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ABSTRACT ARTICLE HISTORY
Corrosion wreaks havoc on our properties, our lives, and environ- Received 12 June 2020
ment. So, prevention of corrosion is of the utmost importance. Revised 24 August 2020

Inorganic inhibitors are used to prevent corrosion, but these are ~ Accepted 26 August 2020
toxic. Therefore, environment-friendly inhibitor is necessary. Green
corrosion'inhibitors are a probable.solutign.to thi§. Their.dem:f\nd Corrosion; green inhibitor;
both environmentally and economically, is increasing. This review organic; inorganic;
article briefly deals with different types of corrosion prevention sustainability

methods, various green inhibitors with their source and methods

of their efficient applications. The working principle of green

inhibitors in different media is also explained. Corrosion determin-

ation methods are briefly discussed. Of course, the economic

significance of these inhibitors has been debated. In the end, con-

sidering the current research gaps, future research directions are

put forward.
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1. Introduction

Pure metals and their alloys are corroded by chemical and/or electrochemical reactions
with the surrounding environment. Different factors like surface impurities, pressure,
and temperature, and solution activity make corrosion [1]. The stable forms include
oxides, hydroxides, and sulfides [2]. In the rapid development of industrial technology,
corrosion has become a global problem [3]. Damaging of assets like industrial machin-
ery, households, buildings, traffic, and railway bridges is enormous because of corro-
sion [4]. Due to corrosion, one-third of steel is lost every year and the global economic
loss is around 3% of GDP [5]. To save from this loss, industries have developed various
corrosion protection methods [6]. Corrosion inhibitors being among them are widely
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used in different sectors because of their low cost, strong adaptability, simple process,
and economic efficiency [7].

At extremely low concentration, the corrosion inhibitor can protect metal from
destruction [8]. The corrosion inhibitors have several advantages including quick
response, high efficiency, simple operation, low cost and can be applied without changing
the process and equipment [9]. Moreover, corrosion inhibitors can be sourced from
plants such as flowers, seeds, leaves, roots, and stems containing organic compounds such
as alkaloids, flavonoids, heteroatoms, tannins and nitrogen-based compounds [10].
Among them, organic compounds containing heteroatom are an effective corrosion
inhibitor [11]. The extracts of these plant parts show good inhibition properties in acidic
media [12]. Besides, they are safe, nontoxic, and good for the environment.

Traditional inhibitors are expensive, toxic and have negative impacts on the envir-
onment. That is why environmentally friendly, cost-effective, highly effective corrosion
inhibitors have attracted the attention of researchers [13]. The concept of green corro-
sion inhibitors has gained popularity. Green corrosion inhibitors include drugs, roots,
chitosan, oil, flour, yeast, natural honey, leaves, herbs and so on [14]. According to the
report, some natural and biodegradable materials are highly effective inhibitors [15].
Polar compounds containing oxygen and nitrogen and nonpolar compounds having
aromatic rings, aliphatic chains, heterocyclic rings, and functional moieties are abun-
dant in plant extracts. These compounds can get effectively absorbed on the metal sur-
face and thus protect it from corrosion without harming the environment like
inorganic compounds [16].

In this review, current problems of corrosion industry, green inhibitor mechanism for
corrosion prevention, various corrosion test methods, and economic impact of corrosion
are reviewed. Besides, suggestions have been given about the future research directions.

2, Potential challenges of corrosion in industry

Traditionally corrosion is prevented by coatings, inhibitors, and cathodic protection
[17]. Corrosion inhibitors are basically two: inorganic and organic [18]. Inorganic
inhibitors include nitrite, nitrate, chromate, dichromate, and phosphate [18]. On the
other hand, the organic inhibitor contains one or more polar groups; those have O, N,
P, S atoms, and 7 electrons. In between inorganic and organic inhibitors, organic
inhibitors are more effective to prevent corrosion [19-21].

The underground and undersea metallic substrates such as oil and gas pipelines, utility
pipelines, cables, and structural foundations are protected from corrosion by the cathodic
protection system. They are also applied to protect oil drilling platforms, dockyards, jet-
ties, ships, submarines, condenser tubes in heat exchangers, bridges and decks, civil and
military aircraft and ground transportation systems from corrosion [22]. However, the
cathodic protection system is harmful for the marine environment [23].

3. Mechanism of corrosion and inhibition

The term green chemistry represents an attempt to develop a holistic approach to man-
aging chemical risk. This idea designs products that eliminate or minimize the
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GREEN INHIBITOR

Figure 1. Various sources for natural green corrosion inhibitors [26].

chemical pollution and waste management problems after they occur. The idea of sus-
tainability, minimizing environmental impacts, and ensuring natural resources for
future generations is the fundamental concept of green chemistry [24]. Besides, green
corrosion inhibitors are biodegradable and do not contain heavy metals or other toxic
compounds. They have the potentiality to inhibit corrosion of metals in acidic and
alkaline environment [25].

Green corrosion inhibitors can be found from various natural sources (Figure 1).
They are rich in organic compounds and they have multiple polar atoms and electron-
rich bonds [27,28]. In the inhibition process, their molecules get absorbed on the metal
or alloy surface and form a protective layer [29]. In the process, they may donate an
electron to the vacant d-orbital-s of iron or metal atoms leading to coordinate bonds
[30]. During corrosion, metal ions move into the solution at the anode and transfer
electrons to the cathode from the metal. Oxygen, oxidizing agents or hydrogen ions act
as electron acceptors and they are required by the cathodic process. By stopping or
retarding anodic or cathodic reactions, corrosion can be minimized. On the metal sur-
face, inhibitors are adsorbed and form a protective barrier. Then they interact with
anodic reaction or cathodic reaction or both sites and decrease the oxidation or reduc-
tion or both corrosive reactions [31].
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Table 1. Different green

inhibitor processes.

Name of the processes Process methodology Applications  References
Lemon Balm (LB) extract At 65°C, 20 g dried and ground Lemon Balm powder Mild steel [34]
was mixed with 1000 mL deionized water. The
obtained solution was dried in an oven at 60 °C.
Later, the Lemon Balm was added to 1M
HCl solution.
Chinese gooseberry fruit Collected Chinese gooseberry fruit shell was dried Mild steel [35]
shell extract under shadow condition and finally ground to obtain
powder. For the extraction of the inhibitor Water,
ethanol, methanol and cyclohexane have been
utilized as proper solvent from the dried
plant leaves.
Rosa canina fruit extract At first the R. canina fruit was dried and powdered. Mild steel [36]
Then, 25 g of the powder was mixed with 500 ml
distilled water at 70 °C for 24 h. finally, the mixture
was filtered and dried at 60 °C
Saraca ashoka seeds extract Saraca ashoka seeds were cleaned with tap water after ~ Mild steel [37]
collecting from market. It is dried at 60 °C and finally
powder is obtained.
Rabeprazole, domperidone, 0.5mg drug was taken from each sample as powder Mild steel [38]
benfotiamine drug form and mixed with 3.5% NaCl solution.
Tithonia Diversifolia 259 T. diversifolia flower Extract was refluxed with Mild steel [39]
flower Extract 500 ml HCI for 3 hours kept overnight for cooling. To
get the inhibitor the cooled extract was filtered.
Sunflower seed hull extract After drying the sunflower seed hull extract the dried Mild steel [40]
skin extracted and mixed with water and ethanol
for 6 h.
Sida cordifolia Extract After cleaning S. cordifolia leaves were dried at 60°C for ~ Mild steel [41]
2 days ground to powder.
Amino acids modified konjac  0.1g p-toluenesulfonic acid, 1.0g KGM and 2.0g amino  Mild steel [42]

glucomannan

acid were mixed together with 100 mL dimethyl
sulfoxide. Then the mixture was heated at 120°C.
Residue was obtained after filtration.

In the corrosive media, the cathodic reactions are given by Equations (1) and (2).

2H" +2¢~ — H,

0, +4H"' + 4e~ — 2H,0

The reduction reaction of hydrogen gas is given by Equation (3).

2H' 4+ 27 — Hpgs — 2H,

(1)

()

3)

On the metal surface, hydrogen ions are adsorbed and in combination with other
hydrogen ions they are catalyzed. Then, they evolve hydrogen gas on the cathode sur-
face holding them hidden. The action of inhibitor molecules occurs in the form of neu-

tral molecules because of the adsorption on an exposed metal surface instead of
hydrogen ions adsorbed from the metal surface given by Equation (4).

Inhibitor + nH,g4, — Inhibitor,qs + H,

(4)

According to Equation (2), by displacement of water molecules on the metal surface
as site blocking elements, green inhibitors have adsorption properties [32,33] (Table 1).
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Figure 2. FTIR spectra of (a) the black wattle tannin and the blue-black precipitate formed in the
bulk of the electrolyte after one hour of immersion of steel in aerated 0.1mol L™ Na,SO, solution
(pH 6.0) in the presence of acacia tannin [43].

4, Characterization of corrosion improvement

The most conventional and reliable way to measure corrosion is weight loss measure-
ment, kinetics of corrosion and electrochemical measurement. FTIR analysis is done to
see the chemical bonds (Figure 2). Figure 2 shows the FTIR spectrum of the black wat-
tle tannin. Because of the presence of hydroxyl groups’ broad absorption band with a
maximum absorbance at 3413cm ™' is observed [44]. Between 1600 and 1450 cm’
peaks are formed which are characteristic of aromatic compounds [44]. In the
600-1300 cm ™' various peaks correspond to substituted benzene rings [44]. The reduc-
tion of free OH group’s intensity of the broad peak is seen at around 3413 cm ™" [45].
The tannins to form ferric-tannate complexes are enabled by these hydroxyl groups in
aromatic rings. The peaks occurring at 1110cm ™' and 619cm ™" are characteristic of
sulphate groups (electrolyte solution) [43,46-56].

Without and with basil loaded halloysite nanotubes extracts, the steel panels were
immersed in the saline solutions and over the time the surface changes of the
immersed samples were recorded (Figure 3). After 6h of immersion, the corrosion
products are obvious on the surface of the additive-free sample. On the anodic and
cathodic region, the Fe*" cations and hydroxyl anions are produced, respectively [48].
After 48 h of immersion, the surface of the steel panels was corrosion-free in visual
images with basil loaded halloysite nanotubes (Figure 3(a)). The inhibitor molecules
released from the basil-loaded halloysite nanotubes are deposited on the active surface
of the steel that reduce the iron dissolution rate [49] (Table 2).
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Before immersing 6h 24h 48 h 72h

Figure 3. Visual changes of sample surfaces immersed in NaCl solution (3.5wt %): (a) without
additives (Additive-free) and (b) containing basil-loaded halloysite nanotubes (BHN), at different
times [49].

5. Applications of green inhibitors

Different green corrosion inhibitors are isolated from different sources that help to
minimize corrosion of various metals. Olakolegan et al. [50] obtained green corrosion
inhibitors from Terminalia glaucescens Planch extracts. The extracts have been added
with 0.3 M sulphuric acid and 3.5% sodium chloride and have been applied to alumi-
num 6063 alloy. The inhibitors successfully reduce the rate of corrosion. Pengcheng
Hu et al. [51] used protic ionic liquids as a green corrosion inhibitor. The inhibitor is
mixed with nitric acid and applied to brass material. The corrosion rate is reduced suc-
cessfully. Ali Dehghani et al. [52] formed a corrosion inhibitor from Ziziphora leaves
extract. The inhibitor is then mixed with hydrochloric acid and applied to mild steel.
The corrosion rate is reduced 93% after 2.5h. Razieh Farahati et al. [53] used Cysteine
amino acid as a water-soluble green corrosion inhibitor. The inhibitor is applied to
mild steel and the corrosion rate is reduced successfully. Ambrish Singh et al. [54]
sourced green corrosion inhibitors from pyrimidine derivatives. Then this inhibitor is
mixed with 15% hydrochloric acid and applied on N80 steel. 96.4% corrosion is
reduced by the application of this corrosion inhibitor. Table 3 shows the green inhibi-
tor source, substrate, acid concentration, acid name, highest inhibition efficiency (%)
with reference.

The inhibitor has the ability to form a protective layer that can prevent the ingress
of aggressive species like oxygen, carbon-di-oxide, sulfate, chloride, and moisture. In
reinforcement corrosion, many researchers have conducted various experimental works
so that they can improve the inhibitor’s efficiency. Their effectiveness of inhibitors
depends on the property of their chemical constituents. The role of inhibitor to extend
the service life of steel concrete has shown improvements [109]. Table 4 shows the cor-
rosion protection mechanism of green inhibitors.

6. Green inhibitors in saline environment

Like acidic environments some steel structures are exposed to saline environment.
That is why the mitigation of the metals subjected to this environment should be
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Table 3. The green inhibitor source, substrate, acid concentration, acid name, highest inhibition

efficiency (%) with reference.

Highest
Acid Acid inhibition
Green inhibitor source Substrate concentration name efficiency (%) Reference
Tabernaemont-ana divaricata Iron ™ HCl 95 [55]
Punica granatum Q235A steel ™ HCI 95 [56]
Citrus peel Mild steel 1™ HCl 94.2 [57]
Thyme Mild steel 2M HCI 84 [58]
Musa paradisica Mild Steel ™ HCl 90 [59]
Citrus peel Aluminum 05t02 M HCI 91 [60]
Morusalba pendula Steel 1™ HCl 93 [61]
Silybum marianum 304 stainless steel ™ HCI 96.4 [62]
Pectin from apples X60 steel 05 M HCl 78.7 [63]
Ficus hispida Mild steel ™ HCI 90 [64]
Aloe vera gel Mild steel 1™ HCl 92.6 [65]
Leaves of henna Mild Steel ™ HCl 90.34 [66]
Solanam xanthocarpum Carbon steel ™ HCl 83.2 [67]
Thymus vulgaris 304 stainless steel ™ HCI 62.2 [68]
Justicia gendarussa Mild steel 1™ HCl 91.6 [69]
Rosemarinus officinalis Mild steel 0.1M HCl 98.33 [70]
Longan Mild Steel 05 M HCI 92.4 [71]
Peganum harmala 6063 Aluminum alloy ™ HCl 91.78 [72]
Murraya koenigii Mild Steel 1™ HCl 84.6 [73]
Lychee Mild Steel 05 M HCI 98 [74]
Schinopsis lorentzii Low carbon steel ™ HCl 66 [75]
Emblica officinalis Mild Steel ™™ HCl 88 [76]
Euphorbia falcata Carbon steel ™ HCl 93.2 [77]
Ascorbic acid Mild steel H,S0,4 71.5 [78]
Sesbania sesban Carbon steel ™ HCl 91.08 [79]
Tagetes erecta Mild steel 05 M H,S0, 96.1 [80]
Piper guineense Mild steel 05 M H,S0, 97.7 [81]
Bryophyllum pinnatum Mild Steel 05 M HCl 94.27 [82]
Coconut Mild steel 0.5 H,S0, 94.3 [83]
Streptomycin Mild steel ™ HCl 88.5 [84]
Azadirachta excelsa Mild steel 1™ HCl 78.55 [85]
Aloe vera Stainless steel ™ H,S0,4 98 [86]
Aspidosperma album (38 steel ™ HCl 90 [87]
Acalypha indica Mild steel ™ HCI 93.26 [88]
Cryptostegia grandiflora Mild steel ™ H,S0, 87.5 [89]
Geissospermum leave (38 steel ™ HCl 90 [90]
Phoenix dactylifera Carbon steel ™ HCI 97.7 [91]
Aster koraiensis Mild steel ™ H,S0, 90.5 [92]
Retama monosperma Carbon steel 1™ HCl 83 [93]
Ruta graveolens Mild steel ™ HCI 98.25 [94]
Sida acuta Mild steel ™ H,S0, 85 [95]
Neolamarckia cadamba Mild steel ™ HCl 91 [96]
Michelia alba Carbon steel 1™ HCl 98.4 [97]
Nauclea latifolia Mild steel ™ H,S0,4 91.6 [98]
Palicourea guianensis (38 steel ™ HCl 89 [99]
Anthocleista djalonensis Mild steel ™ HCI 97.23 [100,101]
Lannea coromandelica Mild steel 1™ H,S0, 93.8 [102]
Olive leaves Carbon steel 2M HCl 93 [103]
Vitex negundo Carbon steel ™ HCI 79.2 [104]
Litchi chinensis Mild steel 05 M H,S0, 97.4 [105]
Cryptostegia grandiflora Mild steel ™ H,S0, 83.54 [89]
Adenine-L-alanine ramifcation Steel 01 M HCl 91.26% [106]
Curcuma longa Mild steel ™ HCI 92% [107]
Glycine derivative N-benzylidine-2 ~ Mild steel ™ HCI 95.55 [108]
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Table 4. Corrosion protection mechanism of green inhibitors with source of extraction solvents,
applied materials, and references.

Plants extracts Protection mechanism Solutions Metals References

G. mangostana Adsorption on the metal surface is HCI Mild steel [25]
due to the heteroatoms present in
the organic constituents of the
extract of G. mangostana

E. crassipes Physically adsorbed HCl Mild steel [110]

allium cepa Adsorption site on the surface of Waste water Aluminum [111]
the metal

Artemisia pallens Adsorption due to Fe-inhibitor HCl Mild Steel [112]
complex at iron oxide layer

H. rosasinensis Langmuir, Flory-Huggins and HCl Mild steel [113]
Freundlich adsorption

Caffeic acid Adsorption of organic molecules by H,S0,4 Mild steel [114]
blocking the cathodic site of
electrode surface

Orange peel Adsorption site on the surface of HCl Mild steel [115]
the metal

I. paraguarienss Langmuir adsorption isotherm HCl Carbon steel [116]

2-((5-Mercapto 1,3,4- Chemisorption HCl Mild steel [117]

thiadiazol-2-ylimino)
methyl) phenol

Murraya koenigii Adsorption of inhibitor molecules on H,S0,4 Mild steel [118]
surface due to protonation of
amino group

Musa sapientum Physical adsorption H,S0,4 Mild steel [119]

Osmanthus fragran Physical Adsorption HCl Carbon steel [120]

Black pepper extract Adsorption of phytocon stituents of H,S0,4 Mild steel [121]
black peppers forming a
protective layer on surface

fenugreek leaves Langmuir in HCl solution, Temkin in HCl and H,S0,4 Mild steel [122]
H,S0, solution

Alkaloid extracts Adsorption of extract and aniline HCl Mild steel [123]
onto the steel surface blocking its
active sites

Carboxymethyl cellulose Physical adsorption mechanism by H,S0, Mild steel [124]
blocking the surface

Theobroma cacao Langmuir adsorption isotherm HCl Mild steel [103]

Fast green dyes Adsorption of large and flat inhibitor HCl Mild steel [98]
molecules by blocking the surface
area of mild steel and adsorbed
electrostatically

Nauclea latifolia Physical adsorption of the extracts H,S0, Mild steel [125]
on the surface by simply blocking
the active corrosion site

Combretum bracteosum Frumkin adsorption isotherm H,S0, Mild steel [123]

Ananas sativum Chemisorption of phytochemical HCl Aluminum [126]
constituents of the extract

Cyproconazole (CPA) Absorption on solid surface as a H,S0, Copper [127]

result of physical/
chemical adsorption

considered for the research of green inhibitors. Significant numbers of researches have
been performed in this field. Different green inhibitors have been experimented as
well. The green water extract of Lemon Balm has been experimented for steel corrosion
retardation. The experiment shows 93% inhibition in the saline environment [128].
Zinc acetylacetonate has been experimented as a green corrosion inhibitor in 3.5%
NacCl solution and significant result has been found [129]. Aqueous extract of Esfand
seed has been experimented to reduce the corrosion effect of steel. 98.8% efficiency has
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been observed after 264h of experiment [130]. Nettle leaves extract has been experi-
mented in chloride solution as a green corrosion inhibitor on carbon steel. The corro-
sion rate decreased significantly after the use of inhibitor compared to the immersion
without inhibitor [131]. Juglans regia green fruit shell extracts have been experimented
in seawater on mild steel as a green corrosion inhibitor. The experimental results show
that the rate of corrosion decreases around 84% in the presence of inhibitor [132].

7. Economic impact of corrosion

Corrosion causes considerable economic losses around the world. The production of
oil and gas and their transportation is highly influenced by it. The industries of manu-
facture, chemical plants, oil industry, and many more metal-using industries are facing
expensive problems because of this. When exposed to electrical components and mate-
rials, corroded chemical leakage, oil pipelines breakdown, and even fire can cause most
corrosion-related problems [133]. Many industries have realized that the lack of corro-
sion management can be very costly. This cost-saving can be achieved by proper corro-
sion management. According to a report, the global market for corrosion inhibitors
was $7.2 billion in 2019 and it is expected to reach $9.6 billion by 2026 with the growth
rate of 3.6% [134]. To prevent corrosion, many methods have been invented including
use of corrosion inhibitors. Among them, very few are considered as green corrosion
inhibitors. The market of plants extracted and organic green corrosion inhibitors is
expected to increase by 7.0% by 2026 for being ecofriendly. There are many effective
green inhibitors such as in brief; Phoenix clactylifera seeds are used as green corrosion
inhibitors for metals [135]. The inhibition efficiency of this inhibitor is around 97% at
50° C. Azadirachta indica shows 98% efficiency [136], Pongamia glabra and Annona
squamosal show 89-95% efficiency [137], Acacia arabica shows 93-97% efficiency
[138], Natural honey shows 82-91% efficiency [139], Vanillin show 93-98% efficiency
[140], Reduced saccharide fructose and mannose show 92% efficiency [141]. Besides,
every day, a considerable number of leaves fall down around our surroundings and
generally they are burnt which creates environmental pollution. If we can convert this
waste material into corrosion inhibitor, it will turn into a valuable product with very
low production cost [142].

8. Research gaps and future directions

Based on the studies of numerous papers revised here, some gaps have been
included here:

e All bioactive molecules present in green extracts do not possess corrosion inhib-
ition properties. Thus, which one is partial and active in this regard in not pointed
out.

The toxicity of the green inhibitors is not examined in most of the literature.
Whether all bioactive molecules combine together as inhibitor or not has not
been addressed.

e Much research has not been done by using bio-nanomaterial.
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e Research is not conducted based on green synthesized 2D material.
The following suggestions can be given as future direction:

e From the green extracts, bioactive molecules can be isolated and applied separately
for corrosion test.
Before checking inhibition performance, toxicity test can be done.
Bio-nanomaterial based corrosion inhibition test can be emphasized.
Green synthesized 2D material can be employed for green corrosion inhibition
performance.

9. Conclusions

Green inhibitors were demonstrated to be the ideal candidate for the replacement of
the traditional expensive, toxic, and synthetic organic corrosion inhibitors. The green
inhibitors contain several constituents that can absorb and inhibit metallic corrosion.
Several constituents that can absorb, inhibit metallic corrosion, and inhibit the chem-
ical reactions are available in green inhibitors. In order to justify as an effective corro-
sion inhibitor against iron, mild steel, carbon steel, stainless steel, aluminum alloy,
copper alloy, and other metals and alloys several types such as plants extraction, fungi,
polymers, bio-ingredients, and drugs have been examined in different acidic, basic, and
neutral media [143]. The discussed surface morphology also confirms the effectiveness
of these new products.

Disclosure statement

No potential conflict of interest was reported by the author(s).

References

[1] Lgaz H, Salghi R, Bhat KS, et al. Correlated experimental and theoretical study on
inhibition behavior of novel quinoline derivatives for the corrosion of mild steel in
hydrochloric acid solution. ] Mol Liq. 2017;244:154-168.

[2] Mai W, Soghrati S, Buchheit RG. A phase field model for simulating the pitting corro-
sion. Corros Sci. 2016;110:157-166.

[3] Zhang D, Wang L, Qian H, et al. Superhydrophobic surfaces for corrosion protection:
a review of recent progresses and future directions. ] Coat Technol Res. 2016;13(1):
11-29.

[4] Yang H-Q, Zhang Q, Tu S-S, et al. Effects of inhomogeneous elastic stress on corro-
sion behaviour of Q235 steel in 3.5% NaCl solution using a novel multichannel elec-
trode technique. Corros Sci. 2016;110:1-14.

[5] Pikaar I, Sharma KR, Hu S, et al. Water engineering. Reducing sewer corrosion
through integrated urban water management. Science. 2014;345(6198):812-814.

[6] Chao L, Revilla RI, Zhang D, et al. Role of Al,O; inclusions on the localized corrosion
of Q460NH weathering steel in marine environment. Corros Sci. 2018;138:96-104.

[7] Finsgar M, Lesar A, Kokalj A, et al. A comparative electrochemical and quantum
chemical calculation study of BTAH and BTAOH as copper corrosion inhibitors in
near neutral chloride solution. Electrochim Acta. 2008;53(28):8287-8297.



12 N. HOSSAIN ET AL.

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]
(18]

(19]
(20]

(21]

(22]
(23]
(24]
(25]

(26]
(27]

(28]

(29]

Verma C, Olasunkanmi LO, Obot IB, et al. 2, 4-Diamino-5-(phenylthio)-5H-chromeno
[2, 3-b] pyridine-3-carbonitriles as green and effective corrosion inhibitors: gravimet-
ric, electrochemical, surface morphology and theoretical studies. RSC Adv. 2016;6(59):
53933-53948.

Altura D, Nobe K. Hydrogen evolution on copper in H,SO, containing benzotriazole.
Corrosion. 1972;28(9):345-347.

Izadi M, Shahrabi T, Ramezanzadeh B. Electrochemical investigations of the corrosion
resistance of a hybrid sol-gel film containing green corrosion inhibitor-encapsulated
nanocontainers. ] Taiwan Inst Chem Eng. 2017;81:356-372.

Brindisi FA, Jr, Bleeks TW, Sullivan TE. Solution and method for selectively stripping
alloys containing nickel with gold, phosphorous or chromium from stainless steel and
related nickel base alloys. Google Patents. 1981.

Neemla K, Jayaraman A, Saxena R, et al. Corrosion inhibitor studies on oil well tubu-
lar steels in hydrochloric acid. Bull Electrochem. 1989;5:250-253.

Alibakhshi E, Ramezanzadeh M, Bahlakeh G, et al. Glycyrrhiza glabra leaves extract as
a green corrosion inhibitor for mild steel in 1 M hydrochloric acid solution: experi-
mental, molecular dynamics, Monte Carlo and quantum mechanics study. ] Mol Liq.
2018;255:185-198.

Shehata OS, Korshed LA, Attia A. Green corrosion inhibitors, past, present, and
future, corrosion inhibitors, principles and recent applications. London: IntechOpen;
2017.

Chigondo M, Chigondo F. Recent natural corrosion inhibitors for mild steel: an over-
view. ] Chem. 2016;2016:1-7.

Issaadi S, Douadi T, Zouaoui A, et al. Novel thiophene symmetrical Schiff base com-
pounds as corrosion inhibitor for mild steel in acidic media. Corros Sci. 2011;53(4):
1484-1488.

Shekari E, Khan F, Ahmed S. Economic risk analysis of pitting corrosion in processing
facility. Int J Press Vessels Pip. 2017;157:51-62.

Fontana MG. Corrosion engineering. 3rd ed. Singapore: McGraw-Hill; 1986.

Riggs OL. Jr. Corrosion inhibitors. 2nd ed. Houston: NACE; 1973.

Olivares-Xometl O, Likhanova NV, Dominguez-Aguilar MA, et al. Synthesis and cor-
rosion inhibition of a-amino acids alkylamides for mild steel in acidic environment.
Mater Chem Phys. 2008;110(2-3):344-351.

Quartarone G, Battilana M, Bonaldo L, et al. Investigation of the inhibition effect of
indole-3-carboxylic acid on the copper corrosion in 0.5M H,SO,. Corros Sci. 2008;
50(12):3467-3474.

Ahmad Z. Principles of corrosion engineering and corrosion control. Oxford:
Butterworth-Heinemann; 2006.

Gabelle C, Baraud F, Biree L, et al. The impact of aluminium sacrificial anodes on the
marine environment: a case study. Appl Geochem. 2012;27(10):2088-2095.
Lewandowski TA. Green chemistry. In: Wexler P, editor. Encyclopedia of toxicology.
Amsterdam: Elsevier; 2014.

Amitha Rani BE, Basu BBJ]. Green inhibitors for corrosion protection of metals and
alloys: an overview. Green Approaches Corros Mitigation. 2012;2012:1-15.
http://metallurgy.sptech.xyz/inhibitor.htm.

Charles DJ]. Antioxidant assays. In: Charles DJ, editor. Antioxidant properties of
spices, herbs and other sources. New York: Springer; 2013. p. 9-38.

Urquiaga I, Leighton F. Plant polyphenol antioxidants and oxidative stress. Biol Res.
2000;33(2):55-64.

Hefter GT, North NA, Tan SH. Organic corrosion inhibitors in neutral solutions; part
1—inhibition of steel, copper, and aluminum by straight chain carboxylates.
Corrosion. 1997;53(8):657-667.


http://metallurgy.sptech.xyz/inhibitor.htm

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]
(38]

(39]

(40]
(41]

(42]

(43]

(44]

(45]

[46]
(47]

(48]

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 13

Feng L, Yang H, Wang F. Experimental and theoretical studies for corrosion inhib-
ition of carbon steel by imidazoline derivative in 5% NaCl saturated Ca(OH), solution.
Electrochim Acta. 2011;58:427-436.

Singh P, Srivastava V, Quraishi MA. Novel quinoline derivatives as green corrosion
inhibitors for mild steel in acidic medium: electrochemical, SEM, AFM, and XPS stud-
ies. ] Mol Liq. 2016; 216(1):164-173.

Sanatkumar BS, Nayak J, Nityananda Shetty A. Influence of 2-(4-chlorophenyl)-2-
oxoethyl benzoate on the hydrogen evolution and corrosion inhibition of 18 Ni 250
grade weld aged maraging steel in 1.0 M sulfuric acid medium. Int J Hydrogen
Energy. 2012;37(11):9431-9442.

Manamela KM, Murulana LC, Kabanda MM, Ebenso EE. Adsorptive and DFT studies
of some imidazolium based ionic liquids as corrosion inhibitors for zinc in acidic
medium. Int J Electrochem Sci. 2014;9(6):3029-3046.

Asadi N, Ramezanzadeh M, Bahlakeh G, et al. Utilizing Lemon balm extract as an
effective green corrosion inhibitor for mild steel in 1M HCI solution: a detailed experi-
mental, molecular dynamics, Monte Carlo and quantum mechanics study. ] Taiwan
Inst Chem Eng. 2019;95:252-272.

Dehghani A, Bahlakeh G, Ramezanzadeh B. A detailed electrochemical/theoretical
exploration of the aqueous Chinese gooseberry fruit shell extract as a green and cheap
corrosion inhibitor for mild steel in acidic solution. ] Mol Liq. 2019;282:366-384.
Sanaei Z, Ramezanzadeh M, Bahlakeh G, et al. Use of Rosa canina fruit extract as a
green corrosion inhibitor for mild steel in 1 M HCI solution: a complementary experi-
mental, molecular dynamics and quantum mechanics investigation. J] Ind Eng Chem.
2019;69:18-xxx.

Saxena A, Prasad D, Haldhar R, et al. Use of Saraca ashoka extract as green corrosion
inhibitor for mild steel in 0.5 M H,SO,. ] Mol Liq. 2018;258:89-97.

Palaniappan N, Alphonsa ], Cole IS, et al. Rapid investigation expiry drug green corro-
sion inhibitor on mild steel in NaCl medium. Mater Sci Eng B. 2019;249:114423.
Divya P, Subhashini S, Prithiba A, et al. Tithonia diversifolia flower extract as green
corrosion inhibitor for mild steel in acid medium. Mater Today Proc. 2019;18:
1581-1591.

Hassannejad H, Nouri A. Sunflower seed hull extract as a novel green corrosion
inhibitor for mild steel in HCI solution. ] Mol Liq. 2018;254:377-382.

Saxena A, Prasad D, Haldhar R, et al. Use of Sida cordifolia extract as green inhibitor
for mild steel in 0.5nullM H,SO,. ] Environ Chem Eng. 2018;6(1):694-700.

Zhang K, Yang W, Yin X, et al. Amino acids modified konjac glucomannan as green
corrosion inhibitors for mild steel in HCl solution. Carbohydr Polym. 2018;181:
191-199.

Peres RS, Cassel E, Azambuja DS. Black wattle tannin as steel corrosion inhibitor. Int
Scholarly Res Not. 2012;2012:937920.

Rahim AA, Rocca E, Steinmetz ], et al. Mangrove tannins and their flavanoid mono-
mers as alternative steel corrosion inhibitors in acidic medium. Corros Sci. 2007;49(2):
402-417.

Gust J. Application of infrared spectroscopy for investigation of rust phase component
conversion by agents containing oak tannin and phosphoric acid. Corrosion. 1991;
47(6):453-457.

Bandekar J, Sethna R, Kirschner M. Quantitative determination of sulfur oxide species
in white liquor by FT-IR. Appl Spectrosc. 1995;49(11):1577-1582.

Wang X, Du Y, Fan L, et al. Chitosan-metal complexes as antimicrobial agent: synthe-
sis, characterization and structure-activity study. Polym Bull. 2005;55(1-2):105-113.
Nikravesh B, Ramezanzadeh B, Sarabi AA, et al. Evaluation of the corrosion resistance
of an epoxy-polyamide coating containing different ratios of micaceous iron oxide/Al
pigments. Corros Sci. 2011;53(4):1592-1603.



14 N. HOSSAIN ET AL.

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(571
(58]
(59]
(60]

[61]

[62]

[63]

[64]

[65]

(66]

Izadi M, Shahrabi T, Mohammadi I, et al. The electrochemical behavior of nanocom-
posite organic coating based on clay nanotubes filled with green corrosion inhibitor
through a vacuum-assisted procedure. Composites B. 2019;171:96-110.

Olakolegan OD, Owoeye SS, Oladimeji EA, et al. Green synthesis of Terminalia glau-
cescens Planch (Udi plant roots) extracts as green inhibitor for aluminum (6063) alloy
in acidic and marine environment. J King Saud Univ Sci. 2020;32(2):1278-1285.

Hu P, Wu Z, Wang ], et al. Corrosion inhibiting performance and mechanism of
protic ionic liquids as green brass inhibitors in nitric acid. Green Energy Environ.
2020;5(2):214-222.

Dehghani A, Bahlakeh G, Ramezanzadeh B, et al. Potential role of a novel green eco-
friendly inhibitor in corrosion inhibition of mild steel in HCl solution: detailed
macro/micro-scale experimental and computational explorations. Constr Build Mater.
2020;245:118464.

Farahati R, Mousavi-Khoshdel SM, Ghaffarinejad A, et al. Experimental and computa-
tional study of penicillamine drug and cysteine as water-soluble green corrosion inhib-
itors of mild steel. Prog Org Coat. 2020;142:105567.

Singh A, Ansari KR, Singh Chauhan D, et al. Anti-corrosion investigation of pyrimi-
dine derivatives as green and sustainable corrosion inhibitor for N80 steel in highly
corrosive environment: experimental and AFM/XPS study. Sustainable Chem Pharm.
2020;16:100257.

Rose K, Kim B-S, Rajagopal K, et al. Surface protection of steel in acid medium by
Tabernaemontana divaricata extract: physicochemical evidence for adsorption of
inhibitor. ] Mol Liq. 2016;214:111-116.

Chen G, Zhang M, Pan M, et al. Extracts of Punica granatum Linne husk as green
and eco-friendly corrosion inhibitors for mild steel in oil fields. Res Chem Intermed.
2013;39(8):3545-3552.

Fiori-Bimbi MV, Alvarez PE, Vaca H, et al. Corrosion inhibition of mild steel in HCL
solution by pectin. Corros Sci. 2015;92:192-199.

Ibrahim T, Alayan H, Al Mowagqet Y. The effect of Thyme leaves extract on corrosion
of mild steel in HCI. Prog Org Coat. 2012;75(4):456-462.

Ji G, Anjum S, Sundaram S, et al. Musa paradisica peel extract as green corrosion
inhibitor for mild steel in HCI solution. Corros Sci. 2015;90:107-117.

Fares MM, Maayta AK, Al-Qudah MM. Pectin as promising green corrosion inhibitor
of aluminum in hydrochloric acid solution. Corros Sci. 2012; 60:112-117.

Jokar M, Farahani TS, Ramezanzadeh B. Electrochemical and surface characterizations
of Morus alba Pendula leaves extract (MAPLE) as a green corrosion inhibitor for steel
in 1 M HCL J Taiwan Inst Chem Eng. 2016;63:436-452.

Soltani N, Tavakkoli N, Khayat Kashani M, et al. Silybum marianum extract as a nat-
ural source inhibitor for 304 stainless steel corrosion in 1.0 M HCI. J Ind Eng Chem.
2014;20(5):3217-3227.

Umoren SA, Obot IB, Madhankumar A, et al. Performance evaluation of pectin as
ecofriendly corrosion inhibitor for X60 pipeline steel in acid medium: experimental
and theoretical approaches. Carbohydr Polym. 2015;124:280-291.

Muthukrishnan P, Prakash P, Jeyaprabha B, et al. Stigmasterol extracted from Ficus
hispida leaves as a green inhibitor for the mild steel corrosion in 1 M HCI solution.
Arabian ] Chem. 2015;12:3345-3356.

Singh AK, Mohapatra S, Pani B. Corrosion inhibition effect of Aloe vera gel: gravimet-
ric and electrochemical study. ] Ind Eng Chem. 2016;33:288-297.

Ostovari A, Hoseinieh SM, Peikari M, et al. Corrosion inhibition of mild steel in 1 M
HCI solution by henna extract: a comparative study of the inhibition by henna and its
constituents (Lawsone, Gallic acid, a-d-Glucose and Tannic acid. Corros Sci. 2009;
51(9):1935-1949.



(67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

(75]

(76]

(771

(78]
(79]

(80]

(81]

(82]

(83]

(84]

(85]

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 15

Hema K, Sirajunnisa A, Venkatraman B, et al. The effect of Solanam xanthocarpum
leaves extract on corrosion inhibition of carbon steel in acidic medium. Int ] Adv Res
Chem Sci. 2015;2:10-20.

Ehsani A, Mahjani MG, Hosseini M, et al. Evaluation of Thymus vulgaris plant extract
as an eco-friendly corrosion inhibitor for stainless steel 304 in acidic solution by
means of electrochemical impedance spectroscopy, electrochemical noise analysis and
density functional theory. J Colloid Interface Sci. 2017;490:444-451.

Satapathy AK, Gunasekaran G, Sahoo SC, et al. Corrosion inhibition by Justicia gen-
darussa plant extract in hydrochloric acid solution. Corros Sci. 2009;51(12):2848-2856.
Ur Rahman M, Gul S, Umair M, et al. Anticorrosive activity of Rosemarinus officinalis
L. leaves extract against mild steel in dilute hydrochloric acid. Int J Innov Res Adv
Eng. 2016;3:385-343.

Liao LL, Mo S, Luo HQ, et al. Longan seed and peel as environmentally friendly cor-
rosion inhibitor for mild steel in acid solution: experimental and theoretical studies. J
Colloid Interface Sci. 2017;499:110-119.

Amar D, Lahcene S, Djamila D, et al. Alkaloids extract from Peganum harmala plant
as corrosion inhibitor of 6063 aluminium alloy in 1 M hydrochloric acid medium. J
Chem Pharm Res. 2017; 9:311-318.

Sharmila A, Prema AA, Sahayaraj PA. Influence of Murraya koenigii (curry leaves)
extract on the corrosion inhibition of carbon steel in HCL solution. RJC. 2017;3:
74-81.

Liao LL, Mo S, Luo HQ, et al. Corrosion protection for mild steel by extract from the
waste of lychee fruit in HCI solution: experimental and theoretical studies. ] Colloid
Interface Sci. 2018;520:41-49.

Gerengi H, Sahin HI. Schinopsis lorentzii extract as a green corrosion inhibitor for low
carbon steel in 1 M HCI solution. Ind Eng Chem Res. 2012;51(2):780-787.
Kuppusamy S, Palanisami T, Megharaj M, et al. In-situ remediation approaches for
the management of contaminated sites: a comprehensive overview. Rev Environ
Contam Toxicol. 2016;236:1-115.

El Bribri A, Tabyaoui M, Tabyaoui B, et al. The use of Euphorbia falcata extract as
eco-friendly corrosion inhibitor of carbon steel in hydrochloric acid solution. Mater
Chem Phys. 2013;141(1):240-247.

Ferreira ES, Giacomelli C, Giacomelli FC, et al. Evaluation of the inhibitorm effect of
L-ascorbic acid on the corrosion of mild steel. Mater Chem Phys. 2004;83(1):129-134.
Al-Sahlanee HH, Sultan A-WA, Al-Faize MM. Corrosion inhibition of carbon steel in
1M HCI solution using Sesbania sesban extract. AST. 2013;1(2):135-151.

Mourya P, Banerjee S, Singh MM. Corrosion inhibition of mild steel in acidic solution
by Tagetes erecta (Marigold flower) extract as a green inhibitor. Corros Sci. 2014;85:
352-363.

Oguzie EE, Adindu CB, Enenebeaku CK, et al. Natural products for materials protec-
tion: mechanism of corrosion inhibition of mild steel by acid extracts of piper gui-
neense. ] Phys Chem C. 2012;116(25):13603-13615.

Verma DK, Khan F. Corrosion inhibition of mild steel by extract of Bryophyllum pin-
natum leaves in acidic solution. Chem Mater Res. 2015;7:69-76.

Umoren SA, Obot IB, Israel AU, et al. Inhibition of mild steel corrosion in acidic
medium using coconut coir dust extracted from water and methanol as solvents. ] Ind
Eng Chem. 2014;20(5):3612-3622.

Shukla SK, Singh AK, Ahamad I, et al. Streptomycin: a commercially available drug as
corrosion inhibitor for mild steel in hydrochloric acid solution. Mater Lett. 2009;
63(9-10):819-822.

Mahat M, Kamarudin M, Isa J, et al. Azadirachta excelsa as green corrosion inhibitor
for mild steel in acidic medium, business. Engineering and Industrial Applications
(ISBEIA), IEEE Symposium. 2012. p. 538-541.



16 N. HOSSAIN ET AL.

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

(971

(98]

[99]

[100]

[101]

[102]

[103]

Mehdipour M, Ramezanzadeh B, Arman SY. Electrochemical noise investigation of
Aloe plant extract as green inhibitor on the corrosion of stainless steel in 1 M H,SO,.
J Ind Eng Chem. 2015;21:318-327.

Faustin M, Lebrini M, Robert F, et al. Corrosion studies of C38 steel by alkaloids
extract of a tropical plant type. Int J Electrochem Sci. 2011; 6:4095-4113.

Rajendran A, Karthikeyan C. The inhibitive effect of extract of flowers of Cassia auric-
ulata in 2 M HCI on the corrosion of aluminium and mild steel. PLANT. 2012;2(1):
9-14.

Prabakaran M, Kim SH, Hemapriya V, et al. Evaluation of polyphenol composition
and anti-corrosion properties of Cryptostegia grandiflora plant extract on mild steel in
acidic medium. J Ind Eng Chem. 2016;37:47-56.

Faustin M, Maciuk A, Salvin P, et al. Corrosion inhibition of C38 steel by alkaloids
extract of Geissospermum laeve in 1M hydrochloric acid: electrochemical and phyto-
chemical studies. Corros Sci. 2015;92:287-300.

Umoren S, Gasem Z, Obot 1. Date palm (Phoenix dactylifera) leaf extract as an eco-
friendly corrosion inhibitor for carbon steel in 1M hydrochloric acid solution. Anti-
Corros Meth Mater. 2015;62(1):19-28.

Prabakaran M, Kim SH, Mugila N, et al. Aster koraiensis as nontoxic corrosion inhibi-
tor for mild steel in sulfuric acid. ] Ind Eng Chem. 2017;52:235-242.

Fdil R, Tourabi M, Derhali S, et al. Evaluation of alkaloids extract of Retama mono-
sperma (L.) Boiss. stems as a green corrosion inhibitor for carbon steel in pickling
acidic medium by means of gravimetric, AC impedance and surface studies. JMES.
2018;9(1):358-369.

Anupama K, Shainy K, Joseph A. Excellent anticorrosion behavior of Ruta graveolens
extract (RGE) for mild steel in hydrochloric acid: electro analytical studies on the
effect of time, temperature, and inhibitor concentration. J Bio Tribo Corros. 2016;2:
1-10.

Umoren SA, Eduok UM, Solomon MM, et al. Corrosion inhibition by leaves and stem
extracts of Sida acuta for mild steel in 1M H,SO, solutions investigated by chemical
and spectroscopic techniques. Arabian ] Chem. 2016;9:5209-S224.

Raja PB, Qureshi AK, Abdul Rahim A, et al. Neolamarckia cadamba alkaloids as eco-
friendly corrosion inhibitors for mild steel in 1 M HCl media. Corros Sci. 2013;69:
292-301.

Li L, Xu W, Lei J, et al. Experimental and theoretical investigations of Michelia alba
leaves extract as a green highly-effective corrosion inhibitor for different steel materials
in acidic solution. RSC Adv. 2015;5(114):93724-93732.

Uwah IE, Okafor PC, Ebiekpe VE. Inhibitive action of ethanol extracts from Nauclea
latifolia on the corrosion of mild steel in H,SO, solutions and their adsorption charac-
teristics. Arabian J Chem. 2013;6(3):285-293.

Lebrini M, Robert F, Roos C. Alkaloids extract from Palicourea guianensis plant as
corrosion inhibitor for C38 steel in 1 M hydrochloric acid medium. Int J Electrochem
Sci. 2011;6:847-859.

Nnanna L, John W, Emenike E, et al. Corrosion inhibition effect of Anthocleista djalo-
nensis on mild steel in 1.0 M HCL. Int ] Eng Res Rev. 2015;3:31-36.

Krishnaveni K, Ravichandran ], Selvaraj A. Effect of Morinda tinctoria leaves extract
on the corrosion inhibition of mild steel in acid medium. Acta Metall Sin. 2013;26(3):
321-327.

Muthukrishnan P, Jeyaprabha B, Prakash P. Adsorption and corrosion inhibiting
behavior of Lannea coromandelica leaf extract on mild steel corrosion. Arabian |
Chem. 2017;10:52343-S2354.

El-Etre AY. Inhibition of acid corrosion of carbon steel using aqueous extract of olive
leaves. J Colloid Interface Sci. 2007;314(2):578-583.



[104]

[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

(114]

[115]

[116]

[117]

[118]

[119]
[120]
[121]
[122]

[123]

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 17

Sirajunnisa A, Mohamed MF, Subramania A, et al. The inhibitive effect of Ziziphus
jujuba leaves extract on the alkaline corrosion of aluminium. Eur J Appl Sci Technol.
2014;1:23-30.

Singh M, Shushni MAM, Belkheir A. Antibacterial and antioxidant activities of
Mentha piperita L. Arabian ] Chem. 2015;8(3):322-328.

Hu K, Gu H, Zhuang J, et al. Synthesis and anti-corrosion performance of adenine-L-
alanine ramification. ] Adhes Sci Technol. 2016;30(8):851-865.

Nasibi M, Mohammady M, Ashrafi A, et al. Nanosized scale roughness and corrosion
protection of mild steel in hydrochloric acid solution and in the presence of Turmeric
(Curcuma longa) extract as a green corrosion inhibitor: FTIR, polarization, EIS, SEM,
EDS, AFM studies, and neural network modeling. ] Adhes Sci Technol. 2014;28(20):
2001-2015.

Zehra S, Mobin M, Aslam J, et al. Assessment of glycine derivative N-benzylidine-
2((2-ox0-2-(10Hphenothiazine-10yl)ethyl)amino) acetohydrazide as inhibitor for mild
steel corrosion in 1 M HCI solution: electrochemical and theoretical approach.
J Adhes Sci Technol. 2018;32(3):317-342.

Asmara YP, Kurniawan T, Sutjipto AGE, et al. Application of plants extracts as green
corrosion inhibitors for steel in concrete — a review. Indonesian J Sci Technol. 2018;
3(2):158-170.

Sulaiman N-A., Abd-Razak A study of using Allium cepa (onion) as natural corrosion
inhibitor in industrial chill wastewater system. Res J Chem Sci. 2012;2(5):10-16.
Nazanin B, Ghaffarinejad A, Salahandish R. Effect of orange peel extract on the corro-
sion of mild steel in 1 M HCI solution. 6th Conference on Thermal Power Plants,
Iran University of Science and Technology, Tehran, Iran, CTPP 2016 19-20 Jan. 2016.
Ulaeto SB, Ekpe UJ, Chidiebere MA, et al. Corrosion inhibition of mild steel in hydro-
chloric acid by acid extracts of Eichhornia crassipes. Int ] Mater Chem. 2012;2(4):
158-164.

Desai PS. Hibiscus rosa-sinensis (Jasud) leaves extracts used as corrosion inhibitors for
mild steel in hydrochloric acid. E-jpmr. 2015;2(1):470-485.

Souza TF, Magalhaes M, Torres VV, et al. Inhibitory action of Ilex paraguariensis
extracts on the corrosion of carbon steel in HCI solution. Int J Electrochem Sci. 2015;
10:22-33.

Salami L, Wewe TOY, Akinyemi OP, et al. A study of the corrosion inhibitor of mild
steel in sulphuric acid using Musa sapientum peels extract. Global Eng Technol Rev.
2012;2(12):1-6.

Noor EA. Temperature effects on the corrosion inhibition of mild steel in acidic solu-
tions by aqueous extract of fenugreek leaves. Int J Electrochem Sci. 2007;2:996-1017.
Yetri Y, Emriadi JN, Gunawarman. Corrosion inhibition efficiency of mild steel in
hydrochloric acid by adding Theobroma cacao peel extract. International conference
on biological, chemical and environmental sciences, Penang (Malaysia). 2014.

Okafor PC, Uwah IE, Ekerenam OO, et al. Combretum bracteosum extracts as eco-
friendly corrosion inhibitor for mild steel in acidic medium. Pigment Resin Technol.
2009;38(4):236-241.

Hackerman N, Snavely ES, Payne JS. Jr. Effects of anions on corrosion inhibition by
organic compounds. J Electrochem Soc. 1966;113(7):677-681.

Li Y, Zhao P, Liang Q, et al. Berberine as a natural source inhibitor for mild steel in
IM H,SO,. Appl Surf Sci. 2005;252(5):1245-1253.

Ansari KR, Quraishi MA. Bis-Schiff bases of isatin as new and environmentally benign
corrosion inhibitor for mild steel. ] Ind Eng Chem. 2014;20(5):2819-2829.

Oguzie E. Inhibition of acid corrosion of mild steel by Telfaria occidentalis extract.
Pigm Resin Technol. 2005;34(6):321-326.

Li X, Deng S, Fu H. Inhibition of the corrosion of steel in HCI, H,SO, solutions by
bamboo leaf extract. Corros Sci. 2012;62:163-175.



18 N. HOSSAIN ET AL.

[124]

[125]

[126]
[127]

[128]

[129]

[130]

[131]

[132]

[133]
[134]
[135]
[136]

[137]

[138]
[139]
[140]
[141]

(142]

[143]

Solomon MM, Umoren SA, Udosoro II, et al. Inhibitive and adsorption behaviour of
carboxymethyl cellulose on mild steel corrosion in sulphuric acid solution. Corro Sci.
2010;52(4):1317-1325.

Gupta P, Chaudhary RS, Namboodhiri TKG, et al. Effect of mixed inhibitors on
dezincification and corrosion of 63/37 brass in 1% sulfuric acid. Corros Sci. 1984;
40(1):33-36.

Oguzie EE. Studies on the inhibitive effect of Occimum viridis extract on the acid cor-
rosion of mild steel. Mat Chem Phys. 2006;99(2-3):441-446.

Abd El-Maksoud SA. Some phthalazin derivatives as non toxic corrosion inhibitors
for copper in sulphuric acid. Electrochim Acta. 2004;49(24):4205-4212.

Asadi N, Ramezanzadeh M, Bahlakeh G, et al. Theoretical MD/DFT computer explo-
rations and surface-electrochemical investigations of the zinc/iron metal cations inter-
actions with highly active molecules from Lemon balm extract toward the steel
corrosion retardation in saline solution. ] Mol Liq. 2020;310:113220.

Abrishami S, Naderi R, Ramezanzadeh B. Fabrication and characterization of zinc ace-
tylacetonate/Urtica dioica leaves extract complex as an effective organic/inorganic
hybrid corrosion inhibitive pigment for mild steel protection in chloride solution.
Appl Surf Sci. 2018;457:487-496.

Majd MT, Ramezanzadeh M, Ramezanzadeh B, et al. Production of an environmen-
tally stable anti-corrosion film based on Esfand seed extract molecules-metal cations:
integrated experimental and computer modeling approaches. ] Hazard Mater. 2020;
382:121029.

Ramezanzadeh M, Bahlakeh G, Ramezanzadeh B, et al. Adsorption mechanism and
synergistic corrosion-inhibiting effect between the green Nettle leaves extract and
Zn*" cations on carbon steel. ] Ind Eng Chem. 2019;77:323-343.

Haddadi SA, Alibakhshi E, Bahlakeh G, et al. A detailed atomic level computational
and electrochemical exploration of the Juglans regia green fruit shell extract as a sus-
tainable and highly efficient green corrosion inhibitor for mild steel in 3.5 wt% NaCl
solution. ] Mol Liq. 2019;284:682-699.

Fayomi OSI, Akande IG, Odigie S. Economic impact of corrosion in oil sectors and
prevention: an overview. ] Phys Conf Ser. 2019;1378:022037.
https://www.globenewswire.com/news-release/2019/03/18/1756527/0/en/Corrosion-
Inhibitor-Market-Is-Expected-To-Reach-USD-9-6-Billion-by-2026.html.

Indian Oil Corporation Limited Naturally Derived Corrosion Inhibitors Composition,
Process for Preparing the Same and Use Thereof 2008. Patent Application. 2008 Mar 10.
Zucchi F, Omar IH. Plant extracts as corrosion inhibitors of mild steel in HCI solu-
tions. Surf Technol. 1985;24(4):391-399.

Sakthivel P, Nirmala PV, Umamaheswari S, et al. Corrosion inhibition of mild steel by
extracts of Pongamia glabra and Annona squamosa in acidic media. Bull Electrochem.
1999;15(2):83-86.

Verma SA, Mehta GN. Effect of acid extracts of Acacia arabica on acid corrosion of
mild steel. Bull Electrochem. 1999;15(2):67-70.

El-Etre AY, Abdallah M. Natural honey as corrosion inhibitor for metals and alloys.
II. C-steel in high saline water. Corros Sci. 2000;42(4):731-738.

El-Etre AY. Inhibition of acid corrosion of aluminum using vaniline. Corros Sci. 2001;
43(6):1031-10309.

Miiller B. Corrosion inhibition of aluminium and zinc pigments by saccharides.
Corros Sci. 2002;44(7):1583-1591.

Haldhar R, Prasad D, Bhardwaj N. Extraction and experimental studies of Citrus aur-
antifolia as an economical and green corrosion inhibitor for mild steel in acidic media.
J Adhes Sci Technol. 2019;33(11):1169-1183.

Verma C, Ebenso EE, Indra Bahadur MA. An overview on plant extracts as environ-
mental sustainable and green corrosion inhibitors for metals and alloys in aggressive
corrosive media. ] Mol Liq. 2018;266:577-590.


https://www.globenewswire.com/news-release/2019/03/18/1756527/0/en/Corrosion-Inhibitor-Market-Is-Expected-To-Reach-USD-9-6-Billion-by-2026.html
https://www.globenewswire.com/news-release/2019/03/18/1756527/0/en/Corrosion-Inhibitor-Market-Is-Expected-To-Reach-USD-9-6-Billion-by-2026.html

	Abstract
	Introduction
	Potential challenges of corrosion in industry
	Mechanism of corrosion and inhibition
	Characterization of corrosion improvement
	Applications of green inhibitors
	Green inhibitors in saline environment
	Economic impact of corrosion
	Research gaps and future directions
	Conclusions
	Disclosure statement
	References


