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Abstract

Effects of Plant Extracts on the Corrosion Rate of Mild Steel in Acidic Medium
Bawa BAMAIYI

M.Sc., Department of Mechanical Engineering
Supervisor’s Name: Prof. Dr. Mahmut A. SAVAS

............... /December/2022 80 pages

The majority of industrial corrosion inhibitors are costly and harmful. Natural corrosion
inhibitors, on the other hand, are inexpensive, non-toxic, and renewable. Natural or green
corrosion inhibitors are plant extracts that slow the rate of corrosion reactions. In this thesis,
weight-loss strategies were used to test the efficacy of extracts of locust bean, banana sap, and
lemon leaves as corrosion inhibitors on mild steel in dilute hydrochloric (HCI) acid. The
effectiveness of 2.5 milliliters of ethanol on locus bean (Parkia biglobosa), banana sap (Musa
paradisiaca), and lemon leaves (Citrus limonum) as mild steel corrosion inhibitors in 0.5M
diluted HCI acid was tested using weight loss procedures. For the initial corrosion tests, extract
concentrations of 0.5 ml, 1.0 ml, 1.5 ml, 2.0 ml, and 2.5 ml were used for one and three hours,
respectively. The results for the lowest corrosion rate and their effectiveness were obtained
when extracts of Parkia biglobosa, Musa paradisiaca, and Citrus limonum were used for an
hour at 38 °C, 45 °C, and 55 °C, respectively. The results were used to conclude that in an
acidic environment, extracts of lemon leaves, banana sap, and locust beans can be used as
corrosion inhibitors. Compared to lemon leaves and locust beans, banana sap appears to be less
effective as a potential corrosion inhibitor.

Keywords: mechanical engineering, plant extracts, corrosion, metal, steel, acidic medium



Ozet

Bitki Ekstraktlarimin Yumusak Celigin Asidik Ortamda Korozyon Oranina Etkileri
Bawa BAMAIYI

Yiiksek Lisans, Makine Miihendisligi Boliimii
Danmismanin Adi: Prof. Dr. Mahmut A. SAVAS

20/Arahik/2022 80 sayfa

Geleneksel korozyon oOnleyici kimyasallar pahali ve ¢evreye zararli olabilmektedir.
Farkli bir segenek olarak dogal, biyolojik korozyon énleyiciler arastirilmaktadir. Ornegin,
bitkilerden elde edilen baz1 solisyonlar korozyon dnlemede etkili olabilmekte; ¢cevreye ve insan
sagligia zararsiz vermemektedir. Bu ¢alismada Nijerya’da ¢ok yaygin harnup (locus bean),
muz dali (banana sap) ve limon yapraklarindan etanol icerisinde elde edilen solisyonlarin
seyreltik (0.5 M) HCL asit igerisinde bekletilen imalat c¢eliginin (mild steel) paslanmasini
Onleyici/yavaslatici etkileri agirlik kayb1 (weight loss) yontemleri ile incelenmistir. Korozyon
ilerleme hiz1 ve korozyon dnleme etkinligi hesaplamalar1 sonucu her ii¢ solisyonun da imalat
¢eliginin paslanmasini yavaslattigi goriilmistiir. Limon yapraklari ile harnup tanelerinden elde

edilen solisyonlarin muz dalindan elde edilen solisyondan daha etkili olduklar1 anlasilmistir.

Anahtar Kelimeler: makine miihendisligi, bitki ozleri, korozyon, metal, ¢elik, asidik ortam
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CHAPTER |

Introduction

Mild steel is useful in engineering for a number of things, such as making some vehicle
parts, structural shapes, and sheets for use in structures, buildings, etc. (Umeozokwere Anthony
etal., 2016). Due to its beneficial qualities, such as ductility and toughness, high machinability,
and weldability, it is helpful in the engineering sectors. The reason why mild steel was
produced. To strengthen buildings, it is mostly employed in the construction industry. Pig iron
is used to make steel, which has a maximum carbon concentration of 2.1% and additional
components like manganese at 1.65%. A crucial characteristic associated with how quickly a
material reacts in a given environment is the ability to protect metals and their alloys against
corrosion. It is easier to obtain, less expensive to produce, and frequently did not involve
resistance to corrosion as a main factor (Habeeb et al., 2018). Among the biggest issues arising
from the expanding use of mild steel in industry and construction businesses is the regulation
of corrosion rate when exposed to various corrosive conditions. A metal becomes oxidized as
a result of corrosion, a natural process that lowers metal’s binding energy and causes bulk metal
to lose one or more electrons (Amadi, 2000). Due to chemical attack or reactivity with their
surroundings, metals and alloys attempt to revert to their more stable thermodynamic forms
during corrosion, a natural, spontaneous process. The damaging attack on a material caused by
a reaction with its environment is another definition of corrosion. Events that are both natural
and man-made can cause corrosion (Goyal et al., 2018). On a global level, corrosion's harmful
impacts have become a serious problem. In addition to the regular occurrences of this type of
degradation, corrosion causes factory closures, resource waste, product loss or contamination,
efficiency decrease, expensive maintenance, and expensive machine design. It also
compromises safety and slows the development of technology (Chuka et al., 2014). The fact
that corrosion issues include a variety of disciplines in the complexity of the subject is further
increased by their diverse in nature and the responsibilities they entail. For corrosion to be
controlled, it is essential to understand how corrosion works, use materials and designs that are
resistant to corrosion, and employ protective systems, tools, and procedures. Large
corporations, industries, and governmental bodies have established committees and groups to
address corrosion-related issues, but frequently, the producers and their customers share
responsibility. This kind of circumstance can quickly result in neglect, which can be very costly

in terms of both resources and people (Helen et al., 2014). Earlier studies, attested to the
11



enormous cost of corrosion damages, which can account for 3-5% of the GNP of industrialized
nations (Helen et al., 2014). One of the findings of the 1971 U.K. government-sponsored
inquiry presided over by Hoar was that a sizable portion of corrosion failures were preventable
and that corrosion avoidance could be effectively addressed through increased education.
According to recent studies, vegetable tannins are efficient metal and alloy inhibitors in acidic
environments, and their inhibitory processes depend on the harsh environment and pH level
(Chuka et al., 2014). The usefulness of these tannins in preventing corrosion on iron and steel
substrates, however, has only been thoroughly investigated when using fast testing,
electrochemical techniques, weight loss assessments, and molecular modelling (Yazdanfar et
al., 2010).

This study uses a weight loss approach to minimize the rate of mild steel corrosion in
an acidic environment. Plant extracts of locust beans (Parkia biglobosa), banana sap trees

(Musa paradisiaca), and lemon leaves (Citrus limonum) will be employed as inhibitors.

Statement of the Problem

Since it threatens economics, safety, and the preservation of materials in many technical
applications, corrosion is a major issue that needs to be handled (Popoola, 2019). Insufficient
corrosion prevention, according to the literature, led to greater expenses for corrosion-related
maintenance, repair, and rehabilitation, as well as replacement of damaged buildings (Brycki et
al., 2017). Moreover, the rust restoration process is risky and could cause personnel harm or
even death (Shehata et al., 2017). These elements drive scientists to view corrosion as a
significant issue that needs to be addressed right away on a global scale. In order to provide

corrosion inhibition using plant extracts, this research is conducted.

Aim of the Study

The purpose of this study is to evaluate the effects of locust bean (Parkia Biglobosa),
banana sap tree (Musa paradisiaca), and lemon leaf (Citrus limonum) corrosion inhibition on

mild steel in a 1M hydrochloric acid solution.

12



Research's objectives

This thesis' main objective is to look at how mild steel reacts to the corrosion-inhibiting
properties of lemon leaves (Citrus limonum), banana sap trees, and locust beans (Parkia
biglobosa) in 0.5 M hydrochloric (HCL) acid solutions. The project will center on:

* Research on the effectiveness of plant extracts in preventing rusting.

* The process by which plant extracts for mild steel are inhibited in HCI acid solution.

* An investigation of how much HCI the mild steel rod used after one and three hours.

Significance of the Study

Finding novel, possible plant extracts that could be employed as corrosion inhibitors for

mild steel and other industrial applications is the significance of this study endeavor.

Justification
In West African nations, including Nigeria, locust beans (Parkia biglobosa), banana sap

trees (Musa paradisiaca), and lemon leaves (Citrus limonum) are frequently found in large
quantity. They were chosen for this study project for a variety of reasons, including their
availability and—most importantly—their non-toxic character, which fit the prerequisites for
using their extracts as inhibitors. The list of inexpensive, nontoxic, and ecologically acceptable
plant extracts that could be utilized as corrosion inhibitors for low carbon steel in HCI acid
solution will grow as a result of research into their corrosion inhibition efficacy and mechanisms

of inhibition.

Study’s Purpose

In this study, weight loss techniques are used to calculate the rate of mild steel corrosion.
The temperature ranged from 380°C to 450°C and 550°C, while the immersion period ranged

from 1 hour to 3 hours.

13



Limitations of the Study

The experiment was only performed up to 550C since previous studies have shown that
extracts desorb at higher temperatures, decreasing their effectiveness. Also, because there was
no discernible increase in inhibitor efficiency at these levels, the highest inhibitor
concentrations and exposure times employed in this study were limited to 2.5 ml and 3 hours,

respectively.

14



CHPATER I

Literature Review
Corrosion's Definition

During corrosion, metals and alloys naturally try to revert to their more stable
thermodynamic states due to chemical assaults or interaction with their surroundings (Shehata
etal., 2017). Both natural and man-made events can contribute to corrosion (Goyal et al., 2018),

In the event of corrosion brought on by chemical attack or reactivity with the
environment, metals, and alloys will naturally attempt to return to their more stable
thermodynamic states (Shehata et al., 2017). Corrosion can result from both organic and
artificial causes (Goyal et al., 2018).

The degradation of desired metal properties as a result of contact with particular
environmental conditions is referred to as the natural and unavoidable process of metal
corrosion (Umoren et al., 2019). It has long been understood that corrosion poses a risk to both
the environment and public health. Metals and alloys in general showed a great tendency to
corrode due to the presence of acid.

Metals are prone to corrode in acidic solutions because the acid may enter the metal's
surface and break it down into its ions (Mahross et al., 2016). This leads to the production of
stable corrosion products in a variety of industrial processes (Alaoui Mouayd et al., 2014;
Mahross et al., 2016). For instance, acid descaling, acid pickling, and the removal of mill scale
from metal surfaces were all used in industrial acid cleaning (Goyal et al., 2018; Verma et al.,
2018). Corrosion in the oil and gas sector may be related to the nature of crude oil, which
promotes corrosion due to hazardous components such sulfur (Laredo et al., 2004; Meriem-
Benziane et al., 2017).

Corrosion can cause catastrophic failure in some structures, such as the rapid corrosion

of metallic components (Mourya et al., 2014), which can be expensive to repair. Maintenance

15



is necessary due to the time lost during process system downtime (Shehata et al., 2017).
Moreover, the rust restoration procedure carries a high danger of injury or even death to workers
(Shehata et al., 2017). These factors influence scientists to see corrosion as a serious problem
that need immediate global attention. Most metals are reactive and chemically unstable, and
under certain circumstances, they can react. This process is referred to as corrosion. The process
of corrosion is extremely varied and sophisticated process that occurs in a number of
challenging circumstances. Corrosion specialists claim that in order for corrosion to take place,
the following conditions must be true:

* Anode and cathode

* A setting with a cathodic reactant that can oxidize the metal to a chemically mixed
state, such as one with oxygen, water, acids, etc.

* A way for electric charges to be transferred in the environment.

Corrosion Causes
Figure 1.

Metals and alloys' corrosion-causing factors (Raja et al., 2016)

Causes of corrosion
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Corrosion Mechanism
The following corrosion mechanisms were noted by Fontana, (1986):
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» Chemical Attacks: This happens when gaseous media directly attack the metallic
surface with chemicals. The oxidation of iron at room temperature or even higher temperatures
iIs a common example, as shown by the following process (Fontana, 1986).

O, + 2Fe = 2FeO It is possible to ionically represent the reaction, which is an oxidation-
reduction process.

Fe is therefore equal to Feplus2and 2e.................cccoeeeneen. (2.2)

20+ 26 =02 L (2.3)

» Wet corrosion, also known as electrochemical oxidation, is the process when water
and oxygen react with a metal in the manner shown below.

AFe = 4Fe + 6H20 + 302 (OH)3 ..o, (2.4)

Mild steel corrosion in HCI Solution mechanism

Local cathodes and anodes occur at various locations when mild steel comes in contact
with HCI solution. Iron oxidizes at the local anode in accordance with the ionic reaction listed
below:

FE = O 2 4 26 i (2.5)

Hydrogen is reduced at the local cathode in accordance with the following reaction:

2H + 28 = Ho oo (2.6)

Fe + 2H" = Fe*2 + Hy is the total reaction.............................. (2.7

In every situation, the number of electrons obtained at the cathode equals the number of
electrons lost at the anode. The weight loss of the metal at the anode and the volume of hydrogen
evolved at the cathode are used as the foundation for Equations 2.5 and 2.6 to calculate the
corrosion rate. These measures are frequently referred to as gravimetric and gasometric,
respectively. In this study, the effects of plant extracts on corrosion inhibition were assessed

using the gravimetric method.
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Inhibitors of conventional corrosion

Traditional inorganic corrosion inhibitors (TICIs) and synthetic organic corrosion
inhibitors (SOCIs) are two popular traditional inhibitors that have been employed (SOCIs).
Because of their inexpensive cost, simple production process, high efficacy at low doses, and
easy application, these inhibitors are the most cost-effective (Verma et al., 2018).

Therefore, despite the fact that SOCls are preferred in acidic environments, TICIs are
preferred in close to neutral environments (Goni et al., 2019). In addition to having polar
functional groups in the molecule that contain heteroatoms like sulphur (S), oxygen (O), or
nitrogen (N) atoms, a good organic inhibitor will also have a hydrophobic moiety that repels
corrosive aqueous species from the metal surface (Yadav et al., 2016). Since they get electrons
from p-orbitals, SOClIs with electronegative functional groups and p-electrons in conjugated
double or triple bonds, in particular, exhibit high inhibitive properties (Yadav et al., 2016).

Pyridines (Abd ElI-Maksoud & Fouda, 2005; Ansari et al., 2015), fatty amides (Olivares-
Xometl et al., 2008), amides/imidazolines (Rahuma & Kannan, 2014; W. P. Singh & Bockris,
1996), and 1,3-azoles (Antonijevi¢ et al., 2009; Daley & Hodges, 2010; Kendig & Buchheit,
2003) are a few examples of SOCIs. TICIs are readily available on the market as arsenates,
phosphates, chromates, and dichromates (Goni et al., 2019). TICIs are less expensive than
SOCIs and have a longer endurance to high temperatures, but they are unable to perform in acid
solutions with a concentration of more than 17% HCI (Tamalmani & Husin, 2020).
Additionally, typical Cls like phosphates and sulfites have been shown to be harmful to the
environment (Dargahi et al., 2015). The proliferation of algae in aquatic ecosystems could result
from an excessive phosphate intake, which would cause eutrophication (Kim et al., 2013). The
biotic communities, on the other hand, are adversely affected by harmful sulphites (Miri &
Chouikhi, 2005). Due to their slow rate of degradation or loss of potency in the environment,

hazardous substances are well known to be bad for both ecological and human health. As a
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result, it is more likely that hazardous compounds will accumulate and have long-term effects
like cancer on both people and the environment (Kendig & Buchheit, 2003; Raja et al., 2016).

As public awareness of the negative effects these chemicals have on human health and
the environment has grown, stricter regulations and limitations on their usage have been
developed in Europe and the US (Alaneme, Olusegun, & Adelowo, 2016; Alaneme, Olusegun,
& Alo, 2016; lzadi et al., 2019). Commercial Cls are no longer frequently used to reduce
corrosion because of their environmental toxicity (Arthur et al., 2013), particularly for aquatic
life (Ansari et al., 2015). In spite of the strong anticorrosion potential of TICIs and SOClIs,
toxicity (Daley & Hodges, 2010), which causes environmental contamination during synthesis
and application (Pais & Rao, 2019; Raja & Sethuraman, 2008), as well as time-consuming
synthetic procedures and pricey synthesis reagent prices (Umoren & Solomon, 2014), have been
identified as significant limitations. As a result, researchers' interest in developing GClIs has
increased (Verma et al., 2018).

Several studies that examine the development of GCls have been conducted utilizing
published articles found in the Web of Science (WoS) over the period 2010-2020. An overview
of the publications acquired from WOS indicates that about 1408 records have been published
on the subject of the GClIs, comprising 1288 papers, 71 proceeding articles, 8 book chapters,
17 early access, 51 reviews, 3 corrections, and 1 meeting abstract. GClIs are divided into two
types: organic GCls and inorganic GCls (El Ibrahimi et al., 2020). Due to their high efficacy,
inorganic GCls are frequently used in aqueous systems, whereas the organic class of these
inhibitors is composed of safe synthetic compounds (Bethencourt et al., 1998; Tamalmani &
Husin, 2020).

Wei et al. pointed out the advantage of organic GCls over inorganic GCIs. They claim
that the capacity of OGCls to uniformly passive metal surfaces may give the finest defence

against hostile media. By forming brittle passive layers on the metal surface, inorganic
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inhibitors make the metal more vulnerable to pitting and crevice corrosion, two types of

localized corrosion attacks (Wei et al., 2020).

Making Plant Extract

Following the selection of plant materials, the drying procedure is often followed by the
grinding and sifting procedures to turn the extract into powder form. All plant parts must go
through the initial drying phase, with the exception of the fruit's juice extraction. Drying in the
traditional manner typically takes a long time and is done at room temperature. Bark, for
instance, can be dried in the sun or the shade and takes 20e30 days on average (Marsoul et al.,
2020; Shrestha et al., 2019). Many techniques can be used to separate and extract the necessary
extract from plants after drying. Examples of extraction methods that adhere to the extraction
principle include pressing, distillation, solvent extraction, and sublimation (Zhang et al., 2018).
It can be summed up by saying that extraction processes entail heating, chilling, and isolating
active compounds while the solvent is still present (Miralrio & Vazquez, 2020).

Solvent extraction is the method used most often to extract plants. Plant tissue must first
be permeated by the solvent in order to solubilize the compounds before extracting
phytochemicals using a solvent (Capello et al., 2007; Chauhan et al., 2021). Depending on the
concentration of the desired extract or phytochemicals, a variety of solvents may be used as the
extraction medium.

Researchers discovered that the ethanol extract of Rhizophora apiculate contained more

tannins, flavonoids, and phenolics than the acetone extract (Tan & Kassim, 2011).

Plant extract phytochemicals

It is believed that phyto-constituents produce a lot of chemical molecules naturally, such
as organic compounds (Lebrini et al., 2011) or bioactive chemicals (Krishnaveni &

Ravichandran, 2014; Lebrini etal., 2011), which have been used as corrosion inhibitors in many
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industrial systems (Shehata et al., 2017). Many researches have been done on different plant
sections that can be taken off to stop rusting. According to Umoren et al., (2016), Sida acuta
has a variety of phytochemicals based on the plant component, including tannins and organic
acids, among others, in the stem extract. Plant extracts have been explored as GCls because
different parts of plants contain varying amounts and types of phytochemicals. Also, differing
concentrations of phytochemicals in the extract, such as condensed tannins and anthocyanins,
depend on a number of factors, including plant age and the impact of climate (Zam et al., 1970).
For instance, it was discovered that the plant's growth phase affects the dispersion as well as
concentration of functional components in Aloe vera gel extract (Ray et al., 2013). Due to its
chemical structure resembling that of common organic compounds with proven performance,
plant extract can operate as a corrosion inhibitor. Phytochemicals can be divided into six basic
kinds and their subclasses based on their chemical compositions and properties. These
phytochemicals are thought to be the cause of corrosion inhibition. As a result, identifying the
chemical components of plant extracts is crucial for estimating the performance of the extracts
as corrosion inhibitors. Chemical analysis of plant extracts can be used to find and characterize
phytochemicals such fatty acids, heavy metals, and volatile and non-volatile organic
compounds (VOCs) (Muhamad et al., 2017). Several technologies, such as gas
chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-
MS), and Fourier-transform infrared spectroscopy (FTIR), are frequently employed to identify
phytochemical substances (GC-MS). Due to the difficulty of the investigation and the uneven
distribution of antioxidant properties in the substance, liquid chromatography-mass
spectrometry (LC-MS) has emerged as the best alternative for the separation, identification, and
quantification of extract components in plants. (Dugo et al., 2001). For instance, Liu et al.,
(2019) confirmed the primary phenolic components in ginger extract using LC-MS (Liu et al.,

2019). The LC-MS chromatograms and mass spectroscopy were used to confirm the presence
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of the important phenolics 6-gingerol, 8-gingerol, cyclocurcumin, 1-hydroxy-1, 5-bis (4-
hydroxy-3-methoxyphenyl), 1-hydroxy-1, 5-bis (4-hydroxy-3, 5-dimethyloxyphenyl), pentan-
3-one, and arginine. Further redox reactions should be inhibited, and corrosion attack on metal
surfaces should be avoided, because metals need to receive electrons to reach their octet state
and become more stable when there are active phenolic components (Chung et al., 2019). The
LC-MS results confirmed that ginger extract had the properties needed to prevent corrosion,
including the phenolic components, in light of this (phytochemical compounds).

These conclusions are accurate as well. Fourier-transform infrared spectroscopy was
employed by Alibakhshi et al. (2019) to examine the chemical composition of Iranian licorice
leaves (FTIR). The presence of the OeH stretching mode, the C]O stretching, the CH stretching
vibration, the CeO stretching, the C stretching, and the CeH stretching was shown by the FTIR
spectrum. This indicates that the hydroxyl, carboxylic, and carbonyl functional groups found in
Persian liquorice leaf extracts may contribute to the inhibition of corrosion by forming bonds
with iron atoms on the mild steel surface. In early research, the phytochemicals in plant extract
were identified using gas chromatography-mass spectrometry (GC-MS). Since it can separate
more than 50 different components from a single sample, GC-MS is one of the best methods
for identifying bioactive chemicals such long-chain hydrocarbons, alcohols, acids esters,
alkaloids, steroids, amino acids, and nitro compounds (Muthulakshmi et al., 2012). For
instance, alkanol and carboxylic acid can both be identified using GC-MS spectra because they
both include p-electrons and heteroatoms like S and O that can serve as adsorption centers

(Arthur et al., 2013; Eddy et al., 2009).

Effectiveness of plant extract

Corrosion Inhibition Gravimetric analysis, electrochemical analysis, and surface analysis are a
few of the common approaches taken to investigate the inhibitory effects of plant extracts on

corrosion. The most common method for evaluating the efficacy of GClIs derived from plant
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extracts is weight loss measurement (WLM), and an inhibitory mechanism can be hypothesized.
In the meantime, potentiodynamic polarization (PDP) analysis, electrochemical impedance
spectroscopy (EIS) [(Gromboni et al., 2021; Marsoul et al., 2020), and electrochemical noise
measurement are new electrochemical process measurements (Shao et al., 2021).

The results from these quicker measurements are comparable to those from the
conventional gravimetric method (Adam et al., 2015). The mechanism of inhibition can be
better understood by looking at the kinetics of corrosion when an electrochemically produced
inhibitor is present. Open-circuit potential (EOCP) is first employed to gauge the steady current
flowing across the metal's surface (Faiz et al., 2020). The results are equivalent in magnitude
despite the two methodologies' theoretical differences, demonstrating that they are acceptable

and can be used to support corrosion inhibition's efficacy.

Weight loss measurement (WLM)

WLM and the substrate's weight loss are used to determine an inhibitor's efficiency.
Before and after the substrate is submerged in the corrosive liquid, its weights are measured.
Substrates' corrosion resistance is then evaluated using the following equations:

Inhibition efficiency (IE WLM %) = (W1 - W2)/W1 X 100%........cccovirrnenrennnn. (2.9)
The equation 2.9 can be written as:

(1 - CRp/CRa) X 100%........ccevererrrerrrarrenne (2.10), where W1 represents weight loss values
without the inhibitor and W2 represents weight loss values with the inhibitor, A represents the
area of the substrate, t represents immersion time, CRa represents the absence of the inhibitor,
and CRp represents the presence of the inhibitor

Benahmed et al. (2020) looked into how Elaeoselinum thapsioides (BEET) butanolic
extract's inhibition efficiency of steel in 1 M HCI was affected by temperature, BEET
concentration, and changes in the CR. They discovered that while the CR decreased as the

concentration of BEET increased, the inhibition efficiency significantly increased. In addition,
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they assert that "the active surface of steel is protected" despite the proliferation of BEET
molecules (Benahmed et al., 2020). Shielding layer" reduces metal's reactivity in acidic
conditions by acting as a protective barrier (Yaktini et al., 2018). In addition, they have
demonstrated that inhibition efficiency decreases while CR rises with increasing acid solution
temperature. At a higher acid solution temperature, the adsorption process slowed down,
indicating an acceleration in the desorption of BEET molecules from the carbon steel surface

(Benahmed et al., 2020).

Mechanism of plant extract inhibition

The inhibiting process is conducted to verify the accuracy of IE for GCls based on plant
extracts. Mixed-type adsorbent inhibitors are often used to refer to GCIs' physisorption,
chemisorption, or combined adsorption processes on metal substrates (Faisal et al., 2018).
Mixed inhibitors are the most effective form of protection because they have an impact on both
anodic and cathodic reactions (Brycki et al., 2017). The nature and chemical structure of
corrosion inhibitors, corrosive media, and inhibitory adsorptions of this kind can be affected by
surface charge and the metal substrate (Wei et al., 2020).

Hanini et al. (2019) created the physical adsorption mechanism by utilizing the
properties of corrosion inhibitors (Hanini et al., 2019). In the acidic environment, extracts with
numerous bonds, heteroatoms, and so on were to pronate easily. Positively charged inhibitor
species are produced by protonation of the inhibitor. These species can form electrostatic
contact or connecting bridges by being adsorbed utilizing chloride ions onto the positively
charged steel surface.

Similar results were obtained by Gerengi and Sahin (2012) when Schinopsis lorentzii
extract was employed in 1 M HCI (Gerengi & Sahin, 2011). The extract has functional groups

with oxygen atoms (OeH, C]C, CeH, and CeO) and aromatic rings that can be protonated.
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Physisorption is then applied to adsorb the protonated component molecules (A. Singh et al.,
2010).

Also, it's important to think about how the inhibitory mechanism is affected by the
corrosive media. When various corrosive mediums are utilized, various adsorption techniques
are observed, according to Oguzie, (2008). Hibiscus sabdariffa extract was found to physisorb
in 2 M HCI and chemisorb in 1 M H2SO4 by the researchers (Oguzie, 2008). Surface charges
and pre-adsorbed ions have an impact on how GClIs and metal surfaces physisorb, either
indirectly or directly. Moreover, corrosive in order for physisorption or chemisorption to
prevent GCI corrosion, agents need to target the surface of the metal in order to shield the
surface of the metal substrate.

It is essential to determine the inhibitory mechanism in order to support the efficacy of
GCl inhibition. The inhibitory mechanism can be ascertained using techniques like WLM and
potentiodynamic polarization, for instance. This review extensively investigates and discusses
the gravimetric data modification and electrochemical research of the aforementioned
procedures because they are usually employed to confirm a certain corrosion preventing

mechanism.

Prevention of corrosion

An inhibitor of corrosion is a chemical that, when applied to a small amount of water,
effectively slows the rate at which a metal exposed to water corrodes. Inhibitors of corrosion
fall into two categories: those that hinder corrosion and those that promote oxidation. The
former includes molybdates, organic nitrates, inorganic nitrates, and inorganic chromates, while
the latter includes nitrogen, sulfur, and phosphorous. Mass loss measurement is the most
common method for determining inhibition. However, care must be taken when using the
method and interpreting the data. In the study, inhibition is represented by changes in the

content of metal ions that have been monitored over time using the solution analysis approach.
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Moreover, there are tests that are based on established test protocols; such as ASTM B117
(Mercer, 2013).

There is a qualitative correlation between inhibition efficacy and the percentage of the
inhibitor adsorbed on the metal surface, according to studies. Inhibitor adsorption is impacted
by the remaining charge on the metal's surface as well as the inhibitor's sort and compound
construction. On a metal surface, the two primary methods of inhibitor adsorption are
electrostatic adsorption and chemisorption.

The electrostatic interaction of inhibitory dipoles with the metal's electrically charged
surface results in electrostatic adsorption. The weak forces that characterize electrostatic
adsorption. The metal has inhibitory species that have been adsorbed by electrostatic forces and
can be easily desorbed. One of the key components of electrostatic adsorption is the fact that
the ions are not in direct contact with the metal. The metal is separated from the ions by a layer
of water molecules. The electrostatic adsorption method has a low activation energy and is
temperature insensitive.

Chemisorption is the most common interaction in corrosion inhibition schemes between
metal surfaces and inhibitor molecules. The species that have adsorbed come into contact with
the metal's surface. Electrostatic sorption is faster but has a lower activation energy than
chemisorption. The temperature dependency shows that at higher temperatures, inhibition
efficiencies are greater. It is specific to certain metals and cannot be fully reversed, unlike
electrostatic adsorption. The polar or charged character of the organic molecule or ionic species
induces the creation of a physisorbed surface coating, which can then be maintained through
chemisorption to establish a donor-type bond. Multiple bonds, especially aromatic rings or
triple bonds, as well as electrons that are very loosely bound, such as in neutral organic
molecules with lone pair electrons or -electron systems and anions, enhance the transfer of

electrons from the adsorbed species.
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Chemisorption sites are typically present in the functional groups of the organic
inhibitors that are utilized. Lone pair electrons necessary for the formation of coordinate bonds
can be found within functional groups that contain elements from groups V and VI of the
Periodic Table. With decreasing electronegativity in the order O N S Se, the possibility that
these elements will form stronger co-ordinate bonds—and hence, stronger adsorption—
increases depending on the characteristics of the functional groups that include them
(Mansfield, 1987). The elements' polarizability and electron density have also been used to
explain the aforementioned order. This has led to the proposal of a Lewis acid-base surface
bond, in which the metal serves as the electron acceptor and the inhibitor as the electron donor.
In order to research corrosion inhibition processes, inhibitors have been arbitrarily categorized
as either "hard"” or "soft" based on the hard and soft acid base concept. Hardness and softness
are both correlated with high and low polarizability. Hard bases react with hard acids more
quickly than soft bases do, according to the hard and soft acid base (HSAB) principle.

Neutral metal atoms typically react with soft acids, such as inhibitors containing sulfur.
Hard bases, such as nitrogen- or oxygen-containing inhibitors, are believed to interact with
metal surfaces less strongly (Mansfield, 1987). Since an inhibitor's mode of action may change
depending on the experimental circumstances, it is frequently impossible to pinpoint a single
general mechanism of action for it. As a result, an inhibitor's primary mode of action in acidic
solutions may be influenced by a variety of variables, including concentration, pH, the kind of
acid anion, the presence of other species in the solution, the quantity of secondary inhibitor

synthesis, and the makeup of the metal.

Corrosion inhibition in acidic solutions

In acidic liquids, adsorption is the first step toward inhibition. This is because the
inhibitor has free access to the electrochemical processes of cathodic and/or anodic corrosion

because the metal surface that needs to stop corroding typically lacks oxide. The inhibitor may
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alter the composition of the electrical double layer that forms at the metal-solution interface,
affect the rate of electrochemical reactions, create a physical barrier to the diffusion of ions or
molecules to or from the metal surface, directly obstruct anodic and/or cathodic reaction sites,
and interact with corrosion reaction intermediates after adhering to the metal surface.

The adsorbed inhibitor does not completely cover the metal surface, but it does occupy
electrochemically active regions, which lessens the intensity of either the anodic or cathodic
reactions. The degree to which the electrochemically active spots are blocked by the adsorption
inhibitor will determine how quickly corrosion occurs. Our electrochemical study on mild steel
with 1-6 g L-1 condensed mangrove tannins in 0.5 M HCI (Adam et al., 2015) shows that the
cathodic polarization curves shifted to lower current density values with a greater increase in
the negative Ecorr values as the concentration increased, demonstrating that mangrove tannins
are cathodic inhibitors. Inclusion of mangrove tannins had no effect on the cathodic Tafel
slopes.

This shows that concentration has no effect on the mechanism behind the hydrogen
evolution reaction. With 3 and 6 g L-1 of mangrove tannins, respectively, over 80% inhibitory
efficacy was seen. According to Martinez and Stern (Martinez & Stern, 2001) and Martinez
(Martinez, 2003), the inhibitive property of mangrove tannins in 0.5 M HCI may be related to
the chemisorption of flavonoid monomers onto the surface because there isn't a surface deposit.
Chemistry modeling suggests that the iron d-orbitals with partial fullness and the flavonoid
molecule may adsorb by exchanging donor group (- OH) electrons or aromatic -electrons. The
flavonoid molecule's acidic-basic interaction with iron metal is shown by the recently
discovered HOMO-LUMO energy gap. At various pH levels, the inhibitory properties of
chestnut, quebracho, and mimosa tannins were examined. At pH 0 and 0.5, all tannins achieved

inhibitory effectiveness of more than 80 percent, with a consistent trend toward decreasing
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effectiveness as pH rises. In terms of inhibitive efficacy, mangrove tannins outperform the other
tannins at pH 4.0.

Martinez & Stern (1999) studied the corrosion resistance of low-carbon steel in an acidic
solution containing mimosa tannins. Mimosa tannins in sulphuric acid solutions were
discovered to inhibit both cathodic and anodic processes at pHs ranging from 1 to 3, making
them mixed-type inhibitors. The slopes of both the cathodic and anodic Tafels are fixed.
Increased concentrations of CI-1 and SO4-2 ions dramatically reduce the inhibitory action, and
their competitive adsorption is proportional to concentration. The weight reduction
measurements recorded were consistent with the results. According to the Frumkin isotherm
and as shown by thermodynamic studies, mimosa tannins spontaneously adsorb in a process
that is exothermic at pH = 1 (Martinez & Stern, 2002). The most likely mode of suppression is
chemisorbed tannin molecules blocking the metal's surface, as there is no significant variation
in activation energy when tannins are present.

The ferric-tannate monochelate is, however, only minimally adsorbed on steel surfaces
in sulphuric acid solutions at steady state potential, according to Martinez and Stern (Martinez
& Stern, 2001). This is because there are no specifically adsorbed anions in these situations.
According to this, inhibition is most likely brought on by the exothermic spontaneous
development of a ferric-tannate multilayer on the metal surface at pH = 3. pH = 3 causes the
conversion of Mimosa tannins into ferric-tannate monochelate. Molecular modeling
demonstrates that mimosa tannins are chemically vertically adsorbed to low-carbon steel. A net
attractive attraction forms between the molecules of the adsorbate as a result, and the dipole
moments become almost parallel to the electrode surface.

The Bocris-Swinkels replacement adsorption isotherms applied to the results of
gravimetric tests show that one tannin molecule replaces four water molecules throughout the

adsorption process (Martinez & Stern, 2002). Chestnut tannins are absorbed in 2M HCI as
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neutral molecules as a result of electrostatic forces acting between the molecular dipoles and
the charged iron surface, according to the results of molecular modelling and gravimetric
measurements (Martinez & Stagljar, 2003). The inhibitor-metal adsorption bond may also have
a dominant electrostatic and an unfavourable electrostatic character as a result of the interaction
of the positive ends of the molecular dipoles with the metal surface, which is negatively charged
in HCI solution as a result of the contact adsorption of chloride ions.

The way the molecules of the inhibitor are oriented The Temkin isotherm offers the
greatest fit, and the higher activation energy in inhibited systems shows that the inhibitor

molecules preferentially bind to the metal surface.

General principles of corrosion inhibition

According to Fontana, (1986), a corrosion inhibitor is a substance that, when added to corroding
medium in a small quantity, significantly reduces the corrosion action (Fontana, 1986). Fontana
asserts that inhibitors work in one of the following ways to minimize or prevent corrosion:

* Pollution reduction and decrease in atmospheric humidity

» Making the environment less hostile by removing components that encourage corrosion.

* Dissolved oxygen removal from aqueous corrosion

Corrosion inhibitor classification

Fontana divided corrosion inhibitors into the following categories: organic inhibitors,
passivating inhibitors, precipitating inhibitors, volatile corrosion inhibitors, and
cathodic/anodic inhibitors (Fontana, 1986). Passivating inhibitors, according to him, are
substances that cause a significant anodic shift in the corrosion potential, thereby requiring the
identification of metallic inhibitors:

i. Oxidizing anions like chromates, nitrates, and so on that, in the absence of oxygen, can

passivate steel.
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ii. lons that don't oxidize, like phosphates, tungstates, and molybdates, and passive steel
only works if oxygen is present.

The corrosion of low-carbon steel in acid solutions is influenced by the following
factors: steel's composition, inhibitor concentration and type, temperature, acid concentration
and type, and the interaction of the inhibitor with the metal in solution. The author went on to
explain that, while inhibitor efficiency increases with inhibitor concentration, corrosion

inhibition decreases with temperature and acid concentration (Njoku, 2002).

Corrosion inhibition in a solution nearly neutral

In nearly neutral aqueous solutions, it is also feasible to stop the corrosion of metals and
alloys. Low-solubility surface products such oxides, hydroxides, and salts are formed during
the corrosion processes, as well as oxygen reduction. As a result, the hostile solutions will
prevent the oxide-coated surface from oxidizing, which will either strengthen or retain the
protective characteristics of the oxide or the surface layers. Inhibition usually starts with the
displacement of pre-absorbed water molecules by the adsorption of inhibitor molecules. It is
conceivable that a variety of inhibitory mechanisms exist as a result of the inhibitor sticking to
the oxide-coated metal surface.

Thin surface layers with poor electronic conductivity can develop when inhibitors
restrict oxygen passage. The oxygen reduction reaction is impeded by these additives, which
are called cathodic inhibitors. Additives that produce thin passivizing films typically inhibit the
anodic m.al dissolving reaction; As a consequence of this, these inhibitors are known as anodic

inhibitors (A. Rahim & Kassim, 2012).

Adsorption isotherms

Understanding the mechanism of the inhibitor and how it functions in relation to the target
molecule is crucial when creating organic inhibitor systems. It is widely acknowledged that
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corrosion is prevented by organic molecules adhering to the metal/solution surface (Cisse et al.,
2011). The chemical makeup of molecules, the chemical makeup of solutions, the type of the
metal surface, temperature, and the electrochemical potential at the metal/solution interface all
affect how much adsorption occurs. The adsorption isotherm can be determined if data on the
degree of surface coverage by the inhibitor is available. The nature of this isotherm provides
valuable information about the behavior of the substance that is absorbed as well as their
interactions with the electrode surface (Musa et al., 2012).
The thermodynamics model can be used to explain the adsorption process, according to

(Tang et al., 2019), while the kinetic model can be used to explain how an inhibitor prevents
corrosion (Tang et al., 2019). The adsorption isotherm has been the subject of numerous
proposals for equations. The following adsorption isotherms frequently provide the most
accurate descriptions of the experimental data:
1. Langmuir Adsorption Isotherms, which are mathematically represented as:

Kc = (2.11) where c is the substance's concentration in the solution, expressed as moles per

liter, K is the adsorptional equilibrium constant, and is the surface coverage (see equation

20).
2. Isotherms of Frumkin Adsorption, which can be expressed as:

KC=7(1—=)exp (- (2.12) where f is the adsorption

energy [98].
3. The Temkin Adsorption Isotherms, which can be expressed as:

Kc=exp (a) — /1 —eXp (-1(1-))-ceoerererenenieeeiee e (2.13)
where a is an attraction constant, the constant of adsorptional equilibrium, and K is obtained
from the free energy of adsorption.

K= XD (- /RT) et (2.14)
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where R is the gas constant that can be determined from the degree of surface coverage

(Tang et al., 2019).

Inhibitors' physical and chemical adsorption

Adsorption basically means that absorbate molecules are drawn to an adsorbent surface.
An adsorbent material's unsaturated surface forces lead to the preferred concentration of
molecules close to a surface. The forces that are both attracting and repelling are balanced
during adsorption. Adsorption is almost always an exothermic reaction. Adsorption processes
can be classified as either physical (Vander Waals adsorption) or chemical (activated
adsorption) depending on the kind of forces that are interacting with the adsorbent and
adsorbate.

Physical adsorption preserves the adsorbate and adsorbent's individuality. Through the
sharing, transfer, or breakdown of electrons, the adsorbate is divided into individual bonded
atoms or radicals in chemisorption. Physical adsorption can be quick (multi-molecular),
monomolecular (unimolecular), or two, three, or more layers thick. When it occurs, physical
adsorption begins as a monolayer. If the pores are close to the size of the molecules, they can
become multi-layered, allowing for further adsorption until the adsorbate fills the pores to the
brim. Chemisorption, on the other hand, requires the formation of chemical bonds between the
adsorbent and adsorbate and can be gradual and reversible.

Physical adsorption occurs when the right temperature and pressure are present, whereas
chemisorption only occurs when a chemical bond is established between the surface and the
substance. Chemisorption is always completed by the creation of a monolayer, whereas physical
adsorption can involve the formation of monolayers. At the same temperature and pressure as
the adsorption, a physically adsorbed molecule can be removed unchanged, but chemisorbed

layers cannot. Physical adsorption may occasionally occur on top of a chemisorbed monolayer.
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Chemisorption can sometimes happen quickly, but most of the time it needs energy to activate

[99]. Instantaneous physical adsorption takes place.

Adsorption kinetics

Similar to how any kinetic process can be represented, the rate at which a molecule
adsorbs Rads onto a surface may also be expressed. In the case when it is stated in terms of the
molecule's partial pressure above the surface in the gas phase, for example:

Rads = K PXu i (2.15) where x is the kinetic order,
K’ is the rate constant, and P is the partial pressure. If the rate constant is then expressed in an
Arrhenius form, we get a kinetic equation of the form:

A exp (-Ea/ RT) = Rads. Px = (2.16), where Ea is the activation energy needed for adsorption
and A is the pre-exponential (frequency) factor.

The rate of adsorption is influenced by the following factors:

1. the rate at which molecules arrive at the surface.

2. The proportion of incident molecules that are subjected to adsorption, or the rate of
adsorption (per unit area of surface) as a function of the incident molecular flux, F, and
the sticking probability,

S. Rads = S.F (MOIeCUlES M™2S ™). (2.17)

The Hertzx-Knudsen equation Flux,

F=P/(2mkT)1/2 (molecules m2s™).......cccccovvvvvrrrernnnn. (2.18)

where P is the pressure in N/m?, m = mass, kg; The sticking probability, which must fall

within the range 0 < S< 1, is clearly a property of the adsorbate/substrate system under

consideration; It may depend on a number of things, the most important of which are the
number of species that have already been adsorbed (zero) and whether or not there is an
activation barrier to adsorption. Therefore, in most cases,

S = (). €XP (-EA T RT)eorrreeeeeeseeeeeeeseesessseseessssesesesssssssesssesssseseees (2.19)



where, once more, Ea is the activation energy for adsorption and f () is a function of the

species' existing surface coverage that is yet to be determined.

Joining the conditions for S and F yields the accompanying articulation for the pace of

adsorption [99]:

According to Chetouani et al. (2004), a thermodynamic model could adequately explain
corrosion inhibition when the adsorption heat, adsorption free energy, and adsorption entropy
are known [100]. R = (f().P)/2 KT exp(-Ea)/RT

The adsorption heat, H, can be calculated by plotting the linear regression between In(k)
and 1/T, according to the Van't Hoff equation (2.21). The standard adsorptional free energy,
Go, can be calculated by using the equation:

(2.22) If the Langmuir adsorption isotherm is used, then: Kc = (C/55.5) exp (-Gads/RT)

(C/55.5) €XP (-GAAS/RT) =/ (1-0)...rrrveeeseeeeeeeseeeeeeeeeeneeesssessesssesseeseeees (2.23)

Kinetic parameters

Another useful tool for explaining the mechanism of corrosion inhibition is the kinetic
model. The straight-line function of 1/T of steel in an acidic medium is used to represent the
logarithm of the rate of corrosion (r) here, which looks like this:

(2.25) where Ea is the apparent activation energy, R is the universal gas constant, T is the
absolute temperature, and A is the pre-exponential factor (Tang et al., 2019). Ln(r) = Ea/RT +

In (A)
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Experimental inhibitors

Sodium benzoate (CsHsCOONa)

The corrosion inhibitor sodium benzoate has been used for a very long time. The fact
that it shields non-metals in addition to steel from corrosion is its strength. Since sodium
benzoate is not an oxidizing agent, it is unlikely that it will contribute directly to the cathodic
process and make corrosion worse at concentrations too low to completely stop it. Compounds
that are soluble in it do not form. It is unlikely to cause local corrosion, in contrast to inorganic
inhibitors like silicates, carbonates, and phosphates (A. A. Rahim et al., 2008).

Benzoates, according to Kuznetsov (2004), prevent passivation by introducing various
substituents into the benzene ring and are effective adsorption type inhibitors (Mabrour et al.,
2004). Non-oxidizing inhibitors like sodium polyphosphates, sodium silicates, sodium tetra
borate (borax), and sodium benzoate are used to protect iron and steel in waters that are neutral

or slightly alkaline (Bentiss et al., 1999).

Banana plant

The banana is a fruit that can be eaten. It is produced by a variety of large herbaceous
flowering plants that belong to the genus Musa parandisica. The firmness, color, and size of
the fruit vary.

Indomalaya, Australia, and the majority of West African nations are home to tropical
Musa species. In Nigeria, it is a well-known food plant. It provides a significant amount of
starch. It has shield-shaped leaves that can reach up to a meter in length and can reach a height

of two meters.

Locust bean tree

The Locust Bean Tree, also known as the Parkia biglobosa, is a perennial tree that can

grow to 30 meters in exceptional conditions. Its height ranges from 7 to 20 meters. Large, wide
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crown with low-lying branches on a staunt hole; Amber gum keeps bark, which is dark grey
brown and thickly flied, out of wounds.

Five to ten years after the tree first bears fruit,

Lemon leaves (Citrus limonum)

a. Description/Taste: Lemon leaves grow alternately along the branches of lemon trees. They
vary in precocity, beginning to ripen just before the first rain. Oval, oblong, and finely toothed,
the leaves end at a point on the non-stem end. The surface of lemon leaves is matte on the
underside and glossy on the top. Lemon leaves are aromatic and only slightly sweet when
young, when they are actually red and turn deep green as they mature.

b. Seasons and Accessibility: Lemon leaves are available throughout the year.

c. Current Information: The authentic lemon is also known as Limon, Limonagria real,
Limon Frances, or Limone. It belongs to the Rosacea genus. It is difficult to harvest the lemon
leaves because its branches have a built-in defence mechanism. Although the commercial
market for lemon leaves is still relatively small and clearly inferior to that of the lemon tree's
primary commodity fruit, their use is widespread throughout many cultures worldwide.

d. Lemon leaves are used for more than just decoration. They can be used for their aromas,
blanched and infused into teas, wrapped in meat or seafood, and roosted and steamed—their
only non-decorative culinary use—are all options. Grilling the lemon leaves is an option. The

lemon's leaves and branches can also be used to make an aromatic fire for grilling outside.

Factors influencing corrosion

A number of factors influence the underlying cause of metal corrosion. The elements
listed below: during corrosion by mechanical methods. These attacks on corrosion are the result

of a mechanical component working together.
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Flow versus Erosion Corrosion caused in this manner: Most metals need to build and keep
up a protective scale in order to be resistant to corrosion. Corrosion may quicken in places
where scale has been removed. High-velocity flow or turbulence can remove the protective
scale, exposing the newly formed metal surface to corrosive attack. It is known as flow-
accelerated corrosion or erosion when scale erosion and underlying metal corrosion occur
together.
Fretting is a type of corrosion: The relative motion of the surfaces in contact accelerates this
corrosion. When a sudden change in pressure causes fluid vapour bubbles to form and burst,
this is known as cavitation, which is a type of corrosion. Impingement of water drops is another
name for cavitation. When the absolute pressure is decreased, the liquid can reach its vapour
pressure, which can cause the bubbles to burst. When the void walls collide, a powerful
shockwave is created, putting pressure of up to 1.5 GNIn-2 on nearby tiny metal surfaces. The
metal deforms in a plastic way as a result of the pressure. Cavitation damage occurs when a
bubble collapses within the fluid repeatedly wears down the metal.
Deterioration Fatigue: This is caused by metals' cycles of stress and corrosive conditions.
Mechanism for Rusting in Iron (Mild Steel): On polished mild steel, a thin protective oxide film
forms when exposed to clean, dry air at standard temperatures. In the presence of electrolytes,
the oxide layer does not provide any protection, and it frequently degrades in the air, water, and
soil.

The anodic reaction is Fe Fe?* + 2e-.

2H" + 2e- is the cathodic reaction in de-aerated solutions.

Acidic solutions experience this fast, but alkaline and neutral solutions experience it
slowly. In the majority of situations, this is the most typical cathodic reaction type. To create
ferrous hydroxide, OI-I- ions combine with Fe?* ions.

A simple type of rust is created when this is oxidized and turns into ferric hydroxide

(Fe(OHz3)). Reddish-brown rust, a well-known rust color, the final outcome is Fe-O3. When the
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supply of oxygen is low, H2O, which can take many different forms, is utilised (Scheie, 1992).
It's possible to make FesOa. Fe?* + OH Rust's basic form, Fe (OHs), is created when Fe (OH),
reacts with water to make ferric hydroxide. With a reddish brown tint, the final result is the
well-known rust. Fe>Os. Other kinds of water can be used in place of oxygen in situations where

there is a limited supply. FesO4 might form (Scheie, 1992).

Figure 2.
Table of alloys steel. Source: Steven Brandley Feb 25, 2021 https://materials.sandvik
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Crack on the component cause by corrosion. Source: Paul Dvorak May 17, 2018
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CHAPTER 11

Materials and Methods

Materials

Inhibitors of the locust bean tree (Pakia biglobosa), banana sap, lemon leaves,
hydrochloric acid (HCI), desiccators, a funnel, a burette, a retort stand, a water bath, abrasive
papers ranging in grades from 240 to 600, and a weighing scale were all used in this study.
3.1.1 A mild steel X-ray fluorescence (XRF) method was used to conduct a chemical analysis
on a market-purchased mild steel rod for this study. The findings regarding mild steel's
fundamental composition are presented in Table 3.1.

Figure 4.

Examination of mild steel chemically

Fe C Si S P Cr V Ni Al Mn

025 016 04 004 004 8 0.15 0.032 0.02 0.7

Inhibitors
Four (4) inhibitors were utilized throughout this research project. The inhibitors that

came from plants were banana sap, lemon leaves, and the locust bean tree (Pakiabi globosa),
with HCI being the fourth.

Figure 5.

Banana sap
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Figure 6.

Locust bean

Figure 7.

Lemon leaves

i

In the phytochemical screening process, extracts of lemon, banana, and Pakiabi globosa
sap were all used. Dry powders from the locust bean tree were used for the extraction and
screening. Using a Soxlet extractor, the tannin, which is the primary component that prevents

corrosion, was obtained (Yawas et al., 2005). The extracts' most important component is tannin.

41



Methods

Acid Solution
This study utilized a 0.5 M HCI acid solution. The amount of acid remained constant

throughout the investigation. This concentration was chosen to allow for a fair number of
reactions to take place within the allotted time frame due to the small size of the cuboids. The
following concentrations of the inhibitors were altered to examine the effects of varying
inhibitor amounts on the rate of corrosion and inhibitor efficiency: for each inhibitor, 0.5, 0.1,

1.5, 2.0, and 2.5) milliliters in distilled water.

Preparation of the Samples

Mild steel was cut into tiny cubiods, or specimens, measuring 2.0 cm by 1.5 cm by 1.0
cm. Abrasive papers of grades 220 to 600 were used to smoothen the cuboids in order to expose
the sample surfaces. After being abraded, the sample was cleaned, degreased, dried, measured
with a weighing scale, and kept in a desiccator to keep it out of the outside world.

Figure 8
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Procedures for the Experiment

The acid solution was prepared prior to the start of the experiment by diluting
concentrated HCI in distilled water to a concentration of 0.5 M HCI. In order to produce the
solution that contained 0.1g/cm3 of the dried extracts, ethanol was added to distilled water in
order to accelerate the process of dissolution. These stocks of solutions were used to prepare
the inhibitor dosages of 0.5, 0.1, 1.5, 2.0, and 2.5 milliliters of filtered water.

A beaker houses the diluted HCI solution as part of the experimental setup. At first, the
experiment was conducted without an inhibitor at 38°C. The beaker containing the HCI acid
solution contained two steel weighted samples suspended in the air. The beaker was placed on
a temperature-controlled water bath. The first sample was taken after an hour and the second
after three because the corrosion rate was checked three times an hour. After being removed
from the solution, each sample was cleaned, dried, reweighed, and recorded. At 45 °C and 55
°C, the same procedure was carried out unhindered.

The concentrations of the inhibitor that were used were as follows: 1.5, 2.0, and 2.5)
milliliters in distilled water. This inhibitor received the same treatment as the others. The
experiment was conducted at 38 °C, 45 °C, and 55 °C in the presence of inhibitors to examine
the effect of temperature changes on the rate of corrosion and the extract's capacity to function

as an inhibitor. Parameters were established on the basis of the reported weight loss.
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Figure 9.

Preparation for an investigation corrosion test (a. mild steel b. inhibitors)

Bl
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Desiccators Beakers containing concentration

Weighting the corroding sample before and after exposure, dividing by the total
exposed area and exposure duration, and employing the appropriate conversion constants to

obtain the rate in the required units are the steps used to estimate a corrosion rate from mass
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loss. 3.3.1 Calculating Corrosion Rate The procedure can be represented in millimeters per

year using the equation (3.1) that follows.

_ kxAw
R_
AxTxp

................................ (3.1)

Each trial's corrosion has been calculated using the formulae above:

Cr= Penetration corossion rate in (mmlyr)

Aw= Weight loss in gram

A = Exposed Surface area of cuboid =?

p = Density of mild Steel (glcm®) = 7.86gcm™ = 0.00786gmm™3

T=Time of exposure in hours = ?

k= Constant for unit conversion = 87.6

A = Surface area of the cuboid inits entirety = 2(1 X b+ b X 1+ b X h)
= 2(1.5+1.5x%x 1) = 2(4) = 8cm? =800mm?

Corrosion rate at 45°C for Lemon Leaves:

Aw= Weight loss in gram = 0.048g = 0.000048milligrams

p = Density of mild Steel (g/lcm®) = 7.86gcm™

T=Time of exposure in hours = 1hr

k= Constant for unit conversion = 87.6

A = Total surface area of the cuboid = 800mm?

Cr= k x Aw _ 87.6 x0.000048 _ 0.0042048
R_ — -_—
AxTxp 8x1x7.86 62.88

= 6.69 x 10°°mm/yr at 45°C

Corrosion rate at 55°C for Lemon Leaves:

Aw= Weight loss in gram = 0.036g = 0.000036milligrams
p = Density of mild Steel (glcm®) = 7.86gcm™

T=Time of exposure in hours = 1hr

k= Constant for unit conversion = 87.6
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A = Exposed Surface area of Coupon=8cm?=800mm?

Cr= k x Aw _ 87.6x0.000036 _ 0.0031536
R_ — —
AxTxp 8x1x7.86 62.88

=5.02 x 10°mm/yr at 55°C
The corrosion rate was calculated for the inhibitors at different concentration and temperatures
using MS Excel and their results were presented in Chapter Four.

3.3.2 Inhibitor Efficiency

The values of inhibitor efficiencies and surface coverage were determined for each of the two

inhibitors according to Quraishi & Jamal (2002) as inflows:

_ (rp—1)x100%
To

le

Where; ro = corrosion rate in the absence of an inhibitor
r = corrosion rate in the presence of an inhibitor.

The surface coverage 0, is calculated from the formula:

9 - (rO —7")

To
Calculation for Lemon Leaves at 0.5ml concentration of inhibitor with a temperature of 38°C

_ (ro—-r) x100%
To

le

ro = corrosion rate in the absence of an inhibitor = 3.76 x10™° mm/yr
r = corrosion rate when an inhibitor is present = 3.06 x 10° mm/yr

_ (3.76 x1075 -3.06 x1075 ) x 100% _ 0.7x107° x 100% _ 70% _

3.76x10~5 3.76x10~5 T 376

18.6%

le

Calculation for Lemon Leaves at 1.0ml concentration of inhibitor with a temperature of 38°C

_ (ro—1) x100%

To

le

ro = corrosion rate in the absence of an inhibitor = 3.76x10°mm/yr
r = corrosion rate when an inhibitor is present = 3.06 x 10°mm/yr

3.76 x107% —2.36 X107 ) x 100% _ 1.39x10”°x 100% _ 139%
_( ) - =222 = 37.0%

3.76 x10~5 3.76x107° 3.76

le
MS Excel was used to calculate the inhibitor efficiency for the corrosion rate at various
concentrations and temperatures, and the results were presented in Chapter Four.
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CHAPTER IV

Findings and Discussion
Results
The corrosion rate of the steel specimen was calculated using Equation 3.1 at various
temperatures and exposure times in both the absence and presence of the inhibitor. The values
of the inhibitor's inhibitor efficiency were obtained using equation 3.2. The numerous graphs
presented here were plotted using the outcomes of the various equations:

Table 1.

The Locust beans' corrosion rate (r0) in the absence of an inhibitor after one hour and three
hours

Time (Hr) Crat 38°C Crat45°C Crat55°C

1 1.62 x10° 6.08 x10° 8.75 x10°

3 5.76 x10° 7.48 x10° 3.88 x10°
Table 2.

Corrosion rate in the absent of inhibitor (r0) after 1hr and 3hrs for banana sap

Time (Hr) Cr at 38°C Cr at 45°C Cr at 55°C

1 11.25 x10° 4.16 x10° 1.37 x10°

3 5.41 x10° 3.81x10° 5.97 x10°
Table 3.

Corrosion rate for lemon leaves after one hour and three hours in the absence of an inhibitor

(r0)
Time (Hr) Cr at 38°C Cr at 45°C Cr at 55°C
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1 3.76 x 10 6.69 x 107 5.02 x 10°
3 1.30 x 10° 1.11 x 107 1.25x 107
Table 4.

Locust beans' corrosion rate after an hour at various concentrations and temperatures in the

presence of an inhibitor

Concentration of Inhibitor (ml)  Cr at 38°C Cr at 45°C Cr at 55°C
0 1.62 x10° 6.08 x10° 8.75 x10°
0.5 1.35x10° 6.00 x10°° 5.83 x10°
1.0 1.20 x10° 5.35x10° 5.41 x10®
1.5 1.16 x10° 3.89 x10° 4,79 x10°
2.0 0.95 x10° 0.45 x10® 4,58 x10°
2.5 0.85 x10® 0.37 x10® 4.37 x10°®
Table 5.

After 1 hour, the rate of corrosion in the presence of an inhibitor in banana sap at various
concentrations and temperatures

Concentration of Inhibitor (ml)  Cr at 38°C Cr at 45°C Cr at 55°C
0 11.25 x10° 4.16 x10° 1.37 x10°
0.5 8.75 x10® 3.75x10° 1.27 x10°
1.0 8.33 x10° 3.54 x10° 1.18 x10°
15 8.33x10° 3.12x10° 1.02 x10°
2.0 6.25 x10° 2.70 x10° 0.91 x10®
2.5 4.16 x10° 2.29 x10° 0.83 x10®
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Table 6.

After 1 hour, the rate of corrosion in the presence of an inhibitor in lemon leaves of various

concentrations and temperatures

Concentration of Inhibitor (ml)  Cr at 38°C Cr at 45°C Cr at 55°C
0 3.76 x 10° 6.69 x 10° 5.02 x 10°
0.5 3.06 x 10° 474 x 10° 3.90 x 10°
1.0 2.36 x 10° 3.06 x 10° 3.48 x 10°
15 2.23x10° 2.93x 10° 3.20 x 10°
2.0 2.09 x 10° 2.39x 10° 418 x 10°
2.5 1.95x 107 1.67 x 10°° 2.79x 10°
Table 7.

After three hours, the rate of corrosion for locust beans in the presence of an inhibitor at

various concentrations and temperatures

Concentration of Inhibitor (ml)  Cr at 38°C Cr at 45°C Crat 55°C
0 57.6 x10° 7.48 x10° 3.88 x10°
0.5 54.8 x107° 6.72 x10° 2.43x10°
1.0 53.4 x10° 4.92 x10° 2.22 x10°
15 40.9 x10° 4.88 x10° 2.15x10°
2.0 38.8 x10° 4.35 x10° 2.01x10°
2.5 34.0 x10® 3.52 x10° 1.80 x10°°
Table 8.

After three hours, the rate of corrosion for banana sap in the presence of an inhibitor at
various concentrations and temperatures

Concentration of Inhibitor (ml)

Cr at 38°C

Cr at 45°C

Cr at 55°C
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0 5.41 x10° 3.81 x10° 5.97 x10®

0.5 3.12 x10® 3.54 x10° 5.55 x10°

1.0 0.90 x10°® 3.33x10° 5.34 x10°

15 0.55 x10°° 3.19 x10° 5.20 x10°®

2.0 0.48 x10°® 3.05 x10° 5.13 x10®

25 0.37 x10°® 2.98 x10° 4.72 x10°
Table 9.

After three hours, the rate of corrosion for lemon leaves in the presence of an inhibitor at

various concentrations and temperatures

Concentration of Inhibitor (ml)  Cr at 38°C Cr at 45°C Cr at 55°C
0 1.30 x10° 1.11 x10° 1.25x10°
0.5 1.25 x10° 7.89 x10°° 1.21 x10°
1.0 1.20 x10° 6.04 x10°° 1.16 x10°
1.5 1.07 x10° 5.57 x10°® 1.07 x10°
2.0 1.02 x10° 5.11 x10°® 1.02 x10°
2.5 1.02 x10° 4.64 x10° 9.75 x10°®
Table 10.

Efficacy of the inhibitor for locust beans after 1 hour at various doses and temperatures

Concentration of Inhibitor (ml)  le (%) at 38°C le (%) at 45°C le (%) at 55°C
0.5 16.7 1.32 334
1.0 25.9 12.0 38.2
15 28.4 36.0 45.3
2.0 414 92.6 47.7
2.5 47.5 93.9 50.1
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Table 11.

After one hour, banana sap inhibitor effectiveness at various temperatures and concentrations

Concentration of Inhibitor (ml)  le (%) at 38°C le (%) at 45°C le (%) at 55°C

0.5 22.2 9.9 7.3
1.0 25.9 14.9 13.9
1.5 26.0 25.0 25.5
2.0 44.4 35.1 33.6
2.5 63.0 45.0 39.4
Table 12.

The efficiency of the inhibitor for Lemon Leaves at various temperatures and concentrations
after an hour

Concentration of Inhibitor (ml)  le (%) at 38°C le (%) at 45°C le (%) at 55°C

0.5 18.5 54.2 22.2
1.0 37.0 56.3 30.6
1.5 40.7 64.6 36.1
2.0 44.4 75.0 41.7
2.5 48.2 100.0 44.4
Table 13.

Inhibitor efficiency at different concentrations and temperatures after 3hrs for Locust Beans

Table 14.

Inhibitor efficiency at different temperatures and concentrations after 3hrs for banana sap
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Table 15.

Inhibitor efficiency at different temperatures and concentrations after 3hrs for lemon leaves

Concentration of Inhibitor (ml)

le (%) at 38°C

le (%) at 45°C

le (%) at 55°C

0.5

1.0

1.5

2.0

2.5

42.3

83.4

89.8

91.1

93.2

7.1

12.6

16.3

19.9

21.8

7.0

10.6

12.9

141

20.9

Concentration of Inhibitor (ml)

le (%) at 38°C

le (%) at 45°C

le (%) at 55°C

0.5

1.0

1.5

2.0

2.5

3.6

7.1

17.9

21.4

46.4

29.2

45.8

50.0

54.2

58.3

3.7

7.4

14.8

185

22.2
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Figure 8.

A graph of corrosion rate for plants extracts with concentration of inhibitor at 1 hour
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Figure 9.

A graph of corrosion rate for plants extracts with concentration of inhibitor at 3 hours
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Figure 10.

Inhibitor efficiency for plants extracts at different temperatures after 1 hour
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Figure 11.

Inhibitor efficiency for plants extracts at different temperatures after 3 hours
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Analysis of Results

The results obtained for corrosion rate from the loss weight experiments was analyzed
using analysis of variance (ANOVA) and linear regression was generated using Minitab-16

software.
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The regression equation is

Cr=-6.43-149Conc. + 0.256 teMPt ..ot 4.1
Predictor Coef. SE Coef T P

Constant -6.425 1.940 -3.31 0.005

Conc. -1.4861 0.3327 -4.47 0.000

Tempt 0.25615 0.04072 6.29 0.000

S =1.20528 R-Sq =79.9% R-Sq(adj) = 77.2%

Analysis of Variance

Source DF SS MS F P
Regression 2 86.464 43.232 29.76 0.000
Residual Error 15 21.790 1.453

Total 17 108.255

Source DF Seq SS

Conc 1 28.986

tempt 1 57.478
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CHAPTER V

Discussion
Discussion of the Findings

After exposure, the colors of the cuboids—those with and without an inhibitor—change
from shiny to dull when viewed visually. The colors were more pronounced when cuboids were
exposed to solution without the extract. They demonstrate that while temperature increases the
rate of corrosion, it decreases over time. In accordance with Ayeni's 2007 [107] findings,
corrosion rate variations were ordered (Cr) 55°C > (Cr) 45°C > (Cr) 38°C. Additionally, it
demonstrates that the rate of corrosion decreases with exposure time.

The locust bean plant extract had a maximum corrosion rate of 1.35 x 10°> mm/yr and a
corrosion effectiveness of 47.5% after one hour of exposure. The highest corrosion performance
was 41% and the corrosion rate increased to 54.8 x 10° mm/yr after three hours. At 45°C, a
corrosion efficiency of 93.9 percent and 6.00 x 10° mm/yr were measured. The inhibitor's
efficiency is 50.1% and the maximum corrosion rate is 5.83 x 10 mm/year at 55°C. The fact
that the rate of corrosion decreased with the concentration of locust bean suggests that a greater
number of inhibitor species are available at higher concentrations to obstruct corrosion sites,
form films on the surface of the steel, or embed themselves on the steel, all of which reduce the
rate of corrosion. The fact that corrosion rates rise with temperature is not surprising. This is in
line with the way that temperature affects how quickly chemical reactions happen.

According to Table 4.4.1 and Figureure 4.3, the inhibitor efficiency of the locust beans
in an acidic environment after an hour of exposure was measured as having a minimum
efficiency of 1.32 percent at 45°C with a concentration of the inhibitor and a maximum

efficiency of 93.9 percent with a concentration of the inhibitor of 2.5 ml. With a concentration
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of 0.5 milliliters of the inhibitor, the minimum efficiency after three hours is 4.9% at 38°C,
while the maximum efficiency is 53.6 percent at 55°C, as shown in Table 4.5.1 and Figureure
4.4. This suggests that corrosion rates decreased as inhibitor concentration and exposure time
increased. However, the inhibitor's effectiveness increased with temperature, reaching 93.9%
in locust beans.

After one hour of exposure at 38°C, the plant extract of banana sap displayed maximum
corrosion rates of 8.75 x 10° mm/yr with a corrosion efficiency of 63.0% and 3.12 x 10° mm/yr
with a corrosion efficiency of 93.2 percent. At 45°C, a corrosion efficiency of 45.0% and
3.75x10" mm/yr were observed. The inhibitor efficiency is 39.4% and the highest corrosion
rate is 1.27x10° mm/yr at 55°C. According to the relationship between the concentration of
banana sap and the rate of corrosion, more inhibitor species are available at higher
concentrations to impede corrosion sites, form films on the steel's surface, or absorb themselves
on the steel, all of which reduce the rate of corrosion. The fact that corrosion rates rise with
temperature is not surprising. This is in line with the way that temperature affects how quickly
chemical reactions happen.

According to Table 4.4.2 and Figureure 4.3, the inhibitor effectiveness of banana sap in
an acidic environment after one hour of exposure recorded a minimum efficiency of 7.3% at
55°C and a maximum efficiency of 63.0% at 38°C with the inhibitor concentration. At 55°C
and a concentration of 0.5 milliliters of the inhibitor, the lowest efficiency after three hours is
7.0%, while the highest efficiency is 93.2% at 38°C and a concentration of 2.5 milliliters of the
inhibitor is shown in Table 4.5.2. It was discovered that as exposure time and inhibitor
concentration increased, corrosion rates decreased. However, as the temperature rose, the
inhibitors became more effective, leading to a 93.2 percent yield of bananas.

The lemon leaf plant extract had a maximum corrosion rate of 3.06 x 10° mm/yr and a

corrosion efficiency of 48.2 percent after one hour of exposure. The highest corrosion rate and
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corrosion efficiency after three hours were 1.25 x 10> mm/yr. At 45°C, we measured corrosion
efficiency of 100 percent and 4.74x10° mm/yr. The inhibitor efficiency is 44.4% and the
highest corrosion rate is 4.18x10™° mm/yr at 55°C. Lemon leaf concentration shows a correlation
with a decrease in corrosion rate. This suggests that, at higher concentrations, more inhibitor
species are available to block corrosion sites, form films on the steel's surface, or absorb
themselves on the steel, thereby reducing corrosion rate. The fact that corrosion rates rise with
heating is not surprising. This is in line with the way that temperature affects how quickly
chemical reactions happen.

According to Table 4.4.3 and Figure 4.3, the Lemon Leaves inhibitor efficiency in the
acidic environment was reported to have a minimum efficiency of 18.5% at 38°C and a
maximum efficiency of 100% at 45°C after a one-hour exposure at a concentration of 2.5 ml.
At 38°C and a concentration of 0.5 milliliters of the inhibitor, the lowest efficiency after three
hours is 3.6%, while the highest efficiency is 58.3% at 45°C and a concentration of 2.5
milliliters of the inhibitor is shown in Figure 4.4. This indicates that corrosion rates decreased
with increasing inhibitor concentration and exposure time. However, Lemon Leaves had an

inhibitor efficiency rating of 58.3% as the temperature rose.
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CHAPTER VI
Conclusion and Recommendations

Conclusions
Based on the weight loss measurement results for the examination of the corrosion

inhibition properties of plant extracts (locust beans, banana sap, and lemon leaves) in a
hydrochloric acid environment, the following conclusions were drawn:

1. In an acidic environment, the extracts of lemon leaves, banana sap, and locust beans
may be mild steel corrosion inhibitors. It was discovered that while exposure time and
inhibitor concentration increased the corrosion rates, temperature decreased them. The locust
bean, banana sap, and lemon leaves were ranked according to how effective the inhibitor was
at stopping growth: 93.9 percent, 93.2 percent, and 96.1%, respectively.

2. In the 0.5 M HCI solution, the outcome demonstrates that locust bean extract and lemon

leaves are superior inhibitors to banana sap inhibitor.

Recommendations

1. In order to determine the concentration at which the extract will not be effective, it is
necessary to investigate the effect that varying the acid concentration has.

2. It is necessary to investigate the effects of plant extracts as corrosion inhibitors in alkaline
media for potential applications in basic media.

3. To add to the list of plant extracts that could be used as inhibitors for mild steel and other
industrial applications in various results, additional non-toxic and effective plant extracts ought

to be investigated.
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