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ABSTRACT: Civil construction projects have always met with corrosion issues affecting reinforcements, both in circumstances
where the relevant standards were not observed during concrete design and preparation and in structures close to bridges, coasts,
ports, quays and so on, where exposure to an aggressive environment can lead to damage such as rust spots, cracking and
delamination of the concrete cover, which constitutes a hazard for the end-user. Inhibitors are frequently simple to apply and
extensively utilised to reduce the corrosion rate of many steel structures in the aggressive environments without causing any
significant disruption to the process. The article reviews information related to the mechanism of corrosion prevention methods to
increase the service life of structures in coastal areas. This is included commercial inhibitors (inorganic and organic), sealers and
barriers, eco-friendly inhibitor, and green inhibitor combined with nanoparticles. An analysis of the published literature
demonstrates a general agreement that one of the most significant problems affecting reinforced concrete structures is corrosion of
the steel reinforcements.
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INTRODUCTION

At the present time, reinforced concrete is the most commonly used construction material, its continuing success being primarily
down to its low cost and desirable engineering properties in comparison to other building materials e.g. steel or timber [1]. These
structures are essential to the standard of living of millions of people globally, while premature or sudden structural failure can be
disastrous not only in terms of economy and loss of time, but occasionally also loss of life [2, 3]. Degradation of these RC structures
can arise due to physical factors (e.g. cracking due to repeated freeze—thaw cycles or thermal mismatch between cement and
aggregates), mechanical factors (e.g. impacts, abrasion, erosion) or chemical factors (e.g. acid attack, alkali-aggregate reaction,
leaching, seawater attack, sulphate attack and etc.) [4]. The two main mechanisms leading to corrosion of steel reinforcements in
concrete are concrete carbonation and chloride attack. The latter, generally arising from the presence of chloride ions in seawater
or de-icing salt, is the most common mechanism [5, 6]. Neither of these mechanisms directly attack the concrete itself - rather, the
aggressive species are transported through the pore system of the concrete and attack the embedded steel. This ability of carbon
dioxide and chloride ions to penetrate concrete without notably damaging it is in contrast to the more usual degradation mechanisms
due to chemical attack on concrete by other acids and aggressive ions such as sulphate, which undermine the integrity of the concrete
itself before the steel is attacked. Hence, most forms of chemical attack constitute issues with the concrete itself before they become
corrosion issues. Reports of corrosion of steel rebars in concrete due to acid rain remain unproven; only carbon dioxide and chloride
ion have been demonstrated to attack the steel rebars while not damaging the concrete [7]. Chloride ions penetrate the hardened
concrete cover to arrive at the surface of the steel rebar, where breakdown of the passive film takes place as soon as the chloride
concentration passes a critical value. This is known as the chloride threshold level (CTL) and is usually defined in two ways:
scientists define the CTL as the chloride content required for depassivation of the steel reinforcement, while engineers frequently
define the CTL as the chloride content associated with visible or acceptable deterioration of the reinforced concrete structures. The
service life of concrete structures exposed to chloride environments is strongly dependent upon the CTL [8]. Following initiation of
corrosion, propagation of the process can lead to the development and accumulation of insoluble corrosion products (rust) around
the reinforcing steel. Rust expansion generates pressure which can lead to serious damage to reinforced concrete structures,
including spalling, delamination, and cracking of the concrete cover [9]. Poor performance of the concrete can also arise due to one
or more of the following: poor design, poor construction, inappropriate materials selection, or a more aggressive environment than
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expected. Hence, the corrosion of steel rebars in concrete is a significant challenge for civil engineers and construction workers in
their efforts to conserve an ageing infrastructure [10]. According to Tiwari et al. [11] , every aspect of industrial infrastructure in
the United States and worldwide is affected by corrosion repair, maintenance and replacement costs, both in terms of environmental
damage and in terms of serious structural damage leading to public safety issues. In the United States alone, an estimated annual
cost of $300 billion U.S. dollars, almost 3.1% of gross domestic product (GDP), is attributed directly to corrosion. This suggests
that corrosion costs for the industrialised world as a whole would be in the region of $2.2 trillion U.S. dollars - more than 3% of the
world’s GDP. The published literature during the last fifty years has broadly covered the protection methodology to address this
issue and the use of specially designed low-permeability concrete has been monitored since 1970 [12]. Alongside this, the major
area of investigation has been the development, limitations and efficiency of electrochemical rehabilitation techniques, in particular
cathodic protection systems including impressed current or sacrificial anode [13]. The use of patch repairs, coatings, sealing and
membranes for concrete surface, special steel bar (stainless steel bar, epoxy coated steel reinforcement, galvanized steel reinforcing
bars) and corrosion inhibitors for reinforced concrete have also been reported in the literature [14-16]. Corrosion inhibitors are
regarded among the most efficient and long-term corrosion protection methodologies for steel reinforcements. Their ease of handling
(as mixed-in or migrate-through components) and their low cost compared with cathodic protection make their use particularly
desirable [17]. However, it is clearly indicated on the containers, the traditional inhibitors are toxic and extremely hazardous to
human health. These hazards are indicated by the following indices:

i The biological oxygen demand (BOD) is a measure of how long an inhibitor will persist in the environment. According to
environmental legislation, the biodegradation or biological oxygen demand (BOD), should be at least 60%, and inhibitors
should be nontoxic.

ii. Toxicity can be measured as the LCso, which is the concentration of the inhibitor needed to kill one half of the test
population. The results are quoted as milligrams of chemical per litre of fluid (or LDso, milligrams per kilogram) for
exposure times of 24 and 48 h.

iii. An alternative measure is the ECsp, which is the effective concentration of inhibitor that will adversely affect one half of
the test population. Since the ECso indicates the concentration levels that will cause harm to a species without causing
fatality, this value tends to be lower than the LCsyo.

Hence it becomes imperative to review the current inhibitors in order to find more appropriate, suitable, and sustainable inhibitor.

MECHANISM OF PROTECTION

Inorganic Inhibitors
The most commonly applied method is the addition of inhibitors to the mixing water for new concrete structures with the aim of

preventing or at least delaying the initiation of corrosion. Inorganic inhibitors can act by either an anodic mechanism (e.g. benzoate,
chromate, molybdate, nitrite, orthophosphate, silicate, tungstate) or a cathodic mechanism via ions such as magnesium, nickel or
zinc, which react with the hydroxyl ion (OH™) present in water to form insoluble hydroxides such as Mg(OH)2, Ni(OH)2, Zn(OH).,
as well as polyphosphates, or aminoethylene phosphates [18, 19]. The effectiveness of calcium nitrite-based corrosion inhibitors,
and their impact upon chloride transport, compressive strength and setting time of concrete, have investigated by Ann et al. [20]
using a polarisation technique. Whereas the nitrite-free specimen in chloride-contaminated mortar showed a chloride threshold
level of 0.18% to 0.33%, the calcium nitrite-based corrosion inhibitor lowered the corrosion rate of the steel and raised the chloride
threshold level to between 0.22% and 1.95% by weight of cement. A rapid test for chloride ion permeability indicated that that
concrete specimens containing the corrosion inhibitor transferred the higher total charge. The concrete setting time was shown to
decrease as the dosage of corrosion inhibitor increased. In the short term, the compressive strength of the concrete was enhanced by
the corrosion inhibitor but, after 900 days, the compressive strength diminished to the level that was noted at 28 days. Lee and Shin:
[19] investigated the effect of lithium nitrite corrosion inhibitor by the corrosion sensors embedded in mortar. The researchers
deduced that mortar containing chlorides, an effective dosage of lithium nitrite corrosion inhibitor is 0.6 or more in the nitrite—
chloride ion molar ratio (NO; = CI7). When the ratio of the measured sensor resistance (R) to the initial resistance (R,) increases
from 2 to 4, corrosion in a corrosion sensor begins. The best way to non-destructively monitor the onset time and degree of corrosion
in reinforcement bars is by measuring the electrical resistance of corrosion sensors (R) and also calculating the corrosion area
percentage (Acor) Using the correlation between R/R, and Acor. The impact of potassium-chromate (K2CrO,) and sodium nitrite
(NaNOy) on the degradation of steel rebar in sulphuric acid and in sodium chloride media has been examined by Okeniyi et al. [18]
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the concrete admixed with 0.679 M sodium nitrite showed the best inhibition efficiency in the saline medium, although there was a
reduction in the compressive strength of the concrete. In the acidic medium, the concrete admixed with 0.145 M potassium chromate
showed the best inhibition efficiency and afforded a good improvement in compressive strength. Lee et al. [21] investigated the
ability of lithium nitrite inhibitor to provide corrosion protection to reinforcing steel. The following conclusions can be drawn:
1. The results of this study indicated that the lithium nitrite inhibitor most strongly exhibited corrosion-protection properties at
a molar ratio of 0.6 and above.
2. The lithium nitrite inhibitor secured anti-corrosion capacity at chloride ion levels of 2.4 kg/m?® and 4.8 kg/m?; corrosion was
low at molar ratio of inhibitor of > 1.2.
3. Water-soluble chloride content only slightly varied as the amount of the lithium nitrite corrosion inhibitor increased.
4. Through the effect of binding chloride ions, the lithium nitrite inhibitor showed fewer anti-corrosion effects in saline
environments.

According to Yohai et al. [22] they summarised the performance of sodium biphosphate (NazHPO.) as corrosion inhibitor for

construction steel in three inhibitive solutions (1S20, 1S60 and 1S100) as follow:

1. When phosphate is incorporated, a passive behaviour is found, as shown by nobler Ecor values, non-linear R, curves and
EIS results. Ferrous phosphate precipitation could be responsible for these changes, as detected by Raman spectroscopy and
XPS. Due to the low carbonation degree in 1S100, Fe dissolution could be favoured, followed by immediate precipitation of
ferrous phosphate on the steel surface.

2. After 24 h at open circuit potential in contact with biphosphate ions, impedance spectra show two time constants with high
Ro and R; values, confirming the presence of a passive film that controls the corrosion process. This film becomes more
protective in the case of 1S100.

3. Also, as the [HPO3J/[CI] ratio increases, so does the difference (Epic-Ecorr), Which proves a better resistance to localized
attack for the highest inhibitor dosage. However, no repassivation was detected.

4. After over one month in immersion, steel remains passive in the condition 1S100, with an inhibition factor higher than 99%.
In contrast, in the case of 1S60 and IS 20, pitting was detected.

The Effect of LiINO, inhibitor on corrosion characteristics of steel rebar in saturated Ca(OH), solution containing NaCl was
investigated by Ryu et al. [23], the following conclusions can be drawn:
i. LiNO: inhibitor significantly reduces the corrosion of steel rebar in saturated Ca(OH): solution with different contents of
NaCl.
ii. LiNO2 inhibitor works as mixed type corrosion inhibitor which reduced the corrosion of steel rebar in Cl- ion containing
alkaline solution by forming stable iron oxides.
iii. EIS studies explained the process of adsorption of LiNO- inhibitor on steel surface by formation of capacitive passive film.
iv. The efficiency of LiNO; inhibitor in different concentration of NaCl was calculated and it is 63.67% in 0.99 g/L NaCl at
[CI/NO2] = 0.6. As the concentration of NaCl is increased the efficiency is decreased.
v. Potentiodynamic results revealed that as inhibitor content is increased in saturated Ca(OH). solution with different
concentrations of NaCl, fluctuated anodic curve is observed attributed owing to formation of meta-stable potential and new
phase of stable iron oxides.

Organic Inhibitors
Organic inhibitors tend to be mixed inhibitors, displaying both anodic and cathodic actions in tandem, and are exceptionally
effective inhibitors due to the presence of heteroatoms such as oxygen, nitrogen and sulphur and the presence of multiple bonds in
their molecules, all of which facilitate adsorption onto the metal surface [24-26]. According to Ali [27], they decrease the corrosion
rate by: (i) increasing or decreasing the anodic and/or cathodic reaction, (ii) decreasing the rate of diffusion of reactants to the metal
surface, and (iii) decreasing the electrical resistance of the metal surface. The effectiveness of an amino-alcohol based corrosion
inhibitor was investigated by Benzima Mechmech et al. (2008). They used simulated pore solutions as well as mortar specimens.
Based on the facts of the experiment, the following deductions can be made: [28]
i.  The primary aim of the investigation was to check the most efficient mode of use of an amino-based mixed corrosion inhibitor
in two distinct cases of simulating solutions and real mortar specimens.
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ii.  The researchers aptly carried out the tests in simulated pore solutions in order to obtain a rapid result. In this instance, the
inhibitor demonstrated some inhibitive action the moment it was introduced before the chlorides.

iii.  The inhibitor was apparently effective in the case of mortar specimens, even with the presence of chlorides. This is different
from the case of simulated pore solutions. It is reasonable to deduce that the curative method of usage is effective because
the inhibitor reacted against existing corrosion. It became possible to slow down its progression in both cases of presence
and absence of chlorides.

iv.  The environment and the way of use significantly impacted the efficiency of the inhibitor. The dilution of the inhibitor at 1
ml1/50 ml in water is a reasonably suitable mean. It can insure diffusion in the case of mortar specimens with a standard mix.

Another researcher (Ormellese et al.[29], evaluated the impact of aminic and carboxylic groups as candidate inhibitors for
reinforcement corrosion in chlorides containing concrete. Based on his research, the following deductions can be made:
1. Amines demonstrated poor inhibition effect. When the volatility of amines is increased, they demonstrated very scattered
result.
2. Even though aminoacids demonstrated some inhibition effect, it was not sufficient for any industrial application.
3. Among the tested substances, carboxylate substances, in particular poly-carboxylates proved to be the most promising
candidates because they displayed very good inhibition efficiency. It is necessary to check compatibility of concrete slab
specimens with concrete in order to confirm long-term effectiveness.

A strong link between molecular structure and inhibiting properties was established in the case of carboxylate substances. The
following factors influence the inhibition action.

i.  The electron-donor effect or the electron attractor; an electron-donor substituent that gives up electrons and promotes the
process of adsorption via negative charge localization carboxylic group and on oxygen. Adsorption is a process that
combines resonance and inductive effect on the electron density of a molecule. Inversely, an electron attractor is a high
electronegative substituent which weakens the process of adsorption because electrons are not available for it.

ii.  The electrostatic effect is another factor. This happens when adsorbed molecules with a negatively charged substituent or a
lone pair electrons develop a repulsive action towards chloride ions, avoiding chloride to be in contact with the carbon steel
passive layer.

iili.  The steric effect is when Alkylic chain or voluminous substituent groups form a sort physical barrier that blocks or delay
chloride arrival to the metal surface.

iv.  Some repulsion effect between adsorbed molecules is possible, because of the presence of highly polar group, a process
known as lateral interaction effect.

Another researcher (Diamanti et al. [30]), assessed the interaction processes between the passive film of carbon steel in a chloride-
rich alkaline environment and five organic inhibitors. The researcher established that the Tartrate portrayed the best inhibitive
behaviour because of its excellent surface coverage, adsorption strength, and the repulsive effect put on chlorides by the exposed
carboxylate anions. Another element, Benzoate also showed a reliable adsorption energy as well as uniform distribution when
adsorbing on y-FeOOH. This is specifically crucial to the production of efficient inhibition. Glutamate, too, demonstrated the
highest calculated adsorption among the anionic inhibitors. It showeda carboxylate distribution that is the same as the tartrate,
factors which allowed it to reach a high pitting potential. Amines show poor inhibition effect due to their poor repulsive interaction
with chloride ions. This confirms the experimental evidence and documentation of this work and also previous ones. Fundamentally,
it is possible to confirm the favourable interaction energy between the adsorbed molecules and y-FeOOH surface, with the onset of
repulsive intermolecular interactions among anions. Based on the observation it is reasonable to deduce that molecular dynamics
and molecular mechanics confirm to be an additional, powerful tool, key to understanding the behaviour of inhibitors in the
availability of a bare or passivated metallic surface, and also to foresee their possible efficiency in inhibiting steel corrosion in the
chosen environmental conditions. A number of researchers have studied the effectiveness of N-heterocyclic organic compounds and
their derivatives [31-38]. These groups have made use of techniques including gravimetrics, potentiodynamic polarisation,
electrochemical impedance spectroscopy, scanning electron microscopy, quantum chemical calculation, and analytical approaches
to support their conclusions. Due to adsorption onto the metal surface, which follows the Langmuir isotherm adsorption model, the
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N-heterocyclic organic compounds were found to be effective corrosion inhibitors for mild steel subjected to acid and chloride
environments.

Sealers and Barriers and Inhibitors
The corrosion properties of five corrugated stainless steel bars in carbonated mortars UNS S20430, S30400, S31603, S31635 and

S32205 have assessed by Bautista et al. [39]. Three different exposure conditions were studied, namely: (i) high relative humidity
(C-HRH), (ii) partial immersion in 3.5% NaCl (C-PI), and (iii) with CaCl, added during mortar mixing followed by exposure to
high relative humidity (C-HRHCI) for 9 years. The authors concluded that the S20430 corrugated bars were particularly vulnerable
to a low-intensity corrosive attack in carbonated mortars in the presence of chloride and that the corrosion rate can readily increase
in response to moderate anodic polarisation. It was also noted that, during partial immersion in 3.5% NacCl, corrosion of the S20430
reinforcements progressed more rapidly in carbonated mortars than in non-carbonated ones, in spite of the reduced quantity of
diffused chlorides in the former. The duplex S32205 was found to be completely resistant to corrosion in the carbonated mortar in
the presence of chlorides, even when partially immersed and subjected to high anodic polarisation. Finally, the austenitic stainless
steel reinforcements were vulnerable to localised corrosion in carbonated mortar in the presence of chlorides when subjected to high
anodic polarisation. The influence of impressed current cathodic protection (ICCP) upon the corrosion of reinforced concrete
structures has investigated by Qiao et al., [40] indicating that the technique can effectively control the corrosion of the reinforcing
steel, as well as demonstrating that the junctions between the longitudinal steel and stirrup or transverse steel are the most difficult
to protect, while a steel bar closer to the anode is more readily protected.

A number of groups [41-45] have examined the impact of chloride ingress upon concretes containing natural zeolite (NZ),
metakaolin, fly ash (FA) and silica fume (SF) during exposure to aggressive marine conditions. It has demonstrated that the FA
concrete has equal compressive strength (fc) values to the reference concrete, both at early (7 days) and late (28 days) ages, while
subsequently, the composite concretes show higher strengths than the OPC concrete. This result is related to the observed low
porosity of FA concrete. It has also shown that the use of silica fume and natural zeolite significantly improves the resistance of
concrete mixtures to chloride diffusion, with the control mixture showing the highest chloride diffusion coefficient and the greatest
depth of chloride penetration of all the mixtures for all exposure temperatures. For the same replacement level, the enhancing effect
of SF was more significant than that of NZ, while the performance of NZ in terms of enhancing the durability of concrete in a harsh
environment was generally similar to that of metakaolin and silica fume. Finally, all mixtures incorporating SF or NZ showed lower
activation energy than the control mixture. Thus, increased temperature of exposure has less effect upon the increase in chloride
diffusion coefficient for concrete mixtures containing silica fume or NZ than for the control concrete mixtures.

Green Corrosion Inhibitors

The green corrosion inhibition properties of various concentrations of Vernonia amygdalina (bitter leaf) extract upon steel rebar
embedded in concrete and exposed to 3.5% sodium chloride solution was examined by Loto et al. [46]. The variation in inhibitor
concentration (25, 50 75, and 100%) and in exposure time were found to notably influence both the corrosion potential of the
embedded steel and the pH of the solution. While the bitter leaf extract afforded fair corrosion inhibition at concentrations of 50%
and 75%, the best inhibition (90.08%) was obtained at the lowest inhibitor concentration examined (25%). The influence of Vernonia
amygdalina as a corrosion inhibitor for carbon steel reinforced concrete in 3.5% sodium chloride solution has also investigated by
Eyu et al. [47]. This group demonstrated that within 70 days of immersion the plant extract gave an outstanding Ecor value of +95
mV, compared with a value of +85 mV for calcium nitrite at a concentration of 12 L.m 3. Although the 2% (wt.) sodium nitrite falls
within +126 mV at the end of the study, this work demonstrates that the green inhibiter can be applied to the corrosion inhibition of
steel reinforcements in concrete exposed to a chloride-rich environment. The authors also noted that, during the period of immersion,
the reduction in the rate of corrosion for steel in concrete was better in the presence of the plant extract than in the presence of
calcium or sodium nitrite. The effect of admixtures containing various concentrations of Anthocleista djalonensis leaf extract for
corrosion inhibition of steel reinforcements in concrete during exposure to a simulated saline/marine environment (immersion in
3.5% NaCl solution) was investigated by Okeniyi et al. [48]. The results were analysed to demonstrate that the corrosion rate was
inversely proportional to the cube of the ratio of standard deviations of corrosion potential and corrosion current and directly
proportional to the admixture concentration. While high corrosion inhibition for the steel reinforcements were achieved for a range
of admixture concentrations, the best inhibition efficiency (IE% = 97.43 £+ 1.20% according to the experimental data analysis and
94.80 + 3.39% according to the correlation model prediction) was obtained at a leaf extract concentration of 0.4167%. Isotherm
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fittings of both the experimental data and model behaviour suggest that they follow the Langmuir adsorption model. The parameters
from the isotherm model were evaluated to indicate favourable adsorption, mainly by a chemisorption mechanism, of this green
corrosion inhibitor for steel reinforcements in the simulated saline/marine environment. A study by Asipita et al. [49] demonstrated
that the water permeability resistance of reinforced concrete treated with the environmentally friendly inhibitor (Bambusa
arundinacea) fulfilled the requirements of the ISAT standard for low permeability concrete, giving values of less than 0.25 mL.m-
2 after 10 min, 0.17 mL.m-2 after 30 min, 0.10 mL.m-2 after 1 hour, and 0.07 mL.m-2 after 2 hours. The influence of the leaf-
extract of Morinda lucida upon the corrosion and degradation behaviour of steel-reinforced concrete during exposure to a simulated
marine/saline environment (3.5% NaCl solution) was examined by Okeniyi et al. [50]. The results demonstrated that the use of the
leaf extract in admixtures for steel-reinforced concretes afforded highly effective corrosion inhibition (84.82 + 7.76%, IE% = 95.64
+ 1.50%) along with favourable improvements in compressive strength. This is a significant result for the corrosion protection of
offshore wind-energy structures and installations which are typically subject to saline/marine conditions. The corrosion inhibition
and compressive strength impact upon steel-reinforced concrete due to the leaf extract Rhizophora mangle L. has investigated by
Asaad et al. [51] during exposure to a simulated industrial environment (0.5 M H2S0O,) relevant to certain wind-energy installations.
The admixtures afforded both good corrosion inhibition and good compressive strength improvements, the optimum inhibition
efficiency being obtained for an extract concentration of 0.1667% by weight of cement. Okeniyi et al. [52] investigated the prospects
of Phyllanthus muellerianus as eco-friendly/sustainable material for reducing concrete steel reinforcement corrosion in
industrial/microbial environment. It was found that Phyllanthus muellerianus is constituted of non-toxic level of inorganic/heavy
metals, useful phytochemical constituents, and essential heteroatoms that makes it potent with excellent reduction effects on the
total-corrosion model of steel-reinforcement in concrete immersed in the industrial/microbial simulating-environment studied. The
corrosion behaviour of steel reinforcements in concrete during various times of exposure to 3.5% NaCl solution in the presence and
absence of Prosopis juliflora extract has been investigated by Palanisamy et al. [53]. This work demonstrated that adsorption of
inhibitor onto the surface of the embedded steel followed the Temkin isotherm and that the extract acted as a corrosion inhibitor by
forming a protective surface layer and by influencing the reactions at both the cathodic and anodic sites on the steel

Green Nanoparticles Inhibitors

In recent times nanomaterials, which are usually defined as materials consisting of particles less than 100 nm in size, have drawn a
significant amount of attention due to their extraordinary properties, e.g. surface and quantum confinement effects, and have made
nanotechnology a fast-growing and fascinating subject [54]. Dhand et al. [55] have cited a large body of literature dealing with the
varied applications of nanoparticles of precious metals such as gold, platinum and silver in the fields of electronics, magnetism,
optical receptors and catalysis. The desirable optical properties of these precious metals are the consequence of a phenomenon
known as surface plasmon resonance (SPR), i.e. the concerted excitation of free-electron gas resulting in intense absorption in the
visible region. Silver nanoparticles (AgNPs) have become particularly significant because of their powerful applications in bio-
labelling, nonlinear optics, optical receptors, solar energy absorption, as intercalation materials in electrical batteries and as catalysts
for a wide range of chemical reactions. The scope of these particles is further extended by their powerful antimicrobial activity
against a range of micro-organisms, making them applicable to the treatment of burns, the prevention of bacteria colonisation on
medical devices and dental materials and the eradication of microorganisms in fabrics, as well as for water treatment and as coatings
for stainless steel materials [56-58]. A wide range of techniques have been developed for the synthesis of AgNPs, including: (i)
physical methods such as microwave radiation, ultrasonic irradiation, radiolysis and photochemical synthesis, (ii) chemical methods
including chemical reduction and electrochemical synthesis, and (iii) biological methods involving microorganisms, plant extracts
and biomolecules [59]. The most frequently used methodology is chemical synthesis because it allows the easy and efficient
production of small, uniform and highly dispersed nanoparticles. The disadvantages of this approach are: (i) the need for toxic
chemicals to act as reducing agents and/or capping substances, (ii) most methods are multi-step syntheses leading to high energy
usage, low material conversion, purification problems, and the further use of hazardous chemicals possibly leading to the presence
of surface-adsorbed toxic chemicals which may have adverse effects during end use. Finally, (iii) the rising number and variety of
applications have resulted in increased human exposure to silver nanoparticles. According to Kummara et al. [60] silver
nanoparticles administered either orally, by inhalation or subcutaneously have been demonstrated pass into the blood circulation
and become concentrated in certain organs, leading to hepatotoxicity or renal toxicity. These drawbacks of chemical reduction has
resulted in the emergence of biosynthesis, using extracts from natural products, as a facile, economical and environmentally sound
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alternative to the chemical synthesis of nanoparticles. This approach avoids not only the use of hazardous materials for reducing or
capping agents but also the production of hazardous waste [61]. Nevertheless, the literature includes only a few examples of research
using AgNPs, in conjunction with other materials such as poly 12-(3-amino phenoxy) dodecane-1-thiol [62], Poly(methacrylic acid)
[63] and polypropylene glycol [64] for the corrosion inhibition of mild steel in aggressive media. Further potential applications of
nanoparticles include their use as nuclei for cement phases, to enhance cement hydration via their high reactivity, as nano-scale
reinforcements, and as fillers to increase the density of the microstructure and the interfacial transition zone (1TZ), leading to
decreased porosity. For all nanoparticles, effective dispersion is the major challenge. The utilisation of a corrosion inhibitor extracted
from the Elaeis guineensis (EG) plant, combined with synthesis of silver nanoparticles (AgNPs) to produce a green nanoparticles
corrosion inhibitory compound (EG/AgNP) applicable to reinforcement steel bars in aggressive environments represents an
innovative feature of this work.

CONCLUSION
The foregoing literature survey raises the following points:

a. Although a long history of research has proven the effectiveness of stainless steel reinforcements for the enhancement of
coastal bridge service life, the use of expensive stainless steel rebars, rather than carbon steel bars, adds a 10% surcharge
to the total project costs.

b. Although investigations into the application of carbon-fibre reinforcements have indicated that they are not subject to
corrosion, they do not present an ideal solution since there is a potential degradation process involving hydrolysis of the
glass and aramid fibres. This is particularly likely in the highly alkaline concrete and will result in loss of durability.

c. Cathodic protection has been demonstrated effective for the protection of steel reinforcements in concrete. The approach
can have drawbacks, however, especially during the application of an impressed current, since the system is highly
expensive to set up, run and maintain. Furthermore, fuses may blow and switches may be unintentionally turned off, hence
the need for more frequent monitoring of the system, and the process can generate stray currents which lead to corrosion
of nearby structures and to the formation of micro-cracks in concrete.

d. The mechanical properties of concrete could be enhanced by the use of additives such as fly ash, metakaolin, natural zeolite,
or silica fume. However, the drawbacks of this approach include not only poor concrete workability but also comparatively
high levels of surface water absorption due to the presence of fine capillary pores. This can lead to reduced durability of
concrete in the tidal or splash zone of marine concrete structures where there is the potential for a significant build-up of
chloride and sulphate.

e. Although the use of barriers such as water-proofing membranes and sealers was found to be effective in forestalling
corrosion, there was a need for continual maintenance and re-application during the service life of the structure.

f.  The bond between the concrete and the steel rebar is an important design factor for reinforced concrete, relating to the
transmission of force between the concrete and rebar. In this context, the main issue with the use of epoxy coated rebar is
the resultant compromise of the concrete-rebar bond, leading to the potential for significant levels of chloride attack and
for localised corrosion.

g. As well as a reduction in the rate of corrosion, the use of green inhibitors has shown to afford enhanced compressive
strength, decreased concrete permeability, and increased concrete durability compared with commercially available
inhibitors. However, in comparison to nanomaterials, the large size of green inhibitors means they cannot function as
fillers to reduce concrete porosity, and their low reactivity causes a reduction in cement hydration. Additionally, it has
been demonstrated that the addition of nano-particle fillers into coatings, even at low concentrations, affords greatly
improved barrier properties compared to traditional micron sized additives.
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