibitors 0.1M Pore solution

Kubo et al. [78] Electrochemical injection (Amine based) 0.5-2.0 mol/l Real concrete bridge
(40-year-old railway viaduct)

Sanchez et al. [82] Electrochemical removal and migration of ~ Nitrite Reinforced concrete

inhibitor

Table 7. Review of inhibitors in concrete (2010-2017).
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Type of Exposure Inhibitors pH Dosage Efficiency References
inhibitor condition (%)
Anodic Concrete Ca(NO,), 6.0-6.5 0.49 26.51 [32]
inhibitors ~ admixed 1.96%
NaCl 0.98 60.54 [32]
1.96 88.65 [32]
Sat. Na,PO, 10.5-11.8 1 mol/l 60.02 [38]
Ca(OH), + 3%
NaCl 2.5 mol/l 64.85 [38]
5 mol/l 782 [38]
7.5 mol/l 80.0 [38]
10 mol/l 78.1 [38]
Concrete NaNO, 7.5-8.5 1% 87.9 [15]
immersed in 3% N
NaCl 2% 87.08 [15]
3% 85.83 [15]
Cathodic Concrete ZnO 6.95-7.8 1% 93.75 [15]
Inhibitors ~ immersed in 3% N
NaCl 2% 94.16 [15]
3% 91.66 [15]
Mixed Concrete NaNO, + ZnO 7.2-8.5 1% 95.8 [15]
Inhibitors ~ immersed in 3% N
NaCl 2% 94.58 [15]
or
3% 93.75 [15]
organic . .
s Concrete Triethanolamine 6.0-7.0 1% 77.04 [15]
inhibitors
immersed in 3% N
NaCl 2% 62.5 [15]
3% 53.33 [15]
Concrete Monoethanolamine 11-11.8 1% 49.58 [15]
immersed in 3% N
NaCl 2% 50.8 [15]
3% 38.75 [15]
Concrete Diethanolamine 9.8-10.2 1% 35.42 [15]
immersed in 3% N
NaCl 2% 28.33 [15]
3% 39.16 [15]
OPC Concrete Disodium p-glycerol Adjusted 0.05M +0.056 M 63 [65]
immersed in 1%  phosphate Pentahydrate + to 7.0
NaCl sodium 3-aminobenzoate
Disodium p-glycerol adjusted  0.05M + saturated 81 [65]
phosphate to 7.0

pentahydrate + sodium
N-phenylanthranilate

Table 8. Different type of inhibitor dosage in concrete.
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4. Conclusions

The following conclusions were drawn:

* The review focused only on the use of various types of inhibitors in concrete under labora-
tory and field condition.

* The corrosion inhibitors are effective in preventing reinforcement from corrosion within
concrete structures.

* The corrosion inhibitor forms a protective film around the embedded steel bars.

* The inhibitors for concrete are classified as an anodic, cathodic, and mixed type of inhibi-
tors based on the mode of action.

¢ Recently, mixed and organic types of inhibitors are the most commonly used inhibitors in
concrete due to their synergistic effect.

* Organic corrosion inhibitors were ineffective in preventing steel corrosion when their con-
centrations were too low [19]. The corrosion inhibitors can provide adequate protection
for reinforcement only when the concentration of the inhibitor is higher than that of the
chloride ions in the pore solution [54].

¢ Some inhibitors get leached out over an extended period of exposure.
* Over dosage of inhibitors will cause pitting, leaching, and retarding effect.
* While under dosage of inhibitor may lead to inefficient protection of the steel rebars.

* The efficiency of the inhibitor strongly depends on the initial chloride ions concentration
in concrete.

¢ The performance of the inhibitor strongly depends on the quality of concrete.

¢ Amines-, alkanol amines-, and carboxylate-based mixed inhibitors are mostly used in re-
inforced concrete.

* Amines and alkanol amines are capable of diffusing through concrete when applied on the
surfaces of the structures by capillary action.

* Migrating inhibitors play a significant role in the repair and rehabilitation of damaged and
chloride-contaminated concrete structures.

* Migrating or surface applied inhibitors are found to be the cost-effective treatment for field
implementation due to the ease of application. For this type of application, penetrating
type amine/carboxylic-based inhibitors are preferable.

* The surface-applied inhibitors can penetrate up to the depth of the embedded steel re-
inforcement; thus, adequate concentrations are necessary to provide corrosion protection
when the concrete cover is too thick, or the concrete compaction is too high [83].

¢ Electrochemical injection of corrosion inhibitors (EICI) is found to be an effective corrosion
mitigation technique for carbonated and chloride-contaminated reinforced concrete struc-
tures to improve the durability.
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¢ In this type of repair method, continuous monitoring of the condition of steel is essential
not only in the electrochemically treated area but also in its adjacent regions.

e Still, the mechanism of mixed/organic inhibitors is not very well understood in long-term
applications. Hence, it needs more extensive investigation in real concrete structures by con-
sidering the various aspects, such as chloride content, types of cement, types of inhibitors, etc.
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Abstract

Green corrosion inhibitors are of interest because there has been an increase in environ-
mental awareness and a change in regulations that restrict regular corrosion inhibitors due
to their toxicity. Natural products are a good source of green corrosion inhibitors, where
most of their extracts containing the necessary elements such as O, C, N, and S, which are
active in organic compounds, assist in adsorption of these compounds on metals or alloys
to form a film that protects the surface and hinders corrosion. Numerous natural products
and their application in different processes, especially in steel reinforcement embedded in
concrete, are discussed. Development of green chemistry and green chemical technologies
offers novel synthetic methods for ionic liquids, which are considered as new corrosion
green inhibitors, and their mechanism of adsorption, how these green inhibitors act in dif-
ferent media, and their protective role for different metals and alloys are discussed. Finally,
industrial applications of vapor-phase inhibitors and their mechanisms are presented.

Keywords: green inhibitors, corrosion protection, green chemistry, ionic liquid,
vapor-phase inhibitors

1. Introduction

Corrosion is a natural phenomenon where metals and alloys try to revert to their more stable
thermodynamics form due to reaction with the environment that surrounds them. Corrosion
is expensive due to loss of materials or their properties, which leads to loss of time during
maintenance, the shutting down of systems, and severe failure of some structures, which in
some cases may be hazardous and cause injury.

To protect metals or alloys from corrosion, approaches such as isolating the structure from
aggressive media (using coatings or film-forming chemicals) or compensating for the loss of
electrons (corrosion is an oxidation process) from the corroded structure (e.g. cathodic protec-
tion by impressed current or by using active sacrificial anodes) are employed.

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Corrosion inhibition may include organic or inorganic compounds that adsorb on the metal-
lic structure to isolate it from its surrounding media to stop the oxidation-reduction process.
Organic inhibitors create their inhibition by adsorbing their molecules on the metal or alloy
surface to form a protective layer [1]. Alternatively, inorganic inhibitors act as anodic inhibi-
tors and their metallic atoms are enclosed in the film to improve their corrosion resistance.
Most investigated corrosion inhibitors are toxic and cause severe environmental hazards upon
disposal. Therefore, their use has been limited by environmental regulations. Nevertheless,
inhibitors still play a critical role in corrosion prevention. Inhibitors are classified according to:

* Three types of electrode process, namely, anodic, cathodic, and mixed;

* The chemical nature of the environment to acid inhibitors (organic or inorganic), neutral
inhibitors, alkaline inhibitors, and vapor-phase inhibitors.

Hazards caused by toxicity of regular inhibitors have led to the use of new green corrosion
inhibitors. Most of these inhibitors derived from natural products act as anticorrosion agents,
which are eco-friendly and harmless upon disposal. Other green inhibitors such as rare earths
and organic polymers are not focused on in this chapter and further information may be
found elsewhere [2—4]. This chapter will focus on green inhibitors from natural products,
ionic liquids, and safety vapor-phase inhibitors, with a brief description of their mechanisms
of action.

Green inhibitors act when they are added in very low concentrations to treat the surface of
metals or alloys in a corrosive environment. Plant extracts are deemed to be rich, naturally
synthesized chemical compounds [5] that affect the corrosion rate by adsorption of effective
species on metal surfaces when added to many industrial systems through:

¢ Changing the rate of anodic and/or cathodic reactions;

¢ Effecting the diffusion rate of aggressive ions interacting with metallic structures;

¢ Increasing electrical resistance of the metal surface by forming a film (coat) on it.

During corrosion, metal ions move into the solution at active areas (the anode) and pass elec-
trons from the metal to an acceptor at less active areas (the cathode); the cathodic process
requires the presence of an electron acceptor such as oxygen, oxidizing agents, or hydrogen
ions. Corrosion can be minimized by retarding or completely stopping the anodic or cathodic
reactions, or both. Inhibitors are adsorbed on the metal surface, forming a protective bar-

rier, and interact with anodic and/or cathodic reaction sites to decrease the oxidation and/or
reduction of corrosive reactions [6].

There are several different, common cathodic reactions in corrosive media:

2H*+2¢" — H, (1)

O, +4H" +4e- — 2H,0 )
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Reduction reaction is hydrogen gas evolution as follows:
2H*+2e” - H, — 2H, (3)

In Eq. (3) hydrogen ions adsorbed on the metal surface are catalyzed in combination with
other hydrogen ions hold hidden giving evolved hydrogen gas on cathode surface, in pres-
ence inhibitor amount of hydrogen bubble refer to ability of inhibitor to prevent this reaction
and protected metal from corrosion [7]. The action of inhibitors molecules occurs due to their
adsorption on an exposed metal surface in the form of neutral molecules instead of hydrogen
ions adsorbed from the metal surface.

Inhibitor +nH , — Inhibitor , + H, 4)

or by displacement of water molecules on the surface, as described in Eq. (2). Green inhibitors
have adsorptive properties, known as site-blocking elements [8, 9].

Figure 1 shows the interest shown in green inhibitors in the last few decades, as explained by
the number of publications in that period. We summarize the research focused on using natu-
ral products that have been used as green inhibitors in various aggressive media for corrosion
protection of different alloys and metals as depicted in Table 1. The table shows the numer-
ous studies arranged in chronological order and discussed in the reference next to each type
of inhibitor. Each inhibitor’s percentage of inhibition efficiency is reported at the maximum
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Figure 1. The interest in green inhibitors versus corrosion as indicated by number of publications. Keywords of corrosion
and green inhibitors were used to retrieve the data from Web of Knowledge®.
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Source of natural products Metal/alloy Agg. media Efficiency (%) References
studied studied
Flour and yeast Iron Acid media 65-82 [10]
Furit—peels of pomegranate Aluminum Acid media 83 [11]
Hibiscus sabdariffa extract Al and Zn HCl 85 [12]
Tobacco leaves Mild steel and ~ Neutral then 87.5 (steel), 77.5 (Al) [13]
Castor seeds Aluminum acidic media 71.0 (steel), 45.9 (Al)
Black pepper 87.5 (steel), 65.8 (Al)
Soya bean 65.5 (steel), 27.1 (Al)
Gum (acacia) NA (steel), 21.8 (Al)
Catechu 50.0 (steel), 6.3 (Al)
Opium (0.1%) NA (steel), 42.7 (Al)
Opuntia extract Steel, Acid media 75 (steel), 70 (Al), 55 (Zn), [14]
Aluminum, 56 (Cu)
Aloe eru leaves 7i d
Orange peels C‘“C an 80 (steel), 64 (Al), 43 (Zn),
sep opper 43 (Cu)
M 1
ango peets 80 (steel), 59 (Al), 59 (Zn),
Pomegranate fruit shell NA (Cu)
82 (steel), 82 (Al), 80 (Zn),
30 (Cu)
65 (steel), 81 (Al), 71 (Zn),
73 (Cu)
Papaia Mild steel Acid media 94 [15]
Poinciana pulcherrima Cassia 96
occidentalis 04
Datura stramonium seeds Calotropis 93
procera
. o 98
Azadirachta indica
84
Auforpio turkiale sap
69
Swertia angustifolia Mild steel Acid media 75-96 [16]
A. indica Mild steel Acid media 88-96 [17]
A. indica Mild steel NaCl 86.1 [18]
Punica granatum 79.2
Momordica charantia 82.4
Pongamia glabra, Annona squamosa Mild steel Acid media 89-95 [19]
Acacia arabica Mild steel Acid media 93-97 [20]
Natural honey Carbon steel NaCl 82-91 [21]
Rosmarinus officinalis Al-Mg alloy NaCl 75 [22]
Mimosa tannin Carbon steel Acid media 66-87 [23]
Vanillin Carbon steel Acid media 93-98 [24]
Dodecanohydrazide, cis-9- Mild steel Acid media 85 [25]

octadecanohydrazide and
10-undecanohydrazide derived from
fatty acids
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Source of natural products Metal/alloy Agg. media Efficiency (%) References
studied studied

Herbs (thyme, coriander, hibiscus, Steel Acid media 37-92 [26]

anis, black cumin, and garden cress)

Reducing saccharides fructose and Aluminum and Alkaline media 92 [27]

mannose Zinc

Opuntia extract Aluminum Acid media 76-96 [28]

Vernonia amygdalina Al alloys Acid media 49.5-72.5 [29]

Allium cepa, Allium sativum, M. Mild steel Acid media 86-94 [30]

charantia

Guar gum Carbon steel Acid media 75-93.88 [31]

Zanthoxylum alatum Mild steel Acid media 76-95 [32]

Nypa fructicans Mild steel Acid media 75.11 [33]

Caffeine-Mn? Carbon steel Chloride ions 50 [34]

Caffeine and nicotine 80-90 [107]

Eugenol from cloves Steel Acid media 80 [35]

acetyleugeno 91

Ricinus communis leaves Mild steel NaCl 43-84 [36]

Berberine extracted from Coptis Mild steel Acid media 79.7 [37]

chinensis

Halfabar Steel Acid media 90.50 [38]

Chamomile 92.97

Black cumin 88.43

Kidney bean 88.43

Sansevieria trifasciata Aluminum Acid and alkaline 94.3 (HCI [39]
media + halides 95.3 (KOH)

Exudate gum from Dacryodes edulis Aluminum Acid media 42 [40]

Gum arabic 80

Exudate gum from Raphia hookeri Aluminum Acid media + 56.3 [41]
halide

Exudate gum from Pachylobus edulis ~ Mild steel Acid media 56 [42]

Bambusa arundinacea Steel rebar Chloride and 85 [43]
nitrite

Parts of the kola tree (leaves, nuts, Steel rebar NaCl 70-91 [44]

and bark) and tobacco

Artemisia pallens Mild steel Acid media 93-98 [45]

V. amygdalina Steel rebar NaCl 90.8 [46]

Chamaerops humilis L. Steel rebar Alkaline media 422 [47]

Mangrove tannin Copper Acid media 82.4 [48]

Chitosan Copper Acid media 93 [49]

Muyrtus communis Copper Acid media >85 [50]

Tagetes erecta Copper Acid media 98.07 [51]
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Source of natural products Metal/alloy Agg. media Efficiency (%) References
studied studied
Morinda lucida Steel rebar NaCl 92.8 [52]
Opuntia ficus indica Carbon steel Acid media 70-91 [53]
Alhagi maurorum plant extract Copper Acid media 33-83 [54]
Egyptian licorice extract Copper Acid media 89.55 [55]
Tridax procumbens Chromolaena odorata  Stainless steel ~ Oilfield 82.03 [56]
environment %56
Corchorus olitorius Mild steel Acid media 93 [57]

Table 1. Natural products and their anticorrosive properties on metals or alloys in different aggressive.

value when different conditions are applied, according to conditions of study in each refer-
ence (temperature, concentration of inhibitors, concentration of aggressive media, conditions
of study, and adsorption isotherm).

Figure 2 shows examples for the most used natural green corrosion inhibitors from past to
present times as a real image.

Figure 2. Various sources for natural green corrosion inhibitors.
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Figure 3. Usage of green corrosion inhibitors in various industries.

Figure 3 presents the importance of green corrosion inhibitors in large industrial applica-
tions. Most of these inhibitors contain functional groups and/or mt-electrons in conjugation
with triple or double bonds, which affect organic compounds by specific interaction between
necessary elements such as nitrogen, sulfur, and oxygen through free lone pairs of electrons,
which are adsorbed on the metal surface or by supplying electrons through m-orbitals [58].

2. Mechanism of green inhibitors as corrosion inhibitors

Corrosion is a spontaneous process; the relative rate of corrosion is related to the change in stan-
dard Gibbs free energy (AG®). A more negative value of AG® is related to higher spontaneous
reaction, i.e. higher corrosion rate [59]. Metals and alloys when exposed to the environment cor-
rode to form stable corrosion products [60]. Utilization of additive corrosion inhibitors is neces-
sary to mitigate corrosion rate. Corrosion products such as rust and scale can also act as corrosion
inhibitors because they can accumulate on the surface and act as physical protective barriers;
however, the relative rate of corrosion of any particular metal depends on the Pilling-Bedworth
ratio [61, 62], which is used at high-temperature oxidation (corrosion); the ratio is defined as:

M*d
n*m*D ®)

where m and d are the atomic weight and density of the metal, respectively, M and D are the
molecular weight and density of scale (corrosion product) accumulated on the metallic sur-
face, and n denotes the number of metallic atoms in the molecular formula of the corrosion
product. The magnitude of the Pilling-Bedworth ratio can be used to explain the status of
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surface film, i.e. whether it will be protective or not. When the volume of corrosion product is
smaller than the volume of metal from which it is formed, then Md/nmD <1 and in this situa-
tion it is expected that the surface film of the corrosion product contains pores and cracks that
would be relatively nonprotective. When the volume of the corrosion product is larger than
the volume of metal for Md/nmD > 1, it is expected that the surface film of the corrosion prod-
uct is relatively more compressed and compact than would result in a more protective film.

Adsorption is the first step in forming a corrosion protective film or coat in the presence of
aggressive media that occurs on metallic surfaces on the active sites. Several factors affect the
adsorption of inhibitor on the metallic surface and isolate it including adsorption mode, chem-
ical and electronic characteristics of the inhibitor, temperature, type of electrolyte employed,
steric effects, and the nature and surface charge of metals [63]. The Langmuir adsorption
isotherm is the most favorable to clarify interaction between the inhibitor and metal surface
[53]. Adsorption on the corroded surfaces approximates to a steady-state adsorption that may
be physical adsorption (physisorption) or chemical adsorption (chemisorption), or a mixed
adsorption mechanism that is considered ideal for effective corrosion inhibition.

Physical adsorption is related to the standard free energy of adsorption AG®, ,_in aqueous
solution. If its value is —20 k].mol™ or less negative it is associated with an electrostatic interac-
tion between charged centers of molecules and the charged metal surface, which results in a
dipole interaction of the molecules and metal surface [64]. However, chemical adsorption is a
process that involves the transfer or sharing of electrons from the inhibitor to the metallic sur-
face and results in the formation of a coordinate covalent bond. The bonding strength is much
larger than physical adsorption where the value of AG®_, is around —40 k].mol™ or more nega-
tive [65, 66]. Adsorption of green corrosion inhibitor retards corrosion by detraction of the
active metallic surface area, leaving inactive sites on the surface exposed to corrosive media.
Green inhibitors are more efficient at room temperature or low temperatures, while inhibition
efficiency is decreased with an increase in temperature in most cases.

The action of green inhibitors depends on the structure of the active ingredient; many researchers
have postulated numerous theories to explain the mechanism of their effect. The active ingredi-
ent derived from natural inhibitors changes from one plant species to another but their structures
are closely related to their organic coordinate. As an example, garlic contains allyl propyl disul-
fide, mustard seeds contain an alkaloid berberine that has a long chain of aromatic rings and an
N atom in the ring, carrot contains pyrrolidine, and castor seed contains the alkaloid ricinine.
Eucalyptus oil contains monomtrene-1,8-cineole. Lawsonia extract contains 2-hydroxy-1,4-naph-
thoquinone resin and tannin, coumarin, gallic acid, and sterols. Gum exudate contains hexuronic
acid, neutral sugar residues, volatile monoterpenes, canaric and related triterpene acids, and
reducing and nonreducing sugars. Garcinia kola seed contains primary and secondary amines,
unsaturated fatty acids, and bioflavonoids. Calyx extract contains ascorbic acid, amino acids,
flavonoids, pigments, and carotene [67]. The corrosion inhibition activity of these plant extracts
could be due to the presence of heterocyclic constituents like alkaloids, flavonoids, etc.

3. Green inhibitors for rebar embedded in concrete

Kundu et al. [68] reviewed green inhibitors” effect in rebar embedded into concrete under an
alkaline environment of nearly pH 12-13 to protect rebar from premature deterioration. Its
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mechanism depends on the strong hydrophobic effect of Bambusa arundinacea that supports the
formation of a product layer of two faced oxides (Fe,O, and Fe,O,) adherent to the steel surface
[69] or as spinel a-Fe, O,~y-Fe O, solid solution, which is proposed to form a passive film on steel
[43]. Moreover, efficiency of B. arundinacea was due to its strong adsorption parallel to the metal
surface, which restricted the number of surface active sites available for chloride ion ingression.
In another investigation, Eyu et al. [70] studied the effect of Vernonia amygdalina extract within 70
days of immersion on carbon steel reinforcement in concrete exposed to a chloride-laden envi-
ronment to compare efficiencies of other inhibitors, while Loto et al. [44] studied plant extract by
a potentiometric method to compare the percentage of efficiency between tobacco and extract
of kola nut, leaves, and bark in 5% NaCl. Okeniyi et al. [71, 72] studied the bark extract of the
Rhizophora mangle L. plant for rebar in concrete in an acidic environment.

4. Green corrosion inhibitor based on ionic liquids

Nowadays, worldwide growing ecological awareness and strict environmental protocols prevent
synthesis and utilization of hazardous traditional volatile corrosion inhibitors. So, there is a vital
need for improvement in synthetic and engineering chemistry by environmentally friendly mate-
rials. Use of alternative synthetic strategies toward green synthesis [73, 74] has become necessary as
multicomponent reactions (MCRs) in combination with ultrasonic (sonochemical) and microwave
irradiation. So, scientists have been directed to develop drugs from plant extracts that are charac-
terized by their natural and biological origins and nontoxic nature [75] to act as green corrosion
inhibitors. Pathak et al. [76] studied different classes of drugs in different media; their effectiveness
depends on their chemical composition, molecular structure, and affinities for metallic surfaces.
The most effective of them depend on heteroatoms like nitrogen, oxygen, and phosphorus.

However, extraction and purification of plant extracts is tedious, exhausting, and extremely
expensive as well as time consuming, and requires relatively large amounts of organic sol-
vents that may adversely affect the environment and living beings; high temperature can
also decompose the active constituents and thereby decrease relative inhibition efficiency.
For these reasons the use of drugs as corrosion inhibitors for ferrous and nonferrous metals
is also limited [75]. Therefore, there is a need to develop green inhibitors by proper design of
the synthesis, which can be achieved by using cheap and environmentally friendly products.
This is onset of green chemistry as ionic liquids that are eco-friendly and sustainable solvents
composed of ions that can displace a wide range of inorganic and organic compounds. Ionic
liquids follow the principles of green chemistry proposed by Anastas and Warner [77]. Ionic
liquids have a promising future in the field of green chemistry, and have attracted great atten-
tion because they are widely used in various applications [78, 79]. Figure 4 shows important
properties of ionic liquids and their applications as green corrosion inhibitors [80-82]. They
show high performance to adhere to the surface of steel with the formation of thin films to
protect steel [78], copper [83], zinc [84], titanium, and aluminum substrates [85].

Chitosan is a linear copolymer of (1-4)-2-amido-2-deoxy-d-glucan (glucosamine) and (1-4)-2-
acetamido-deoxy-d-glucan (N-acetylglucosamine), which are considered sources for ionic
liquids [86]. Chitosan is extracted from crab shell [87] based on aminopolysaccharides and
is used to produce several new materials [88]. Their high ability for functionalization makes
them applicable to apply in several industrial applications because of their better solubility
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Figure 4. Important properties of ionic liquids and their impact as green corrosion inhibitors for many applications.

in organic solvents and water than chitosan itself. This chemical functionality is extremely
relevant when chitosan is used as a corrosion inhibitor [89]. Chitosan can inhibit the corro-
sion of copper in acidic media because HCl is used as a mixed-type inhibitor, which follows
a Langmuir isotherm [49]. Chitosan possesses unique physicochemical properties, namely,
biocompatibility, antimicrobial activity, biodegradability, and excellent film-forming ability.
Indeed, it can be used to form thin coatings to protect metallic surfaces.

Ionic liquids have been classified into 11 categories according to Hajipour and Refiee [90],
namely, neutral ionic liquids, acid ionic liquids, basic ionic liquids, ionic liquids with ampho-
teric anions, functionalized ionic liquids, protic ionic liquids, chiral ionic liquids, supported
ionic liquids, bio-ionic liquids, poly-ionic liquids, and energetic ionic liquids, and have
described common features and properties of these ionic liquids. However, Angell et al.
[91] classified ionic liquids in four classes, including aprotic, protic, inorganic, and solvate
(chelate) ionic liquids. Their adsorption on metallic surfaces takes place via chemisorption,
which obeys the Langmuir adsorption isotherm as reported by Verma et al. [92] in their recent
review, which showed several ionic liquids and their properties as green corrosion inhibitors
for different metals and alloys such as mild steel, aluminum, copper, zinc, and magnesium
in several electrolytic media. A similar observation has been reported by other authors for
different metals including copper, nickel, and stainless steel [93], while Shetty et al. [94] have
reviewed adsorption of ionic liquids on an aluminum surface that obeyed the Temkin adsorp-
tion isotherm.

Inhibition of metallic corrosion in the presence of ionic liquids involves blocking of anodic oxida-
tive metallic dissolution as well as cathodic hydrogen evolution reactions [95] described as follows:

M+X < [(MX])ads (6)
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[(MX)],,+ILsC* & (MX TsCY),,, 7)

where M is the anodic dissolution of metals in aqueous corrosive solution, and ILsC" and X
represent the cationic counterpart of the ionic liquid and anionic counterpart of the ionic liquid,
respectively. Both anionic charged species attract positively charged cationic counterparts of the
ionic liquids (ILsC") by electrostatic force of attraction (physisorption) and form a monomolecu-
lar layer as an insoluble complex on the metallic surface [95]. The adsorption of the ILsC* on the
metallic surface causes a change in the surface polarity, which induces the adsorption of ILsC*
and X ions again, which results in a multimolecular layer [95]. The multimolecular layers are
stabilized by van der Waal's cohesion force acting between organic moieties of the ionic liquids,
which causes a more closely adsorbed film at metal/electrolyte interfaces. Generally, the cationic
part (ILsC") interacts with the metallic surface and forms the multimolecular layers, while the
rest of the ionic liquids form hydrophobic hemimicelles, admicelles, and/or surface aggregation
[95, 96]. The adsorbed multimolecular layers of the ionic liquids isolate the metal (M) from the
corrosive environment and protect it from corrosive dissolution.

During cathodic hydrogen evolution reactions, hydronium ions are adsorbed on the metallic
surface by the Volmer mechanism followed by discharge of hydrogen gas by the Heyrovsky
and Tafel mechanism [97, 98], represented as follows:

M+H,0"+e” < MH_ +H,0 @®)
MH , +H,0"+¢” < MH_ +H,O0 )
MHuds + MH/zds < HZ +2M (10)

M+ILsC*+e < M([ILsC]) 11)

ads
The cationic part of ionic liquids (ILsC*) starts competing with hydrogen ions for electrons; how-
ever, ILsC" has a larger molecular size so replaces a greater number of water molecules from
the metallic surface. After their adsorption the cationic part of the ionic liquids accepts electrons
from the metal (M), which results in the formation of electrically neutral ionic liquids (inhibi-
tors). The neutral species transfer (donation) their nonbonding (of heteroatoms) and m-electrons
into the d-orbitals of the surface metallic atoms resulting in the formation of coordinate bonds
between metal and ionic liquids (chemisorption) as reported for several organic conventional
inhibitors [95]. However, metals are already electron-rich species; this type of donation causes
interelectronic repulsion, which results in the transfer of electrons from d-orbitals of the surface
metallic atoms to antibonding molecular orbitals of the ionic liquids (retrodonation). Both dona-
tion and retrodonation strengthen each other through synergism [99].

Development of corrosion inhibitors requires correlating the inhibition efficiency of the inhibi-
tors with their molecular properties through study interactions between inhibitors and the
metallic surface and describing the adsorption behavior of ionic liquids on the metallic surface.
This is achieved by density functional theory (DFT). DFT is one of the most important methods

131



132 Corrosion Inhibitors, Principles and Recent Applications

used in theoretical chemistry for corrosion inhibition to accurately predict the inhibition effi-
ciencies based on the calculations provided by mechanistic information about metal-inhibitor
interactions and can be performed for inhibitor molecules even before their synthesis [100-105].

5. Vapor-phase inhibitors

Vapor-phase inhibitors (VPI) are volatile corrosion inhibitors. They are considered a revo-
lution in green inhibitors and are required in many fields covering electronics, packaging,
industrial processing, reinforced concrete, coatings, and metalworking fluids due to their
nontoxic properties. They are free of nitrites, halogens, and phosphates, and are completely
safe to handle. In addition, they also inhibit the corrosion of ferrous and nonferrous metals.
In a review of the literature, Bastidas et al. [106] studied various factors influencing VPI per-
formance and mechanisms. Nanovapor-phase inhibitors made from renewable agricultural
by-products do not destabilize the natural balance of the environment. Their impact depends
on their diffusion, filling all void spaces and active areas with protective vapor molecules that
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Figure 5. Accessibility of green corrosion inhibitors from nature with approximated cost of extraction and percentage of
efficiency according to the cited literature [109-117].
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are attracted to metallic surfaces and adsorbed physically and/or chemically onto the result-
ing formation of a nanoprotective barrier layer [107, 108].

Several factors must be considered to control the cost of extractions, which sometimes may be
very high when the quantities needed are high. Also, the estimated percentage of an inhibitor’s
efficiency must be controlled, including temperature, concentration of inhibitors, type of metallic
surface exposed to aggressive environments, etc. Figure 5 summarizes the accessibility of green
corrosion inhibitors from nature with approximate estimations of cost of extraction between low,
medium, and expensive, and the percentage of efficiency according to the cited literature.

The objective of this chapter was to review natural compounds as effective green corrosion
inhibitors because of their biodegradability, easy availability, and nontoxic nature. The lit-
erature revealed that natural plant extracts are effective green corrosion inhibitors against
various metals and alloys. In addition, the chapter focused on why the efficiency of green
and sustainable inhibitors of ionic liquids for the corrosion of metals and alloys is preferred
compared to traditional corrosion inhibitors because of their advantageous physiochemical
properties. Finally, attention was given to the adsorption behavior of ionic liquids generally,
following the Langmuir isotherm, the Temkin adsorption isotherm, and in particular the
adsorption behavior of ionic liquids on metallic surfaces using DFT-based quantum chemical
calculations. Quantum chemical calculations (DFT) provide a good insight into the inhibition
mechanism and experimental order of inhibition efficiency. The tendency to explore vapor-
phase corrosion inhibitors and green nanoinhibitors is a new area for future research.

A lot of potential is still untapped, especially computational modeling of the major extract
components of various metals and alloys. Further research should also be focused on plant
extraction methods and their active constituents as well as scale-up experiments for industrial
applications that are needed to commercialize these natural extracts to effectively replace
conventional chemicals.
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Abstract

Soluble extract from Opuntia ficus-indica (Nopal extract) has been proposed in this chap-
ter as a green inhibitor due to its component called mucilage, which has the ability to
retain water; for this reason, it has been used as metal corrosion protection in machinery
pieces, tools and other metallic components that need to be stored for short periods. In
this way, three industrial carbon steels (AISI 1018, 1045 and 4140) have been exposed in
sulfuric acid (H,SO,) to evaluate the corrosion behavior with or without Nopal extract
(NE). Some electrochemical techniques have been implemented to evaluate the corrosion
inhibition efficiency (IE) such as DC linear polarization resistance (LPR) and AC elec-
trochemical impedance spectroscopy (EIS). Results indicated a considerable superficial
modification of steel in terms of dielectric constant and ion charge capacity. When the NE
was added, the corrosion mechanism changed from localized to general attack, decreas-
ing the corrosion rate in all cases. More susceptibility to fail by corrosion was observed in
the 1045 carbon steel in comparison with the other two studied steels; these results were
confirmed by the percentage of inhibitor’s efficiency of about 95%.

Keywords: green inhibitor, corrosion protection, Nopal extract, industrial carbon steel,
corrosion rate, electrochemical evaluation, electrochemical impedance spectroscopy

1. Introduction

Study of corrosion inhibitors has taken a new role in recent years, since new regulations restrict
the use of several components in conventional corrosion inhibitors like nitrites, benzoates,

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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chrome, lead, arsenic, among others, because they are toxic and dangerous to health and environ-
ment. Formulations of alternative compounds with more biocompatibility and low costs have led
to the development of the green inhibitors also called eco-friendly inhibitors [1, 2]. Main sources
from which these inhibitors are extracted come from plants, fruits, seeds, leaves and flowers
whose components such as flavonoids, alkaloids and natural oils (pennyroyal oil, jojoba oil, etc.)
are considered the inhibitor’s active agent. Those extracts have been studied in low concentration
and exposed to different aggressive media to protect metals (mainly carbon steels), obtaining
good results at the superficial protection against corrosion during the first hours of exposure.

Figure 1 shows a general classification of the corrosion inhibitors according to its origin.
Organic inhibitors are characterized by their high molecular weight structures and are
polar molecules. Most organic inhibitors are adsorbed on the metal surface by displac-
ing water molecules and forming a compact barrier. Inorganic inhibitors are salts of some
metals, which have a passivation effect and reaction with the metal. Some synthetic com-
pounds can reduce corrosion damage in carbon steels [3-5] because their oxygen, nitrogen,
and sulfur heteroatoms react on the metal surface, blocking active sites where corrosion
occurs.

Green corrosion inhibitors are biodegradable and do not contain heavy metals or toxic com-
pounds. Mechanisms of the green inhibitors indicate that ions/molecules are adsorbed onto
metal surface, interfering with the anodic and/or cathodic reactions and decreasing the diffu-
sion rate for reactants to the metal surface. Usually, the electrical resistance of the metal surface
is decreasing. Since their innovation, some researchers have proposed many plants as pros-
pects to be green corrosion inhibitors. Table 1 shows a review of several papers about green
inhibitors collected from 2004 to 2017, where the carbon steels in acid media (HCl and H,SO,)

Inorganic

lanthani
Amineg LafNora):
Thiols
Amides
Aromatics
Organics

I.III1I|I:|I.IIH!'\

Acetylenic alcohols \
Triazole Organics

Plants extracts: Fruits, seeds,

m Arabic
_ ethyl Cellulase,
Inorganic | Mimosa Tannin
Arseniates y
Chromales \
Phosphates
Molybadates

Figure 1. General classification of corrosion inhibitors.
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Inhibitor Metal Medium IE (%) Year References
Zanthoxylum armatum Mild steel H,PO, >90 2004 [8]
Simmondsia chinensis Carbon steel HCl 98 2004 9]
Artemisia vulgaris Carbon steel HCl 85 2004 [10]
Datura metel Carbon steel HCl and 84~97 2005 [11]
H,SO,
Mentha pulegium Carbon steel HCI 80 2006 [12]
Ammi visnaga 5X316 HCl 99.3 2006 [13]
Carica papaya Mild steel H,SO, 94 2007 [14]
Gongronema latifolium Aluminum HCI, NaOH >90 2007 [15]
Opuntia ficus-indica Aluminum HCl 94 2007, 2012 [16, 17]
(Cactus)
Phyllanthus amarus Mild steel HCl and >90 2008 [18]
H,S0,
Black pepper Carbon steel HCl and 98 2008 [19]
H,S0,
Zallouh root Carbon steel H,S0, 90 2008 [20]
Justicia gendarussa Mild steel HCl 93 2009 [21]
Clove oil Nickel, inconel 600, HCl 88~92 2009 [22]
690
Lupinus albus Carbon steel HCl and 86 2009 [23]
H,S0,
Gossypium hirsutum Aluminum NaOH 97 2009 [24]
Ananas satioum Aluminum HCI 96 2010 [25]
Murraya koenigii Mild steel HCl1 ~94 2011 [26]
Marine Alga Caulerpa Mild steel H,SO, ~85 2012 [27]
racemosa
Spirulina Platensis Mild steel HCl and ~80 2012 [28]
H,SO,
Aloe vera Zinc, Galvanized HCI, H,SO, 88.5 2014 [29]
iron
Tagetes erecta Mild steel H,SO, 98.07 2014 [30]
Watermelon rind Mild steel HCl, H,S0, ~86 2014 [31, 32]
Mangifera indica (Mango) ~ Mild steel, Carbon ~ H,SO, HCl 97 2014 [33]
and Orange steel
Anise Carbon steel HCl 94 2014 [34]
Coconut coir Aluminum, Mild HCl and 80 2012,2014 [35-37]
Steel H,SO,
Musa paradisiaca (banana) Mild steel, SS304 H,SO,, NaCl 82.7 2011,2014 [38, 39]
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Inhibitor Metal Medium IE (%) Year References

Ficus hispana Mild steel HCl 90 2015 [40]

Nicotiana tabacum Mild steel H,SO, 94 2015 [41]

Litchi chinensis Mild steel H,SO, 97.8 2015 [42]

Capsicum annuum, Citrus Copper HNO, 60~80 2015 [43]

aurantium, Moringa oleifera

Valoniopsis pachynema Brass H,PO, 96.06 2015 [44]

Azadirachta indica Al, Mild steel, Tin, HCl, H,80,, > 85 2015 [45]
SS, Carbon steel HNO,

Petroselinum crispum Carbon steel HCl 92 2015 [46]

(Parsley), Eruca sativa

(Arugula) Anethum

graveolens (Dill)

Morinda citrifolia AISI 1045, AISI 8620 HCl > 86 2015,2016 [47, 48]

Pomegranate Carbon steel, Mild HCl >90 2015,2013,2017 [49-51]
steel, a-Brass

Gentiana olivieri Mild steel HCl1 92 2016 [52]

Roasted coffee Carbon steel HCl1 94 2016 [53]

Curcumin Aluminum NaCl 80 2016 [54]

Calotropis procera leaves Mild steel NaCl >90 2016 [55]

Ocimum basilicum Carbon steel, Mild ~ NaCl+Na,S, 885 2016,2012 [56, 57]
steel H,SO,

Tilia Mild steel HCl 79 2017 [58]

Cedrus atlantica Lead Na,CO, ~70 2017 [59]

Table 1. Review of several papers related with green inhibitors from 2004 to 2017.

were the most studied, possibly because the total annual cost of metallic corrosion in a country
is associated mainly with the corrosion of carbon steels of different industrial sectors. Most
of these works were focused on demonstrating the efficiency of these extracts as well as their
behavior with respect to temperature, identifying the absorption mechanism from the extract
components [6, 7], however, other factors like cost and amount are not mentioned in detail.

Evaluation of corrosion inhibition efficiency was based on the implementation of electro-
chemical and gravimetric methods; the electrochemical techniques consist of linear polar-
ization resistance (LPR) and electrochemical impedance spectroscopy (EIS). With LPR was
obtained information about the inhibition reaction with the compound, classifying the inhibi-
tor action as anodic, cathodic or mixed. EIS allowed to detect the resistance changes on the
surface and how the active sites are reordered through changes at the interfacial capacitance
of metal-electrolyte.
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Corrosion inhibition efficiency can be calculated through the coverage degree “0” on the
metal surface by the following equations:

Riﬁ(blank) - Ri”(inhibitor)

0 = 1
Ri(blank) @
iwrr(l;lrmk) B iforr(ilzlzibimr)
g = bt i b))
v. = Vantinniitor
9 - corr(blank) corr(inhibitor) (3)
o - Weight loss in blank — Weight loss in inhibitor @)

Weight loss in blank

where R, is the charge transfer resistance, i _is the corrosion currentand V__is the corrosion
rate. Expressions (1), (2) and (3) are obtained from electrochemical techniques like LPR and
EIS, and Eq. (4) is calculated using the gravimetric method. With any of those equations, the
efficiency is obtained with:

EI(%) = 6 x100 )

In general, a good inhibitor must have an efficiency greater than 90%.

Efficiency of an organic compound as a corrosion inhibitor depends mainly on the anchor
capacity by chemical or physical interactions on the metal surface, forming multilayers of
adsorbed organic molecules that block the active sites of corrosion and retarding the anodic
and/or cathodic reactions. Thermodynamic studies with adsorption isotherms (Temkin,
Frumkin, Langmuir, Freundlich, among others) have allowed to estimate the stability of the
layer adsorbed on the surface. These depend on the physicochemical properties of the active
molecules related to the inhibitor functional groups like aromatic rings and amino acids with
-NH, groups, which are readily protonated in acid media and adsorbed on the metal surface
through acid anions (Cl, s0*) negatively charged. Electron density from the donor atoms,
and the interaction between the orbital 7 from inhibitory and the orbital d of the iron, play an
important role in the adsorption type [60-62].

Investment in the use of inhibitors for industrial scale to prevent corrosion represents a
small percentage (1%) worldwide compared with the costs in the use of paints, surface
treatments and materials selection, which represent 80% of the investment. The main sec-
tors investing in inhibitors such as petrochemicals (production, synthesis, and refining),
water treatment systems, and chemical and food processes, have reported an efficiency of
up to 90% in the mitigation of corrosion, saving billions of dollars. However, despite its
effectiveness, many of the commercial synthetic inhibitors that are currently used gener-
ate problems of toxicity and contamination to the environment. Environmental Protection
Agency (EPA) regulations have determined that inorganic inhibitor compounds such as
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salts of chromates, phosphates and molybdates, as well as organic inhibitors like phos-
phates, amides or thiols, are dangerous. Due to this problem, green inhibitors open an
opportunity for the replacement of these compounds (Table 1) where the synthesis process
of natural extracts is of low cost and can be applied in closed systems as pipelines and
packaging of pieces for transport. Nowadays, the limitation in the industrial staggering of
these green inhibitors is in their preservation, since it has been shown that after 24 h, the
natural extract begins to decompose which would imply the use of large volumes of extract
to serve the industry [63].

1.1. Opuntia ficus plant

One plant that has caused interest about their potential as a green inhibitor is Opuntia ficus-
indica (Nopal), which is a traditional vegetable in Mexico with a high soluble fiber content.
Nopal is classified as a wild plant that survives in desert regions and does not require much
water for cultivation. It is said that it has an important ecological performance, as it stops the
degradation of the deforested soil, making the arid land productive because of its capacity
to retain water. There are about 1600 species in 122 genera of the cactus family, from which
comes the Nopal. It has fruits that are edible and are known with the name of Tunas. The
soluble fiber of Nopal known as mucilage, which has the capacity to retain up to 30 times its
weight in water. For this particular compound, it has been promoted as a good candidate for
the production of an ecological inhibitor for the protection of the steel against corrosion [64,
65]. Chemical analysis of mucilage indicates that it contains a large amount of pectin as well as
minerals such as calcium, potassium and sodium whose quantities depend on the age of the
cladodes (leaves). The presence of these minerals suggests that this plant may remain stable
over long periods in alkaline media.

Mucilage is similar in consistency with Aloe vera (slimy) and has been used for the conserva-
tion of building materials. Chandra [66] and Torres Acosta [17] studied the effects of dehy-
drated Nopal and Aloe vera powder in the electrochemical performance of reinforcing steel
in chloride contaminated concrete. Preliminary results suggest that adding these powders in
small concentrations might be suitable for enhancing corrosion resistance of steel in concrete.
Therefore, this investigation deals with the performance of Nopal mucilage as a corrosion
inhibitor for industrial steels exposed in H,SO,.

2. Experimental details

2.1. Specimens preparation

Three types of carbon steels were evaluated in this research: AISI 1045, 1018 and 4140. The
composition of each metal is shown in Table 2. Rods of each steel were cut mechanically to
obtain specimens of 25 mm of diameter and 5 mm of thickness for the electrochemical evalu-
ations. The surface preparation was grinding with SiC paper through numbers 80, 240, 320,
400, 600 and 1500 grits until a mirror finish. Finally, the specimens were washed with distilled
water, degreasing with acetone and drying with hot air.
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Element Wt. %

1045 1018 4140
C 0.45 0.2 04
Mn 0.7 0.9 0.85
P 0.04 0.04 0.04
S 0.05 0.05 0.05
Fe 98.76 98.81 97.31
Mo — N—— 02
Cr — —— 0.9
Si — — 0.25

Table 2. Metal composition with AISI classification.

2.2, Preparation of Nopal extract

Nopal extract was obtained through the selection of tender cladodes, a cleaning process
and removal of thorns, cut and disinfected with 2 ml of chlorine +1 ml of Cu,SO,, assuring
the elimination of microorganism and fungi that degrade the extract. Subsequently, it was
crushed in an extractor where the pulp was removed from the juice; this last one was heated
for 1 h at 78°C with a volume ratio of 2:1 in distilled water. Finally, the concentrated liquid
was filtered through a fine sieve to ensure separation of solid particles larger than 180 pm,
obtaining the final product as shown in Figure 2.

Washing and
disinfection ol g -
Nopal Plant cladodes Crushing process

Final product Separation of
"Extract" solids

Macerated with
stirring mt TR = C

Figure 2. Nopal extract preparation process.
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Figure 3. Experimental sequence.

2.3. Experimental sequence

Electrochemical characterization was carried out in an acrylic cell for flat probes [65], assem-
bled with an arrangement of three electrodes. Steels 1018, 1045 and 4140 were placed as work-
ing electrode (WE), a grid of platinum was placed as a counter electrode (CE) and a calomelane
electrode was used as reference electrode (RE). Solution of H,SO, (0.6 mol'l") was used as the
test electrolyte, prepared with analytical grade reagents and deionized water. All experiments
were performed under standard conditions of temperature and pressure. Figure 3 shows the
experimental sequence where the steels in H,5O, with and without Nopal extract (NE) were
evaluated. The relation of Nopal extract and H SO, ratio was 50:50 volume %. Open circuit
potential (OCP) was monitored to ensure the system stability during 1 h, followed by the
electrochemical impedance spectroscopy (EIS) technique, applying a sweep of frequencies
from 100 kHz to 10 mHz with 10 mV amplitude. OCP measurement was run again for 1 h to
continue with linear polarization resistance (LPR) with an overpotential range of +25 mV and
a sweep speed of 1 mV-s™. Cycle OCP-EIS-OCP-LPR was repeated for 24 h until record the
final behavior with a polarization curve (CP) applying an overpotential of +1 V at a scan rate
of 1 mV-s™. Corrosion rates, capacitances and resistances for all steels were calculated.

3. Results and discussion

Corrosion potential results are shown in Figure 4, where only the steels exposed in acid
medium reported positive potentials with a tendency to move toward more negative (active)
potentials when the inhibitor is present, indicating a change in the surface activity of the metal.
Figure 5 shows the behavior of the resistance between the metal in the acid medium and the
medium with inhibitor (H,SO, + NE). A considerable growth of the Nyquist semicircle was
observed with the addition of NE for the three steels, being the widest semicircle for the 4140
steel, which reaches a value of charge transfer resistance (Rct) of 1400 ohms at the beginning
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Figure 6. EEC and fit of Nyquist plots corresponding to metals in H,SO, and H,SO, + Nopal extract.

of the evaluation. As the exposure time increases, the semicircle shows a tendency to decrease
slightly as a result of the alteration of the protection film formed by the inhibitor. At the end
of the monitoring, the R , values from the inhibitor films do not approach the R, values of the
blank, conserving some protection capacity with respect to the metal without inhibitor.

Semicircle adjustment was performed for each impedance cycles by taking an equivalent elec-
trical circuit (EEC) as shown in Figure 6. Due to the shape of the Nyquist semicircle, the basic
configuration called EEC Randles model was selected, which is formed by a resistance in
series (solution resistance, R ) coupled to a constant phase element (CPE) that is in parallel
with another resistance attributed to the metal/electrolyte interface (R ).

To obtain the capacitance values (C,) from the constant phase element (CPE), it was necessary
to obtain the maximum frequency of the Nyquist semicircle (w, _, ) as well as the a exponent
that was calculated during the CPE adjustment, since CPE = F+s®" where F and s indicate
Faradios and seconds, respectively. Results in Table 3 are shown in pF cm™. Equation (6)
shows the calculation to C;:

C, = CPErw,  “" (6)
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Metal Medium LPR EIS

Jo(Alem?)  E_ vs.SCE(V) R (Ohm-m? R, (Ohm-m?  C, (uF-cm?

corr

1018 H,S0, 2.92E-05 -0.511 268.182 187.538 179.36
H,SO, + NE 7.85E-06 -0.545 1015.013 717.162 155.96

4140 H,SO, 4.74E-05 -0.506 179.379 121.76 1202.42
H,SO, +NE 7.71E-06 -0.543 1085.28 815.98 185.14

1045 H,SO, 3.34E-04 -0.439 64.865 50.78 492.49
H,SO, + NE 1.15E-05 -0.505 729.44 514.16 120.41

Table 3. Electrochemical results.

Polarization curves of carbon steel samples exposed in H SO, with inhibitor are shown in
Figure 7(A), where a decrease in current corrosion of the three steels studied is observed.

Anodic slope shows a change near the 400 mV, associated with a change of their activation by
the presence of a coating from the inhibitor’s organic molecules, limiting the ionic interchange
between the metal and electrolyte.

Figure 7(A) shows the behavior of the polarization in which there is a decrease in the flow of
current on the three steels exposed to the inhibitor. Figure 7(B) shows the corrosion behavior
for all the steels; these values were obtained by extrapolation of Tafel, where the steels show a
lower corrosion rate to 1018, 4140 and 1045, respectively; these values remain stable through-
out the 24 h of exposure.

Table 3 shows the values obtained with the electrochemical techniques LPR and EIS; a cor-
respondence was observed between the values of resistance for both techniques; however,
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Figure 7. (A) Polarization curve for steels in H,SO, and H,SO, + NE medium and (B) corrosion rate of metals for 24 h.
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the resistance values by the impedance technique are lower because they are depurated due
to the contribution of the resistance to the solution that has been separated with the adjust-
ment of the EEC. The current indicates that the 1018 and 4140 steels have low corrosion rate.
Capacitance values indicate a decrease with the presence of the inhibitor and are lower for
1045 and 1018 steels; these values tend to decrease due to a difficulty of ionic exchange.

Figure 8 shows the metallography obtained for all steels on a macroscopic scale, where for
(a)—(c), the area exposed to H,SO, shows that the main mechanism for the three metals is a
combination between pitting and generalized corrosion, being more notable the pitting attack
for the 1018 and 1045 steels before the NE addition.

o

<) 1045 in H:S0u [) 1045 in H:S0. + NE

Figure 8. Metallographic obtained of metals after exposition in H,SO, and H,SO, + Nopal extract.
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Figure 9. Inhibition efficiency for the three metals in H,SO, + Nopal extract after 24 h.

Figure 8(d)-(f) shows the behavior of the steels after exposed to the acid mixture plus the
Nopal extract. Change of the corrosion mechanism was observed with the addition of the NE
from a localized attack (pitting) to a generalized attack due to the redistribution of the active
sites by the presence of the organic molecules from the inhibitor, having better behavior in the
steel 1045 where the corrosion was considerably diminished.

Figure 9 shows the efficiency calculated for the three steels, observing the performance of the
Nopal extract during the 24 h of exposure. It was observed that steel 1045 obtains the highest
percentage of efficiency, which is associated with the inhibitor coverage, and remains con-
stant from the 10th hour of exposure, while the other two steels (1018 and 4140) do not achieve
sufficient efficiency values to guarantee their protection.

4. Conclusions

Opuntia ficus-indica (Nopal extract) was used as a green inhibitor to evaluate the corrosion
behavior in the protection of three industrial steels (AISI 1018, 1045 and 4140), exposed in sul-
furic acid (H,SO,) plus the addition of NE in the same proportion (50/50 volume %). Corrosion
potential showed a tendency to be more negative when the NE was added, forming a compact
barrier on the metal surface that increased the surface resistance, according to the growth of
the Nyquist semicircles and with respect to the steel substrates.

Charge transfer resistance (R ) was reduced as the exposition time increased due to the dete-
rioration of the protective film. A 4140 steel reported less corrosion rate with respect to the
1018 and 1045 steels, respectively. Polarization resistance (R ) showed the same behavior with
the best behavior for the steel 4140 after 24 h.
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Change of the corrosion mechanism was observed with the addition of the NE from a local-
ized attack (pitting) to a generalized attack due to the redistribution of the active sites by the
presence of the organic molecules from the inhibitor, having better behavior in the steel 1045
where the corrosion was considerably diminished.

The NE addition changed the corrosion mechanism in the steels from a localized attack (pit-
ting) to a generalized attack due to the adsorbed inhibitor molecules on the metal surface,
reducing the anodic and/or cathodic reactions and as a consequence the corrosion rate.

Alloyed steel (4140) showed a decrease in the inhibitor efficiency with the exposition time,
showing better tendency (above 90%) for the 1045 steel. This is possible because the chemi-
cal composition of the steel is interacting with the adsorbed organic molecules, increasing or
reducing the actives sites for corrosion. Difference in corrosion rate for the 4140 steel with the
others was the combination of the green inhibitor and their alloyed elements (Mo and Cr).
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Abstract

Corrosion is a pernicious phenomenon that appears in engineering materials, infra-
structure assets, and industrial equipment exposed to the atmosphere, water, and soil.
The aim of this chapter is to produce a body of knowledge on the theory and prac-
tice of corrosion inhibition so it can be used in the selection of corrosion inhibitors, to
prevent and/or minimize corrosion in natural environments and industrial facilities.
Corrosion inhibitors are employed in different forms such as emitters, pellets, powders,
films, paints, aerosols, and aqueous and solvent solutions, depending on their chemical
composition: organic or inorganic. They are impregnated on papers or plastics; closed
in pouches and sachets; or added to coatings and paints to form a barrier against the
attack of corrosive agents. They are employed in many industries: automotive, offshore/
onshore, water, military, marine, manufacture, oil and gas, electronics, and concrete
structures. A special group of corrosion inhibitors are extracted from vegetables or
derived from industrial vegetable wastes, which are related to the advanced field of
“Green Chemistry.” The use of vapor corrosion inhibitors (VCI) has expanded rapidly
in the last decades, and is frequently mentioned in the relevant literature, in particular
in professional congresses and conferences, organized by international and national
corrosion associations.

Keywords: corrosion, corrosion inhibitors, natural environments, industrial facilities,
impregnated papers

1. Introduction

The global potable water scarcity, clean efficient energy, and environmental quality are recog-
nized as central disciplines in modern science, engineering, and technology. Today, they are

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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linked to the critical problems of climate change, worldwide warming, and greenhouse gas
emissions, all interrelated phenomena [1, 2].

In recent years, advances, discoveries, and developments related to corrosion manage-
ment, including theory and practice, have been made by universities, research institutes,
international and national laboratories, and private industrial enterprises [3-5]. The
importance and relevance of corrosion is evident by the periodical publication of 20 scien-
tific and technical journals, in many languages, devoted to corrosion, materials, coatings,
paints, structures, fouling, and scaling. Moreover, the economic and social value of the use
of VCI for corrosion control in many critical industrial fields is graphically demonstrated
in Figure 1.

The V(I triangle shows the harmful action of corrosive agents encountered in water bod-
ies, atmosphere and land environments, and in industry facilities. The VCI are actively
implemented to prevent, mitigate, and control corrosion in numerous industries and natural
locations.

A special electronic newsletter is published weekly by NACE Corrosion Press describing cor-
rosion events, corrosion problems and their solutions, novel instruments for corrosion detec-
tion and measurements, application of nanoparticles in corrosion devices, and repair and
rehabilitation of bridges and infrastructure assets.

The influence of VCI technology is expressed by many international and national patents
gathered in recently published reviews [6, 7].
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Figure 1. Schematic illustration of the great variety of VCI applications.
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2. Corrosion and pollution

Corrosion and deterioration of industrial equipment occurs by an interaction between the sur-
face of the material and the corrosive factors of its environment. Localized corrosion happens
on parts of these equipment with a geometry prone to corrosion. Prevention and mitigation of
these forms of corrosion require adequate methods and techniques, including VCI. Corrosion
and pollution are harmful processes that are strongly intertwined since many pollutants, e.g.,
SO,, NO,, H,S, NH,, CH,, CO,, O,, and acids, accelerate corrosion, and corrosion products
such as rust, oxides, and soluble salts pollute water bodies such as lakes and rivers. Both are
noxious phenomena that destroy the environment, impair the productivity of industry, and
affect the durability of the materials and infrastructure assets [1-3].

The surface of a metallic piece of a machine or a vehicle reacts with the corrosive factors of its
environment such as humidity and salinity, regulated by anodic and cathodic electrochemical
reactions, as follows:

Anodic 2Fe — 2Fe?+4e” (1)
Cathodic O,+2H,O+4e” - 40H" )

The total corrosion process is
2Fe+0,+2H,0 — 2Fe (OH), 3)

Moreover, a posterior oxidation transforms the ferrous hydroxide into ferric oxide Fe,O,xH,0,
which covers the steel piece as rust.

Corrosion may appear in several forms: as general, uniform, covering the whole surface or as
localize corrosion in special spots and sometimes producing perforations called pits.

3. VAPPRO corrosion inhibitors

Magna International, with headquarters in Singapore, consists of several enterprises located
in Australia, Canada, Indonesia, China, and South Korea. The company is one of the world’s
leaders devoted to the critical field of corrosion-preventive technology. One of its main
products is Vapor Corrosion Inhibitor, known as VAPPRO, which stands for Vapor-Phase-
Protection, suitable for environmental, industrial defense, and commercial fields.

VAPPRO products conform to U.S. Military specifications, especially for the protection of
weapons and vehicles. NACE International, the Worldwide Corrosion Authority partners
with the U.S. Department of Defense (DOD) to launch CorrDefense, and online e-maga-
zine highlighting corrosion control efforts of the DOD, the Coast Guard and the National
Aeronautical and Space Administration (NASA) as well as projects the agency shares with
laboratories, universities, research institutions, and private companies.
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Magna VAPPRO products are accessible through the North Atlantic Treaty Organization
and its Master Cross Reference List (NATO MCRL). These VCI are assigned NATO Stock
Numbers, to facilitate their quoting.

The VAPPRO products conform to the requirements of the European Union (EU) Directive on
Restriction of Hazardous Substances (RoHS), which control the use of harmful chemicals that
may be noxious to the environment and consumer’s well-being.

VAPPRO VCI have been tested and certified by the Bureau Veritas, a well-known organiza-
tion dealing in quality, health, safety, and environment (QHSE) for the benefit of the general
public.

Magna International cooperates with NACE International, with headquarters in Houston,
U.S. and having a membership of about 30,000 experts on corrosion management and with
the World Corrosion Organization (WCO) which associates many national corrosion organi-
zations, with its central office in China.

Magna International maintains a cooperation relation with the American Chemical Society
(ACS), U.S. using the correct chemical definitions and terms for the chemical molecules and
reactions.

The North American Free Trade Agreement (NAFTA), which associates the United States,
Mexico, and Canada, is familiar with the VAPPRO VCI, being widely applied in natural envi-
ronments, industrial facilities, and military assets. The NAFTA trilateral trade deal is now
being renegotiated an experts believe that an upgrade to this deal is possible, including new
rules on digital trade and e-commerce.

Magna worldwide operations are based on the application of the International Standards
Organization-ISO 9001-2000, ISO 14001-2004, and ISO 9001-2008 that satisfy the requirements
of the VAPPRO consumers. Magna provides VCI and service in many countries including the
NATO countries, NAFTA region, the Asia Pacific, and Europe zones, maintaining a high level
of science, technology, and innovation, for the creation of novel products in the demanding
twenty-first century. Magna International marketing executives are conducting an expansion
of their organization and enhancing their knowledge and strategy. All these multiple activi-
ties generate a drive towards intense work and useful achievements.

Magna International, as a global enterprise, is committed to social and environmental concerns,
to promote greater awareness that minimizes or eliminates harmful corrosion and pollution.

4. Corrosion inhibitors

Practical methods that minimize or eliminate corrosion in the chemical, mineral, fertilizer,
electrons, food and beverages, energy, and manufacture industries include:

* Selection of corrosion resistant construction materials, metallic, plastic, ceramic, and com-
posites for fabrication of the plants equipment, machinery, and structures.
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¢ Application of paints, coating, and linings for protection of the industrial plants and energy
facilities.

¢ Cathodic protection (CP) applying sacrificial anodic metals such as aluminum and magne-
sium and their alloys. An additional CP system employs impressed direct electrical current.

¢ Corrosion inhibition is a technique widely accepted, the vast industry of corrosion inhibi-
tors (CI) is fast spreading worldwide for various technological and industrial applications
such as petroleum oil and natural gas facilities, structures built from steel reinforced con-
crete, pickling and cleaning steel vehicles during production, protected transportation, and
storage of electronic and military equipment; for cooling water systems; as additives for
paints, coatings, elastomers, and plastics, to avoid corrosion in natural gas pipelines, to
control corrosion in desalination plants [8-12].

To prevent atmospheric corrosion, in particular in humid environments, military equipment,
vehicles, and weapons are covered, during long times, with papers, canvas, and plastic sheets
fully impregnated with VCIL.

Three types of CI, with different inhibition mechanisms, are known:

a. Clthatare adsorbed on the metal surface, avoiding metal deterioration. They comprehend
organic chemicals such as waxes, oils, and amines.

b. CI that hinder the anodic reaction of metal dissolution and, frequently, for a passive layer.
c. The cathodic CI controls corrosion, for example, by the reduction of dissolved oxygen (O,).

In the last decade, a new family of inhibitors has emerged, called green corrosion inhibitors,
which are relevant in this crucial time of energy problems and economic havoc since they will
extend the life of the water infrastructure and save large expenses in materials, equipment,
and structures. They belong to the advanced field of green chemistry, also known as sustain-
able chemistry, which involves the design of chemical products and processes that reduce or
eliminate the use or generation of hazardous substance [13, 14].

Types of VCl include nitrite of amines, amine carboxylates, heterocyclic compounds (thiazole, tri-
azole, pyrrole, mercaptans, imidazoline, etc.), carboxylic acid esters, amines, acetylenic alcohols,
mixtures, and reaction products of these substances. Figure 2 shows four molecular structures of
synthetic chemicals, developed in modern laboratories, that are the base of the well-known VCL

In this time of energy crisis, with petroleum prices up and down, and economic global tur-
moil, it is necessary to develop and implement safe “green” VCI. The oil inventories in many
industrialized countries are weighing on oil prices. But frequent filling and emptying of these
huge storage tanks, permitting access to humid air, can lead to harmful corrosion events,
which, logically, should promote the application of useful corrosion inhibitors.

4.1. Natural corrosion inhibitors

In the context of this section on CI it is worthwhile to present a particular group of CI, called
natural CL, which are obtained applying the chemical technology of extraction from vegetables
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H H
O OO0
Piperidine Dicyclohexylammonium nitrite

NH, o
"

CH,
Cyclohexylamine  1-Diethylamini-3-butanone

Figure 2. Molecular structures used for production vapor corrosion inhibitors.

using water or organic solvents as extractors. The ancient human communities located around
forests and jungles, especially in tropical and arid areas, discovered and extracted medicines
from parts of plants, shrubs, and trees such as roots, leaves, flowers, fruits, and seeds. These
people took them orally or applied them as oil, cream, or ointments, to prevent and cure dis-
eases, to relieve pain, and to improve their quality of life—in short, to attain the highest pos-
sible level of health.

Some natural CI are under experimental development stage and others are applied to pre-
vent, diminish, or control corrosion damage [15-29].

5. Protection mechanisms

VAPPRO VCI protects ferrous and nonferrous metals, including their alloys and multimetals,
machinery, structures, and devices. VCI molecules penetrate in recessed areas, voids, crev-
ices, and cavities exposed to saline water and to humid atmospheres.

The protection mechanism of VCI depends on two basic chemical processes described in the
following examples.

Ionization is the formation of ions as a result of chemical breakdown of molecules:

NaCl = Na*+ CI- (4)

Molecule Cation  Anion

Hydrolysis is a chemical decomposition involving the splitting of water in hydrogen cation
and the hydroxide anion:

NaCl+H,O 2 Na"+ClI"+H*+OH" (5)

Figure 3 describes how the VCI molecule ionizes and hydrolyzes in the presence of moisture,
forming a protective layer on the metal surface.
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6. Practical applications

VCI products in solid and liquid forms are widely applied to protect components and parts
of many industry products: automotive, oil, and gas, offshore and onshore, water supply and
cooling, marine including oil tankers, military vehicles, and weapons, manufacture machines
and tools, electronic and electrical devices, and concrete structures. These VCI are presented,
packaged, and distributed in accordance to the form, size, and characteristics of the system
being protected against corrosion.

6.1. Emitters and foams

Emitters consist of a piece of plastic foam impregnated with VCI, particularly suitable for the
protection of enclosures holding electrical gear, relays, contactors, switches, and connectors.
(Figure 4) The vapor does not increase the electrical resistance of these devices. Diverse foam
types are used to produce emitters such as breathable polyurethane which is utilized as a tape
with a self-adhesive backing. A VCI foam pad combines the resiliency and light weight of the
inhibitor impregnated foam.

6.2. Pouches

Pouches are made from DuPont Tyvek, plastic material, to meet packaging applications for
electronic devices, military parts of weapons, and protection against atmospheric corrosion



172 Corrosion Inhibitors, Principles and Recent Applications

factors. Other pouches are prepared from spun-bonded polyethylene fibers, which are located
in the enclosed space holding the metallic parts to be protected (Figure 5).

6.3. Films

Thin antistatic polyethylene film containing VCI to protect metal parts from rust, tarnish,
stains, water spots, and sulfide attack. They appear as custom size bags, sheets, tubing, sleeves,
and roll stock. They are appropriate for protection during shipment and storage. Their UV
stabilization extends the film life making it useful for outdoors, corrosive environment [30].

6.4. Impregnated papers and canvas

Military assets require implementation of corrosion control and monitoring techniques, in
particular during long periods of storage, under the open skies, sometimes with falling rains
and snow. Special papers such as kraft and stone, plastic sheets, and textile canvas, well
impregnated with VCI, are applied to cover equipment, vehicles, and weapons [31].

The U.S. armed forces under the guidance of the U.S. Department of Defense (DOD) and its
Office of Corrosion Policy and Oversight (CPO) maintain a Website (www.CorrDefense.org) and

Figure 4. Foam emitter device with VCI.

Figure 5. Breathable pouches containing vapor corrosion inhibitor.
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publish an electronic magazine that features content on corrosion and corrosion control of mili-
tary facilities. The diverse VCI impregnated sheets have proven to work for long periods [32].

Delicate machinery parts are kept in warehouse in closed VCI impregnated paper envelopes,
cardboard boxes, or wrapped with textiles.

Most of the military equipment and arms are continually kept in reserve, so it is important to pro-
tect them while maintaining their original properties such as reliability and readiness for warlike
operations. Heavy cannons on wheels, military hardware on wood pallets, and large weapons
are wrapped with distinct fabrics, all impregnated with VCL These covers are easy to install and
are resistant to UV radiation, moistures, rain, snow, dust, and mold and are durable (Figure 6).

6.5. Coatings and paints

V(I are used as additives to improve their function as a barrier that impedes to reach the
metal surfaces by the corrosive parameters and damage the machines and structures.

A wax coating, containing VCI, is particularly useful in marine and industrial rust proofing
application in ferrous and nonferrous metals. A paint made from an acrylic polymer with an
added nontoxic, organic VCI offers corrosion protection in outdoor environments. Magtan
is an unpigmented primer that converts the rust into a more stable iron compound. Pro-Disc
is a water-based coating that combines VCI with a nonslip, safe material. It was developed
to protect brake disks of military vehicles during short storage or long mothballing without
affecting the braking efficiency of the vehicle. Electrospray provides protection for circuit
boards, relays, and electrical equipment without changing electrical properties of installations
(Figure 7).

6.6. Powders

VCl in the form of powder are water soluble, do not contain phosphates and chromates, are
used in low dosage for closed loop cooling system, hydrotesting, and marine fields.

These polymolecular VCI are added to seawater as a powder; then it converts into a colloidal
suspension with nanoparticles dissolved in the water. These particles are adsorbed on the
steel wall, forming a thin protective film. Their performance depends on physical, biological,
and chemical factors.

Figure 6. Steel combustible tanks, ready for covering with a VCI protective cloth.
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Figure 7. Printed circuit board protected by VCI electrospray.

Petroleum tankers (Figure 8) are ships specially designed and constructed at American and
Asian shipyards for the bulk transportation of crude oil from extraction sites to the refineries.
In its way back the tanker holds are full of seawater to provide it adequate stability. VCI are
added to this ballast water to provide protection against corrosion. According to U.S. federal
mandate all tankers in U.S. waters should have double hulls to diminish oil spill and dam-
age to the environment, in case of hull rupture accident. Pipes, fire-water storage tanks, and
hydrotest water are dosed withe these powder VCI [33].

6.7. Gun lubricants

Weapons, small and personal such as pistols and rifles, and big, installed and operated on
land, sea and air vehicles should be kept clean and well lubricated for an efficient action. Arm-
Kleen, which includes VCI, was specially developed for the cleaning of small arms and for
automatic weapons mounted in all kinds of vehicles. The weapons should be cleaned before
and after firing, learning a temporary protective coating for a period of several weeks. Once
applied, the removal of VCI is unnecessary [34].

Such anticorrosive gun lubricant fuses itself into the metal gun barrel, smoothening out the
metal surface of the asperities, and greatly reducing the coefficient of friction. The lubricant

Oil tanks Eiviti

Bridge

Fuel tanks
[r— ﬁ .

Engine room Pum.ﬁ_‘ room owlre hull

Figure 8. Petroleum transportation tanker showing holds containing ballast water with VCI powder.
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that cleans also displaces moisture of the weapon'’s internal parts. These products conform to
military standards: MIL-SPEC:MIL-PRF-634600 and MIL-C-372.

6.8. Aerosols

These VAPPRO aerosols, fortified with VCI, that protect electrical equipment, are presented
in a variety of forms. Electrospray avoids corrosion against humid environments. A light oily
liquid gives off an invisible vapor to protect machine tools, hand tools, and weapons subject
to rusting and atmospheric corrosion. A penetrant dissolved in a solvent provides reliability
in locating surface flaws; it is easily removed at the end of testing. It conforms to MIL-1-25135-E.

6.9. Master batch additives

The master batch VCI, identified as MB, are often dissolved in many media: water, oil, sol-
vent, and kerosene, in accordance to their intended application, e.g., metal working fluids,
inks, rust inhibitors and removers, gears, and engine and machine oils. Some are tacky, emul-
sifiable, viscous liquids with film forming properties.

VCI MB can be produced for special objectives, e.g., a low density polyethylene (LDPE), a
resin to protect equipment functioning in aggressive, corrosive environments such as petro-
leum refineries and chemical plants.

6.10. Concrete rebar inhibitors (CRI)

Concrete is a composite material, useful for the construction of structures in land, water, and
seas. It is made of mixture of water, Portland cement, sand, and mineral aggregates. Steel rein-
forced concrete is generally very durable; nevertheless concrete infrastructure, in particular in
marine environments, can undergo visible damage due to penetration of seawater, reaching
the steel reinforcement [35, 36].

Concrete and steel are the primordial engineering materials for the construction of the infra-
structure of a nation, including bridges, buildings, highways, tunnels, parking garages, break-
waters, port piers, dam walls, offshore oil platforms, sport stadia, and electric transmission
tower foundation. The principal cause of degradation of the steel reinforced structure is the
corrosion attack to the rebar embedded in the concrete by CO, dissolved in seawater, increas-
ing its pH to about 8.0, in conformance with the following equilibria:

CO,+H,0 = HCO, +H* 6)

CaCO,+H,0 = Ca®+HCO, +OH- %

CO, and chlorides enter into the concrete body, reach the steel rebar, leading to the break-
down of passivity, a process called carbonation. The rebar loses thickness and, consequently,
its strength, being the primary cause of damage and the collapse of the concrete structure.
CRI-VCI have the ability to prevent and/or mitigate this event (Figure 9).
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Figure 9. Protection mechanism of the concrete steel rebar.

VAPPRO concrete rebar inhibitors (CRI) are produced in special physical form and chemical
composition, in accordance with their intended application, as follows:

* Concrete surface treatment (CST), to assure an impervious concrete surface, to avoid pen-
etration of noxious agents present in the environment.

* VAPPRO rebar coating (VRC), to impart a protective coating on the rebar, that will be
stable in contact with humid and dry concrete.

* Concrete repair products, to rehabilitate damaged concrete structure, covering them with
fresh, alkaline concrete, providing conditions of its stable curing.

* Concrete additive treatment, adding to fresh concrete VCI soluble in solvents, specially
designed for corrosion control in high humidity and high salinity environments.

7. Corrosion testing

The determination of the protection properties of the VCI and their corrosion avoidance per-
formance are done by laboratory tests, simulating the relevant environmental and industrial
conditions. ASTM and NACE standards were applied based on gravimetric, electrochemical,
and surface examination methods and instruments, as recorded in the following.

ASTM standards detailed in:

* Gl, preparing, cleaning, and evaluating corrosion test specimens.
¢ G3, electrochemical measurements in corrosion testing.

* G4, conducting corrosion test in field applications.
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¢ G5, potentiostatic and potentiodynamic anodic polarization measurements.
* (31, laboratory immersion corrosion testing of metals.

* (59, conducting potentiodynamic polarization resistance measurements.

NACE standards:

RP 0300 Corrosion of metals and alloys

TM 0169 Laboratory corrosion testing of metals

SP 0308 Inspection methods for corrosion evaluation of conventionally reinforced
concrete structures

TM 0208 Laboratory test to evaluate the vapor-inhibiting ability of volatile corrosion

inhibitor materials for temporary protection of ferrous metal surfaces

8. Conclusions

The VAPPRO corrosion inhibitors are designed and produced, taking into account the metal-
lic materials and the structures to be protected and the physical, chemical, biological, and
thermal conditions of the natural or industrial environment in which they operate.

V(I are utilized in diverse forms such as emitter devices, pellets, powders, additives to coat-
ings and paints, aerosols, gun lubricants, master batch additives, impregnated papers and
textiles, for concrete rebar protection, aqueous and solvent solutions, and in pouches and
sachets.

The proper use of VCI in combination with a system of automated corrosion sensors is an
effective means of preserving machinery, equipment, vehicles, and weapons, during long-
term storage, with savings in maintenance costs.

The selection of the most appropriate VCI for a corrosion-prone system is based on its cost,
ease of availability, workers safety, chemical stability, and saving in maintenance. The choice
should be made in accordance with the corrosion expert knowledge and experience, and it is
a compromise between technological and economic criteria.

Magna executives, designers, organizers, and employees know that to progress the key is to
keep learning and improving and to increase knowledge and enrich experience to constantly
renew themselves.
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Abstract

This research was focused on discovering the utilization of Dioscorea hispida (gadong
tuber) starch as a potential green corrosion inhibitor for SAE 1045 carbon steel in 0.6 M
NaCl media. Raw starch from gadong tubers was obtained through the extraction and pre-
cipitation process prior to drying in producing fresh starch powder. The insoluble starch
powder was then dissolved in 90% dimethyl sulfoxide (DMSO) solvent and was ready for
corrosion inhibitor testing. The extraction of starch powder was analyzed using Fourier
Transform Infrared Spectroscopy (FTIR) to identify the presence of functional groups
that may contribute to the inhibition of the carbon steel sample. The inhibitive perfor-
mance of gadong tuber starch (GTS) as a green corrosion inhibitor was studied by weight
loss measurement and potentiodynamic polarization in a corrosive medium using 0.6 M
sodium chloride (NaCl) solution. Effect of GTS concentration on corrosion behavior was
investigated. Based on the findings, 1500 ppm of GTS demonstrated the highest corro-
sion inhibition performance as the corrosion rate of carbon steel immersed in plain 0.6 M
NaCl was reduced from 0.131 to 0.018 mm/year, which is up to 86.3 IE% of inhibition
efficiency in the presence of the green corrosion inhibitor. According to potentiodynamic
polarization analysis, corrosion current density (I__) was also decreased from 1.13 x 107
to 1.55 x 10°® mA/cm™.

Keywords: green corrosion inhibitor, DMSO-treated starch, gadong tubers,
sodium chloride, electrochemical
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1. Introduction

Carbon steel is the most common form of steels and because of its low cost, it is the chief
material of construction. Moreover, carbon steel is extensively used in many industries such
as automotive, pipelines and chemical industries [1]. However, the metal corrodes when it
comes in contact with the environment containing chlorides [2, 3], such as when the metals are
exposed to seawater. Corrosion study of carbon steel is a fundamental academic and industrial
concern that has acquired a considerable amount of interest [4]. Since carbon steel is one of the
widely used alloys, with most heavy industries such as construction materials for pipe work
in the oil and gas production and engineering materials in the ocean that use low-alloy steels
for its piping system in order to transport corrosive media to the storage tank. Note that the
corrosion potential of carbon steel in seawater is as low as —0.8 V [5], which means that carbon
steel is vulnerable to corrosion attack when in contact with seawater due to the presence of
aggressive chloride ions (CI"). Over a certain period of time, it attacks a wide range of scales [6].

The application of corrosion inhibitor is extensively known for its capability to prevent metal
alloy structure from corrosion. Commonly, corrosion inhibitor is applied mostly in the oil
and gas field, piping system and paint coating. [7, 8]. Basically, the ability of the corrosion
inhibitor in retarding corrosion is due to the existence of one or more heteroatoms such as
sulfur (S), nitrogen (N), oxygen (O) and phosphorus (P). These compounds usually manage to
facilitate adsorption on the metal surface and are believed to form a protective thin film on the
carbon steel surface. Normally, the efficiency factors for the adsorption properties are related
to the nature and the state of substrate surfaces, the type of corrosive medium and chemical
structure of the inhibitor [4].

By and large, there are two types of corrosion inhibitors: inorganic and organic corrosion
inhibitors. Inorganic compounds such as chromate, dichromate, nitrite and nitrate are com-
monly used as corrosion inhibitors in several media and for different metals and alloys [5].
However, the biotoxicity of these products, especially chromate, is well documented [6], as
well as their non-environmental-friendly characteristics [7], which limit their application.
Currently, research in corrosion is oriented to the development of “green corrosion inhibi-
tors”, compounds with good inhibition efficiency and low risk of environmental pollution
and hazard [8].

Efforts have been paid in the pursuit to replace synthetic corrosion inhibitors with inhibitors
obtained from eco-friendly substances. This interest has increased considerably due to the fact
that naturally sourced corrosion inhibitor products contain mixtures of compounds having
oxygen; sulfuric and nitrogen are eco-friendly, cheap, renewable and ecologically anti-corro-
sive substances, biodegradable and sourced from renewable materials [9, 10]. The successful
uses of naturally occurring substances to inhibit the corrosion of metals in various environ-
ments have been reported by several researchers [11, 12, 13, 14].

The choice of optimal inhibitor should be based on its structure, ease of synthesis, cost
of raw material and its toxicity in the environment must be negligible. The naturally eco-
friendly corrosion inhibitors are indistinguishable due to several drawbacks such as: plant
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extracts are rich valuable sources of natural compounds that could be extracted simply
without economic cost and most of the natural products are easily biodegradable, have
no toxicity and have continuous feed sources of materials [11, 13]. Many plant extracts
have been used as effective corrosion inhibitors of low carbon steel in corrosive media
[15]. Carbohydrate polymers, which represent a set of chemically stable, biodegradable
and eco-friendly macromolecules, have been widely used as corrosion inhibitors [16]. The
use of biopolymers is gaining ground as inhibitor formulations for various field applica-
tions. A number of green corrosion inhibitors of biopolymeric base have successfully been
produced (Table 1).

Starch is one of the most abundant natural polymer which can be obtained at low cost as
only a simple extraction process is involved [17]. It is regarded as an inexpensive, renew-
able and readily available alternative with essential and active ingredients responsible for
the corrosion inhibition. Moreover, starch also falls under the biodegradable source which is
a suitable candidate for developing environmentally friendly corrosion inhibitors [18]. This
organic corrosion inhibitor would benefit several applications in industries involving sea-
water, such as for cooling purposes, ship cleaning and desalination plants. Apart from that,
starch from gadong tuber (Dioscorea hispida sp.) hauls huge potential as an organic corrosion
inhibitor replacing synthetic inorganic corrosion inhibitors in the market and is harmless to
the environment and does not require enormous processing scale.

Corrosion inhibitor Finding Inhibition Authors
efficiency

Xanthium strumarium Adsorption of XSL extracts obeyed Langmuir 94.82% atmL/L  Khadom et al.

leaves (XSL) adsorption isotherm model which acted as a mixed of XSL [11]

mode of physical and chemical adsorption, as the free
energy of adsorption was more than 20 kJ/mol.

Gum Arabic Acacia (GA) GA acted as a mixed-typed inhibitor which suppressed  97% at 1.0 gL Azzaoui et al.
both the anodic and cathodic process by physical and of GA [12]
chemical adsorption on the steel surface following
Langmuir adsorption model.

Polysaccharide from Inhibition efficiency increased with increasing AX 93.54% at Mobin and
Plantago (AX) concentration and solution’s temperature, which 1000 ppm AX Rizvi [13]
indicated a major role of chemical adsorption. The
adsorption of AX on carbon steel surface obeys
Langmuir adsorption isotherm. The adsorption process
is mixed adsorption and endothermic accompanied by a
decrease in entropy.

Rollinia occidentalis (RO) RO extract might be considered a mixed-type inhibitor ~ 85.7% at 1.0 gL Patricia et al.
extract since it affected both the anodic and cathodic reactions. [14]
Moreover, this behavior can be understood in terms
of an inhibition mode resulting from the geometric
blocking of the metallic surface by the adsorbed
inhibitive species.

Table 1. Comparative summary of various natural corrosion inhibitors used in corrosive media containing Cl" on low
carbon steel substrates.
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Gadong tuber is a monocotile plant, which is an exotic tuber in our country, Malaysia (as
shown in Figure 1). In previous years, it had been one of the sources of carbohydrates, but
now the tubers are forgotten. Because it contains cyanide components in its alkaloid group,
these tubers need to be soaked and cleaned first to remove the poison (discorina) before being
eaten or used as a medicine. Interestingly, the extract from this tuber has been used as one of
the ingredients in the production of poisons for the traditional Malay community in order to
fish and control pests for rice cultivation.

There are about 1137 species of Dioscorea found throughout the world and scientific studies
have begun since 1953 by scientists in the United States. The distribution of this species is wide-
spread, from northern India encompassing South China to New Guinea. It grows extensively in
areas such as secondary forests, bushes and sometimes planted in the yard and able to survive
in various weather conditions and can survive for years and does not perish easily. There are
several trade names for the Dioscorea hispida species around the world including Mitsuda dokoro
(Japan), Podava (India) and Sikapa (Makassar). Gadong tubers grow in soil such as cassava and
sweet potato. In the hole or base of trees, there are some round tubers that can grow up to sev-
eral kilograms, hard skinned and with a fibrous root around them. Its skin is brownish yellow
or slightly darker depending on the type of soil. When the gadong tuber has ripened in the soils,
it turns greenish indicating that it contains high quantities of toxins. Planting methods usually
use tubular cuttings and rarely use seed or stem cuttings. Figure 2 shows the structure of the
Dioscorea hispida sp. plant.

Since these tubers are no longer used as food source, our research group has exploited
and modified the yields of these tubers to a more sophisticated material. In a series of
gadong tuber studies, as an introduction, our research group introduces the benefits that
can be derived from these toxic tubers. This chapter focuses on the development of green
corrosion inhibitor from a natural source which is extracted from starch of gadong tuber
(Dioscorea hispida sp.). the performance of starch from gadong tuber has been tested on a
carbon steel sample in 0.6 M NaCl stimulating seawater. Corrosion evaluation was per-
formed by weight loss measurement and electrochemical analysis. The experimental flow
is shown in Figure 3.

Figure 1. (a) Gadong tuber plant and (b) gadong tuber.
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Figure 3. Development of starch from gadong tubers as a green corrosion inhibitor.
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As for the future, the availability of abundant raw materials from natural sources can be the prime
alternative to solve many industrial problems, especially corrosion. By consuming the naturally
safe and economic resource, that is, gadong tubers, as corrosion inhibitors, the tubers can produce
efficient, harmless and inexpensive functional starch. Apart from that, the uses of the starch can be
numerous and advance in the future. The three major objectives of this research are the following;:

1. To synthesize green corrosion inhibitor based on starch from the gadong tuber extract
(Dioscorea hispida sp.).

2. To determine inhibition efficiency of the natural starch based on corrosion inhibitor in
0.6 M NaCl.

3. To investigate corrosion behavior and surface morphology of low carbon steel exposed in
treated simulated seawater using gadong tuber extract.

2. Experimental procedure

2.1. Separation of starch

Starch separation method was conducted according to [19, 20] with a slight modification
whereby, the freshly obtained tuber was washed with minimum distilled water, peeled and
chopped into small pieces using a knife. Then, the chopped tuber was suspended in sufficient
amount of distilled water prior to shattering using a blender (Panasonic MX-900) for 5 min-
utes. Then, the slurry suspension was filtered using a cheese cloth into a container before the
filtrate was left for at least 5 hours for the starch to settle at the bottom of the container. The
suspension was left to settle for 12 hours at normal room temperature in order to prevent
the suspension from spoiling. Next, the supernatant was removed and the starch slurry was
dried at 50°C for 2 days to remove all the water content. Finally, the starch powder was col-
lected and stored for further usage. Subsequently, a method established by [21] was followed
by dispersing 10% w/w of starch with 90% dimethyl sulfoxide (DMSO)-10% water. Then, the
mixture was homogenized by a high-speed homogenizer for 15 minutes to achieve a homog-
enous brown-yellowish slurry before being diluted to the desired concentration.

2.2. Characterization of corrosion inhibitor

A mobile phase of the liquid chromatography was pumped through 0.5 mm filter into an
injector fitted with a 100 ml injection loop to the chromatography column to a photometer
with a helium-neon laser source (A = 632.8 nm) and a K-5 flow cell. Meanwhile, the frit poros-
ity and particle packing sizes for the column sets were 10 and 20 mm, respectively. The col-
umns were placed in a column heater which was kept at 55°C. The mobile phase was 50 mM
and the flow rate was 0.4 ml/min. The functional group of the treated and untreated starch
with DMSO was identified by FTIR Spectrum, Perkin Elmer at a range of 400-1200 Hz. The
untreated starch was characterized in powder form; meanwhile, the treated starch was in an
aqueous form at 3000 ppm. Both the resultant spectra were obtained in order to compare the
differences in the spectrum before and after being treated with DMSO.



Dimethyl Sulfoxide-Treated Starch of Dioescorea hispida as a Green Corrosion Inhibitor for Low...
http://dx.doi.org/10.5772/intechopen.73552

2.3. Chemical composition of carbon steel used and sample preparation prior to
corrosion measurement

The carbon steel used as a test sample was SAE 1045 with a composition of 98.63% Fe, 0.26%
C, 0.47% Mn, 0.01% S, 0.01% P, 0.04% Cr, 0.43% Si, 0.02% Ni and 0.13% Al. Before performing
morphological observation and corrosion measurement, the samples were ground by abra-
sive silicon carbide (SiC paper) from 120 to 1200 grit and polished using a lubricant and 1 pm
diamond spray on polishing cloth.

2.4. Corrosion assessments

Gravimetric measurement was conducted according to ASTM G-31 Immersion Corrosion
Testing of Metals standard. The corrosion behavior of carbon steel specimens with dimen-
sions of 16.0 mm diameter and 3.0 mm thickness was weighed and measured, before being
immersed in 240 ml solution containing 0.6 M NaCl. Different concentrations of the corrosion
inhibitor ranging from 500 to 2500 ppm were studied during the 7 days of the immersion test.
Then, the specimens were taken out and cleaned with cleaning solution as stated in ASTM
G1-90 before being reweighed and measured to ascertain weight loss.

The electrochemical measurements were obtained using potentiostat-galvanostat GAMRY
3.2 which was connected to a computer with CMS 105 Gamry Framework Ver. 3.20 soft-
ware. The three electrode cells were set up using a graphite rod as counter electrode (CE)
and a saturated calomel electrode (SCE) as reference electrode. The working electrode
(WE) was a carbon steel coupon with an exposed surface area of 2.01 cm? immersed in
150 ml of the respective solution. After the WE was immersed in the solution, open cir-
cuit potential was established for 30 minutes in order to achieve steady state potential
before performing the electrochemical measurement. The current-potential Tafel slope
were plotted by changing the electrode potential automatically from -0.25 to +0.25 V with
the scanning rate of 0.1667 mV/s. The corrosion potential (E_ ) and corrosion density (I )
were assessed from the interception of the anodic and cathodic section of attained Tafel
slopes.

2.5. Morphological study

The morphological study of the carbon steel sample surface was investigated using Ultra
High Resolution field emission scanning electron microscopy (FESEM), Merlin. The sample
surface was examined after immersion test in corrosive medium using 0.6 M NaCl solution
and with the presence of corrosion inhibitor.

3. Results and discussion

3.1. FTIR analysis

Figure 4 shows the FTIR spectrum of extracted starch powder from the gadong tubers before
and after treatment with DMSO. Through rough observations on the peak, (A) raw starch
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powder and (B) raw starch powder treated with DMSO solvent, both spectra show similarities
at the range of 3700-1500 cm™ bands. They also possessed the same extremely broad bands at
3700 cm™. These spectra were typically referred to the mixture of two molecular identities of
polysaccharides of starch [22].

On the other hand, the raw starch powder extracted from gadong tubers (A) showed a
large number of adsorption bands in the region of ~1200 cm™, in which it was referring to
the minor component of proteins and lipids in the GTS [23]. Moreover, at the fingerprint
region of bands between 900 and 1500 cm™, bands at 997, 1077, 1149 and 1340 cm™ were
identified as -C-O-C- bonds in the anhydroglucose unit. The anhydroglucose unit is the
most important chemical building block of polysaccharides of starch without containing
water [24].

FTIR spectra of extracted GTS (A) before and after treatment with DMSO (B) displayed that
both spectra exhibited a transmittance peak at 3288 cm™ with broader band of spectrum
B. This phenomenon was attributed to the complex vibrational stretches associated with free
inter- and intra-molecular hydroxyl group (-R-OH). Spectrum B possessed a broader band
of hydroxyl group as a result of a high amount of water content during dissolution process
with DMSO [11]. Moreover, spectrum B had a base line slope at 1700 cm™ and below which
was due to DMSO water content during the dissolution of starch that made the starch gran-
ules swell, and almost all the semi-crystalline characteristics of the granules vanished. As the
swelling enlarged, the starch granules burst releasing the starch into the solution and solubi-
lizing the starch [25].

Transmission (%)

4000 3000 2000 1000

Wawve number (cm’}

Figure 4. FTIR graph of extracted starch powder (A) before and after being treated with DMSO (B).
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3.2. Corrosion measurement: gravimetric analysis

The corrosion behavior of SAE 1045 carbon steel in corrosive medium using 0.6 M NaCl was
studied by the gravimetric method for 7 days of immersion, containing the concentrations of
GTS ranging from 0 to 2500 ppm as a corrosion inhibitor. The calculated value of corrosion rate
(mm/year) immersion test in NaCl medium is tabulated in Table 2 and Figure 5. As displayed in
Figure 2, corrosion rate of carbon steel in 0.6 M NaCl solution decreased with increasing concen-
trations of GTS up to 2000 ppm with lowest rate of corrosion at 0.048 mm/year. However, a fur-
ther addition of GTS (using 2500 ppm) resulted in a slight increase in corrosion rate of 0.051 mm/
year. This phenomenon indicated that the GTS might potentially act as corrosion inhibitor by
enhancing the corrosion resistance of SAE 1045 carbon steel at a certain concentration of GTS.

Since inhibition efficiency is significantly dependent on the surface degree coverage of the
GTS molecule on the surface of the carbon steel surface, the degree of the coverage can be
calculated using the following formula [26]:

e (1)

where C,, and C, are the corrosion rates in the absence and presence of GTS as a corrosion
inhibitor, respectively. Table 2 shows the degree of the surface coverage () that increased
as a function of GTS concentration. The highest surface coverage of 0.59 was achieved by
incorporating 2000 ppm of GTS. The phenomenon explained the improvement of corrosion
protection by GTS which was due to the adsorption coverage of the corrosion inhibitor com-
pound on the surface of the metal substrate. The adsorbed compound managed to impede the
surface of the substrate from the surrounding corrosive media and thus stopped the corrosion
process from taking place [22]. Moreover, the GTS molecules that adsorbed on the surface of
the metal substrate interact between the lone pairs of electrons of the oxygen atom and the
carbon steel surface, which supported the adsorption process. So, the presence of d m-vacant
orbital of low energy in the iron atom also contributed to the adsorption process [27].

Concentration of GTS (ppm) Corrosion rate (mm/year) Coverage (6)
0 0.116 0.00
500 0.108 0.06
1000 0.091 0.21
1500 0.050 0.57
2000 0.048 0.59
2500 0.051 0.56

Table 2. Calculated value of corrosion rate (mm/year), coverage area (6) and inhibition efficiency (%) of carbon steel SAE
1045 after immersion in 0.6 M NaCl for 7 days.
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Figure 5. Gravimetric analysis of corrosion rate for various concentrations of gadong starch.

Due to the exposure to the aqueous solution, the inhibitor molecules which consisted of
polymer compounds started to hydrolyze, inducing the bulk anions and cations in the
media to increase and disturb the inhibition process. The hydrolysis of NaCl media caused
the NaCl compounds to decompose into Na* cations and CI- anions. Some of these ions
have reacted to water molecules and inhibitor molecules. The Na* ions that reacted with
OH™ and CI” which combined with H* cations form a neutral solution or salt as corrosion
products.

Apart from that, an increase in oxygen and carbon dioxide concentration in the inhibitor solu-
tion as the experiment was done in an open space for a 7-day period of immersion affected
the inhibition and corrosion activity of the carbon steel samples. As reported by previous
researchers, certain concentrations of inhibitors were affected by the concentration of oxygen
and carbon dioxide contained in the inhibitor solution [28, 29]. In this current finding, the
optimal concentration of the GTS was 2000 ppm for the 7 days of immersion testing. Further
increasing of the starch to 2500 ppm was not significant in inhibting corrosion activity as the
corrosion rate increased to 0.051 mm/year.

3.3. Potentiodynamic polarization analysis

The potentiodynamic polarization measurement was used to capture the behavior of corro-
sion inhibition of GTS on the SAE 1045 carbon steel samples. The transition changes in Tafel
slopes could be used to determine whether the GTS acts an anodic, cathodic or mixed type
of inhibition process. The polarization curves of the carbon steel in 0.6 M NaCl corrosive
medium with various concentrations of GTS are shown in Figure 6. According to the Tafel
plot, corrosion potential (E_ ) of all concentrations of GTS added were mostly shifted towards
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Figure 6. Potentiodynamic polarization curves of SAE 1045 carbon steel samples for various concentrations of GTS in
0.6 M NaCl solution.

a more positive position compared to the blank (control) sample. The E_ shifting to a more
positive position indicated that the GTS possessed a potential role in improving corrosion
resistance of the carbon steel in treated NaCl solution by reducing the chemical reaction dur-
ing immersion time [23, 28].

As shown in Table 3, E_ _ of the immersed sample in plain 0.6 M NaCl was -601.4 mV. The
E_,, was increased to -517.1 mV with an addition of 1500 ppm GTS. However, further
increase of GTS to 2000 ppm decreased the E_which was -531.9 mV but then increased
to 507.1 mV with an addition of and 2500 ppm. This fluctuating E_  signified that the
corrosion improvement was only achieved at a certain concentration of GTS. In general,
maximum E__ shift which is <85 mV demonstrated that the inhibitor is classified as a
mixture inhibitor while for E__ shift >85 mV, the inhibitor is a type of actual cathodic or
anodic inhibitor [21]. From this finding, by incorporating the GTS into NaCl solution up to
2000 ppm provided maximum E___shift of 69.5 mV. Thus, it can be proposed that at these
concentrations, the GTS is a type of mixture inhibitor as the maximum E__ shift was less

than 85 mV [19, 30].

Apparently, the incorporation of GTS offered an inclination to inhibit the corrosion activity
by anode as the E_ _ was shifted towards positive position. However, it was found that with
addition of 2500 ppm GTS, this corrosion inhibitor potentially works as an actual anodic and
cathodic type as the maximum E__ is 94.3 mV, slightly larger than 85 mV. Due to the shifting
plot towards positive position, the incorporation of GTS at this concentration was suggested
to act as an anodic inhibitor where the corrosion activity was dominated by anodic reaction
rather than cathodic reaction [20].
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Concentration of Corrosion Corrosion Ba Be Corrosion  Inhibition  Polarization
GTS potential, density, I (mV) (mV) rate, efficiency resistance, RP
(ppm) E_, (mV) (mAcm™) W(IE%)

0 -601.4 113 x10° 669 2322 0.131 0.00 1993

500 -612.0 2.52x10°¢ 755  146.1 0.029 77.86 8587

1000 -532.8 2.24 x10°° 480 1496 0.026 80.15 7036

1500 -517.1 1.55 x 10 482 1316 0.018 86.26 9912

2000 -531.9 6.66 x 10 503 2599 0.077 4122 2750

2500 -507.1 5.93 x 10 470 2203 0.069 47.33 2836

Table 3. Electrochemical parameters obtained from potentiodynamic polarization analysis.

I .. was reduced from 1.13 x 10~ of plain 0.6 M NaCl to 1.55 x 10°® mA/cm? in the presence of
1500 ppm GTS. This situation was in agreement with the corrosion rates of the tested materi-
als, where the lowest corrosion rate (0.018 mm/year) was provided by treating the corrosive
medium with 1500 ppm GTS. Increasing GTS concentration slightly increased the I, result-
ing in an increase in the corrosion rate. However, the I of the samples immersed in GTS-
treated NaCl was considerably lower than the sample immersed in non-treated solution. The
reduction of I shows that the corrosion inhibitor adsorbed on the surfaces expressively
protects the surfaces from further corrosion attack; thus, the corrosion rate was potentially

reduced.

In addition, there was no consistent change of fa and [3c for the tested samples immersed in
various concentrations of the incorporated GTS. This phenomenon signified that the corro-
sion inhibitor does not stop the corrosion activity but significantly retards the chemical reac-
tion on the exposed surfaces. The inhibition reaction that occurred was due to a restriction
mechanism towards active site of chemical reaction on the coupon’s surface [24]. A maximum
inhibition efficiency was achieved at 86.26 IE% with the addition of 1500 ppm GTS. This result
proved that GTS significantly improved the corrosion resistance of SAE 1045 carbon steel in
0.6 M NaCl corrosive media.

Chemically, the carbon steel (Fe**) surrounded by the presence of NaCl begins to lose elec-
trons, thus becoming a cation in solution:

Oxidation reaction: Fe is oxidized (loses electrons).

Fe. — Fe*

© g t2€ )

The lost electrons are now used to decrease the chlorides dissolved in the simulated seawater
(the water will contain some Na* and CI" ions):

NaCl — Na*+Cl- 3)



Dimethyl Sulfoxide-Treated Starch of Dioescorea hispida as a Green Corrosion Inhibitor for Low...
http://dx.doi.org/10.5772/intechopen.73552

Reduction reaction: Cl is decreased (gains electrons).

The Fe* ions then chemically react and bond with the OH™ ions in water to create iron hydrox-
ide, which eventually dries up to form rust:

Fex ~+2CI° =~ — FeCl, g (salt) 4)
The highest inhibition efficiency of 86.26 IE% was provided by incorporating 1500 ppm GTS
into 0.6 M NaCl medium. This phenomenon is attributed to the optimum adsorption of natu-
ral starch corrosion inhibitor’s molecules that managed to cover the surface of carbon steel,
in which it makes a split-up between the surface of carbon steel samples and the corrosive
media. In addition, the presence of Na* cations and Cl" anions also has fortified the corrosion
inhibition mechanism of carbon steel samples in seawater [30, 31]. This scenario was sup-
ported by the formation of stable FeCl, salt as a corrosion product.

Figure 7 shows the SEM images and EDX characterization on carbon steel samples after
immersion in 0.6 M NaCl for 7 days. The carbon steel immersed in plain NaCl shows a rough
and thick layer of corrosion product. A thick deposition layer that covered most of the carbon
steel surface was identified as ferrum (III) oxide (Fe,O,), which would easily fall off the sur-
face, exposing a black layer (magnetite) underneath, which was due to corrosion process of
steel [32]. This phenomenon was confirmed by EDX analysis that ferrum and oxygen elements
were present on the surface of the carbon steel as a result of the reduction reaction of oxygen
that originated from aqueous NaCl solution. The reduction reactions are as follows [33, 34]:

0, .y +2H,0, +4e" — 4OH" (5)

2 (aq)

The Fe* ions then chemically react and bond with the OH" ions in water to create iron hydrox-
ide, which eventually dries up to form rust: (Iron (III) hydroxide).

Figure 7. SEM images and EDX analysis of SAE 1045 carbon steels samples (a) without the presence of gadong starch
(control) and (b) with the presence of 1500 ppm gadong starch as corrosion inhibitor after being immersed in 0.6 M NaCl
after 7 days.
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CH,OH CH,0H CH,0H

n
H OH H OH
Figure 8. Basic chemical structure of polymeric starch.
2+ -
Fe* ~+20H" = — Fe (OH), o = Fe,0; ust (6)

The factors that will speed up the rate of corrosion include an increase in the amount of oxy-
gen, temperature, chemical salts and humidity. However, as illustrated in Figure 4(b), the car-
bon steel immersed in NaCl solution containing GTS as the corrosion inhibitor at 1500 ppm
concentration shows most of the carbon steel surface with smooth terrain with small area
of rough surface of corrosion product. This scenario signified that the corrosion resistance
of carbon steel was remarkably enhanced with the presence of GTS as a corrosion inhibitor,
with respect to its smoothness and less-corrosion product formed, indicating the reduction of
corrosion rate.

The polysaccharides of starch were amylose, a long linear molecule, and amylopection, a
highly branched version of amylose molecule [13]. The basic chemical formula of the starch
molecule is (C,H, O,) ,. Starch is a polysaccharide comprising glucose monomers joined in
1,4 linkages (Figure 8). The corrosion inhibition activity of GTS might be due to the presence
of various organic compounds in its composition including anhydroglucose unit of polysac-
charides (-C-O-C- bonds) and hydroxyl group (-R-OH). These organic compounds contain the
most important chemical building block of polysaccharides of starch and complex vibrational
stretches associated with free inter- and intra-molecular hydroxyl groups which are the major
adsorption centers [33]. Consequently, we suggest that the protective films may be formed on
the metal surface through the adsorption process to inhibit the corrosion of mild carbon steel
in artificial seawater [34].

The study showed that the inhibition of GTS molecules on the carbon steel surface in artificial
seawater is a mixed inhibition, which might result either by electrostatic interaction of the poly-
mer with positively charged carbon steel surface or through the lone pairs of electrons on oxy-
gen atoms [21]. In the beginning, the protonated GTS molecules electrostatically interacted with
the positively charged carbon steel. Then, the adsorbed GTS molecules began to participate with
H* ions for electrons on the carbon steel surface [9]. This scenario resulted in the release of H,
gas (due to aqueous state of NaCl solution) and GTS molecules returned to their neutral form.
The carbon steel surface was reduced to be more negative which attributed to accumulation of
electrons. Accordingly, an electron from the d-orbital of Fe might be transferred to a vacant m*
(anti-bonding) orbital of the GTS molecules to relieve the steel from extra negative charge and
hence strengthen the corrosion inhibition of GTS via adsorption on the steel surface [28].
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Natural products Metal exposed  Test media Concentration IE% References
Gadong tuber SAE 1045 steel 0.6 M NaCl 15gL? 86.26 Current study
Saffron Copper Natural seawater 0.1 gL 67.00 [35]
Tobacco rob Q235 steel Artificial 0.1gL? 83.90 [36]
seawater
Santolina chamaecyparissus 304 stainless steel 3.5% NaCl 1.0gL™ 86.90 [37]
Lupine seed Aluminum 2 M NaOH 0.16 gL 45.90 [38]
+0.5 M NaCl
Burley tobacco Steel/Al 3.5% NaCl 0.1gL™ ~90.0 [39]
Tobacco Aluminum 3.5% NaCl 1.0 wt% 96.60 [40]
Olive leaf Copper 0.5 M NaCl 2.42 mmol L ™ 90.0 [41]

Table 4. Comparison of the inhibition efficiency of GTS with other natural products extracts.

Appliances
and Industry
.

Corrasion of

carbon stesl
I s
indusines

e

Figure 9. Schematic illustration of potential uses of green GTS in various industries.
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Table 4 shows a comparison of the inhibition efficiency of currently produced GTS with other
natural product extracts. The inhibition efficiency, IE% of GTS is 86.26 IE% by incorporating
1.5 gL GTS on low carbon steel in artificial seawater was considerably comparable to other
natural products. However, the inhibition efficiency of Saffron (0.10 g L) was only 67.0%
in natural seawater. The inhibition efficiency of Tobacco rob (0.1 gL™) on medium carbon
steel, Santolina chamaecyparissus (1.0 g L) on stainless steel, Lupine seed (0.16 g L) on alu-
minum, Burley tobacco (0.1 gL™) on steel/Al, tobacco (1.0 wt%) on aluminum and olive leaf
(2.42 mmolL™) on copper were 83.90, 86.90, 45.90, ~90.00, 96.60 and 90.0 IE%, respectively. A
comparison of these data with the results of previous investigation indicated that GTS has
good inhibition performance in artificial seawater. This finding proposed that the green GTS
can be used in numerous industries suffering from corrosion attacks as shown in Figure 9.

4. Conclusion

Starch extracted from Dioescorea hispida sp. is an exceptional corrosion inhibitor for SAE 1045
carbon steel in 0.6 M NaCl solution. Through potentiodynamic polarization analysis, the GTS
as corrosion inhibitor was identified as mixed type of corrosion inhibitor which was more
prone towards anodic inhibition process. A maximum inhibition efficiency of 86.26 IE% was
achieved with incorporation of 1500 ppm of GTS. Lower IE% at higher concentrations of GTS
was due to excess amount of the starch molecules that failed to inhibit and alter the corrosive
media from corroding the carbon steel sample. SEM images of the carbon steel samples upon
immersion in NaCl media showed less-corrosion products formed on the steel surface upon
the addition of the GTS.
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Abstract

Corrosion control for metals has technical, economical, environmental, and aesthetical
importance. The use of corrosion inhibitors from natural product is one of the best ways
to slow the rate of corrosion of metals and alloys. The use of extract inhibitors from natural
product is the best alternative because it does not contain heavy metals and is nontoxic,
environmentally friendly, biodegradable, easy to obtain, inexpensive, and available in
large quantities. The organic compounds contained in the extracts of natural products such
as tannins, amino acids, phenolics, and alkaloids contain heteroatomic groups, which can
inhibit corrosion rate and are interesting to study. With the development of science and
technology, many methods are used to protect the corrosion, such as electroplating and
coating, and organic inhibitor shows real promise such as Theobroma cacao peel extract.
Although substantial research has been devoted to corrosion inhibition by plant extracts,
reports on the detailed mechanisms of the adsorption process and identification of the
active ingredient are still scarce. The addition of polar extract of cacao peel into a solution
of HCI 1.5 M is very effective to reduce the attack surface corrosion on mild steel and can
maintain its mechanical properties. This chapter consciously restricts itself mainly to plant
materials, especially Theobroma cacao peel extract, as green corrosion inhibitors.

Keywords: Theobroma cacao, corrosion inhibitor, plant product, coating

1. Introduction

Nowadays, steels are applied in a variety of needs, like constructions, buildings, bridges,
cars, industry tools and installation such as water treatment, oil and waste. The steel is cho-
sen as it is accessible and easily fabricated with high tensile strength. Nevertheless, the most
weaknesses of this steel are easily undergone corrosion in corrosive medium [1], like in acid
environmental condition during the acid cleaning process, acid solution transportation,

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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storage, de-scaling, and pickling process. The frequently used acid solution in pickling pro-
cess by industry is hydrochloride acid [2].

Corrosion problem is a major and serious one as it is related with the working safety, econom-
ics, environmental damage, and health. Generally, industry takes the above-average steel,
which is made from mild steel. The lost caused by this corrosion in Indonesia is huge, reach-
ing 1.5 billion rupiah per year. Some estimate that this loss is up to 2-3.5% of the GNP. This
cost included the maintenance expense, the replacement for the material, working hours, and
the lost benefits due to the stop of production, customer dissatisfaction, administration fee,
physical lost, and health treatment [3].

In order to reduce the loss because of the corrosion on the steel, the protection for the steel
should be done. Many attempts have been made to slow the corrosion rate such as coating,
material selection, changing the environmental condition, design selection, painting, anodic
and cathodic protection, and inhibitor substance addition into corrosive medium [4]. A fre-
quently used way in preventing the corrosion is taking a particular inhibitor. This corrosion
inhibitor derives from organic and inorganic substances which consist of groups of free elec-
tron or substances with heteroatom group of P, N, S, O like nitrate, chromate, phosphate,
urea, phenylalanine, imidazoline, and amine compounds for inorganic one. The functional group
within this compound can be adsorbed on the steel surface, and then, it is bonded to one
another, forming the film layers, which can inhibit corrosion reaction. In fact, synthetic mate-
rial that is used as inhibitors is dangerous to living organisms, relatively high in price, and
environmentally harmful [5]. Organic compound like polyphenol derives from natural extract
or natural products. They are an easy-to-use natural material which can be used as an alter-
nate inhibitor as it is safe, readily available, biodegradable, low cost, and eco-friendly [2, 6].

Recently, there have been many researches that focus on finding a new source for corrosion
inhibitor particularly on plants. Parts of the plants that can be taken for the research are leaves,
barks, fruits, heartwoods, or roots. Several extracts of natural product that have been studied
as eco-friendly corrosion inhibitors can be seen in Table 1.

On another side, Indonesia is well known as the largest cacao producer in the world, certainly
resulting in the largest solid waste as well. The production of this waste reaches 60-70% of
the total fruit production or six times of the dried cacao peels production [24]. In 2013, cacao
production was 800,000 ton with 600,000 ton waste. By having the National Cacao Movement
in the area of 1.6 million acres, it is estimated that in 2014, the production increases into 1.1
million ton. The raise in production is in the synergy with the raise of dried cacao peels into
825,000 ton [25]. As the government program becomes priority to recycle the waste into useful
products, the use of this cacao peel waste becomes the corrosion inhibitor, which is one of the
alternatives to reduce the pollution. Cacao peel extract contains several chemical compounds
such as flavonoid or condensed tannin like antosianin, tannin, catechin, and leucoanthocyani-
din. Tannin is a complex organic compound which consists of polyphenol and has a number
of hydroxy groups where sometimes it occurs in the form of glycosides. Tannin is known as
tannic acid or galatanat acid. As the inhibitor, it can replace the use of lead oxide or chromate,
which is frequently added into paint for protecting steel corrosion [23]. Not many has paid
attention on the use of cacao peel extract which acts as the inhibitor on mild steel, and it is
documented, whereas its waste is readily available in great number. Thus, in order to balance
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No. Metal Inhibitor source Media corrosive Inhibition efficiency (%) Reference
1 Mild steel Lawsonia inermis HCI 92.06 [2]
2 Steel Azadirachta indica leaves HCl1 60.40 7]
3 Mild steel Palicourea guianensis HCl1 89.00 [8]
4 Mild steel Murraya koenigii leaves HCI, H,SO, 94.50 [9]
5 Steel Phyllanthus amarus H,S0O, 98.00 [10]
6 Carbon steel Pachycormus leaves HCl1 93.50 [11]
7 Mild steel Emblica officinalis leaves HCl1 88.60 [12]
8 Mild steel Euphorbia hirta leaves H,SO, 90.90 [13]
9 Mild steel Ananas comosus L HCl 91.02 [14]
11 Steel Prosopis cineraria HCL 86.67 [15]
12 Mild steel Uncaria gambir HCl 86.45 [16]
13 Mild steel Acacia Senegal HCl1 90.32 [17]
14  Mild steel Argan hulls HCl1 97.30 [18]
15  Mild steel Centella asiatica HCl 95.08 [19]
16 Mild steel Laurus nobilis H,SO, 87.60 [20]
17 Mild steel Musa acuminate HCl1 96.00 [21]
18 Mild steel Dodonaea viscose HCI 95.40 [22]
19  Mild steel Theobroma cacao peels HCl1 96.26 [23]

Table 1. Green inhibitors used for corrosion inhibition of metal.

and preserve the nature, the use of this waste should be applied more in order to be useful,
like to be the eco-friendly inhibitor.

The object of this study is mild steel. It can be found on public needs for example railings,
concrete bailout, and others; however, it easily undergoes corrosion. The corrosive medium
used in this study is hydrochloric acid, and cacao peel extract acts as the inhibitor which slows
down the corrosion rate.

Inhibition efficiency on cacao peel extract in chloride acid medium is set by applying the
weight loss method, whereas its inhibition mechanism was learned based on Gibbs adsorption
free energy analysis (AG_,), the value of activation energy (Ea), SEM, EDX, FT-IR corrosion
product spectrum analysis, and electrochemical parameters which derive from potentiody-
namic polarization method and electrochemical impedance spectroscopy (EIS). However, for
its inhibition effect on mechanical property, the hardness and tensile tests are applied.

2. Corrosion inhibitor

Corrosion inhibitor is the solution which is added in inconsiderable quantity to slow down or
to prevent the reaction between the steel with its medium. The inhibitor has a role to form the
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barrier from one or several molecular layers on the acid attack, salt, and other corrosive environ-
ment [26]. Sulfur and nitrogen containing heterocyclic with their varied substituent are effective
as the corrosion inhibitor. Inorganic compounds such as phosphate, chromate, dichromate, sili-
cate, borate, molybdate, and arsenate compound have been found effective as the steel corro-
sion inhibitor. Pyrrole and its derivatives are shown as the best protection to corrosion in acidic
medium. The major weakness of this inorganic inhibitor is its toxicity, inorganic products, dif-
ficulty to degrade, and containing heavy metal. The safest alternative in reducing the corrosion
rate is by using inorganic compound which consists of polar function group like nitrogen, sul-
fur, and oxygen, where they can be used as an effective inhibitor [27]. This corrosion inhibitor
works effectively to prevent the corrosion rate in various ways, and the inhibitor adsorption on
the steel surface is one of the mechanisms for anodic corrosion inhibitor. The adsorption that
occurred is physisorption and chemisorption or chemisorption, which is proceeded by physi-
sorption. However, the adsorption occurred is up to the inhibitor structure itself, the type of the
steel, and the media condition (pH, temperature, and inhibitor’s number) [28].

The plant extract contains heteroatom organic compound that can slow down the corrosion
rate; meanwhile, O, N, S, and P are the active center of adsorption process on steel layer [27,
29, 30]. The presence of free pair of electron in inhibitor molecule causes the electron transfer
from inhibitor toward the steel surface as the coordination of covalent bond is formed. The
characteristics of this compound inhibition are derived from the molecular adsorption abil-
ity, and polar group acts as the reaction center on adsorption process. The resulted layers of
adsorption separate the steel from the corrosion media [31, 32].

Nevertheless, the nutrition in the cacao peels is considered high enough, and the waste of cacao
production also contains alkaloid theobromine compounds (3,7 dimethyl xanthine), flavonoid or
condensed tannin such as antosianin, tannin, katekin, and leucoanthocyanidin [33-38]. Tannin,
which is present in cacao peels, contains active group functioned as corrosion inhibitor [36].

Tannin compound is able to form complex with steel(II) and steel(III). Steel(II) complex tannin
is colorless, dissolved, and oxidized easily. In the presence of oxygen, it turns this complex into
steel(III) complex tannin which is called tannat. The newly formed compound is well known as
organometallic surface complex. It is the one that clings onto the steel surface and prevents the
further corrosion process as this complex is absorbed onto the steel surface and protects it [33].

3. Research method

The equipment for this study is as follows: measuring cups, analytical balance, digital cali-
per, grindstone, oven, Heidolph WB 2000 rotary evaporator, hot plate, cutting machine, sand
paper with the roughness of 80, 120, 400, 600, 1000, 1500 mesh, 3 mm drilling machine,
electron microscope, Foundry-Master Xpert Spectrometer, GCMS-QP2010S SHIMADZU, LC-
MS-QMicro QAA 842, Potensiostat eDAQ, Potentiostat/Galvanostate AUTOLAB PGSTAT
320 N Electrochemical Impedance Spectroscopy (EIS), Perkin Elmer System 2000 Fourier Transform
Infrared Spectroscopy (FTIR), Hitachi 53400 N Scanning Electron Microscopy (SEM) and SEM-
EDX by using EMAX software, Universal Testing Machine type RAT-30P CAP, and Rockwell
Hardness Tester TH 550.
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4. Results and discussion

4.1. Analysis of chemical composition and microstructure of mild steel

The chemical composition of used mild steel in this study is 0.32% C, 97.8% Fe, 0.22% Si, 0.10%
Cr, 0.20% Mo, 0.90% Mn, 0.06% S, 0.30% Cu, and 0.07% P. It is referred to AISI 1035 (ASM)
steel standard and supported by microstructure of mild steel testing as seen in Figure 1. This
microstructure consists of the white color ferrite and the black color pearlite with a ratio of
1:2. This condition shows that the mild steel used in this study contains lesser Fe,C than pure
Fe; therefore, it is resilient [39].

4.2. Analysis of methanol extract of cacao peels

The testing result of phytochemical shows that cacao peel extract contains secondary metabo-
lite compound such as alkaloid, terpenoid, phenolic, flavonoid, and steroid. Further identi-
fication is analyzed by using GC-MS. GC-MS spectra result before fractionation indicates
that cacao peel extract contains of 42 dominant compounds (spectra peak). To identify the
inhabitance of polar compound in cacao peel extract that acts as inhibitor, further analysis
using LC-MS is carried out. The LC-MS identification results 10 dominant peaks as seen in
Figure 2 and Table 2. Table 2 displays the compounds which are identified by LC-MS con-
taining compounds with higher molecular weight referred to fragmented ion and molecule
ion from the testing data [40]. These compounds have heteroatom group which functions as
the corrosion inhibitor as well [26].

4.3. Analysis of Fourier transform infrared

FTIR analysis is carried out on cacao peels, free extract corrosion product, and corrosion
product with cacao peel extract in HCI 1.5 M solution. Several peaks on those three spectra
undergo friction; however, amount of peaks are occurred on almost similar frequency or
adjacent. Identified functional group from cacao peel extract is phenolic, aromatic ring, and

Pearlite

Figure 1. Microstructure of mild steel sample displayed: (a) 20x, (b) 50x, and (c) 100x magnification.
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Figure 2. The chromatogram of cacao peel extract by using LC-MS.
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Compound name Formula Retention time (min)
Quercetin C,H,0, 2.64
Catechin C,H,,0, 8.50
Gallic acid CHO, 9.72
Epicatechin C,H,0, 12.18
Catechin C,H,0, 16.19
Caffeic acid derivate CH,N,O 18.48
Salvianolic acid CH, 0, 19.17
Kaempferol 3-O-rutinoside C,H, 0O, 19.85
Procyanidin B, C,H, 0, 20.8
Kaempferol 3-O-(sinapoyl)-sophoside C,,H, O, 21.72

Table 2. Analysis of cacao peel extract compound which has been fragmented by LC-MS.

ether [41]. Some of these functional groups are appeared in corrosion product but with a
slight shift of frequency friction. The occurrence of friction and the disappearance of several
peaks on particular frequency indicate that there is interaction between cacao peel extract
and mild steel in HCI 1.5 M solution. The result shows the interaction and chemical bound
between extract compound and metal on the surface area [4]. Identified functional groups
from peaks are shown in Table 3.

4.4. Analysis of mild steel corrosion rate

The measuring result of corrosion rate and inhibition efficiency by using the weight loss method
shows that adding extract cacao peels into corrosion medium causes the corrosion rate becoming
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FTIR spectrum peak, v (cm™) Functional group identification
Cacao peel Corrosion product
extract . .
In HCI1 1.5 M without In HC1 1.5 M with 2.5% cacao peel
extract extract
— 668 — Fe—O
1051 1020 1019 C—O (str)
1400 — — C—C=C (aromatic)
— 1458 — C—C (aromatic)
1603 1636 1629 C=0 (str)
- 2359-2342 2363 C—H (str)
3422 3385 3376 O—H (phenolic)

Table 3. FTIR spectra analysis of cacao peel extract, corrosion product, and its identification.

lesser and conversely an increase in inhibition efficiency as seen in Figure 3. It was due to the
larger iron surface coated with molecules on the cacao peel extract. Cacao peel extract mol-
ecules that coat the metal surface are adsorbed into the steel surface and form passive layer that
protects the steel from active ion’s corrosion attack in the acid solution. Formed passive layers
are derived from oxygen and functional group, which is in cacao peel extract [42—44].

Natural product extract is compounds containing atom with free electron pair and can be
used to covalent coordination bond [7]. This atom is electron donor that can form complex
compounds with iron existed in the mild steel. It is a stabile complex compound, not easily
oxidized, and coats the mild steel surface so that the corrosion can be restrained [19].

Figure 3 means that the increase of extract concentration decreases the corrosion rate and on
the other hand increases its inhibition efficiency. However, the increasing time during sub-
mersion makes the corrosion rate increase as well, and decreases its inhibition efficiency on

100
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E =—96 hours
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?-IE a0 192 hours
;f w384 hours
= 3
g 20 =i T68 hours
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Figure 3. The effect of extract concentration on steel corrosion inhibition efficiency in HCl 1.5 M with different
submersion time.

207



208 Corrosion Inhibitors, Principles and Recent Applications

similar concentrate. It is due to the increasing time during the submersion that causes more
weight loss and triggers desorption [45], so that the smallest corrosion rate and the biggest
efficiency are obtained for 2-day (48-h) submersion duration by adding 2.5% extract.

In order to see the interaction in mild steel in the absence and the presence of cacao peel extract
within HCl 1.5 M, temperature variation is applied starting from 303 K to 323 K. In Figure 4,
it can be seen that the rate corrosion decreases where the inhibition efficiency increases by
the rise of added cacao peel extract concentration. However, the corrosion rate is increasing,
and inhibition efficiency is decreasing by the rising temperature. The increase of corrosion
rate and the decrease of efficiency by the increasing temperature are caused by the increase
of adsorption strength on high temperature or inhibitor molecule desorption occurred [46].

Constantly, inhibitor molecule adsorption and desorption have taken place on the steel sur-
face until the balance of the two processes reached the certain temperature. The highest effi-
ciency value is 83.91% for 2.5% extract concentration on 303 K temperature [47].

4.5. Potentiodynamic polarization method

Mild steel polarization curve on varied extract concentration in HCl 1.5 M has been extrapolated
into Tafel plot as shown in Figure 5. Corrosion current value (I ), corrosion potential (E_ ),
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8 e =308 K
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Figure 4. Extract concentration effect on mild steel corrosion inhibition efficiency in HCI 1.5 M of temperature variation.
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Figure 5. Potential Tafel plot steel polarization in HCl 1.5 M with variation of cacao peel extract concentration.
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cathodic and anodic constant (b, and b ), and inhibition efficiency on each treatment obtained
from Tafel line extrapolarization are shown in Table 4 [48]. Measuring the corrosion rate by
using Tafel plot began with determining the corrosion current value and corrosion potential.

Table 4 shows that the increasing extract concentration in the medium will decrease the I
value. The highest I _ value is seen on the immersed sample in the medium without 2.5%
additional extract, whereas the lowest I _ value belongs to the sample with 2.5% additional
extract. Comparing inhibition efficiency testing result weight loss and potentiodynamic
polarization results relatively similar value.

corr

The table shows the E__ friction value where the lowest E__ value belongs to medium with-
out additional extract which is —0.28 V, and the highest with additional extract medium which
is —=0.20 V. This corrosion potential value friction toward more positive and negative ways
indicates that the additional extract is anodic and cathodic [49, 50]. Undoubtedly, it demon-
strates that cacao peel extract influences the anodic dissolution on mild steels and at the same
time slows down hydrogen evolution reaction on cathode [2, 51]. This result is clearly shown
that this extract is a mixed-type inhibitor [48, 52].

4.6. Analysis of polarization resistance

The change in value of b, and b_displayed in Table 4 indicates that cacao peel extract adsorp-
tion is modification of anodic dissolution and hydrogen evolution on cathodic. In Figure 5,
it is obviously seen that these two cathodic and anodic reactions are inhibited, and to some
extent, its inhibition process is in line with the increase of cacao peel extract concentration in
acidic medium; conversely, cathodic is more polarized [53-55]. The polarization value linear
resistance is measured using Stern-Geary Eq. (1) which its result can be seen in Table 4.

b,xb,
I x2.303(b,+b) )

corr

Rp =

b and b_are anodic and cathodic constants.

The resistance polarization (Rp) measuring result undergoes an increase with the rise of
extract concentration. This increasing polarization resistance shows that the use of cacao peel

Cons. inhibitor I, (mAcm? E_ (Vdec) b (Vdec’) b (Vdec) R (m?) IEd,) IER)
(%v/v)

Blank 0.06 -0.28 2.4 1.71 6.87 — —

0.5 0.016 -0.27 2.8 2.3 34.48 74.81 80.07
1.0 0.013 -0.25 3.67 2.57 52.05 80.03 86.6
15 0.0078 -0.2 2.00 1.60 57.36 87.48 88.02
2.0 0.007 -0.22 5.25 2.63 115.26 89.54 94.04
2.5 0.005 -0.28 5.71 2.67 157.99 92.08 95.64

Table 4. Parameter of mild steel corrosion in HCl 1.5 M in the absence and the presence of cacao peel extract obtained
from polarization measurement.
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extract slows down electron transfer on steel surface or is capable to inhibit its oxidation reac-
tion, so that corrosion process can be protected. It makes the steel corrosion rate decrease [53].

Positive relation between polarization resistance with extract concentration and polarization
resistance with inhibition efficiency is shown in Figure 6. This figure points out the increasing
of extract concentration can slow down mild steel corrosion rate. Due to the fact that the addi-
tional extract concentration, increases the polarization resistance, the transfer electron from
mild steel surface to solution can be inhibited, and it makes the corrosion inhibition efficiency
on the mild steel surface increase as well [55].

4.7. Electrochemical impedance spectroscopy

The result of EIS measurement for mild steel corrosion in HCI 1.5 M is recorded by Nyquist dia-
gram as seen in Figure 7. This behavior can be related to frequency dispersion of electrode surface
roughness [55]. The difference on Nyquist diagram between blanks and the presence of inhibitor
is clearly seen. In the medium with additional inhibitor, there is impedance value increase on elec-
trode interface solution, particularly Rct value [56]. The EIS measuring result in Figure 7 shows
that the additional inhibitor impedes the electron transfer from the steel surface into the solution.

The increase of Rct value results in the decrease of iron atoms’ oxidation process and ions” H*
reduction process [8]. Electrochemical parameter on the inhibitor concentration variation can
be seen in Table 5. This table clearly shows connection between Rct with inhibition efficiency
and capacitance (Cdl). The increase of Rct is also followed by the increase of inhibition effi-
ciency value [4] and in similar with the decrease of capacitance with the increase of extract
concentration [48]. The capacitance value is obtained by using the following formula (2):

_ 1
Cdl = 2nf  Ret (2)

where Cdl = double layer capacitance, f, = maximum imaginer frequency from obtained
impedance, and Rct = charge transfer resistance.
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Figure 6. The effect of cacao peel extract concentration on polarization resistance and mild steel inhibition efficiency in
HCl1.5M.
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Figure 7. Nyquist plot steel in HCI 1.5 M solution with variation of cacao peel extract concentration.

Inhibitor concentration (%) Rs (Q) Rct (Qcm?) Cdl (uFem?) EI (%)
0.0 34.0 505 0.63 0.0
0.5 23.0 850 0.31 40.9
1.0 23.3 1680 0.16 69.94
1.5 22.2 2435 0.093 79.26
2.0 324 3259 0.081 84.50
2.5 181 3552 0.075 85.78

Table 5. Relationship of extract concentration with electrochemical parameter in HCI 1.5 M medium.

The decrease of Cdl value in Table 5 can be connected to the decrease of local dielectrical con-
stant or the increase of layers thickness on mild steel surface due to the presence of adsorption
on this surface [57, 58]. Besides that, the decrease of capacitance value might occur due to the
hydro-molecule changes which adsorbed on the steel surface with cacao peel extract molecules
[58]. It can be also the formation from the film layers with the interaction between inhibitor
molecules and atom Fe on the mild surface which involves the chemical and physical reactions.
Thus, inhibitor molecules are coating more to the active side and press the corrosion reaction
with the increase of extract concentration. It causes that the charge transfer between the steel sur-
face and solution is going to be tough and corrosion reaction is inhibited more effectively [59].

The inhibition efficiency of the cacao peel extract produced depends on the inhibitor con-
centration and corrosive medium used. In the graph, it can be seen that the inhibition effi-
ciency in HCI solution can reach 96.26% (weight loss), 95.64% (IE), and 92.08 (I_ ) with
2.5% concentration of inhibitor as shown in Table 4. This happens, because the Fe-tannin
complex is formed on the surface, covering the entire surface of the steel. Comparison of
three methods for testing the efficiency of inhibition of polar extract of cacao peels on mild
steel is shown in Figure 8.
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Figure 8. Inhibition efficiency against concentration of extract in HCI 1.5 M.

4.8. Analysis of adsorption isotherm

Cacao peel extract adsorption on mild steel is characterized by using degree data of sur-
face coating from the weight loss data obtaining through experiment with the formula (3) as
follow:

6 — 0 1 (3)

In order to obtain clear and accurate data to find out the adsorption on the mild steel surface,
adsorption isotherm of Langmuir, Temkin, and Frumkin adsorption is applied. Interaction
phenomena between metal surface and inhibitor can be studied from the adsorption isotherm.
Those three adsorption isotherms show linear relationship between extract concentration with
the adsorption occurred on the mild steel surface. This linear relationship is proven by the
correlation coefficient value in Table 6 in the range of 0.90-0.97, with different time variation.

Nevertheless, the strongest relationship from one out of those three adsorption isotherms is
Langmuir with the correlation coefficient reaching up to 0.97. These data indicate that the
inhibitor which is used here fulfills the Langmuir adsorption isotherm rule [8, 44]. Figure 9
shows that the more the immersion time with the increase of extract concentration, the more

Time (h) Correlation coefficient (R?)

Langmuir Temkin Frumkin
48 0.9587 0.9415 0.6081
96 0.9726 0.9595 0.5573
192 0.9532 0.9327 0.3340
384 0.9648 0.9447 0.3454
768 0.9531 0.9082 0.9171

Table 6. Correlation coefficient (R) obtained from various isotherm adsorption on varied immersion time.
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Figure 9. Langmuir adsorption isotherm of cacao peel extract on mild steel surface in HCl 1.5 M with different
temperature.

the adsorption occurred on the mild steel surface. It demonstrates that the strong molecule
interaction has occurred between adsorption particles and mild steel surface, where the inter-
action increases with the raise of added inhibitor concentration [60].

4.9. Analysis of thermodynamics

The thermodynamic data are obtained from experiment on temperature effect and adsorption
isotherm. These data can complete the basic information on the interaction between cacao peel
extract and steel surface. The temperature effect on steel corrosion rate is studied through HCI
1.5 M in the absence and presence of cacao peel extract at the temperature of 303-323 K. The
resulted straight line represents good correlation between corrosion rate and temperature,
where the increase of the temperature is followed by the increase of corrosion rate; however,
there is a decrease in its inhibition efficiency. This sign explains that the film layer is formed
during physical adsorption [58].

The increase on entropy value by the addition of cacao peel extract shows that the regularity
degree is lower. The friction of entropy value to positive way indicates that complex is formed
on certain level, and causes the regularity degree becoming higher. This formed complex
will impede the corrosion rate on metal surface [52]. The thermodynamic data in Table 7 are
strengthening the conclusion made that cacao peel extract can act as the corrosion inhibitor. The
regularity degree or entropy change (AS) is obtained by applying the following formula (4):

AG = AH-TAS (4)

4.10. Analysis of surface morphology

Analysis of mild steel surface and the forming of passive layer on its surface in HCI 1.5 M in
the absence and the presence of cacao peel inhibitor is studied by using SEM scaled up 2000x
as seen in Figure 10.
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Indicator Ea (kJ/mol) AH (kJ/mol) AG (kJ/mol) AS (kJ/mol)
Blank 142.3782 217.6073 — 0.32
Blank + inhibitor 198.8048 196.1433 -19.89 0.58

Table 7. Kinetic and thermodynamic parameters of mild steel with and without cacao peel extract in HC1 1.5 M.

Figure 10. SEM photograph of mild steel (a) before being immersed and has been polished, (b) immersed for 32 days in
room temperature by HCI 1.5M in the absence of inhibitor and (c) immersed for 32 days in room temperature by HCI
1.5M in the presence of 2.5% inhibitor.

Figure 10a shows the surface morphology from steel sample where fine lines in white color
can be seen and it is relatively thin due to the effect of grindstoning and sanding on the mild
steel surface. It is also seen that the surface is still flat, clean, and impermeable and yet has
holes. Figure 10b is where corrosion product formed and the holes obviously seen and marks
that there has been damage occurred on the surface. However, Figure 10c, in the presence of
cacao peel extract, points out that it minimizes corrosion product and holes on the steel sur-
face by forming passive layers on the surface. This layer becomes barrier on the corrosive ion
attack on mild steel surface so that the electrochemical reaction is slowing down, and eventu-
ally the corrosion rate is decreasing as well [43, 56].

Analysis of C and Fe elements on mild steel surface in HC1 1.5 M which have been immersed for
32 days in the absence and presence of cacao peel extract is studied by applying SE-EDX. The
element recapitulation is represented in Table 8. Referred to this table, the percentage of C ele-
ment decreases by the presence of cacao peel extract, from 0.3% becoming 16.90%. This per-
centage of C element points out that this atom C of cacao peel extract molecules is adsorbed
on the steel surface forming passive layers on the mild steel surface. Meanwhile, the percent-
age of atom on Fe element decreases by the presence of cacao peel polar extract, from 98.79%
becoming 37.43%.

The data presented explain that Fe forms complex compound with cacao peel polar extract, so
the percentage of detected Fe atom becomes smaller. Whereas, the Oxygen (O) element which
in the beginning has not been detected yet, then by the adding of cacao peel extract can be
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Treatment Element content (% weight)

C Fe (0]
The absence of treatment 0.32 98.79 -
Immersion in 2.5% extract 6.19 92.66 433
Immersion in HC1 1.5 M 1.50 29.39 63.54
Immersion in HCI 1.5 M with 2.5% extract 16.90 37.43 44.89

Table 8. Identified element contents of the EDX testing on mild steel surface in HCI 1.5 M.

detected with low percentage. Then, there is an increase in percentage of oxygen up to 63.54%
due to being immersed in corrosive medium HCl 1.5 M, quickly formed the oxide by the attack
of corrosive ions of HCIL. Nevertheless, by the help of polar inhibitor cacao peel extract, this
corrosive ion attack can be blocked by forming passive layers in the form of metal organocom-
plex on the mild steel surface, because of the decrease of corrosion rate and lesser oxide been
formed which is represented by O percentage becoming 44.89% [2, 50, 54].

4.11. Analysis of mechanical properties

The testing result of hardness and tensile on mild steel is represented in Figure 11. This hard-
ness and tensile states an increase by the raise of added extract concentration. It is supported
by the testing data of hardness, which shows that the increase of extract concentration adds
the hardness on mild steel surface. Therefore, it causes the raise of the steel resistance and
decreases corrosion rate due to the higher amount of extract adsorbed on its surface.

These data exhibit that the higher the extract concentration, the wider the mild steel surface
which is coated by cacao peel extract. This extract is chemically adsorbed onto the mild
steel surface and forms thin film layer that is difficult to be damaged [22]. The amount of
extract adsorbed onto the surface is clearly determined by the SEM-EDX testing result as
seen in Table 7. On contrary, the increase of surface hardness decreases corrosion rate and
increases efficiency, and this connection is shown in Figure 3 [61]. The increase of carbon
level on mild steel surface does not only raise the hardness but also improve surface coat-
ing degree [62, 63]. The relationship of these four mechanical properties is expressed in
Figure 11.

4.12. Corrosion inhibition mechanisms

Inhibitor molecules on mild steel surface occurred because of the presence of adsorption. This
adsorption is due to the adhesion force between inhibitor and mild steel surface. Inhibitor
molecule adsorption on mild steel surface produces thin film layer which can impede corro-
sion rate. In this case, polar extract inhibitor of cacao peels formed thin layer on the surface
which can function as the control of the corrosion rate by making separator between the steel
and corrosion media [64]. The process of cacao peel extract adsorption on mild steel surface
will occur on functional group [22], where the mechanism can be seen in Figure 12.
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Figure 12. Adsorption mechanism of cacao peel extract on mild steel surface.

The adsorption result expresses that the higher the added inhibitor concentration, the
more the metal part which is coated by corrosion inhibitor molecules. The bond occurred
during the inhibitor adsorption process on the mild steel surface indicates as coordination
covalent bond which involves chemical adsorption. It can be seen that from the struggle to
omit the layer and in coherence with perceived enthalpy change value (AH) is higher than
that with the absence of inhibitor [65].

The mechanism occurred on mild steel surface can be expressed on the basis of adsorption
process and constituent structure that is present in the extract. The inhibit process might
appear due to the presence of phytochemical constituent adsorption through oxygen atom
and/or nitrogen atom on metal surface [22]. Possibly, this complex is absorbed into steel sur-
face through Van der Waals force to form the protection layer in order to prevent the steel
from corrosion [66]. Several major constituents of its extract are catechin, kaempferol, gallic
acid, procyanidin, and tannin, which are shown in Figure 13. Inhibitor effective performance
depends on phytochemical constituent measurement of cacao peel extract where its area is
wider than the metal surface; so it can minimize the corrosion [2, 22].

Adding cacao peel extract into the solution is highly effective in order to reduce the chloride
acid attack on mild steel surface, as compared to other plant extracts as can be seen in Table 1.
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Figure 13. Compound adsorption process existed in cacao peel extract on mild steel surface.

This can be seen from its ability to inhibit on the surface of mild steel greater than other inhibi-
tors at concentrations that are not too different and the same media corrosive hydrochloric acid.

5. Conclusions

By and large, of all researches conducted, it can be concluded that:

1. Cacao peel extract can function as appropriate corrosion inhibitor for mild steel in HC1 1.5 M.

2. GC-MS and LC-MS testing results shows that cacao peel extract contains of many active
compounds. These functional group compounds have been confirmed by FTIR test con-
taining heteroatom group which takes a part in corrosion inhibition through coordination
covalent bond on mild steel surface.

3. Significantly mild steel corrosion rate decreases by the addition of cacao peel extract. On
the contrary, inhibition efficiency increases by the increase of extract concentration up to
2.5%. Even though the efficiency decreases with the raise of work temperature, it is con-
sidered high enough reaching the temperature of 323 K. Adding cacao peel extract into the
solution is highly effective in order to reduce the chloride acid attack on mild steel surface.

4. Through potentiodynamic measurement and impedance measurements that adding the
inhibitor indicate inhibits electron transfer from mild steel surface into solution, so that
both oxidation process of iron atoms and reduction process of H* ion decrease. Has been
determined that the inhibitor extract of cacao peel in HCI are mixed-type with dominant
as cathodic inhibitor.

5. Inhibition mechanism between extract and mild steel surface is studied through the in-
teraction between isolated electron pair functioning as donor ion and mild steel surface
functioning as acceptor, so that coordination covalent bind formed.
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6. Cacao peel extract is chemically adsorbed into mild steel surface by forming Fe or-
ganometallic layer on the surface referring to Langmuir isotherm adsorption rules.
The adsorption occurred on this mild steel surface influences mechanical properties
of hardness and tensile, so it can restore the mechanical properties which has been at-
tacked by corrosion.
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Abstract

This chapter evaluated the performance of environmentally friendly organic corrosion
inhibitors on carbon steel in the amine-based carbon dioxide (CO,) absorption process. The
evaluation was experimentally conducted using electrochemical techniques in 5.0 kmol/m?
monoethanolamine (MEA) solutions in the absence and presence of process contaminants,
namely formate and chloride, at 80°C and 0.55 mol/mol CO, loading. The results show, in
the absence of process contaminants, that 2-aminobenzene sulfonic acid, 3-aminobenzene
sulfonic acid, 4-aminobenzene sulfonic acid, sulfapyridine, and sulfolane yielded 85-92%
corrosion inhibition efficiencies, while sulfanilamide yielded the lowest efficiency of
20—42%. Sulfolane was the only tested inhibitor whose performance could be maintained
in chloride- and formate-containing MEA solutions. On the contrary, the performance of
3-aminobenzene sulfonic acid and sulfapyridine was decreased by chloride. The perfor-
mance of all the tested aminobenzene sulfonic acids was compromised by formate.

Keywords: corrosion inhibitor, CO, capture, CO, absorption, gas treating,
alkanolamine, electrochemical tests, carbon steel

1. Introduction

Corrosion is one of the most severe operational problems in a typical amine-based carbon
dioxide (CO,) absorption process [1]. To mitigate corrosion, a number of organic and inor-
ganic corrosion inhibitors have long been applied to the process. The corrosion inhibitors that
were found effective are those containing heavy metals such as vanadium-, antimony-, cobalt-,
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and nickel-based compounds. For example, 0.05-0.10% sodium metavanadate and antimony
tartrate were reported to yield 90-95% inhibition efficiency (IE) when used in 15-30% mono-
ethanolamine (MEA) solution for mild steel in the ammonia plant [2]. A mixture of sodium
metavanadate and cobalt nitrate and a mixture of ammonium metavanadate and amines per-
formed well on mild steel in 50% MEA solution in acid gas treating process. They reduced
corrosion rates (CRs) of mild steel down to less than 1 mile per year [3]. A combination of
copper carbonate, dihydroxyethyl glycine, alkali metal thiocyanate, ammonium permanga-
nate, and nickel or bismuth oxide provided 99% of inhibition efficiency for the MEA-based
acid gas treating plants using mild steel [4]. A mixture of 50 ppm thiocyanate and 100 ppm
bismuth citrate was reported to significantly reduce the corrosion of mild steel, stainless steel
(304 and 316), and monel with approximately 94% in the natural gas treating plants using 30%
MEA solution [5]. Dodecylbenzyl chloride with alkyl pyridine and nickel acetate was success-
fully applied with 93% efficiency in natural gas treating plants using 20-60% diethanolamine
(DEA) solutions [6]. A mixture of amino ethyl piperazine, formaldehyde-thiourea, polymer
and nickel sulfate yielded close to 100% efficiency on carbon steel in 30% MEA solution in
the refinery gas conditioning unit [7]. More reviews on the corrosion inhibitors used for the
amine-based CO, absorption process can be found in [8].

Despite their inhibition effectiveness, the usage of some heavy metal inhibitors is now
restricted while others would be banned in the near future due to incoming stringent environ-
mental regulations on the use of toxic chemicals. The objective of this chapter is thus to search
for an environmentally friendly corrosion inhibitor with comparable inhibition performance
that can replace conventional highly toxic corrosion inhibitors for the CO, absorption process.
To achieve such an objective, a number of organic compounds were selected as potential
corrosion inhibitors based on the principles of Hard and Soft Acids and Bases (HSAB), toxic-
ity properties, and quantum chemical analysis. The inhibition performance of the selected
inhibitors on carbon steel was experimentally tested using electrochemical techniques under
a test condition simulating the process solution environment, that is, 5.0 kmol/m® monoetha-
nolamine (MEA) solution at 80°C and 0.55 mol/mol CO, loading. The effects of the corrosion
inhibitor concentration and process contaminants (namely, formate and chloride) on the inhi-
bition performance were also studied.

2. Selection of tested corrosion inhibitors

2.1. Compound selection

The principle of Hard and Soft Acids and Bases (HSAB) was employed as the first screening
criteria to select the corrosion inhibitors to be tested. Since ferrous iron (Fe*) which is a border-
line acid is typically found in the amine-based CO, absorption process [1, 9], eight aniline- and
two pyridine-based compounds which are the borderline basic inhibitors were the preferred
choices. As shown in Table 1, the aniline compounds, including 2-, 3-, 4-aminobenzene sul-
fonic acids, sulfanilamide, and sulfapyridine, contain nitrogen (N), sulfur (S), and oxygen (O)
as the reaction centers for adsorption, while 2-, 3-, 4-bromoaniline and bromopyridine contain
N and bromine (Br).
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Compound Formula Structure®

Aniline-based compounds
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Compound Formula Structure®

Sulfapyridine C,H,N,05 N

117 7372

Sulfanilamide CHN,0,S H.. M

6778 272

Pyridine-based compounds

2-bromopyridine C.H,BrN
Py Rt -
o
N Br
3-bromopyridine C,HBrN e Br
s
N
Sulfur-based compounds
Sulfolane CH.O,S 0 %5{-';'0
Thiosalicylic acid CHO,S
0
3
H -

aMolecular structures redrawn from PubChem database [PubChem!].

Table 1. List of selected compounds.
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In addition to the abovementioned compounds, two sulfur-containing compounds, namely
sulfolane and thiosalicylic acid, were also chosen since they were reported to be effective
due to their superior electron-donating ability compared to nitrogen and oxygen [10-12].
Sulfolane is a heterocyclic compound with a sulfonyl reaction center. Thiosalicylic acid has
one S- and two O-reaction centers.

2.2. Toxicity evaluation

The selected compounds were first screened based on compound toxicity using the criteria in
that the corrosion inhibitors must not be more toxic than the absorbents used in the CO, absorp-
tion process. That is, their lethal dosage (LD, values must be equal or greater than those of
the absorbents. Since MEA is the benchmark absorbent for the amine-based CO, absorption
process, its toxicity value was used as the basis for comparison. Thus, any compound having
LD, (oral rat) less than LD, of MEA (1720 mg/kg) was removed from the list of selected com-
pounds to be tested. Note that, in addition to LD, values, carcinogenicity and hazard rating for
toxicity were also used for compound screening when toxicity information was not available.

Table 2 shows that 4-bromoaniline and 2-bromopyridine have LD,, lower than MEA, and
all bromine (Br~ substituted) compounds are suspected carcinogens with hazard ratings of 3
(moderate hazard). This indicates greater toxicity and health risk of these compounds com-
pared to other selected compounds. As a result, these bromine compounds (i.e., 2-bromoani-
line, 3-bromoaniline, 4-bromoaniline, 2-bromopyridine, and 3-bromopyridine) were removed
from the list of tested inhibitors. Seven remaining compounds were selected for further

Inhibitor LD, (oral rat) mg/kg Carcinogenicity Hazard rating for
toxicity®
2-aminobenzene sulfonic acid — — 0
3-aminobenzene sulfonic acid — — 2
4-aminobenzene sulfonic acid 12,300 — 0
Sulfapyridine 15,800 - 2
Sulfanilamide — — 2
2-bromoaniline — Suspected carcinogens 3
3-bromoaniline - Suspected carcinogens 3
4-bromoaniline 456 Suspected carcinogens 3
2-bromopyridine 92 Suspected carcinogens 3
3-bromopyridine - Suspected carcinogens 3
Sulfolane 1941 — 2
Thiosalicylic acid — — 0

2All details were extracted from MSDS of each compound [chemwatch, 2012].

*Hazard ratings in a scale of 0—4 (0, min/nil; 1, low; 2, moderate; 3, high and 4, extreme).

Table 2. Toxicity information of the selected corrosion inhibitors®.
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Compound E om0 (€V) AN z
2-aminobenzene sulfonic acid -9.17 0.25 2.54
3-aminobenzene sulfonic acid -9.10 0.25 2.45
4-aminobenzene sulfonic acid -9.45 0.22 2.48
Sulfanilamide -9.18 0.25 2.52
Sulfapyridine -9.01 0.27 2.56
Thiosalicylic acid -9.27 0.21 -0.18
Sulfolane -10.82 0.18 244

Table 3. Quantum chemical parameters of selected compounds.

analysis, that is, 2-aminobenzene sulfonic acid, 3-aminobenzene sulfonic acid, 4-aminoben-
zene sulfonic acid, sulfapyridine, sulfanilamide, sulfolane, and thiosalicylic acid.

2.3. Quantum chemical analysis

Quantum chemical analysis was carried out to predict the inhibition performance of selected
compounds prior to corrosion tests. This was done to eliminate the selected compounds with the
predicted inhibition performance that was much poorer than others. The analysis was carried
out using the semiempirical quantum chemistry calculations package MOPAC2007 to perform
the parameterization (PM-6) calculations [13]. The quantum parameters of interest included the
highest occupied molecular orbital energy (E,,,,,.), fraction of electron transferred (AN), and
charge of the donor atom (Z). These parameters relate directly to the inhibition efficiency [10,
12, 14-16]. The results in Table 3 show that E,,,, AN, and Z values of all selected compounds
are in comparable ranges, suggesting comparable inhibition performance. Sulfapyridine has
the highest E | ., AN, and Z, implying that sulfapyridine might be the most efficient inhibitor
compared to others. Thus, no selected compounds should be removed from the list.

3. Experiments

3.1. Experimental setup

Figure 1 illustrates the experimental setup used for electrochemical corrosion tests. It com-
prises a microcell, a water bath, a gas supply set, a water-cooled condenser, and a poten-
tiostat. The microcell was a 100-ml three-electrode corrosion cell consisting of a cylindrical
working electrode, a silver/silver chloride (Ag/AgCl) reference electrode, and a platinum
counter electrode. The water bath with a temperature controller was used to control the tem-
perature of the corrosion cell at a required temperature. The gas supply set consisted of CO,
and nitrogen (N,) cylinders with gas regulators and flow meters. The water-cooled condenser
was used for minimizing evaporation losses from the corrosion cell. The potentiostat was PAR
263A (Princeton Applied Research, USA) interfaced with an impedance system (Model 5210
Lock-in amplifier). The Powercorr (Version 2.53) software was used to record and analyze the
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Figure 1. A schematic diagram of the electrochemical corrosion testing system.

results. A pH meter (Oakton pH 510 series) and a conductivity meter (YSI 3200 conductivity
instrument) were connected to the setup for sample measurements.

3.2. Specimen preparation

Carbon steel (CS 1018) with the composition of 0.175% carbon, 0.75% manganese, and balance
iron was chosen as the working electrode due to its common use as the construction material
in amine-based CO, absorption plants [17]. The specimens were cylindrical with a dimension
of 0.8 cm in height, 1.2 cm in diameter, and 0.6 cm central hole. Prior to each experiment, the
specimens were surface finished with up to 600 grit silicon, degreased with methanol, rinsed
with deionized water, and dried with air.

3.3. Solution preparation

A 5.0 kmol/m?® aqueous solution of monoethanolamine (MEA) was used as the CO, absorp-
tion solvent to simulate the service process solution [1]. The MEA solution was prepared
from 99% reagent grade MEA and deionized water, purged with CO, to achieve a saturation
loading of 0.55 + 0.05 mol CO,/mol MEA and added with a tested corrosion inhibitor. The
inhibitor concentrations were in the range of 250-10,000 ppm. To evaluate the performance
of the tested inhibitors in the MEA solution containing process contaminants, 10,000 ppm of
the representative process contaminants, namely sodium chloride (NaCl) and formic acid
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(CH,0,), were introduced to the MEA solution. A titration-based Chittick apparatus together
with hydrochloric acid (HCL) and methyl orange indicators was used for analyzing MEA
concentration and CO, loading.

3.4. Validation of experimental setup and procedure

Prior to tests, the anodic polarization and impedance scans of stainless steel (55430) specimens
were carried out in accordance with the ASTM G5-94 (reapproved in 2004) [18] and the ASTM
G106-89 (reapproved in 2010) [19], respectively. The anodic polarization scan was done in a
1.0-N sulfuric acid (H,SO,) solution that was deaerated with nitrogen (N,) at 30°C. The imped-
ance scan was conducted using a deaerated 0.495-M sodium sulfate (Na,SO,) solution containing
0.005 M-H,SO, at 30°C. The results of both scans were comparable to those of the ASTM stan-
dards, thus validating the experimental setup and the polarization and impedance procedures.

3.5. Experimental procedure

Prior to each test, the prepared MEA solution was transferred to a microcell where the solu-
tion temperature was controlled at 80°C, the CO, loading was maintained at saturation by
CO, purging, and the solution concentration was kept at 5.0 kmol/m’. The open circuit poten-
tials (OCP) were monitored with time until they reached equilibrium. The impedance scan
was performed using 10 mV AC amplitude over a frequency range of 10 kHz-10 MHz. The
corresponding impedance results were recorded in respect of frequency. After the impedance
scan, the cyclic potentiodynamic polarization scan was then performed at 10 mV per minute.
The solution samples were taken for the analysis of MEA concentration, CO, loading, pH, and
conductivity before and after the electrochemical scans. The tested specimen was taken for
surface analysis using the scanning electron microscopy (SEM).

3.6. Data analysis

The corrosion current density (i) in the unit of uA/cm?* was determined from the obtained
potentiodynamic polarization data using the Tafel extrapolation. It was subsequently trans-
lated to corrosion rate (CR) in the unit of mmpy using the following equation:

3.27x10%ai

CR D (1)

where a, n, and D represent atomic weight, number of electrons, and density of specimen in
g/cm?®, respectively. The obtained corrosion rates of the uninhibited and inhibited specimens
were then used for determining the inhibition efficiency (IE).

IE = < CRm,ingim B CR[ulzihitsd) (2)

uninhibited

4. Results and discussion

The corrosion inhibition performance of seven selected compounds in aqueous solutions of
MEA was evaluated under test conditions listed in Table 4. The evaluation was done in the
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Parameter

Test condition

Amine type

Amine concentration (kmol/m?®)
Temperature (°C)

CO, loading (mol CO,/mol amine)
Process contaminants

Tested corrosion inhibitors

Monoethanolamine (MEA)
5.0+0.1

80.0+1.0

Saturation (0.55 + 0.05)
Chloride formate

2-aminobenzene sulfonic acid

3-aminobenzene sulfonic acid

4-aminobenzene sulfonic acid

Sulfapyridine

Sulfanilamide

Sulfolane

Thiosalicylic acid
Inhibitor concentration (ppm)
2-aminobenzene sulfonic acid 250, 500, 1000, 2000, 3000, 10,000
3-aminobenzene sulfonic acid

250, 500, 1000, 2000, 3000, 10,000

4-aminobenzene sulfonic acid 250, 500, 1000, 2000, 3000, 10,000

Sulfapyridine 500, 1000, 2000, 3000, 5000, 7000, 10,000
Sulfanilamide 3000, 10,000

Sulfolane 1000, 2000, 3000, 5000, 10,000
Thiosalicylic acid 3000, 10,000

Table 4. Summary of experimental parameters and conditions.

absence and presence of process contaminants (i.e., chloride and formate). Chloride was cho-
sen because it is in the water used for the amine solution preparation and also found in the
coal-fired flue gas fed to the carbon capture process. Formate was chosen because it is one of
the predominant heat-stable salts produced from oxidative degradation of the amine solutions.

4.1. 2-aminobenzene sulfonic acid
4.1.1. Absence of process contaminants

The corrosion inhibition performance of 2-aminobenzene sulfonic acid was evaluated as a
function of the inhibitor concentration. It is seen in Figure 2a that the corrosion rate of carbon
steel in the 2-aminobenzene sulfonic acid-inhibited MEA solution significantly reduced from
4.27 mmpy (uninhibited) to 0.46-0.57 mmpy with inhibition efficiencies of 87-89%, when the
inhibitor concentrations were in the range of 250-3000 ppm. However, at 10,000 ppm, the cor-
rosion rate increased to 1.62 mmpy and the inhibition efficiency reduced to 62%.

From the potentiodynamic polarization curves in Figure 2b, it is apparent that, in the inhib-
ited solutions, the carbon steel specimens were in an active state similar to the specimen in
the uninhibited solution. The cathodic polarization curves shifted to lower current densities
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Figure 2. Corrosion inhibition performance of 2-aminobenzene sulfonic acid in 5.0 kmol/m® MEA solutions containing
0.55 mol/mol CO, loading in the absence of process contaminants at 80°C. (a) corrosion rate, (b) polarization curve, (c)
polarization resistance, and (d) impedance behavior.

compared to the uninhibited condition while the anodic polarization curves remained
unchanged. This suggests that the corrosion inhibition was cathodic in nature and was due to
the preferential adsorption of inhibitor molecules onto the cathodic sites of the metal surface.
The change in Tafel slopes of the inhibited potentiodynamic polarization curves compared
to the uninhibited condition suggests a change in the corrosion mechanism. From the cyclic
polarization curve obtained, no pitting was induced by the presence of 2-aminobenzene sul-
fonic acid at all tested concentrations.

The polarization resistance (R ) values were analyzed from the obtained impedance data of
the uninhibited and inhibited MEA solutions to reveal the effect of inhibitor concentration on
inhibition performance. Figure 2¢ shows that the values of Rp increased from 72 (uninhibited)
to 418 ohm-cm? when the concentration of 2-aminobenzene sulfonic acid was raised to 3000
ppm. However, the R value decreased to 134 ohm-cm?® when the concentration of 2-amino-
benzene sulfonic acid further increased to 10,000 ppm.
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From Figure 2d, the Nyquist plots of inhibited solutions were in a semicircle shape represent-
ing a capacitive loop due to charge transfer kinetics. This suggests that the inhibitor protected
the carbon steel surface by adsorption of inhibitor molecules, not by forming a passive bar-
rier. The reduction in the inhibition performance at 10,000 ppm may have been caused by the
lateral interactions of the adsorbed inhibitor on the metal surface [20].

4.1.2. Presence of process contaminants

Results in Figure 3 show that chloride has a negligible effect on the inhibition performance
of 2-aminobenzene sulfonic acid. The inhibited corrosion rate in the presence of chloride (i.e.,
0.62 mmpy) was slightly higher than that with no process contaminants (i.e., 0.54 mmpy).
This was confirmed by a small reduction in the R value from 418 to 380 ohm-cm? due to the
presence of chloride. The inhibition efficiency was slightly reduced from 87 to 86%, which is
considered negligible.

In contrast, formate appears to deteriorate the performance of 2-aminobenzene sulfonic acid. When
10,000 ppm formate was present in the solution, the inhibited corrosion rate increased from 0.54 to
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Figure 3. Corrosion inhibition performance of 1000 ppm of 2-aminobenzene sulfonic acid in 5.0 kmol/m?® MEA solutions
containing 0.55 mol/mol CO, loading in the presence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization
curve, (c) polarization resistance, and (d) impedance behavior.
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5.70 mmpy with a significant reduction in the R ' value from 418 to 85 ohm-cm?®. Such an increase
in the corrosion rate can also be observed by the significant shift of cathodic polarization curves to
greater current densities. This suggests that the adsorption of inhibitor molecules on the metal sur-
face may have been disrupted, thus allowing higher transport rate of corroding agents between the
metal surface and the solution. No pitting was induced by the presence of chloride and formate.

4.2. 3-aminobenzene sulfonic acid
4.2.1. Absence of process contaminants

The 3-aminobenzene sulfonic acid performed well in the 5.0 kmol/m® MEA containing
0.55 mol/mol CQO, loading and no process contaminants at 80°C. From Figure 4, the corrosion
rates of carbon steel specimens were 0.48-0.49 mmpy with 89% inhibition efficiency when
the concentrations of 3-aminobenzene sulfonic acid were in the range of 250-3000 ppm. This
was confirmed by the R values that increased from 72 to 369428 ohm-cm?. Such a reduction
in corrosion rates was a result of cathodic inhibition by 3-aminobenzene sulfonic acid. The
cathodic polarization curves of the inhibited solutions shifted to lower current densities com-
pared to that of the uninhibited. This suggests that this inhibitor acted as the cathodic inhibi-
tor that impeded cathodic reactions by the adsorption of inhibitor molecules onto the metal
surface. No pitting was observed from the cyclic polarization curves and surface analysis.

Results in Figure 4 also show that applying this inhibitor at a high concentration of 10,000 ppm
reduced the inhibition effectiveness. That is, the corrosion rate increased to 3.81 mmpy with
the inhibition efficiency of 11% and the R  of 88 ohm-cm? Such reduction in the inhibition
performance was observed from the cathodic polarization curves of the inhibited solutions
that shifted toward the cathodic curve of the uninhibited solution. Their current densities
were slightly lower than the uninhibited curve. The shift of the cathodic curve in this direction
illustrates deterioration of adsorption performance of the inhibitor which might be due to the
increased lateral attractions in the adsorbed layer of inhibitor molecules on the metal surface.

4.2.2. Presence of process contaminants

The presence of chloride and formate caused a negative effect on corrosion inhibition perfor-
mance of 3-aminobenzene sulfonic acid. In Figure 5 the corrosion rate in the inhibited solu-
tion containing chloride increased from 0.48 mmpy (in the absence of process contaminants)
to 1.65 mmpy. As a result, the inhibition efficiency was reduced from 89 to 61%. In case of
formate, the corrosion rate in the inhibited solution increased to 5.31 mmpy, thus reducing the
inhibition efficiency to —24%. This indicates that the inhibitor did not retard the corrosion but
in fact aggravated corrosion. The impedance results also support such behavior. That is, the
R value decreased from 369 ohm-cm? (in the absence of process contaminants) to 88 ohm-cm?
in the presence of chloride and to 105 ohm-cm? in the presence of formate.

The deterioration of inhibition performance in the presence of chloride and formate can be
observed from the potentiodynamic polarization curves. The tested carbon steel underwent
active corrosion, and the cathodic current densities were greater in the presence of contaminants
than those in the absence of contaminants. This might be due to the disruption of the adsorption
of 3-aminobenzene sulfonic acid molecules onto the metal surface in the presence of process
contaminants. The effect was more pronounced in the presence of formate than chloride.



Screening and Evaluating Environmentally-Friendly Corrosion Inhibitors for Amine-Based CO,...
http://dx.doi.org/10.5772/intechopen.72752

500 -0.50
5400 %
E _‘gm.m
Fha e
5 =
£ 200 = 090 |
g 5
S0 2
110 v 1 i
0.00 - - 5 -4 -3 2
0 250 500 1000 2000 3000 10000 Log current density (Aden?)
Inhibitor concentration (ppm —o—Uninhibited ~—— 250 —— 500
ppm) - 1000ppm  ——2000ppm  —=—3000 ppm
—— ppm
(@) (®)
600 450
400

450 330
g 00
¥
E 300 1 ? 230
C | K
o £ 150

150 h ] Im

U .
0 [ -
0 250 500 1000 2000 3000 10000 0 350 100 150 200 250 300 350 400 450
e . Z" (olon-cm®)

Inhibitor concentration (ppm) ~—Uniskbited ——250 ppn — 500 ppm
=000 ppm —+=2000ppm  -0—3000 ppm
== 10000 ppm

(c) (d)

Figure 4. Corrosion inhibition performance of 3-aminobenzene sulfonic acid in 5.0 kmol/m® MEA solutions containing
0.55 mol/mol CO, loading in the absence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c)
polarization resistance, and (d) impedance behavior.

It should be noted that the presence of chloride caused pitting corrosion on carbon steel in the
MEA solution inhibited by 3-aminobenzene sulfonic acid. Pits were detected from the cyclic
polarization curve in Figure 6a in the form of positive hysteresis, that is, the reverse curve lies
to the right of the forward curve. These pits were also seen in an SEM image of the specimen
after test (Figure 6b).

4.3. 4-aminobenzene sulfonic acid
4.3.1. Absence of process contaminants

4-Aminobenzene sulfonic acid significantly reduced the corrosion rates of carbon steel in
the 5.0 kmol/m® MEA containing 0.55 mol/mol CO, loading and no process contaminant at
80°C. As shown in Figure 7a, the corrosion rate decreased from 4.27 to 0.38-0.56 mmpy with
inhibition efficiencies of 87-91% when the inhibitor concentrations were in the range of 250
3000 ppm. However, the corrosion rate increased to 3.77 mmpy and the inhibition efficiency
dropped to 12% when 10,000 ppm was used.
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Figure 5. The corrosion inhibition performance of 1000 ppm of 3-aminobenzene sulfonic acid in 5.0 kmol/m* MEA
solutions containing 0.55 mol/mol CO, loading in the presence of process contaminants at 80°C. (a) Corrosion rate, (b)
polarization curve, (c) polarization resistance, and (d) impedance behavior.

g

Potential (V vs Ag/agCl)
5
-1

R
=100
=1 40 T T T T
& -5 -4 -3 =2 -l
Log current density { Adem?)
=—Forward — Reverse
(a)

Figure 6. Pitting corrosion in 5.0 kmol/m?® MEA solutions containing 0.55 mol/mol CO, loading, inhibited by 1000 ppm
of 3-aminobenzene sulfonic acid in the presence of 10,000 ppm chloride at 80°C (a) cyclic polarization curve showing
positive hysteresis (b) SEM image showing pits with 1000x magnification.
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Such inhibition performance of 4-aminobenzene sulfonic acid was observed by the potentio-
dynamic polarization curves in Figure 7b. The tested specimens were in an active state. The
4-aminobenzene sulfonic acid functioned as a cathodic corrosion inhibitor. At 250-3000 ppm, the
cathodic current densities were lower than the uninhibited cathodic current densities suggesting
that the cathodic reactions were impeded by the adsorption of the tested inhibitor. No pitting
tendency was induced by the presence of 4-aminobenzene sulfonic acid at any concentrations.

The values of R obtained from impedance analysis (Figure 7c) showed similar results to the
polarization analysis. The R/ was in the range of 355-460 ohm-cm? at the inhibitor concen-
trations of 250-3000 ppm and then dropped to 99 ohm-cm? at the inhibitor concentration of
10,000 ppm. The impedance analysis (Figure 7d) yielded a semicircle characteristic of charge
transfer kinetics at the metal-solution interface, suggesting that no passive layer was present.

4.3.2. Presence of process contaminants

The corrosion inhibition performance of 4-aminobenzene sulfonic acid at 1000 ppm was unaf-
fected by the presence of chloride but deteriorated in the presence of formate. No pitting
tendency was found in either case. From Figure 8a, the corrosion rate of a carbon steel speci-
men remained close to the uncontaminated corrosion rate (0.45 mmpy) when 10,000 ppm
chloride was added to the inhibited MEA solution. The presence of chloride did not alter
anodic and cathodic polarization behavior of the inhibited MEA solution. On the contrary,
the addition of 10,000 ppm formate into the inhibited MEA solution aggravated corrosion and
caused the corrosion rate of the inhibited MEA solution to increase to 5.45 mmpy (-28% inhi-
bition efficiency) which exceeded the corrosion rate of the uninhibited solution. This effect
was evidenced by the shift of the cathodic polarization curve to higher current densities in
Figure 8b. Such a shift of the cathodic curve implied a higher flux of corroding agents on the
metal surface, which resulted from the deficiency of adsorption of inhibitor molecules onto
the metal surface in the presence of formate.

The impedance results (Figure 8c) also confirm the abovementioned findings. The R in the
presence of chloride (385 ohm-cm?) was slightly lower than the no contaminant condition
(441 ohm-cm?) whereas the RP in the presence of formate (87 ohm-cm?) was drastically lower.
A semicircular loop in Figure 8d exhibited charge transfer kinetics.

4.4, Sulfapyridine
4.4.1. Absence of process contaminants

From Figure 9a, it was apparent that sulfapyridine was not effective at 500 and 1000 ppm in
the 5.0 kmol/m® MEA containing 0.55 mol/mol CO, loading and no process contaminant at
80°C. At 500 ppm, the corrosion rate of carbon steel remained at 4.27 mmpy which was the
corrosion rate of the uninhibited solution. At 1000 ppm, the corrosion rate was reduced to
3.07 mmpy with an inhibition efficiency of 28%. The inhibition efficiency was significantly
increased to 90-92% with a reduction in corrosion rates to 0.33-0.44 mmpy when sulfapyri-
dine concentration increased to the range of 2000-10,000 ppm.

The effectiveness of sulfapyridine can be observed from potentiodynamic polarization curves
in Figure 9b. The addition of sulfapyridine caused the cathodic polarization curves to shift to
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Figure 7. The corrosion inhibition performance of 4-aminobenzene sulfonic acid in 5.0 kmol/m* MEA solutions
containing 0.55 mol/mol CO, loading in the absence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization
curve, (c) polarization resistance, and (d) impedance behavior.

lower current densities but did not alter the anodic curves. This suggested that sulfapyridine
acted as a cathodic inhibitor which formed an adsorption layer onto the metal-solution inter-
face and thus retarded the mass transfer rate of corroding agents. The cyclic polarization curves
and the surface analysis revealed no pitting corrosion at any concentrations of sulfapyridine.

The R obtained from the impedance analysis (Figure 9c¢) reinforced the above findings in that
sulfapyridine did not function effectively below 2000 ppm. The R, value of the MEA solution
containing 500 ppm sulfapyridine was 86 ohm-cm?, which was similar to the R | of the unin-
hibited solution. However, once the sulfapyridine concentration increased to 1000 ppm, the
R value began to rise to 105 ohm-cm? The R was further increased to 397-528 ohm-cm? when
the sulfapyridine concentrations were 2000-10,000 ppm. The impedance analysis (Figure 9d)
also showed the semicircular loop characteristic of charge transfer kinetics at the interface,
suggesting the absence of passive layer. Hence, the higher R values obtained were due to the
adsorption of sulfapyridine onto the metal surface.
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Figure 8. Corrosion inhibition performance of 1000 ppm of 4-aminobenzene sulfonic acid in 5.0 kmol/m* MEA solutions
containing 0.55 mol/mol CO, loading in the presence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization
curve, (c) polarization resistance, and (d) impedance behavior.

4.4.2. Presence of process contaminants

Figure 10 shows that the presence of formate in the MEA solution did not have an apparent effect
on the inhibition performance of sulfapyridine. When 10,000 ppm formate was present in the
MEA solution, the inhibition efficiency of sulfapyridine slightly reduced from 90% (in the absence
of formate) to 88%, and the R value also reduced from 468 to 358 ohm-cm?. This result can also be
observed from a slight shift of the cathodic polarization curve to lower current densities.

Unlike formate, chloride had a detrimental effect on the inhibition performance of sulfapyridine.
The presence of 10,000 ppm chloride in the MEA solution caused the corrosion rate of carbon steel
to increase from 0.44 mmpy (in the sulfapyridine-inhibited MEA solution) to 4.34 mmpy, reflect-
ing a reduction of the inhibition performance from 90% to —2%. The R | value was significantly
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Figure 9. Corrosion inhibition performance of sulfapyridine in 5.0 kmol/m* MEA solutions containing 0.55 mol/mol
CO, loading in the absence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c) polarization
resistance, and (d) impedance behavior.

reduced from 468 to 91 ohm-cm?, which is close to the Rp of the uninhibited MEA solution. The
cathodic polarization curve of the sulfapyridine MEA solution shifted to much higher current den-
sities in the presence of chloride. This suggested that chloride could destroy the inhibition adsorp-
tion ability of sulfapyridine. No pitting was induced in the presence of both formate and chloride.

4.5. Sulfanilamide

Sulfanilamide did not perform well in the 5.0 kmol/m*MEA solution containing 0.55 mol/mol
CO, loading at 80°C. When 3000 and 10,000 ppm sulfanilamide were introduced to the MEA
solutions, the corrosion rate of carbon steel reduced from 4.27 mmpy to 2.50 and 3.41 mmpy,
respectively, with corresponding inhibition efficiencies of 42 and 20% (Figure 11a). Such
poor inhibition performance of sulfanilamide was apparent from small shifts of cathodic
curves from the uninhibited curve (Figure 11b) and small increments of R in the presence
of sulfanilamide (Figure 11c). The Rp increased from 72 ohm-cm? in the uninhibited MEA
solution to only 104 and 84 ohm-cm? at 3000 and 10,000 ppm sulfanilamide, respectively.
This reflected poor resistance of the adsorption layer on metal surface to the transport of
corroding agents.
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Figure 10. The corrosion inhibition performance of 2000 ppm of sulfapyridine in 5.0 kmol/m* MEA solutions containing
0.55 mol/mol CO, loading in the presence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c)
polarization resistance, and (d) impedance behavior.

The cyclic polarization curve and surface analysis showed no pitting in the presence of sulfa-
nilamide at any concentrations. The impedance analysis (Figure 11d) traced a semicircle or a
capacitive loop due to charge transfer kinetics similar to that of the uninhibited system, sug-
gesting that no passive film developed on the surface. Since its corrosion inhibition efficien-
cies were much lower than other tested compounds, sulfanilamide was not further tested for
the effect of process contaminants.

4.6. Sulfolane
4.6.1. Absence of process contaminants

Sulfolane was an effective corrosion inhibitor when an adequate concentration was introduced
to the solution. As seen in Figure 12a, an addition of 1000 ppm sulfolane reduced the corrosion
rate of carbon steel from 4.27 mmpy in the uninhibited solution to 3.63 mmpy with 15% inhibi-
tion efficiency. Once the concentration of sulfolane increased to 2000-10,000 ppm, the corrosion
rate substantially reduced to 0.43-0.62 mmpy, with an inhibition efficiency of 85-90%. This find-
ing was supported by the impedance analysis results (Figure 12c and d). The R increased from
116 to the range of 331-445 ohm-cm? when the concentration of sulfolane increased from 1000
to 2000-10,000 ppm. No pitting was induced by the presence of sulfolane at any concentrations.
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Figure 11. The corrosion inhibition performance of sulfanilamide in 5.0 kmol/m*® MEA solutions containing 0.55 mol/mol
CO, loading in the absence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c) polarization
resistance, and (d) impedance behavior.

The effectiveness of sulfolane can be explained by considering its polarization behavior in
Figure 12b. The presence of sulfolane in the solution caused the cathodic polarization curve to
shift to the direction of lower current densities but did not alter the anodic curve. This suggested
that sulfolane acted as a cathodic inhibitor which was adsorbed onto the metal surface to inhibit
the transport of corroding species between the metal surface and MEA solution. As a result, the
rate of the cathodic reaction was retarded which was exhibited by the shift of the cathodic curve.

Due to the nature of inhibitor adsorption onto the metal surface, it is important to have suf-
ficient inhibitor coverage on the metal surface. This was why the increasing sulfolane con-
centration from 1000 to 2000 ppm resulted in a much higher inhibition efficiency. However,
an addition of a higher sulfolane concentration than 2000 ppm yields very small increases in
efficiency. This suggested that the minimum concentration required for effective corrosion
inhibition was 2000 ppm.

4.6.2. Presence of process contaminants

The inhibition performance of sulfolane was not considerably affected by the presence of
chloride or formate. As illustrated in Figure 13a, the corrosion rate of carbon steel in the
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Figure 12. The corrosion inhibition performance of sulfolane in 5.0 kmol/m* MEA solutions containing 0.55 mol/mol
CO, loading in the absence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c) polarization
resistance, and (d) impedance behavior.

sulfolane-inhibited solution did not change much when chloride or formate was added to the
solution. The corrosion rates in the presence of chloride and formate were 0.48 and 0.44 mmpy,
respectively, which were slightly lower than the corrosion rate in the absence of these two
contaminants (0.62 mmpy). This reflects slight increases in inhibition efficiencies from 85%
(the absence of contaminants) to 89-90% (the presence of formate and chloride). The insig-
nificant effects of chloride and formate were also observed from the cathodic polarization
curves (Figure 13b) that were not shifted from the no contaminant condition in the presence
of chloride and formate. No pitting was induced by these two contaminants.

From the impedance analysis (Figure 13c and d), the R of formate-MEA-sulfolane solu-
tion (431 ohm-cm?) was higher than that of the MEA-sulfolane solution (358 ohm-cm?). This
showed a small increase in the resistance developed on the metal surface in the presence of
formate, which supported the above findings from the potentiodynamic polarization tests.
However, the Rp of the chloride-containing solution decreased to 314 ohm-cm? which indi-
cated a slight reduction in inhibition efficiency in the presence of chloride. Thus, this implied
that chloride may slightly deteriorate the inhibition performance of sulfolane.
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Figure 13. The corrosion inhibition performance of 2000 ppm of sulfolane in 5.0 kmol/m* MEA solutions containing
0.55 mol/mol CO, loading in the presence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c)
polarization resistance, and (d) impedance behavior.

4.7. Thiosalicylic acid

Thiosalicylic acid was found to reduce the corrosion rate of carbon steel from 4.27 mmpy in
the uninhibited MEA solution to 0.84 and 2.24 mmpy with the inhibition efficiencies of 80 and
47% when its concentrations were 3000 and 10,000 ppm, respectively (Figure 14a). This find-
ing was confirmed by the values of R from the impedance analysis (Figure 14c). That is, the
R increased from 72 in the unmhlblted MEA solution to 190 and 101 ohm-cm? for 3000 and
10 000 ppm thiosalicylic acid, respectively.

Similar to other tested inhibitors, thiosalicylic acid acted as a cathodic inhibitor. As shown in
Figure 14b, an addition of thiosalicylic acid caused the cathodic curve to shift to lower current
densities but did not shift the anodic curve. This indicated a resistance to the transportation
of corroding species developed onto the metal surface. Such findings were also supported by
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Figure 14. The corrosion inhibition performance of thiosalicylic acid in 5.0 kmol/m> MEA solutions containing 0.55
mol/mol CO, loading in the absence of process contaminants at 80°C. (a) Corrosion rate, (b) polarization curve, (c)
polarization resistance, and (d) impedance behavior.

the semicircle characteristic of a capacitive loop due to charge transfer kinetics at the interface
in Figure 14d.

It should be noted that, in the course of the experiment, the test solutions containing thiosali-
cylic acid turned black at both 3000 and 10,000 ppm. This might be due to the incompatibility
of the inhibitor with the MEA solution. Thus, thiosalicylic acid was not tested further at other
concentrations and not tested for the effect of process contaminant.

4.8. Surface analysis

For the uninhibited MEA solution, a uniform corrosion product was formed over the metal
surface as seen from the scanning electron microscopy (SEM) images in Figure 15a. A signifi-
cant increase in the amounts of oxygen and carbon in the tested specimens was found in the
energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 15b) compared to the uncor-
roded specimens (Figure 15d). The peaks obtained from X-ray diffraction (XRD) analysis
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Figure 15. Surface analysis of CS 1018 in uninhibited 5.0 kmol/m*® MEA solutions at 80°C and 0.55 mol/mol CO2 loading.
(a) An SEM image of corroded specimen (500x magnification) after 28 days, (b) EDS spectra of corroded specimen after
28 days, (c) XRD spectra of corroded specimen after 28 days, and (d) an SEM image of uncorroded specimen (before test).

(Figure 15c) revealed poorly crystalline corrosion products identified as magnetite (Fe,O,).
In addition to Fe,O,, peaks corresponding to iron (Fe) were present suggesting a poor protec-
tive layer on the surface. The increase in carbon amount suggests that the metal surface may

contain amorphous iron carbonate (FeCO,).

For the MEA solution containing 4-aminobenzene sulfonic acid, the corrosion product was
uniform over the metal surface similar to that found on the uninhibited surface (Figure 16a).
Larger quantities of oxygen and carbon than in the uninhibited condition were observed from
EDS spectra, indicating a significant amount of poorly protective corrosion product that was
formed. This was confirmed by the XRD results, where peaks corresponding to Fe were char-
acterized in addition to the primary corrosion product Fe,O,.

The presence of sulfapyridine and sulfolane led to tenacious surface layers on the metal surface.
Fe,O, was the primary corrosion product. The sulfapyridine induced a nonuniformly distrib-
uted corrosion product (Figure 16b) with large quantities of both oxygen and carbon observed
from EDS and XRD spectra. The sulfolane led to a uniform intact surface layer (Figure 16c)
with the least amounts of carbon and oxygen (Figure 16d) compared to the rest of inhibitors.

4.9. Performance comparison of tested corrosion inhibitors

Table 5 summarizes the performance of tested organic corrosion inhibitors. Five inhibitors, that
is, 2-, 3-, and 4-aminobenzene sulfonic acids, sulfapyridine, and sulfolane showed promise for
corrosion control in the MEA-based CO, absorption process. They could achieve up to 85-92%
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Figure 16. Surface analysis of tested specimen in inhibited solutions after 28 days (5.0 kmol/m* MEA, 80°C, and 0.55
mol/mol CO, loading): (a) SEM images (500x magnification) of 1000 ppm 4-aminobenzene sulfonic acid, (b) SEM images
(500x magnification) of 2000 ppm sulfapyridine, (c) SEM images (500x magnification) of 2000 ppm sulfolane, and (d) EDS
spectra of 2000 ppm sulfolane.

inhibition efficiency when applied at effective concentrations. The effective concentrations of
2-, 3-, and 4-aminobenzene sulfonic acid were in the range of 250-3000 ppm, while those of
sulfapyridine and sulfolane were in higher ranges, that is, 3000-10,000 ppm and 2000-10,000
ppm, respectively. Reducing or increasing concentrations of these inhibitors from the effective
concentration ranges may lessen their effectiveness.

Corrosion inhibitor Effective Inhibition Effective Effective in formate
concentration efficiency (%)  in chloride environment
(ppm) environment

2-aminobenzene sulfonic acid 250-3000 87-89 Yes No

3-aminobenzene sulfonic acid 250-3000 89 No (pitting) No

4-aminobenzene sulfonic acid 250-3000 87-91 Yes No

Sulfapyridine 3000-10,000 90-92 No Yes

Sulfanilamide (Not effective) — — —

Sulfolane 2000-10,000 85-90 Yes Yes

Thiosalicylic acid (incompatibility 3000 80 — -

with MEA)

Table 5. Performance summary of the tested organic corrosion inhibitors.
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The effectiveness of most tested inhibitors was reduced when the MEA solution contained chloride
or formate. 2- and 4-aminobenzene sulfonic acids can maintain their effectiveness in the presence
of chloride but not in the presence of formate. On the contrary, sulfapyridine could function well
in the presence of formate but not in the presence of chloride. The effectiveness of 3-aminoben-
zene sulfonic acid was lessened by both chloride (with possibility of pitting corrosion) and for-
mate. Sulfolane was the only tested inhibitor that was not affected by chloride and formate.

Apart from the abovementioned inhibitors, two tested inhibitors were not promising. Sulfanilamide
was not effective as it could only achieve up to 42% inhibition efficiency. Although thiosalicylic acid
at 3000 ppm could achieve 80% inhibition efficiency, it was not compatible with the MEA solution.

5. Conclusions

2-, 3-, and 4-aminobenzene sulfonic acids, sulfapyridine, and sulfolane are effective corro-
sion inhibitors with inhibition efficiencies of up to 85-92%. Sulfolane is the most promising
inhibitor compared to the other six tested compounds since it can yield up to 92% inhibition
efficiency and maintain its effectiveness in the presence of both chloride and formate. 2- and
4-aminobenzene sulfonic acids do not work well in the presence of formate while sulfapyri-
dine is not effective in the presence of chloride. 3-aminobenzene sulfonic acid can achieve up
to 89%, but its effectiveness is deteriorated by both chloride and formate.
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