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Corrosion control of metals is technically, economically, environmentally, and aesthetically important. The best option is to use
inhibitors for protecting metals and alloys against corrosion. As organic corrosion inhibitors are toxic in nature, so green inhibitors
which are biodegradable, without any heavy metals and other toxic compounds, are promoted. Also plant products are inexpensive,
renewable, and readily available. Tannins, organic amino acids, alkaloids, and organic dyes of plant origin have good corrosion-
inhibiting abilities. Plant extracts contain many organic compounds, having polar atoms such as O, P, S, and N. These are adsorbed
on the metal surface by these polar atoms, and protective films are formed, and various adsorption isotherms are obeyed. Various
types of green inhibitors and their effect on different metals are mentioned in the paper.

1. Introduction

Corrosion is the deterioration of materials by chemical inter-
action with their environment. The term corrosion is some-
times also applied to the degradation of plastics, concrete, and
wood, but generally refers to metals. The most widely used
metal is iron (usually as steel). Corrosion can cause disastrous
damage to metal and alloy structures causing economic
consequences in terms of repair, replacement, product losses,
safety, and environmental pollution. Due to these harmful
effects, corrosion is an undesirable phenomenon that ought
to be prevented [1]. There are several ways of preventing
corrosion and the rates at which it can propagate with a view
of improving the lifetime of metallic and alloy materials. The
use of inhibitors for the control of corrosion of metals and
alloys which are in contact with aggressive environment is
one among the acceptable practices used to reduce and/or
prevent corrosion. A corrosion inhibitor is a substance which,
when added in small concentration to an environment,
effectively reduces the corrosion rate of a metal exposed to
that environment.

Corrosion inhibitors can be divided into two broad
categories, namely, those that enhance the formation of a
protective oxide film through an oxidizing effect and those
that inhibit corrosion by selectively adsorbing on the metal
surface and creating a barrier that prevents access of corrosive

agents to the metal surface [1]. Almost all organic molecules
containing heteroatoms such as nitrogen, sulphur, phos-
phorous, and oxygen show significant inhibition efficiency.
Despite these promising findings about possible corrosion
inhibitors, most of these substances are not only expensive
but also toxic nonbiodegradable thus causing pollution prob-
lems. Hence, these deficiencies have prompted the search for
their replacement.

Plants are sources of naturally occurring compounds,
some with complex molecular structures and having different
chemical, biological, and physical properties. The naturally
occurring compounds are mostly used because they are
environmentally acceptable, cost effective, and have abundant
availability. These advantages are the reason for use of extracts
of plants and their products as corrosion inhibitors for metals
and alloys under different environment.

Different plant extracts can be used as corrosion inhib-
itors commonly known as green corrosion inhibitors. Some
of them are the following.

Tannins and their derivatives can be used to protect steel,
iron, and other tools from corrosion. To protect mild steel in
2 M HCl solutions from corrosion, extracts from leaves can be
used. Extracts of tobacco from twigs, stems, and leaves can
protect steel and aluminium in saline solutions and strong
pickling acids [1, 2]. Extracts from leaves were investigated
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FIGURE 1: Inhibition efficiency of tobacco extracts for steel/Cu,
Al/Cu, and steel/Al galvanic couples in 3.5% NaCl solution as
measured by a zero resistance ammeter (ZRA) [1, 2].

and found to be effective corrosion inhibitors for mild steel in
2 M HCl solutions. Results for the same are shown in Figure 1.

It was found that maximum inhibition efficiency is 96%
with only 0.01% tobacco concentration (100 ppm). Tobacco
extracts contain high concentrations of chemical compounds
such as alcohols, polyphenols, nitrogen-containing com-
pounds, terpenes, carboxylic acids, and alkaloids that may
exhibit electrochemical activity such as corrosion inhibition
(1, 2].

Black pepper, Acacia gum, castor seed, and lignin are
also good corrosion inhibitors for steel in acidic media [1, 3].
Mango peel extract is the most effective corrosion inhibitor
for Al and Zn, and pomegranate fruit shells extract is most
suitable for Cu. It was found that all extracts were more
efficiently corrosion inhibitors in HCI solution as compared
to H,SO, solution [1, 4]. Aqueous extracts of Eucalyptus
leaves protect mild steel and copper in 1 M HCl solution from
corrosion [1, 5]. Inhibition efficiency of plant extracts can be
tested by various methods such as galvanostatic polarization,
mass loss measurements, and surface characterization tech-
niques. SEM studies provide the confirmatory evidence for
the protection of mild steel by the inhibitor.

It was found that inhibition efficiency increases with
increase in concentration of extract and decreases with
increase in temperature.

Extract of leaves of Henna (Lawsonia) acts as a good
corrosion inhibitor for carbon steel, nickel, and zinc in acidic,
neutral, and alkaline solutions [1, 6]. The degree of inhibition
depends on nature of metal and type of medium. For steel
and nickel, the inhibition efficiency increased in the order:
alkaline < neutral < acidic, while in case of zin, it increased in
the order: acid < alkaline < neutral, thereby reconciling with
the observed concept of the Lawsonia extract being a mixed
inhibitor [1, 6].

One among the crucial factors for the determination of
the inhibition mechanism as well as the performance of the
corrosion inhibitor is the solution pH. Most of the inhibitors
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are pH selective which depends on the molecular structure of
the inhibitor, the metal corroding, the active species present
in the solution, and the composition of the inhibitor.

Extract of Hibiscus sabdariffa can be used as corrosion
inhibitor for mild steel in 2 M HCl and 1 M H,SO, solution [1,
7]. Temperature changes do not affect inhibition performance
of Hibiscus sabdariffa in 1M H,SO, solution.

The application of the acid extract of leaves of Citrus
aurantifolia plant on the corrosion inhibition of mild steel
in 1M HCI solution was investigated using weight loss mea-
surement and electrochemical studies [1, 8]. Inhibitive action
of the same was tested on adsorption isotherms, and it was
found to fit all the models tested, that is, Langmuir, Temkin,
Freundlich, Frukin, and Flory - Huggins. This extract also
acts as mixed-type inhibitor. A list of various plant materials
that have been used as corrosion inhibitors is given in Table 1.

Tannins, organic amino acids, alkaloids, and organic dyes
of plant origin have good corrosion-inhibiting abilities. Plant
extracts contain many organic compounds, having polar
atoms such as O, P, S, and N. These are adsorbed on the metal
surface by these polar atoms, and protective films are formed
and various adsorption isotherms are obeyed.

The paper incorporates various types of green corro-
sion inhibitors and their effect on metals. Some important
inhibitors in HCl solution, H,SO, solutions, and water solu-
tion and effect of temperature and concentration of inhibitors
on the process are discussed.

2. HCI Solution as Medium

2.1. Grape Pomace for Carbon Steel. Acid solutions are widely
used in industry, and some of the most important fields of
application are acid pickling, chemical cleaning and process-
ing, ore production, and oil well acidification [43-45]. C-
steel is one of the most important alloys being used in a wide
range of industrial applications. Corrosion problems arise as
a result of the interaction between the aqueous solutions and
C-steel, especially during the pickling process in which the
alloy is brought in contact with highly concentrated acids.
This process can lead to economic losses due to the corrosion
of the alloy [43, 46]. The use of green inhibitors is one of the
most practical ways possible for protecting carbon steel from
corrosion.

Grape pomace is an industrial waste from wine and juice
processing, and it primarily consists of grape seeds, skin and
stems (~18-20kg/100 kg of grapes) [43, 47-49]. It was found
that grape pomace can effectively protect carbon steel from
corrosion in 1 M HCI solution [43].

The inhibition efficiency of C-steel in 1mol L™ HCI
increased with the concentration of crude and concentrated
grape pomace extracts and was inversely associated with
temperature. Presumably, the inhibitory effect was performed
via the adsorption of compounds present in the grape pomace
extracts onto the steel surface. Flavonoids are good candi-
dates to explain the corrosion inhibition effects observed for
grape pomace extracts. The adsorption of the grape pomace
extracts followed a Langmuir adsorption isotherm. The Ea of
C-steel dissolution increased in presence of the grape pomace
extracts.
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SEM revealed the persistence of a smooth surface on C-
steel when grape pomace extracts were added, possibly due to
the formation of an adsorptive film of phenolic compounds
with electrostatic character [43].

2.2. Tannin for Mild Steel. Rhizophora racemosa is in abun-
dance in the Mangrove forests of southern Nigeria. The bark
of its stem is rich in tannins which can be described as
any group of naturally occurring phenolic compounds. Their
basic structure consists of garlic acid residues which are
linked to glucose via glycosidic bonds [50, 51]. Thus tannins
have an array of hydroxyl and carboxyl groups through which
the molecules can adsorb on corroding metallic surfaces.

Ferrous materials, especially mild steel, on the other
hand are largely used in acidic media in most industries
including oil/gas exploration and ancillary activities. During
such activities, inhibited hydrochloric acid is widely used
in pickling, descaling, and stimulation of oil wells in order
to increase oil and gas flow [50]. Tannins from Rhizophora
Racemosa was found to be the most effective corrosion
inhibitor for mild steel.

Studies on the corrosion behaviour of mild steel elec-
trodes in inhibited hydrochloric acid are described. Con-
ventional weight loss measurements show that a maxi-
mum concentration of 140 ppm of tannin from Rhizophora
racemosa is required to achieve 72% corrosion inhibition.
Similar concentration of tannin:H;PO, in ratio 1:1 gave
61% inhibition efficiency, whereas efficiency obtained for
phosphoric acid as inhibitor in the same environment was
55%. Corrosion rates obtained over six hours of exposure in
1M HClI solution at inhibitor concentrations of 140 ppm are
2mA/cm?, 2.4 mA/cm?, 2.6 mA/cm?, and 6 mA/cm? for tan-
nin, tannin/H;PO,, and H;PO,-inhibited and -uninhibited
specimens respectively. Natural atmospheric exposure stud-
ies revealed that specimens treated in H;PO, resisted corro-
sion for three weeks, while tannin-treated specimens suffered
corrosion attack after one week of exposure tests [50].

2.3. Polyalthia longifolia for Mild Steel. Mild steel finds a lot
of application in industries like metal finishing, boiler scale
removal, pickling baths, and so forth. It gets rusted when it
comes in contact with any acid. Acid solution, mostly HCI,
is used to remove any undesirable scale or rust. Corrosion
inhibitors are used to prevent the effect of corrosion in
such cases. Use of hazardous chemical inhibitors is totally
reduced because of environmental regulations. Chromates,
phosphates, molybdates, and so forth and a variety of organic
compounds containing heteroatoms like nitrogen, sulphur,
and oxygen have been investigated as corrosion inhibitors
[52-58].

The study shows that acid extract of Polyalthia longifolia
(PL) is a good inhibitor for the corrosion of mild steel in
HCI. The inhibition efficiency increases with the increase
in inhibitor concentration and thus increases the protective
action of the inhibitor on mild steel. The compound seems to
function as inhibitor by being adsorbed on the metal surface.
The inhibitor showed maximum inhibition efficiency of
87.79% at 1.5% v/v inhibitor concentration for an immersion

Chinese Journal of Engineering

period of 12 hours at 303K. The % inhibition efficiency
increases with increase in temperature, which confirms that
PL acts as an effective inhibitor at high temperature also.

The adsorption of acid extract of (PL) on the surface of mild
steel is spontaneous, endothermic, and consistent with the
isotherm models of Langmuir, Temkin, and Freundlich [52].

2.4. Flavin Mononucleotide (FMN) for Hot Rolled Steel. Het-
erocyclic compounds display potential properties for use as
corrosion inhibitors due to the presence of nitrogen, oxygen,
and sulphur in their ring structure [59-62]. In addition,
planarity due to the presence of 7 electrons and lone pairs
of electrons on the heteroatoms contribute to their efficiency
as inhibitors.

Flavin mononucleotide (7, 8-dimethyl-10-ribityl-isoal-
loxazine-5' phosphate monosodium salt dihydrate) is a phos-
phate monosodium dihydrated salt of Vitamin B2 (Ribo-
flavin). It consists of a heterocyclic isoalloxazine ring attached
to the sugar alcohol, ribitol, which is derived from a D(-)
pentose sugar (ribose) that contains three antisymmetric
carbons and a phosphate monosodium salt [59].

It was found that FMN is a potential inhibitor for
corrosion of hot rolled steel in acidic medium. The inhibition
efficiency of FMN increases with both concentration and
temperature. The inhibitor follows Frumkin isotherm with
negative values of AG; ,_, which signifies that the adsorption
is a spontaneous process. High AG.,, values indicate that
the adsorption takes place by chemisorption at all tempera-
tures except at the lowest temperature, where comprehensive
adsorption exists. The Ea values for various concentrations
of FMN are lower than Ea for acid, further confirming the
role of chemisorption in the adsorption process. Quantum
chemical analysis suggests that adsorption of FMN is mainly
concentrated around the isoalloxazine ring [59].

3. Water Solutions as Medium

3.1. Gum Exudates from Acacia Species (A. drepanolobium and
A. senegal) for Mild Steel. Corrosion is a major destructive
process affecting the performance of metallic materials in
applications in many construction sectors. Corrosion is
a naturally occurring phenomenon commonly defined as
deterioration of metal surfaces caused by the reaction with
the surrounding environmental conditions [63]. The use of
the gum exudate from Acacia seyal var seyal as corrosion
inhibitor for mild steel in fresh water has been reported
(63, 64].

The study shows that gum exudates, from Acacia
drepanolobium and Acacia senegal trees, which are natural
products, inhibit the corrosion of mild steel in fresh water
with A. senegal gum exhibiting better inhibition character-
istics compared to Acacia drepanolobium. It was found that
the inhibition performances of the Acacia gum exudates are
insignificantly affected by temperature rise. Potentiodynamic
polarization studies reveal that the gum exudates are mixed-
type inhibitors of mild steel corrosion in fresh water with
significant reduction of anodic current densities [63].
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3.2. Asafoetida Extract (ASF) for Mild Steel in Sea Water.
Asafoetida is an ingredient of a plant mixture reported to
have antidiabetic properties in rats [65, 66]. Asafoetida has
a broad range of uses in traditional medicine as an antimi-
crobial, antiepileptic, used for treating chronic bronchitis and
whooping cough [65, 67, 68].

It was found that the formulation consisting of 4 mL of
ASF and 25 ppm of Zn>" offers 98% inhibition efficiency to
carbon steel immersed in sea water. When immersion period
increases, corrosion rate also increases. Polarization study
reveals that this system formulation acts as a mixed type of
inhibitor. The FTIR spectra reveal that the protecting film
consists of Fe** Asafoetida (active ingredient) complex. AFM
studies confirm that the surface is smoother. The smoothness
of the surface is due to the formation of a compact protective
film of Fe** ASF complex on the metal surface thereby
inhibiting the corrosion of carbon steel [65].

3.3. Ginger Extract for Steel in Sulfide-Polluted Salt Water.
Low-grade gram flour, natural honey, onion, potato, gelatin,
plant roots, leaves, seeds, and flower gums are some of the
good inhibitors. However, most of them have been tested
on steel and nickel sheets. Although some studies have been
performed on aluminum sheets, the corrosion effect is seen in
very mild acidic or basic solutions (mill molar solutions) [69].
It was found that ginger can be effectively used to prevent
corrosion of steel in sulphide-polluted salt water. Biological
effect of ginger on Escherichia coli was also tested.

Ginger is suggested that it has oxygen donor atoms
attached with the proteins and lipids on the bacterial tissues
surface making a little activity for it. So it was observed that
this inhibitor has no toxicity on the bacterial activity and
can be applied on the waste water plants safely without any
problems in treating waste water operations [69].

It was found that this extract inhibits the acid-induced
corrosion of steel by virtue of adsorption of its compo-
nents onto the metal surface. The inhibition process is a
function of temperature, inhibitor concentration, and the
metal as well as inhibitor adsorption abilities which is so
much dependent on the number of adsorption sites. The
mode of adsorption depends on the type of adsorption
(physisorption and chemisorption) observed and could be
attributed to the fact that this extract contains many different
chemical compounds some of which can adsorb chemically
and others adsorb physically. It may be due to the fact that
adsorbed organic molecules can influence the behaviour of
electrochemical reactions involved in corrosion processes in
several ways [69].

Thus it was found that ginger acts as an inhibitor for
corrosion of steel in sulfide-polluted salt water. The inhibition
efficiency increases with increase in the concentration of
the inhibitor. The inhibition is due to the adsorption of the
inhibitor molecule on the metal surface by charge transfer or
by the diffusion of the inhibitor molecules. The adsorption
of these compounds on the metal surface follows Temkin
adsorption isotherm. This inhibitor has no biological effect
on the activity of Escherichia coli, and can be applied safely
on waste water treatment plants.

4. H,S0, Solution as Medium

4.1. Tannin Extract of Chamaerops humilis (LF-Ch) Plant
for Mild Steel. Tafel polarization curves and electrochemical
impedance spectroscopy (EIS) approve that LF-Ch extract
is an effective corrosion inhibitor for mild steel in 0.5M
sulfuric acid solution +5% EtOH. The inhibition efficiency
improved with the increase of LF-Ch extract concentration,
whether LF-Ch extract was used alone or in combination with
KI. The increase in inhibitor efficiency is generated by the
addition of KI to LE-Ch extract. The Tafel polarization curves
indicate that both LF-Ch extract is mixed anodic-cathodic
type inhibitors. The addition of 0.025% KI to the solution
leads to reduction in the essential usage of LF-Ch extract
to achieve desirable inhibition efficiency. The values of the
inhibition efficiency increased with the immersion time and
leads to the formation of a protective film which grows with
increasing exposure time [70]. An inhibitor is usually added
in small amount in order to slow down the rate of corrosion
through the mechanism of adsorption [70-72].

4.2. Tryptamine (TA) as a Green Corrosion Inhibitor in
Deaerated Sulfuric Acid. Tryptamine (TA), a derivative of
the tryptophan, is relatively cheap, nontoxic and easy to
produce in purity greater than 99% [73]. TA, a cheap molecule
with a very low environmental impact, was found effective
in inhibiting ARMCO iron corrosion in deaerated 0.5M
sulphuric acid in the 25-55°C temperature range. Results
obtained from potentiodynamic polarisation and electro-
chemical impedance spectroscopy indicated that TA in the
more concentrated solution and at 55°C also chemisorbs.
EIS long-time tests (72h and more) demonstrated that only
the 1072M TA solution attained the maximum protection
efficiency both at 25 and 55°C: IP ranged from about 95% to
98% [73].

4.3. Essential Oil of Salvia aucheri mesatlantica for Steel.
Essential oil of aerial parts of Salvia aucheri Boiss. var.
mesatlantica was obtained by hydrodistillation and analyzed
by GC and GC/MS. The oil was predominated by camphor
(49.59%). The inhibitory effect of this essential oil was
estimated on the corrosion of steel in 0.5M H,SO, using
electrochemical polarization and weight loss measurements.
The corrosion rate of steel is decreased in the presence of
natural oil [74]. Chemical analysis shows that camphor can
be the major component of S. aucheri mesatlantica oil. Salvia
aucheri mesatlantica oil mainly acts as good inhibitor for
the corrosion of steel in 0.5M H,SO,. Inhibition efficiency
increases with both the concentration of inhibitor and the
temperature. The natural oil acts on steel surface as anodic
inhibitor. Inhibition efficiency on steel may occur by action
of camphor [74].

5. Conclusions

Corrosion control of metals is technically, economically,
environmentally, and aesthetically important. Corrosion of
metals is the major problem in industries. Considering
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environmental and ecological reasons, green inhibitors are
found to be effective. As organic corrosion inhibitors are
toxic in nature, so green inhibitors which are biodegradable,
without any heavy metals and other toxic compounds, are
promoted. Also plant products are inexpensive, renewable,
and readily available. The paper discusses some of the
important inhibitors in HCI, water, and H,SO, medium
and effect of temperature and concentration of inhibitors
on the process. Tannins, organic amino acids, alkaloids, and
organic dyes of plant origin have good corrosion-inhibiting
abilities. Plant extracts contain many organic compounds,
having polar atoms such as O, P, S, and N. These are adsorbed
on the metal surface by these polar atoms, and protective
films are formed, and various adsorption isotherms are
obeyed. Corrosion inhibitors can be divided into two broad
categories, namely, those that enhance the formation of a
protective oxide film through an oxidizing effect and those
that inhibit corrosion by selectively adsorbing on the metal
surface and creating a barrier that prevents access of corrosive
agents to the metal surface. Inhibition efficiency depends
on temperature and concentration of inhibitor. Some of the
inhibitors are mixed-type inhibitors.
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