Chapter One
Introduction

1.1 Background to the Study

The green approach for metal oxide nanoparticle (NPs) synthesis is currently discussed in
material science and nanotechnology, and it is quick, simple, cost-effective, and
environmentally friendly. Exploring matter at the nanoscale, known as nanotechnology
(typically ranging between 1-100 nm), has broadened horizons across various fields,
including Nanomedicine, biotechnology, and pivotal applications like drug delivery,
electronics, cosmetics, and biosensors. Nanoparticles of diverse shapes and sizes can be
fabricated through physical, chemical, or biological methods. Biological processes involve
the utilization of microorganisms (such as bacteria, fungi, yeast, algae, etc.) and plants.
However, employing microorganisms carries inherent risks related to pathogenicity and
demands the maintenance of significant cultures. Thus, it is preferable to synthesize
nanoparticles using environmentally friendly or green procedures. We provide a
comprehensive overview of green synthesis, a cost-effective and straightforward method for
producing nanoparticles using plant components for making nanoparticles. Additionally, we
delve into the various factors that could influence the ecological friendliness of nanoparticle
production.

Metals are often employed in human activities because of their outstanding mechanical and
electrical properties, » > 3. Preventive maintenance is vital to protect these metals from
degradation. The most common adverse circumstance that degrades metals is corrosion 4. The
term "corrosion" refers to the aging process that a material goes through due to a chemical
interaction with its surroundings. When a gas or liquid interacts with an exposed metal
surface, corrosion occurs. Moreover, high temperatures, acids, and salts can speed up the

process.



Mild steel is most frequently employed in the construction, oil, food, energy, and chemical
industries due to its many uses, the bulk of which are based on its exceptional mechanical
qualities. It is thus relatively affordable and accessible. Moreover, this metal offers excellent
hardness, longevity, and mechanical resistance, among other characteristics % 3. Instead of the
above, finding solutions to problems with the corrosion-related degradation of mild steel
should be a top concern. To a lesser degree, alloys made of copper and aluminum are studied.
Using corrosion inhibitors may lower the high corrosion cost resulting fromQA\eed to
replace damaged metals °. Q/Q
Plant extracts have been used in a variety of ways to prevent cor@&on the surface of
mineral materials. Electrochemical investigations, which N@é methods including
electrochemical impedance spectroscopy, weight loss ng, and potential dynamic
polarization, are widely used to assess the efficacy of t extracts.
1.2 Corrosion 6

(&)
Corrosion is a natural phenomenon; it's o e@e most frequent occurrences in our everyday
lives. This is a process in which pureé‘géﬁl eact with elements such as water or air, forming
undesirable compounds. | AQ/\
This reaction damage@kntegrates the metal, starting with the area exposed to the
environment and, p‘@ssing to the majority of the metal as a whole. The conversion of
refined met sQn.()more stable compounds like metal oxides, metal sulfides, or metal
hydroxi@s}fbanother way to conceptualize corrosion.
Furtherthore, corrosion is a chemical process that forms a reddish-brown film, otherwise
known as "rust." It is an irreversible, spontaneous process in which metals change into far
more stable chemical compounds, such as oxides, sulfides, hydroxides etc °.
Although "corrosion" is typically associated with the deterioration of metals, whether natural
or man-made, both types are subject to degradation over time. High levels of air pollution can

expedite this degradation.



1.2.1 Environmental Impacts of Corrosion

Corrosion threatens historical and natural sites and increases the likelihood of catastrophic
system failures. This corrosion is attributed to rising levels of air pollution, which have
become a prevalent issue. Developed nations have witnessed a simultaneous rise in air
pollution and corrosion levels. This trend extends to items commonly found near residential
areas, including vehicles, home furnishings, patio furniture, and other objects. \
Locations utilized for crucial manufacturing, communication, data transfer,Q@ial process
control, and the preservation of cultural assets can all be harmed by osion. Corrosion may
also cause damage to critical infrastructure, including bridge%trical towers, parking
garages, and roads with steel reinforcement.In fact, one ain causes of corrosion is
sulfur dioxide, which power plants and automobile e@sions produce. Copper connections
used in electronic equipment are particularly tible to the aggressiveness of sulfur
dioxide °.High concentrations of sulfur diO)k\QQan harm trees and plants by damaging leaves
and inhibiting new growth. A recené_é;\&y is by Greenpeace indicates that excessive sulfur
dioxide leads to severe air p.ollQQp\ and premature mortality 3. This occurs due to chemical
reactions between liqu@\solids, resulting in the generation of airborne pollutants like
corrosive particum@ter (PM). Examples of such substances include black carbon and salt,
which can 1 tegav with metal molecules and accelerate their deterioration. Furthermore,
gaseousq}%lc pollutants, acting as precursors to corrosive particulate matter, exert a
substa\n{al influence on material corrosion, both directly and indirectly .

In essence, sulfur dioxide not only accelerates the corrosion of metals and other materials but
also adversely affects human health. The US Environmental Protection Agency (EPA) has
demonstrated that short-term exposure to sulfur dioxide exacerbates asthma symptoms and

causes breathing difficulties 7.



Alternatively, research suggests that elevated levels of air pollution can expedite corrosion
and the deterioration of metals more rapidly compared to areas with lower pollution levels.
According to the study, pollution levels peak during winter, leading to accelerated rusting of
metals. Several factors contribute to this increase in pollution, including heightened usage of
heating systems and vehicles during winter, as well as increased emissions from nearby
power and heating facilities 7.

The primary contaminants that induce corrosion are carbon dioxide, dust, hQ%’ and
sulfur dioxide. Additionally, other pollutants significantly impacting Q}@)n include
hydrogen sulfide emitted by waste facilities, geothermal activity, andsthe\anaerobic digestion
of organic waste ’. $

1.2.2 The Impacts of Corrosion on the Economy QQ

Similar to the inevitability of death and taxes, corrosQ\is a phenomenon we endeavor to
evade, yet ultimately, we must come to terrpb h its presence. While degradation is
commonly linked with metallic materials, 't@wcur with any type of material. For instance,
degradation of polymeric insulating @}‘\o ings has posed challenges in older aircraft. Even
ceramics are vulnerable to dam rough selective disintegration.

1.2.2.1 Cost of Annua%&orrosion

Considering the th ynamic factors involved, it's unsurprising that corrosion comes with
substantial stghmmerous studies conducted over the past three decades have revealed that
the ann@ect cost of corrosion to an industrial economy amounts to approximately 3.1%
of the ndtion's Gross National Product (GNP) ®. In the United States alone, this translates to
over $276 billion annually. The Department of Defense incurs an annual corrosion cost of
$20 billion 2.

Given the significant historical, economic, and safety implications of corrosion on society,
coupled with the fact that corrosion of metals is an electrochemical process, it has been a

focal point of society since 1903 &°.



1.2.2.2 What Does Corrosion Cost on a Worldwide Scale?

The global annual cost of corrosion stands at $2.5 trillion, as reported by NACE International.
This figure represents approximately 3.4 % of the global GDP. Implementing the most
effective corrosion prevention measures could potentially save the world between $375
billion and $875 billion, equivalent to 15-35 % of the total cost ®°.

During the last 50 years, several studies have been conducted on the societal consequences of
corrosion. Using varied techniques, the studies all arrived at corrosion costs thatQ%\around
3 % — 4 % of the gross domestic product (GDP) for each nation. Hence, tak(/ 4 % global
GDP (2013) as a benchmark, the global cost of corrosion may be gstimated to be US $2.5
trillion. According to predictions, using well-known corrosion @ement techniques may
produce annual savings of US $375 billion to $875 billj % to 35 % of the cost of
corrosion 87 Q

The economics of industrialized countries are ;&@;bantly impacted by corrosion, which is
quite expensive. There are direct expense }®ndirect costs associated with corrosion on a
yearly basis. The inability of a &;\Shl or system to operate in accordance with
specifications or established pc@s one of the effects of corrosion.

Corrosion in today's s@ one of the major problems, and that could be regarded as a
menace. The mj&n'x of industrial designs must constantly include corrosion when
estimating igm& lifespan. Corrosion is said to have cost some corporations billions of
dollars beent industrial disasters. According to reports, several oil corporations faced
corros\kﬂ-related pipeline ruptures, oil spills that definitely polluted the environment,
financial losses from having to clean up this mess, and, lastly, significant ecological damage
as a result of corrosion effects. Concern about the possibility of corrosion developing in an
industrial facility has been high among engineers and scientists working in the disciplines of

mechanical, chemical, and petroleum engineering. It is now known that corrosion may affect



the reaction and the purity of the reaction products and that corrosion products can alter the
chemistry of a specific process in a number of ways ',

1.2.3 Corrosion Prevention

Corrosion prevention is essential to save serious losses. Most of the buildings are made of
metal. Roads, railways, automobile parts, and even household objects like window grills and
doors. Zinc is frequently used to galvanize steel, thereby preventing corrosion. According to
test data, zinc corrodes in marine environments around 20 times more slowly tQ%ﬂmon
steel alloys. A thicker galvanized coating will enable the metal to resist cor@or a longer
period. 6\

An alternative is to utilize stainless steel grades 304 or 316. l%/er, 316 stainless steel
corrodes less quickly than 304, which is considered a for the majority of marine
environments . After 40 years of water exposure, thQO4 and 316 stainless steel samples
used in the 1940 experiments exhibited no ion or loss of strength. The primary
drawback of stainless steel 304 and 316 m@ cost of production compared to alternative
corrosion prevention methods. Whilfi@%ﬁinal price of corrosion protection technologies is
higher, maintenance and repla@t expenses are less.

1.3 Pathogenicity of @o\ganisms

Pathogenicity of J\@rganisms refers to the capacity of certain microorganisms to induce
disease in p tg,adimals, or insects. These organisms, termed pathogens, can harm their host
during %%c‘uon, either through direct means such as toxins or via virulence factors that
indirw impact the host's immune responses. Pathogenicity encompasses the transmission
of disease or the development of disease within a host organism. The degree of pathogenicity,
known as virulence, is the ability of bacteria to cause illness based on their genetic, metabolic,
or structural characteristics. Virulence involves mechanisms for accessing environmental

resources and nutrients, exploiting them, and subsequently moving on to infect new hosts 2.



Pathogens can be classified as facultative, obligatory, or opportunistic. Although they need
living hosts to reproduce and survive, obligatory pathogens can infect healthy members of
vulnerable host species. Mycobacterium tuberculosis is one example. Opportunistic
pathogens grow best on organic substrates and are less dangerous to live hosts. Often
targeting individuals with compromised immune systems. The interaction between hosts and
pathogens depends on molecular mechanisms facilitated by genetic makeup. Genetic
variations, selection of compatible hosts, and the progression into disease are l@cesses
governing these interactions 3. Q

Many pathogenic microorganisms adhere to their hosts using a@&ns or specialized
adherence factors. They may then physically penetrate or enter t@t s cells. Infections can
be intracellular, as seen in Salmonella, Mycoplasma, acterium, Legionella spp.,
Shigella, and Chlamydia, or extracellular, as observed @eudomonas”’ 15,

1.4 Statement of the Problem ’bb

Corrosion brought on by outdated infrast N as been mostly blamed for pipeline failures.
In Nigeria, the majority of the petrolél;mxpr duct transportation pipes are more than 60 years
old. In the 35 years under .cc@ration, there have been around 7,359 spills in Nigeria,
releasing 3,114,255 b@)ﬁh an estimated $247,957,000. This results in the most
significant rate of ﬁworldwide, nearly 600 on average each year. Records showed that
6 %, 25 %, ng&% of all oil spills in Nigeria occur in land, swamp, and offshore areas,
respecti orrosion and the ineffective control of corrosion have cost many millions of
dolle%ﬁnvironmentalists requested that the federal government declare a state of emergency
regarding oil spills and the affected areas to highlight the hazards of oil leakage. They
emphasized that it poses a severe risk to people's lives and property, making it a silent
murderer of Nigeria's future. There are 150 fish species and other types of animals that are
threatened by spills in Nigeria. Maintaining older pipelines can be tricky, yet cutting losses is

necessary. It was demonstrated that the expense of managing corrosion between 2004 and



2008 was significantly less than the estimated cost of an oil spill in 1978 alone. This was
calculated to be over $38 billion; prevention is preferable to treatment. It may be crucial to
stop more losses if laws and government policies establishing minimum criteria to minimize
corrosion are strictly enforced and followed.

The deterioration of the country's energy and transportation infrastructures, the leaking of
corrosion products into the environment, and the degeneration of an early generation of
medical implants and equipment caused by interactions with human body fluids Qﬂs{ a few

of the effects that go far beyond the purely financial. We must intensif)@ht against

corrosion since its harmful effects outweigh economic loss. 6\
More so, microbial contamination of food is particularly conce or both developed and
developing nations, Food borne illnesses caused by patho e a significant global public

health concern, prompting countries to allocate subst@ﬁal resources to address the issue.
Bacterial contamination of food is particularly cy&éhing for both developed and developing
nations. P. aeruginosa can induce a wide ra@of severe acute and chronic life-threatening
conditions, including meningitis, cé\}'ﬁdia, urinary tract infections, and pneumonia,
particularly in individuals w.itl& ic fibrosis. It ranks among the top three causative agents
of opportunistic infecti@umans, affecting over 2 million patients annually and causing
approximately 9Q@qeaths each year. Due to its ability to secrete extracellular enzymes, P.

aeruginosa 12 agQJommonly implicated as a spoilage bacterium, particularly in foods with

higher v@eontent and rich nutrient content.

v

1.5 Justification of the Study

Non-edible plants are often chosen for the synthesis of valuable materials to prevent any risk
of depletion of species such as Cassia javanica, Washingtonia robusta, Adonidia merrillii,
and Casuarina equisetifolia. These particular plants are non-edible and may even be

considered as weeds. This therefore necessitates the adoption of the eco-friendly green



synthetic route using non-edible plant parts for the synthesis of Zinc oxide and aluminum

oxide nanoparticles for corrosion inhibition and medical purposes.Zinc oxide and aluminum

oxide nanoparticles are excellent corrosion inhibitors and have good therapeutic properties

against diverse microbial strains. These nanoparticles of different shapes and sizes may be

produced by physical, chemical, or biological processes. However, physical

and  chemical processes require the usage of potent reducing agents, which leads to

excessive energy use, poor yield, high prices, and negative environmental effectsQ*

1.6 Aims and Objectives of the Study Q}O

The primary objective of this study is to develop innovative extracts ’%qgopartlcles that

serve as effective inhibitors for both corrosion and antimicrobial %es

The specific objectives were to: 0

I.  Synthesize zinc oxide and aluminum oxide na@particles using the following plant

extracts: Adonida merrilli, Washingt%bmbusta, Cassia javanica, Casuarina
equisetifolia. See Appendix 1 for 0\\ tails.

II.  Characterize the synthesizéc?_;\\va oparticles using Fourier transform infrared
spectroscopy  (FT- IRA%ergy dispersive X-ray analyzer (EDX), UV-vis
spectrophotome%%ﬁnmng Electron Microscopy (SEM), X-ray diffractometer
(XRD)

Q)
Det g&dﬁe corrosion inhibition characteristic of each of the plant extracts in an

Q medium.
“w

valuate inhibition studies of zinc oxide and aluminum oxide nanoparticles in an

1.

V.
acidic medium.

V. Carry out comparative studies of the corrosion inhibition properties of each plant
extract, zinc oxide, and aluminum oxide nanoparticles.

VI.  Monitor and measure the degree of mild steel corrosion using the gravimetric

technique with electrochemical technique at various acid concentrations.



VII.  Determine kinetic study of the corrosion inhibition process.

VIII.  Determine the phytochemical properties of the extracts.
IX.  Determine the antimicrobial properties of plant extracts, zinc oxide, and aluminum.
Oxide nanoparticles on Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus,
and Salmonella.

1.7 Significance of the Study

This study is poised to advance the field of science, through the use of Adorq%rrilli,
Washingtonia robusta , Cassia javanica, Casuarina equisetifolia, and w e@ unwanted
plants from being considered trash to becoming valuable resou &l‘o develop novel
corrosion inhibitors and methods to restrict microbial growth, @ synthesize zinc oxide
and aluminum oxide nanoparticles using leaf extracts fr: ida merrilli, Washingtonia
robusta , Cassia javanica, and Casuarina equisetifolia.Q
1.8 Scope of the Study 6

O

The goal of this study is to utilize a gree a\&stry approach to synthesize zinc oxide and
aluminum oxide from aqueous e)tﬁ;;Q\a f Casuarina equisetifolia, Adonida merrilli,
Washingtonia robusta, and @ Javanica. The plant extracts and the synthesized
nanoparticles will be L%Q‘corrosmn inhibition study at sulfuric acid concentrations to
track the rate of m el deterioration.

The corros1% 1t10n characteristics of the nanoparticles will be determined at varying
concent@s of the acid. The mild steel sample metal's corrosion activity will be
deterr}(ed using gravimetric analysis and a Potentiostat galvanostat, and the sample metal's
weight loss will be carefully observed to see whether the phenomenon may be connected to
the various phases of the metal's corrosion activity.

Evaluate the antimicrobial activities of aqueous plant extracts from Casuarina equisetifolia,

Adonidia merrillii, Washingtonia robusta, and Cassia javanica, as well as the zinc oxide and
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aluminum oxide nanoparticles synthesized from each plant sample, against Escherichia coli,

Pseudomonas aeruginosa, Staphylococcus aureus, and Salmonella species.

1.9 Limitation of the Study

Utilizing leaf extracts and their derived zinc oxide (ZnO) and aluminum oxide (Al.Os)
nanoparticles offers a sustainable and cost-effective alternative to conventional synthetic
agents in corrosion inhibition and antimicrobial studies. While this green approach\is both
innovative and environmentally friendly, it faces several limitations that @fect the
consistency, reproducibility, and overall effectiveness of the results in p ctge.bepplications.
Variability in Phytochemical Composition: The chemical com n of plant extracts
can vary based on factors such as plant age, season, location@%ditions, and extraction
methods. These fluctuations affect the consistency of phyt micals, which serve as natural
reducing and stabilizing agents during nanopartic%%%esis. As a result, variations in the
concentration and composition of these co@%s lead to inconsistencies in particle size,
shape, surface charge, and crysta&@g, ultimately impacting the reliability and
standardization of corrosion inhibét}&%d antimicrobial performance.

Regulatory, Toxicologica@ Environmental Concerns: Although plant extracts are
natural, they may co t&armful or allergenic compounds, which, without proper safety
evaluation, cou@&t eir use in food-related or biomedical applications. Similarly, while
zinc oxide ) and aluminum oxide (Al>Os) nanoparticles are considered environmentally
frien%glﬁey may still pose toxicity risks to aquatic life or human cells if not handled
properly. These concerns highlight the need for thorough safety assessments before their
application, particularly in medical or environmental contexts.

1.10 Operational Definition of Term

Phytochemicals: Phytochemicals are naturally occurring chemical compounds found in

plants. These compounds, such as alkaloids, flavonoids, terpenoids, and phenolics,
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contribute to the plant's color, flavor, and resistance to pathogens, and have potential health
benefits for humans, such as antimicrobial, antioxidant, and anti-inflammatory properties.
Antimicrobial: Antimicrobial refers to substances that kill or inhibit the growth of
microorganisms, including bacteria, fungi, viruses, and parasites. Antimicrobials are used in
various applications, including medicine, food preservation, and surface disinfection.
Corrosion Inhibition: Corrosion inhibition is the process of reducing or preventing the
deterioration of materials, especially metals, due to chemical reactions with en'QAuental
factors, such as oxygen, water, or acids. Inhibitors are chemicals that sl n or stop
these reactions, protecting materials from damage. ’\

Mild Steel: Mild steel, also known as carbon steel, is a typ ow-carbon steel that
contains a small percentage of carbon (usually 0.05- It is commonly used in
construction and manufacturing due to its strength ability, and ease of fabrication.
However, it is susceptible to rust and corrosion y&éxposed to moisture and oxygen.

Plant Extracts: Plant extracts are conce t}a\@preparations made by extracting bioactive
compounds from plant materials usiég;\xtv nts, such as water, ethanol, or methanol. These
extracts contain various phy;oa%cals and are used in a variety of applications, including
medicine, cosmetics, a%‘@}\@reservation.

Zinc Oxide Nanpg&les: Zinc oxide nanoparticles (ZnO NPs) are nanoscale particles of
zinc oxide t tmit unique properties, such as high surface area, antimicrobial activity,
and UV@%rption. These nanoparticles are widely used in applications like sunscreens,
coatin\g{ and as antimicrobial agents in various industries.

Aluminum Oxide Nanoparticles: Aluminum oxide nanoparticles (Al.Os NPs) are
nanoscale particles of aluminum oxide, known for their hardness, high thermal stability, and
biocompatibility. They are used in applications such as drug delivery, sensors, and as

corrosion-resistant coatings for metals.
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Literature Review
2.1 Introduction to Green Nanoparticles
The study of matter at the nanoscale, or between 1 and 100 nm, is known as nanotechnology.
In comparison to microparticles (1-1000 um), "fine particles" (100-2500 nm), and "coarse
particles" (2500-10,000 nm), nanoparticles are smaller. This allows for distinct chemical and
physical properties, such as colloidal properties and ultrafast optical or electrical effects.
Nanoparticles generally do not settle out like colloidal particles, which are typifq*\the 1-
1000 nm range, since they are more impacted by Brownian motion !. Q}Q
Due to their size being smaller than the wavelengths of visib t (400-700 nm),
nanoparticles are invisible under ordinary optical microscopes, n%itating electron or laser
microscopes for observation. Consequently, nanoparticle gt ns in transparent media can
remain transparent, whereas larger particle suspensionQQatter visible light. Common filters
can also capture nanoparticles; hence, specific @traﬁon methods are needed to separate
them from liquids. ®
Nanoparticles are found all througé%\’&n ture and are the subject of research in many
scientific fields, including .b@ chemistry, physics, and geology. They occur at the
interface between ato%Q\molecule structures and bulk materials, displaying special
behaviors not obsq&at either size. They play a critical role in industrial goods such as
paints, plasti s,gnﬂfals, ceramics, and magnetic materials, as well as in air pollution. A crucial
feature @%&otechnology is the production of nanoparticles with certain characteristics 2.
NancMcles have received accolades in several disciplines, such as nanomedicine and
biotechnologies, in addition to other key applications, such as drug delivery, electronics,
cosmetics, and biosensors. Microorganisms (bacteria, fungi, yeast, algae, etc.) and plants are
both used in biological processes; however, utilizing microorganisms is riskier due to the
issue of pathogenicity and necessitates the upkeep of large cultures. It is also better to create

nanoparticles utilizing green procedures. We provide a general review of green synthesis, a
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less expensive and complex way to make nanoparticles that use plants or parts of plants. The
myriad factors that may affect how ecologically nanoparticles are produced are also
considered and explored. 2.

2.1.1 Various Methods for Synthetization Nanoparticles

There are two major methods for the synthesis of nanoparticles.

1) Top-down and *

2) Bottom-up.

1) Top-Down-Synthesis Techniques Q/Q

The synthesis of nano-scale structures using the top-down appro@%rolves the use of
larger devices. Traditional workshops or microfabrication ﬂ’@ in which the material is
cut, machined, and molded with tools, are widely used in@)ractice. Imperfections, such as
structural faults and pollutants, may be present in l%%cles made top-down 3.

Vander Waals forces between stacked bulk,c ents are frequently broken as part of the
top-down method for producing thin-la Xystals. While creating nanoparticles from the
bottom up, ionic or covalent bo@‘ is employed. The top-down approach frequently
necessitates significant enefg&:%lts with detrimental environmental implications. There
should not be any sig\@% negative impact from producing nanoparticles that will be

utilized to rest@cosystem. Top-down techniques include mechanical milling, ion
a

sputtering, 1 lation, and more. Top-down approaches are frequently simpler to use, but
they ca@%sed for very small particles. The main issues with this method of manufacturing
nanoparticles are changes in the physiochemical characteristics of the Nanoparticles and their
surface chemistry 3.

2) Bottom-Up Technique

Brick house construction is comparable to bottom-up manufacturing. Instead of employing

bricks piled on top of each other, this method layers atoms or molecules one at a time to
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create the necessary nanostructure. This long process requires atoms to self-assemble. Liquid-
phase and gas-phase processes are the two different categories of bottom-up methods.

In every case, nanomaterials are produced by a carefully controlled process that begins with a
single atom or molecule. Examples of gas-phase techniques are plasma arcing and chemical
vapor deposition, while a liquid-phase technique is sol-gel synthesis.

Atoms, molecules, or smaller particles may band together to generate nanoparticles via a
bottom-up technique. The first step in creating finished nanoparticles is assembliQ* nano-
organized building blocks of the nanomaterials. Examples of physicdl- ical, mist
deposition, sol-gel, hydrothermal, spray, and laser decomposition ar: ’gsqples of bottom-up
processes °. The environment is negatively impacted by the%loyment of chemicals,
extreme temperatures, and pressure to produce nanoparti Q}ugh chemical and physical
processes. Nanoparticles are produced biologicall ing isolates, extracts, and other
microbes from plants. Biological methods are tba%st efficient for producing nanoparticles
for contaminant removal since they are 1 &%ensive, safer for the environment, scalable,
and don't need dangerous chemicals,éi;ék-p ssure, energy, or temperature >. various methods

have been used to synthesize, n@icles as shown in Figure 2.1 3.
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Figure 2.1: Various Methods K@lhetizaﬁon Nanoparticles -2

2.1.2 Biosynthesis of Aluminum Nanoparticles
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Biosynthesis is now a key trend in the globe due its low cost, high efficacy, and ecologically
benign approach. In a recent work, aluminum nitrate was used as a precursor to extract
aluminum oxide Nanopowder from Muntingia calabura leaves. Aluminum oxide (Al>O3) nm
has been added in an attempt to improve the characteristics of hybrid composites based on
sisal and coir, sisal and banana, and banana and coir. The epoxy-based natural fiber
composites were produced by compression casting. Added amounts of nano Al,O3 granules
were 0, 1, 2, and 3 wt. The results show that all combined hybrid fibers' tensile,@sgl, and
impact characteristics are enhanced by the addition of nano power to 3 w 1gDercent. For
the sisal/coir, banana/coir, and sisal/banana hybrid compoundét%q leftover weight
percentage increased by 3 % nano substitution, going from 27.1@.14, 26.07 to 31.33 %,
and 23.76 to 27.50 %, respectively. When hybrid coprbi ns are in different stages,
temperature deterioration becomes better. Scannin%@gctron microscopy (SEM) images
showed that the addition of alumina Nano powe ificantly reduced fiber breakage, matrix
cracking, and void gaps *°. @

In a recent study, aluminum nanopé‘;\%k and Moringaoleifera gum-activated carbon are
coupled to generate nanocgrr@es for effective photocatalytic removal of nitrate and
phosphate in an aqueo@on. Removing nitrate and phosphate from polluted water is a
problem that affeq& ecosystem. The objective of the research was to create a carbon-
based meta aggabmposite adsorption for improved nitrate and phosphate removal from
aqueous@uon utilizing a specific light spectrum. Aluminum oxide nanoparticles and
Mor%/oleifera gum-activated carbon (MOGAC) were combined to make nanocomposites
using the sol-gel method (AlO3NPs). A nanocomposite was also generated to assess the
photocatalytic elimination of nitrate and phosphate under various LED light irradiations. The
compound's surface holes, which have a honeycomb-like structure, were visible in the
compound's microscopic picture. AlO3; and Al,O3/MOGAC had bandgap values of 3.16 and

3.22 eV, respectively, and they matched the reflectance edge of 420 nm. The surface area of
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Al O3/ MOGAC nanocomposites was found to be 176.92 m?/gL. Under different LED light,
the created nanocomposites showed photocatalytic activity against nitrate and phosphate.
After 105 and 75 minutes of contact, respectively, the removal of nitrate and phosphate ions
by the red LED light spectrum and ten mg/l of nanocomposite was up to 94% and 95%. After
four rounds of nitrate and phosphate reduction, the Al,O3/MOGAC nanocomposites usually
kept their stability ©.

In this study, the shelf stability of water mixes made with distributed aluminum %ﬁtticles
using conventional and controlled bath temperature two-step procedures wﬁ@tigated. pH
nine water and nanoparticles in the range of 0.1 to 1.0 Vol % &used to make the
Nanofluids. A bath-style ultrasonicator was used to evenly @ute the nanoparticles
throughout the base fluid. During a 4-hour sonication pr: | as-prepared samples were
either subjected to an uncontrolled device, such as ba mperature, or temperature control
between 10 and 60 °C. The steadiness of t%&ated as-nano suspensions was also
evaluated utilizing the sedimentation sn&s\h\&apture technique by capturing pictures over

the course of 12 hours at regular inte&

sedimentation height.” It wag di&%&red that the customary approach and set temperatures of

d assessing the results using the ratios of sample

30 °C and above gene%@m fluids that displayed flocculated sedimentation behavior,
whereas the regulg&[emperature of under 30 °C produced nano fluids that exhibited
dispersed sedimentdtion behavior. Increasing the temperature of the controlled sonication has
also be%%own to hasten sediment settling. Also, it was shown that as the nanoparticle
conc&/&ttion grew a constant temperatures, there was less fluctuation in the sedimentation
height ratio among the samples 7. When the two manufacturing processes were compared, it
was found that the 30 °C nano fluids had better short- and long-term stability than the
suspensions manufactured the traditional way 310,

Aluminum nanoparticle production in large numbers is difficult using the majority of the

currently available synthesis methods. Cryomilling, a top-down method described in the
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present work, produces a significant number of aluminum nanoparticles (Al NPs).
Cryomilling is known to improve particle size to an ultra-fine level and to reduce the rate of
oxidation during synthesis. Due to its high susceptibility to nanoscale oxidation and
Nitridation, aluminum is a reactive metal. As a consequence, huge amounts of Al NPs have
been produced using a special cryo mill that grinds powder at an extremely low temperature
(123 K). This process is recognized as being safe for the environment and producing no
unwanted by-products. The ultra-refined Al NPs are a potential choice for use Q%ge of
applications, such as the manufacture of explosive formulations, nanoﬁhﬁ/ ents, and
heat-shield coatings for aircraft, among others. The increasing dem Al NPs will thus
be satisfied by the industrial-scale bulk production of Al NPs \%yomilling. The created
nanoparticles have been described using a variety of cutti% techniques to establish their
size, shape, dispersion stability, and purity, such as The results demonstrate that it is
possible to produce Al NPs that range in size froibé) 15 nm. Al NPs have been shown to be
thermally stable up to 150 °C as a result N earch on nanoparticle thermal stability. The
results have been analyzed using the é@ilable hypotheses '

The use of biosensor tech@o@l the diagnosis of disease and the monitoring of its
evolution is very prom%@memical sensors that are rapid, sensitive, and almost affordable
are known as eleqtq&nical biosensors. An integrated electrochemical biosensor with a zinc
oxide nano strustufe doped with aluminum nanoparticles has been developed to detect the
dengue @ A hard mask and thermal evaporator system were used in the construction of
the Ag'(silver) interdigitated electrode (IDE) embedded on Si-AZO made of Ag. (PVD). In
order to set up electrical sensing for DNA probes specific to dengue in quantities of 100 fM,
100 pM, and 10 nM, (IDE/Ag)/AZO/Si) is functionalized by DNA immobilization,
hybridization, and surface modification. The limit detection and quantification sensitivity are
15.46 and nM1 and 51.53 an nM1, respectively, while the wide range detection sensitivity is

55.54 an nM1 cm?. A linear regression coefficient of 0.8563 and a present technology is very
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speedy and very effective. Thus, it could aid in the development of dengue virus diagnostics
in the future '2.

2.1.3 Biosynthesis of Zinc Oxide Nanoparticles

Utilizing Cnidoscolus aconitifolius aqueous leaf extracts, zinc oxide nanoparticles were
created, and their biological functions were investigated. The following instruments were
used for characterization: FT-IR, TEM, SEM, and UV-Vis spectroscopy. The tests used to
evaluate the antioxidant capabilities were DPPH scavenging, ABTS, H>O», NOQ%RAP.
Proteinase inhibitory tests, albumin denaturation, and membrane stabilizaQ/Qre used to
assess the anti-inflammatory properties. The well diffusion meth used to test the
antibacterial effects. The ANOVA statistical analysis was carrie Qpeak at 378 nm was
found by UV-Vis Spectroscopy, suggesting the exi Qof artificial nanoparticles.
Functional groups that suggested the plant extract's Qbilizing effect on the nanoparticle
surface were found by FT-IR analysis. SEM an@ confirmed spherical morphology, with
TEM indicating a size of 100 nm. In ant'(wt assays, zinc oxide nanoparticles exhibited
significant potential compared to thé;\%or ic acid standard across various tests. They also
demonstrated noteworthy _ @ ammatory properties, particularly in membrane
stabilization. Moreov%@nanoparticles showed inhibitory effects against clinical
pathogens compa.rq&the standard drug Cefuroxime. These promising biological activities
highlight thg&l applications of these nanoparticles in various fields .

Biosynt%b

physica¥ and chemical synthesis techniques in recent times. The production of zinc oxide

nanoparticles have become a major contender for replacing traditional

nanoparticles (ZnO NPs) was done using zinc nitrate and leaf extracts from Phoenix
dactylifera L. The purpose of the study was to evaluate these nanoparticles' effects on
biochemical and biomass parameters. X-ray diffraction (XRD), transmission electron
microscopy (TEM), ultraviolet-visible spectrophotometry, and Fourier transform infrared

spectroscopy (FTIR) were used to characterize the biosynthesized ZnO nanostructures. The
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findings showed that the nanoparticles were spherical and ranged in size from 16 to 35 nm.
They also showed clear functional group peaks and a UV absorption peak at 370.5 nm. The
effects of various doses (0.0 mg/L, 80 mg/L, and 160 mg/L) of biosynthesized ZnO
nanoparticles on the biomass and in vitro bioactive chemical synthesis in Juniperus procera
were also examined in the study. In vitro growth of J. Procera was observed to be greatly
improved by concentrations of biosynthesized ZnO NPs (80 mg/L and 160 mg/L) when
compared to non-treated plants. On the other hand, although the maximum conQ\A(ion of
ZnO NPs (160 mg/L) at first promoted plant development, after a month tk@ es became
brownish and the shoots turned yellow. Additionally, GC-MS analysi the effect of ZnO
NPs on phytochemical components in Juniperus procera callus%&aled variations across
treatments !4, QQ

Furthermore, rapid, environmentally friendly, and stra@forward approach for synthesizing
zinc oxide nanoparticles (ZnO-NPs) was outline@ﬂng extracts from Ducrosia anethifolia
and Anabasis setifera plants. The structu wracteristics of the biosynthesized ZnO-NPs
were examined through FT-IR, Xé\E X, and FESEM techniques. These ZnO-NPs,
synthesized from two diffe;e&%anical sources, were also utilized as both support and
promoters in the fabri%\g}Pd/ZnO nanoparticles. XRD, FESEM, EDX, and elemental
mapping analyses g&employed to ascertain the phase composition and morphology of the
synthesized igﬂ>Electrochemical investigations using cyclic voltammetry revealed that the
oxide SQ%Slzed from Ducrosia anethifolia plant extract exhibited superior promoting
beha%(for palladium in ethanol oxidation compared to the one from Anabasis setifera. This
superiority can be attributed to the more porous structure of the oxide synthesized from
Ducrosia anethifolia extract, resulting in a higher surface area and better dispersion of
palladium on the promoter '°

2.1.4 Nanoparticles Characterization
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Nanoparticles undergo a variety of characterization processes. Determining their spreads,
sizes, surface features, and surface area is shown in Figure 2.2. The visual assessment of
color shift is the first step in the characterization of every nanoparticle. When gold
nanoparticles are produced, a color change from yellow to red may be seen. Moreover, as the

particle size rises, the color shifts from a deep red to a purple tint.

Nanoparticles characterization methods
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2.1.4.1 The Structural Characterization Method

UV-Vis Spectroscopy
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Variations in the Surface Plasmon Resonance (SPR) of the nanoparticles cause color shift.
The change in color from yellow to brown can be utilized to visually confirm that
nanomaterials are being produced. Like gold nanoparticles, all nanoparticles display a range
of colors and tints due to size variation. Surface Plasmon Resonance (SPR) in metallic
nanoparticles has demonstrated extraordinary optical properties that may be seen via UV-Vis
spectroscopy. A specific SP band is generated as a result of radiation's interaction with metals,
which promotes the movement of electrons from their ground state to higher qu\states.
This helps with the deduction of nanoparticles (nm) up to a point. AgNPs,Q/@ance, have
an absorption spectrum between 400 and 450 nm, while AuNPs ha between 500 and
550 nm. This wavelength range applies to ZnO-NPs (350-39 . When absorbance is
determined for copper nanoparticles between 550 and Q the appearance of reddish
brown color from green color indicates the creation of\COpper nanoparticles. The dark brown
hue signifies the conversion of magnesium nitra@ magnesium nanoparticles '6.

Scanning Electron Microscopy @

An electron microscope is used to é)%o t a SEM inspection. Sample preparation occurs
often. Subsequently, carbon, sa were placed onto the Grip and exposed to a mercury
lamp for 15 minutes to%@ter that, copper grids were coated with tiny layers of carbon.
The specimen's sun[&s in line with the electron beam. A three-dimensional (3D) picture of
the material &&Ment magnifications is created by the detection of back-scattered electrons,
seconda, ectrons, and characteristic X-rays. With the use of energy dispersive
spechfopy (EDX) and field emission scanning electron microscopy (FE-SEM), the
appearance, structure, and elemental composition of the zinc oxide nanoparticles were

investigated.

Transmission Electron Microscopy (TEM)
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Transmission electron microscopy (TEM) is another useful technique for figuring out the
morphology, size, shape, and aggregation of nanoparticles. The precise restoration of a dry
sample with the appropriate thickness is the primary goal in the TEM investigation of
nanoparticles. The electrons that flow through the material are used to create two-
dimensional TEM pictures. Details on the interior particle structures of nanocarriers and the
polymeric walls of nanocapsules may be obtained from TEM images of polymeric
nanoparticles with sub-nanometer resolution !7- 18, Q\
X-Ray Diffraction (XRD) Q/Q

X-ray diffraction is a safe way to analyze metallic nanoparticles (X alyzing XRD data
may help to understand the structure, composition, and molecul%ﬁractions of a material.
In addition to regulating sample phase and phase con@@ls utilized for particle size
detection. When electrons possess sufficient energy to @ce the inner shell of target materials
to shift, characteristic X-ray spectra are generate%b

Dynamic Light Scattering (DLS) ®

Photon correlation spectroscopy (PCé_);\Sls referred to as dynamic light scattering (DLS), is
a widely utilized technique ﬁo@taining the size of nanoparticles. A monochromatic laser
beam illuminates a co@olution in a DLS experiment, and the light scatters into a
photon detector..'s&ltensity of scattered light is measured over time to estimate the
hydrodynami gu:>cle size. DLS is applicable to colloidal suspensions as well. It provides
selectivi@fénsitivity, ease of use, and speedier measurement intervals.

Aton}force Microscope (AFM)

AFM is a type of scanning probe microscopy (SP) that employs a cantilever to scan the
material and enable the imaging of nanoparticles. The cantilever deflection is then monitored
using a laser-photodiode system that monitors variations in the photodetector output voltage.
The two most used imaging methods are AFM and AFM, both in contact and tapping modes.

AFM topographic imaging may be used to ascertain the growth mechanism of the
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nanocrystals. An AFM was used to measure the height and roughness of cobalt oxide
nanoparticles, and 3.16 nm of typical roughness was discovered. The size, aggregation, and
shape of the nanoparticles may also be ascertained using AFM examination. The filamentous
fungus Penicillium decumbens had silver nanoparticles that were uniformly distributed,
spherical in shape, and aggregated=, according to an AFM scan.

Brunauer-Emmet-Teller (BET)

A Brunauer-Emmet-Teller (BET) study is used to determine the surface area of nQ*ticles.
The surface area of nanoparticles is important for environmental applicati@@ pollutants
like heavy metals and pigments to be absorbed, nanoparticles need ﬁye a larger surface
area. The BET surface area was found to be 86.95 m’/g in a stud@ng the adsorption of
Ni (II) ions by supermagnetic iron oxide nanoparticles c th green extract. Ni(Il) ions
might attach to nanoparticles more readily due to the @on’s mesoporous shape and size !°.
In agricultural contexts; nanoparticles can be @@yed as carrier molecules to efficiently
transmit therapeutic compounds to crops. @g more surface area might be beneficial for
collecting crops and distributing mé%gsﬁ. Smaller nanoparticles showed higher surface
area-to-volume ratios, which s p the rate at which target molecules had to dissolve to
reach the microorgani%%}onsible for cleaning up pollution. The aggregation state of
nanoparticles is dg@ned by their surface area, which also influences their stability in
particular p sighgical conditions required for the healing process "°.

2.14.2 agnetic Characterization Method

v

Vibrating Sample Magnetometers (VSM)

The Phomopsis liquidambaris silver nanoparticles included flavonoids, triterpenoids, and
protein, all of which were required for the reduction and capping processes 2°. Magnetic
nanoparticles have gained attention recently as a material with potential uses in many

different fields. It consists of a magnetic core formed of metal ions and an outside active-
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group shell. Functionalized magnetic nanoparticles bring additional challenges related to
magnetization, surface effect, and magneto-mechanical effect. The basic characteristic of
magnetic nanoparticles is their capacity to be modified by a magnetic force outside. These
properties promote the removal of adsorption nanoparticles from the treated solutions under
magnetic fields, hence increasing oil recovery. Therefore, recognizing these traits is crucial to
developing an effective rehabilitation plan. Nanomaterials' magnetic properties may be
evaluated using vibrating sample magnetometers (VSM). An induced currenthﬁqerated
proportionate to the magnetic property of the sample by creating Vibratimgapplying a
magnetic field to the embedded coil within the equipment. The prod rrent is sent into a
hysteresis so that the sensor can follow the magnetic properties o%oparticles. The isolated
magnetic iron nanoparticles from Bacillus cereus w ery superparamagnetic, as

evidenced by the fact that they did not magnetize in@; presence of an external magnetic

field 2!. b’b
®%

2.1.4.3 The Compositional Chara,c&tion Method

Fourier Transform Infrared Spéef{ca\copy (FTIR)

A variety of nanoparticles, %@ing metallic, carbon, and polymeric nanomaterials, may be
recognized via infrare @troscopy. Potential biomolecules that could cap nanoparticles can
be found usin ] % Transform Infrared Spectroscopy. Nanoparticles that have been
deposited ivated carbon can also be examined using FTIR.

Enehg{/%persive X-Ray (EDX)

The elemental analysis method known as Energy Dispersive X-ray (EDX) microanalysis,
which is related to electron microscopy, uses the production of distinctive Xrays to identify
the elements that are present in the samples. Both semi-quantitative and semi-qualitative data

are present in the EDX microanalysis spectrum. An essential tool for finding nanoparticles is

EDX. The characterization of mineral bioaccumulation in the tissues is another use for EDX.
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To sum up, the element detection spectroscopy (EDX) is a valuable instrument for any
research project requiring the identification of endogenous or exogenous elements in tissue,
cell, or other material.

Inductively Coupled Mass Spectrometer (ICP-MS)

Nanoparticles may be analyzed quantitatively and qualitatively using an inductively coupled
mass spectrometer (ICP-MS). Zeta sizer analysis may be used to estimate the hydrodynamic
diameter, zeta potential measurements, and particle size distribution. Ag nanopQ‘* were
made using Fusarium oxysporum, and the process of creating the particles Q@elerated by
the presence of fungal filters. The magnetite nanoparticles are also &terized using zeta
potential testing. The three primary forces of attraction that %n‘[ nanoparticles from
aggregating and dispersing are gravity, magnetic force, der Waals force. The zeta
potential test showed a shift from negative to positiVQﬁlues in gold nanoparticles derived

from Fusarium solani. The positive values i lower nanoparticle stability due to

enhanced clustering and less interparticlei&@ion 22,2324
2.1.5. Recent Developments in Gre&n

Due to the expanding use of @scale metals in fields like engineering, health, and the

particle Production and Challenges

environment, the subj%’@l\anoscale metal production is significant. The majority of
nanoscale metalg ﬁurrently produced chemically, which has unintended effects like
degradation \of atmosphere, excessive energy use, and grave health issues. Green
synthesiz%lch substitutes plant extracts for toxic industrial agents, was created to decrease
metaMs. Since green synthesis is less expensive, produces less waste, and enhances
environmental and human health safety, it is more advantageous than conventional chemical
synthesis. The most recent developments in the ecologically friendly synthesis of Au, Ag, Pd,
Cu, and Fe NPs (gold, silver, copper, palladium, iron, and iron oxide nanoparticles) were
evaluated in this paper. Large-scale studies have shown that the limitations of green synthesis

are the timing and location; due to the complexity of the regional and periodic dispersal of
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plants and their components, there are issues with production, low purity, and poor
production. Ecological synergy, on the other hand, provides an alternative form of
development, opportunities, and potential applications while taking into consideration
pollution from chemical production and contemporary environmental issues 2°.

2.2 Corrosion

Corrosion is one of the most common events in our daily lives. Certain iron objects
eventually have a layer of orange or reddish-brown corrosion on top of them. %mical
process that results in the formation of this layer is called rusting, a kind of Q@)n 26,

The process that converts refined metals into more stable compounds=like metal hydroxides,

metal sulfides, or oxides is known as corrosion. Iron oxides are%ced when air moisture

and oxygen come together, much like iron rusts. The stu osion suggests that metals
change spontaneously and irreversibly into far more le chemical compounds, such as
oxides, sulfides, and hydroxides 2’. ,bb
2.2.1 Importance of Corrosion in Various stries

Economy, safety, and environmentaé%(’%ae ation are the three main benefits of corrosion.
Corrosion experts aim to miti material degradation and associated financial losses
stemming from the de@u\m of pipelines, tanks, metallic machinery components, ships,
bridges, marine inﬁ&cture, and other constructions, collaborating closely with corrosion
scientists. The gﬁ}rity of operational equipment may be jeopardized by corrosion, posing
safety r@
VGSSM

oilers, metallic containers for toxic chemicals, turbine blades and rotors, bridges,

is can lead to the failure (with catastrophic results) of items like pressure

airplane parts, and automotive steering mechanisms. Safety is a key consideration in the
design of equipment for nuclear power plants and the disposal of nuclear waste 227,

Additionally, investments in metal, energy, water, and human resources are needed to
rehabilitate rusted equipment. Direct losses and indirect losses are the two categories used to

classify economic losses. In addition to the necessary work, the expenses of replacing rusted
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machinery and structures, such as condenser tubes, mufflers, pipelines, and metal roofing, are
considered direct losses. Other instances are (a) repainting buildings when rust avoidance is
the major goal and (b) the initial investment plus ongoing maintenance of cathodic protection
systems for subterranean pipes. The need to repair millions of rusted car mufflers and several
million home hot water tanks per year as a result of failure from corrosion serve as examples
of significant direct losses.

Direct losses also include the extra cost of galvanizing or nickel-plating Q\,Aadding
corrosion inhibitors to water, and dehumidifying storage rooms for metal Q@en‘t. These
expenses are incurred when corrosion-resistant metals and alloys ar&@’&\in place of carbon
steel, which has adequate mechanical properties but insufficient c%on resistance.

Coastal and marine settings are typically associated with n, although they are not the
only ones that might encourage corrosion. In envirm@ents that are mostly industrial, air
pollution may cause corrosion. If your equip exposed to pollution from industries,
vehicles, or power plants, it might become @urable. Industrial facilities release gases into
the atmosphere, such as sulphur an@n oxide, which subsequently condense back as
acidic dew or acid rain. Polluti@ not a worry in every industrial situation. Industrial dust
particles may include %@s metal compounds, carbon, sulphates and chlorides.These
particles may be h@caustic when combined with oxygen, water, or humid environments.
Considerabl stgpsdnust be taken to mitigate the impacts of this natural phenomenon, which
causes | inancial losses for many different businesses. A significant driving force behind
a lot}fhe present corrosion research is the economic aspect. Each year, governments and
businesses both suffer losses totaling several billions of dollars 27-28,

2.2.2 Definition of Corrosion and Its Impact

Explaining corrosion to put it simply, it is a natural process that takes place anytime

unintended compounds are created when pure metals mix with substances like water or air.

33



This process corrodes and disintegrates the metal, starting with the part of it that is exposed to
the environment and moving on to the majority of it.

2.2.3 Causes of Corrosion

The gradual degradation of desirable metal properties due to interaction with specific
environmental factors is commonly termed "metal corrosion." It is well understood that
Corrosion has detrimental effects on both the environment and human health. Corrosion of
metals and alloys can stem from various sources 2°. Figure.2.3 these elemenql%pass
bases or corrosive substances, salts, liquid compounds, abrasive metal cl@/ potentially
hazardous gases, and other agents that can promote rust forma@qn metal surfaces.
Additionally, ambient temperature influences Corrosion onjunction with the

aforementioned factors 24. QO
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2.2.4 Need for Corrosion Inhibitors

In order to reduce the possibility that corrosion will develop, corrosion inhibitors are
chemicals that are added to corrosive surroundings or to metal surfaces in incredibly tiny
quantities. On the other hand, inhibitors might be substances that are used in extremely tiny
amounts to stop or lessen corrosion. As a consequence of chemical attack or ambient contact,
corrosion is a normal process in which composites and metals attempt to return to a more
solid thermodynamic state. Moreover, corrosion can come from both natural anQ‘%—made
processes 2% 3%, "Metals corrosion" is the term used to describe how specQ/Qironmental
factors combine with intended metal characteristics to cause dete@%qn 3Tt is widely
known that corrosion is bad for the environment and for people's %

2.2.5. Green Corrosion Inhibitor Types Q

In general, there are two types of green corrosign\ihhibitors: organic green corrosion
inhibitors and inorganic green corrosion inhibi he family of inorganic rust inhibitors
with a plant basis is extensively used bec 1&9 their great output in aqueous environments,
whereas the organic class is made u '& hetic compounds that are ecologically benign
3. The green organic inhibitoQ nefits over artificial inhibitors clarified how the best
protection against abra@}ia is to continuously apply organic green corrosion inhibitors
to the metal surfa ’% The brittle passive layers created by inorganic inhibitors make a
metal surfac%hgbég\prone to pitting and crevice corrosion, two localized forms of corrosion
attack 36@%

2.2.6\/0ur Types of Corrosion Inhibitors

A corrosion inhibitor forms a barrier on a metal surface to thwart corrosive elements. There

are a number of different types of corrosion inhibitors.
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2.2.6.1 Anodic Inhibitors Anodic inhibitors are present on the metal's exterior, and oxygen
mixes to create a thin coating. By oxidizing a surface layer that is less reactive to corrosive
chemicals, they reduce the material's susceptibility to corrosion 3% 3.

Anodic inhibitors are present on the metal's exterior, and oxygen mixes to create a thin
coating. By oxidizing a surface layer that is less reactive to corrosive chemicals, they reduce
the material's susceptibility to corrosion 3% 3°,

2.2.6.2 Cathodic Inhibitors Q*
Substances that block the cathodic reaction or the access of reductive elemﬁ oxygen or
hydrogen to the metal surface are known as cathodic substances. E es include oxygen

scavengers like sulphite ions that block the flow of oxygen or @w poisons like arsenic

and selenium ions that disrupt the process *°. Q
2.2.6.3 Mixed Inhibitors Q
Chemicals known as mixed inhibitors precipitat rm a film to obstruct both cathodic and

anodic actions. Phosphates and sodium silj %Q e two examples of additives that are used in
domestic water softener salts to stop éjém th of rust in the water *°.

2.2.6.4 Inhibitors of Volatgl@oswn

In a closed environme%l%'\nicals called volatile corrosion inhibitors are applied to the
corrosion site. Th eate a thin, protective layer of molecules. For instance, to avoid
corrosion in&gedser tubes, volatile compounds like morpholine or hydrazine are delivered
in boile steam 3°,

2.2.7\B€nefits of Green Corrosion Inhibitors over Plant Extracts.

Corrosion inhibitors work by adhering to the top of the substrate and creating a thin coating
of defense when applied in very small doses. Efficacy at low concentrations, low toxicity,
environmental tolerance, durability at various working times, and shelf life are important

considerations when choosing corrosion inhibitors for a certain activity.
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Green corrosion inhibitors made from plant extracts often provide a number of advantages
compared to many natural corrosion inhibitors. Plant extracts can only be used in low-
temperature activities since they are sensitive to heat or Biochemical Agents. Moreover, plant
extracts often lose their efficiency when stored for an extended period of time.

Several studies have looked at the possibilities of modifying plant extracts to increase their
stability at elevated times and bio-degradation resistance. Several additions, including
potassium iodide acetylacetonate, cerium nitrate, zinc oxide, zinc salt sulfaQAv.s, and
praseodymium nitrate, have been combined with the extracts. Togethe(/@ additions
improve the potency of plant extracts. Depending on the bio® (extract) content,
temperature, and pH, some active chemical compounds in plan%cts may combine with
metal salts to form metal ions complexes and/or nanoparti he efficiency of corrosion
inhibitors was synergistically increased in the papers m@doned above when metal salts were
utilized, but nothing was done to check if the %Ql product was at the nanoscale, despite
the fact that materials are more reactive at t@wscale.

2.2.8. The Efficiency of Plant Ext;éé@lnhibitors

As it affects many sectors, 1n%%g metallurgy, chemicals, materials, and the oil industry,
metal corrosion is a v@e issue. Corrosion is typically related to metals as material
breakdown is brp@n by interaction with ambient gases. Metals corrode and oxidize
spontaneou g&.ﬁemical or electrochemical processes. The production of autos, pipelines,
and ma@)%ry for the chemical industry depends on the use of mild steel. Employ
hydrhl(oric acid to pickle, descale, and chemically clean mild steel. Issues may be avoided
in 90% of instances by adding the proper inhibitor to the medium, and corrosion reduction
techniques include plating, painting, and using alloys and inhibitors, among others. Utilizing
an inhibitor is one of the best ways to stop metal from corrosion. Sadly, the bulk of inhibitors
are salts of organic or inorganic materials that are dangerous and ineffectual.

Environmentally friendly inhibitors are being investigated in response to the mounting
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dangers to human health and the environment. Several plant extracts are used as corrosion
inhibitors for materials in pickling and cleaning processes. Plant extracts may include
proteins, polysaccharides, tannin, alkaloids, and other substances. These chemicals are
effective corrosion inhibitors for a variety of metals. Natural inhibitors need extra
consideration because of the stringent environmental restrictions. These Inhibitors are much

less expensive than organ inhibitors.

2.2.9 Factors Influencing Corrosion Q\
2.2.9.1 Environmental Factors ( Q

Moisture and Dew: These are among the most important factors i ’&ql corrosion. When
exposed to environments with high amounts of moisture and mis& quickly acquire rust
or corrosion. Dry and non-humid conditions are ideal for especially non-alloy metals.
Only dry, non-humid conditions are suitable for the u@ge of metals. Additionally, we will
need to choose non-dry, non-humid metals. B ing and using alloy metals, corrosion,
and rust may be prevented. There are spe @ anti-rust coatings developed specifically to
partially prevent the corrosion-induc@dation of metal.

Temperature: Temperature.ia%niﬁcant factor in metal corrosion and magnetization. In
the automobile, pul%‘@paper, mining and metallurgical processing, refining,
and Petrochemical@space, etc. sectors, high temperature is a significant problem. When
components&(&;sed to greater temperatures and a non-inert environment, they may be in
danger. @ alloys and metals corrode and oxidize at higher temperatures. Because the
activ&ter of corrosion in a substance or metal expands as the temperature rises, corrosion
accelerates when exposed to higher temperatures. Therefore, it is vital to protect machinery
and metal goods from greater temperatures. The high-temperature structural coating applied
to metals will help stop corrosion brought on by greater temperatures 3% 4%

Pollutants in the atmosphere: In close proximity to water and commercial areas, metals rust

more quickly. This is brought on by airborne industrial pollutants such as carbon dioxide,
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hydrogen sulfide, sulfur dioxide, and HCIl, which are common. On the other hand, NaCl,
which is found in coastal areas' ambient air, interacts with the surface layer and increases the
amount of liquid present on metal surfaces. These issues led to an increase in corrosion and
oxidation rates 3%,

Humidity: Higher humidity levels make the pace of corrosion more obvious. This is because

a high concentration of moisture can hasten the oxidation and corrosion of metals. Metals and

other things can experience corrosion. é
2.2.9.2 Material properties ( Q

Aluminum does not rust like other metals because of its reactive e, which is also the
characteristic of the initial layer of oxide that forms. When c@on occurs, it forms an
aluminum oxide layer that prevents the metal from furthegs ing with the environment.
Type of metal- All metals do not corrode. Metals that @higher in the reactivity series, such
as iron, zinc, etc., corrode very fast in contrast t Is that are lower in the reactivity series,
such as gold, platinum, and silver, whic \\QQorrode 4041,

%a metal's molecular composition is crucial. Pure

Purity of metals: In the event of COE%Q

metal is less likely to corrodg. &stmn is more likely to occur in the case of impure metals

since they contain tiny @}emlcal cells 3%40,

2.29.3 Electro:,hg&l Factors

Nature of ta(&hlen the material's electrode potential is high, the corrosive impact on the
substan@qboncentrated. Noble metals like gold, silver, and platinum corrode with the least
speeNereas magnesium, zinc, and aluminum corrode more quickly when their electrode
potential is low. Corrosion is more likely when there is a large electrode potential difference
between two metals that are in touch with one another. For instance, iron corrodes quickly

when it comes into touch with copper. This should be taken into account when choosing the

metals to employ, and the use of dissimilar metals should not be considered.
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Position in electrochemical series: Less reactive metals display less corrosion than more
reactive metals do. Metals with a greater reaction rate will show more corrosion. The
electrochemical series is employed to determine the metals' degree of reactivity 2% 4.

2.2.9.4 Mechanical Factors

The physical state of metal: A faster corrosion rate is significantly influenced by the
physical state of the metal. Corrosion happens more slowly in metal under less stress.
However, the rate of corrosion will be considerable if the metal is under excessivqgss 39,40,
2.2.10 Corrosion Prevention and Control Techniques Q}Q

2.2.10.1 Protective Coatings ’\

For small spaces, painting with a brush or roller is preferable; spr'% 1s preferable for larger
coated areas such as steel decks and shoreline applicati ible polyurethane coatings,
such as Durabak-M26, can provide an anticorrosive s€alkwith a very strong membrane that
resists slippage. Although temperature and hum%& affect how quickly painted coatings
dry, both are generally simple to apply. Ma rganic coatings based on renewable sources
are replacing organic coatings crea@k polymers derived from petroleum today. The
most extensively researched.p@r in such endeavors, among other carriers or binders, is
polyurethane #!- 42, QQ\

Coatings: Metals, g&)vered with paints and other organic coatings to prevent ambient

categor@

1) Epox¥ and alkyd ester coatings that encourage cross-link oxidation when air-dried

gasses frc& ying them. Depending on the type of polymer used, coatings are

ypical organic coatings include:

2) Urethane coatings in two parts

3) Radiation-curable epoxy and acrylic polymer coatings

4) Latex coatings with vinyl, acrylic, or styrene polymer combinations
5) Coatings soluble in water

6) Sturdy coatings

41



7) Coatings using powder.
Plating

1. Metallic coatings, or plating, can be used to give aesthetically pleasing, ornamental
finishes in addition to preventing corrosion. Four types of metallic coatings are
frequently used:

2. Electroplating: In an electrolytic bath, a thin coating of metal, usually nickel, tin, or
chromium, is deposited on the substrate metal, usually steel. A w. Aolution
containing salts of the metal to be deposited is often used as the elecQ@

3. Mechanical Plating: By spinning the component in an aqueo@%hgtion that has been
treated, together with the metal powder and glass beads; may cold weld metal
powder to a substrate metal. Zinc or cadmium ently applied to tiny metal
components mechanically. Q

4. Electroless: This non-electric plating m%&es a chemical procedure to deposit a
coating metal, such as nickel or c%;\ the substrate metal.

al is immersed in a molten bath of the protective

5. Hot Dipping: When the subst&\;é-n

coating metal, a thin la@ned on it 443,
2.2.10.2 Cathodic Pr@

By using a metal,sﬁe as the cathode of an electrochemical cell, cathodic protection (CP)
controls co sgg}n metal surfaces. Steel pier piles, ships, offshore oil platforms, and
pipeline@tanks are the most typical targets for cathodic protection systems.

To g&ate efficient CP, the potential of the steel surface is gradually polarized (pushed)
negatively until it achieves a uniform potential. An even voltage stops the primary force
driving the corrosion process. The anode material for galvanic CP systems eventually has to
be updated since it corrodes when exposed to steel. Polarization is caused by the current
flowing from the anode to the cathode due to the difference in electrode potential between the

two. Aluminum, zinc, magnesium, and similar alloys are the most typical materials used as
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sacrificial anodes. Magnesium is employed in places where resistance is higher since it has
the highest driving voltage and the maximum capacity. Zinc serves as the foundation for
galvanizing and is all-purpose %42,

Cathodic protection works by converting unwanted anodic (active) sites on a metal's surface
into cathodic (passive) sites by providing an opposing current. In opposition to the
surrounding cathode potential, this opposing current causes free electrons to be produced and
pushes adjacent anodes in the direction of polarization 4> 44, Q*
There are two varieties of cathodic protection available. The first is Q}@duction of
galvanic anodes. This method, sometimes called a sacrificial syste ds the cathode by
exposing metal anodes to the electrolytic environment and lettin@m corrode. The metals
with the biggest negative electro-potential, zinc, alumi magnesium, are frequently
used to build sacrificial anodes; however, the metal th uires protection may be different.
The different electro-potentials are compared %Q the galvanic series. Also known as
nobility, of metals and alloys. @

Metallic ions migrate from the anodé;\\he athode in a sacrificial system, which causes the
anode to deteriorate more qyi@an it otherwise would. As a result, the anode has to be
changed frequently. In@ current protection is the name given to the second cathodic
protection techniQL&\Nis technique, which is frequently employed to safeguard submerged
pipelines an: s&p)tulls, calls for the electrolyte to be supplied with direct electrical current
from a c@nt source.

The p&ﬂive terminal of the current source is linked to an auxiliary anode, which is added to
complete the electrical circuit, and the negative terminal is connected to the metal. In contrast
to a galvanic (sacrificial) anode system, an impressed current protection system does not
sacrifice the auxiliary anode *.

2.2.10.3 Inhibitors and Passivation Techniques
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Corrosion inhibitors can frequently be added to a controlled environment (particularly in
recirculating systems). On exposed metal surfaces, these compounds provide an impermeable
or chemically insulating covering to prevent electrochemical reactions. These techniques
reduce the sensitivity of the system to coating flaws or scratches since additional inhibitors
may be made accessible whenever exposed metal occurs. Some of the salts found in hard
water—the mineral deposits in Roman water systems are well known—as well as chromates,
phosphates, polyanilines, other conducting polymers, and a wide variety Q%cially

formulated chemicals that resemble surfactants—long-chain organic mo@with ionic

end groups—inhibit corrosion 4142, 6\
Inhibitor. $

Corrosion-inhibiting substances interact with the metal' or the airborne gases that
cause corrosion. Inhibitors may function by adhering tQ‘l\e surface of the metal and creating
a barrier coating. Through the use of dispersion%st, these compounds can be applied as
a solution or as a protective coating. @

1. Modifying the anodic or catlé%@larization behavior is necessary for the inhibitor

to slow corrosion. AQ/\

2. Reducing the di@@f ions to the surface of the metal

3. Increasing etal's surface's electrical resistance
Petroleum ﬁgn; oil and gas exploration, chemical production, and water treatment
facilitie%%some of the major end-use sectors for corrosion inhibitors. Corrosion inhibitors
have&advantage of being able to be applied in situ to metals as a remedial measure to stop
unforeseen corrosion 444,
2.2.10.4 Material Selection and Design Considerations
Metal Selection and Surface Conditions: No metal is resistant to corrosion in all situations,
but by keeping an eye on and comprehending the environmental elements that lead to

corrosion, changes in the type of metal being used may also considerably lessen corrosion.

44



The optimum metals for a specific condition may be determined by combining information
about the characteristics of the environment with data on metal corrosion resistance.
Inhibitors may function by adhering to the surface of the metal and creating a barrier coating.
Through the use of dispersion methods, these compounds can be applied as a solution or as a
protective coating.
Modifying the anodic or cathodic polarization behavior is necessary for the inhibitor to slow
corrosion. Q*
Reducing the diffusion of ions to the surface of the metal Q}Q

/\

Increasing the metal's surface's electrical resistance
Petroleum refining, oil and gas exploration, chemical produ@ and water treatment
facilities are some of the major end-use sectors for corroVQ ibitors. Corrosion inhibitors
have the advantage of being able to be applied in situ t tals as a remedial measure to stop
unforeseen corrosion 4346, 6

O
2.2.10.5 Maintenance and Repair Strate }\\Q
Metal and gasses in the atmosphere éQ\c emically, which is what causes corrosion. Metal
corrosion can be stopped in.it@s by taking the metal out of the environment or altering
the environment alto,@ his might take the form of direct modification of the
environment impag&gthe metal or could be as straightforward as preventing contact with
rain or oceanb \ping metal components indoors.
CorrosiQZ@etopped by substances referred to as corrosion inhibitors that interact with the
metaMrface or the gases in the environment that contribute to corrosion. Inhibitors may
function by adhering to the surface of the metal and creating a barrier coating. Through the
use of dispersion methods, these compounds can be applied as a solution or as a protective
coating.
Modifying the anodic or cathodic polarization behavior is necessary for the inhibitor to slow

corrosion.
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b. Reducing the diffusion of ions to the surface of the metal

C.

Increasing the metal's surface's electrical resistance

Petroleum refining, oil and gas exploration, chemical production, and water treatment
facilities are some of the major end-use sectors for corrosion inhibitors. Corrosion inhibitors
have the advantage of being able to be applied in situ to metals as a remedial measure to stop

unforeseen corrosion 4344,

2.2.11 Corrosion in Specific Industries é

2.2.11.1 Oil and Gas Industry < Q

One of the most thriving industries in the world is the oil and gas industry, It generates more
money than many other significant industries, including the p@eutical and cosmetics
industries. As the need for energy keeps growing, more d businesses are investing.
Over the following few decades, this need is anticipa@co keep increasing. In a sense, the
extraction, transportation, and processing of t iceless resources are essential to our
civilization's prosperity. Corrosion is the a& f around 50 % of all failures in the oil and
gas sector. One of the biggest reasoné%\xa ure in the oil and gas sector, namely in pipelines,
is corrosion. The main cause o@ne breakdowns has been corrosion brought on by aging

infrastructure. The bul@yipelines used to carry petroleum products in Nigeria are older

than 60 years 47 4§.5&
2.2.1 1.2Q)%6motive Industry

Man&éurers and suppliers continue to develop advanced corrosion prevention technologies
because vital elements like brake and suspension components, which are essential to driving
safety can be vulnerable to rust. Recent Mazda, Toyota, Kia, and Mitsubishi recalls helped to
draw attention to the issue of corrosion on suspension parts.

Mazda said in August 2016 that it was recalling more than 190,000 CX-7 crossovers from the

2007 to 2012 model years. Water might enter the front suspension ball joint fittings of the
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CX-7, according to the US National Highway Traffic Safety Administration. The ball joint
may corrode if the water is contaminated with impurities like salt used to de-ice roadways.
The front lower control arm might detach from the automobile if the corrosion was bad
enough, making the car difficult to drive and raising the danger of an accident.

This summer, Toyota issued a recall like that described above, requiring the return of more
than 370,000 Toyota and Lexus vehicles to address a major suspension issue. The RAV4
crossover from 2006 to 2011 and the HS 250h sedan from 2010 are the two carQ%stion.
The lock nuts on the rear suspension arm may not have been correctlyQ/@wd, which
causes the problem. They could thus be overly slack, enabling the s ’&gion arms to break
and the thread to corrode. Once more, this would make it harde%anage the car and raise
the possibility of an accident. 0

Mitsubishi issued yet another recall, this time invo@gg over 174,000 cars because of
possible front lower control arm corrosion. Rec@ being issued in areas that utilize salt to
de-ice roadways, similar to the Kia proble\\\Qhe resulting corrosion may cause the front
lower control arm to separate fromégk&%spension parts, rendering the car dangerous to

drive. All recalled cars will be ined, and new and used parts will both get extra anti-

corrosion coatings for @ense 9,
22,113 M 'nglﬂi

ustry
Marine Q’r@mon is unavoidable when metals are exposed to water, whether fresh, brackish,
or smer. Nearly all metals attempt to revert to the state they were in before humans took
them out of the ground as soon as they are made. Boaters often try to control three forms of
corrosion:
1)  Simple electrochemical corrosion
2)  Electrolytic/stray current corrosion and

3)  Galvanic corrosion ¥
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The three different forms of maritime corrosion all come from an electrochemical mechanism;
the only distinction is how quickly it happens. When numerous metals are involved, the
process accelerates (galvanic corrosion), and it does so even more quickly (stray current
corrosion) when uninvited electrical currents are used. While the damage to exposed metal
caused by any of these forms of corrosion is essentially the same *° .

2.2.11.4 Construction Industry

One of the most frequent degradation processes seen in reinforced concreq\&tures,
corrosion of the reinforcement in the concrete affects both the structure's @al capacity
and durability. Over the last several years, a lot of research has 6 done to minimize
corrosion and extend the reinforced concrete structure's sewice%. The reinforcing steel
(here, rebar) corrodes when oxygen and moisture from th. ment seep into the concrete,
forming corrosion products. Because the corrosion ptoducts take up more space than the
initial steel reinforcement, internal pressure bu%% around the rebar, and tensile stresses
arise in the concrete, which has an impa &Qow well the structure performs>!. Cracking,
spalling, delamination of concrete, ég\%o s-sectional decrease of the reinforcing steel are
examples of damages brought corrosion. It may result in aesthetic harm, a decrease in

the structure's ability @zort loads, and potentially deadly outcomes like structural
breakdown 3!, 5&

2.2.1 1.5@% of Corrosion on Electronic Devices and Equipment

Corréﬁl has been acknowledged as a major factor in equipment failure; this was observed
in the 19th century during the development of mechanical telephone switch centers.
Lowering the risk of failure is even more important in today's society because of the
widespread use of computers and other electrical devices as well as the rising pollution,
especially in industrial areas and large cities. Infrastructure for communication and data

transmission is crucial nowadays. One method to reduce cooling costs is to use "free cooling"
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or "air-side economizers," systems that allow outside air to enter the room through filters to
offer direct cooling when the outside temperature and humidity permit %9,

Corrosion has been labeled to have a potential effect on a human daily routine if not properly
checked. Its immediate consequences might include, but are not limited to, the following:
Electrical equipment failure in commercial aircraft or vehicles

1. Damage to computers and hard disks required to run complex systems (e.g., power

plants, petrochemical facilities, or pulp and paper mills). é
2. Damage to data centers and server rooms. ( Q
3. Museum artifacts are degrading. ’\

4. The cost of buying new or fixing damaged househol%mment, such as "free
cooling," QQ

2.2.12 Factors Affecting the Corrosion Inhibition @kiency of Nanoparticles

2.2.12.1 Temperature Effects 6

More water-derived chloride salts precipi wrt?mperatures rise, and changes occur on the
metal's surface. Speeding up the 'é?;ém 1 reactions that cause corrosion. Yet, when
temperatures rise, their solubilify_declines and the quantity of liquid oxygen and carbon
dioxide in the water ha%@a}ct on how quickly iron corrodes 2.

Corrosion is accelg& by rising temperatures. A layer of protection that is insoluble is
produced b egejd\oxides, such as Al>Os, and may prevent further corrosion. This describes
the char@@stics of the first oxide layer that forms. Others, like rust, are easily broken down
to show the metal that is still there. Acidic environment: Acids have the power to
significantly accelerate the corrosion process 3.

2.2.12.2 Compatibility with Different Metals and Alloys

Metals and composites, in particular, demonstrated a noticeable propensity to corrode due to
the presence of acid. Metals are defenseless against corrosion in an acidic solution. The use

of acid solutions in industrial processes, like descaling with acid and pickling with acid, are a
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few examples 3* 3. This may be related to rust in the oil and gas business when it happens
because of the characteristics of crude oil, which promotes corrosion due to its toxic
components, including sulfur and naphthenic acid.

2.2.12.3 pH Solution

The rate of corrosion increases with an increase in the acidity of the medium due to the
presence of hydrogen ion concentration, which changes the corrosion process .

2.2.12.4 Presence of Other Corrosion Species Q*
Corrosion may happen more rapidly in certain media than others because @mponents,
including oxygen and chlorine, speed up the process. Also, because acidic compounds
that bacteria create, their presence accelerates corrosion. @Ver, the mechanical
movement of the medium may speed up corrosion as it er: metal's surface .

2.2.12.5 The Time Spent Immersed Q

Since the metal layer shielding cannot rebuildﬁgr;‘the immersion time has a significant
influence on how corrosion behaves. Du ingsglger immersion times, the rate of corrosion
increases proportionally . e;\\'

2.2.12.6 Carbon Steel Q/\

Due to the carbon elex%'g}clusion in a range of ratios between 0.2 % and 2.1 % of the
weight of the steel,&, it is an iron alloy with specific additions and varied proportions of
the compo t&.’%e steel alloy's hardness and tensile strength increase with its carbon
content.@z various alloys' carbon contents vary, they all have unique qualities.

Mor%(r, the steel alloy comprises silicon up to 0.3 %, phosphorus up to 0.5 %, manganese
up to 1 %, and sulfur up to 0.05 %. Similar to how these elements' concentrations, formation,
and thermal treatment influence how an alloy's mechanical characteristics behave, it was
discovered that steel naturally contains a lot of carbon. The composition of carbon is
predetermined before it is ever created. Other substances are then added to it in order to

increase its qualities and ensure they are in line with use specifications before it is distributed
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after being put into molds. Steel carbon is essential to both the economy and the environment
since it can be recycled without losing any of its original properties >°

2.2.12.7 Stainless Steel

It has a minimum of 50 % iron, a maximum of 30% chromium, 85 % nickel and molybdenum,
and just 2 % carbon. It prevents rust by creating a chromium oxide layer that adheres to the
surface and is transparent, thin, and cohesive. Although it may still corrode and rust
sometimes, the alloy becomes more corrosion-resistant as its chromium contentQﬁs,ses. In
an acid solution of 1M hydrochloric acid, Terminalia Catappa leaf extract \6} d to see if
it serves as a green corrosion inhibitor for stainless steel. Studied wei ecrease data. The
findings show that the used extract complies with physisorption %tion and decreases the
stainless steel corrosion rate in HCI solution by up to 96.8@@

2.2.12.8 High-Carbon Steel Q

The strongest type of steel is high-carbon steel, @ has a carbon concentration that ranges
from 0.6 to 1.4 %. Nonetheless, cast iron @ to make a variety of cutting tools when the
carbon concentration is greater than a;xgﬁ %. It is important to remember that an increase

in carbon may, in certain cuc@ces exacerbate steel corrosion since heat treatment may

alter a metal's res1stanc®%os10n
2.2.12.9 Mid- Canj&Steel

In medium- teel manganese content varies from 0.26 to 0.49 percent, whereas carbon
content @s from 0.22 to 0.49 percent. Because the amount of carbon has increased, it is
less %ﬂe and stiffer than low-carbon steel. It is commonly used in the construction of
equipment and railways . Using electrochemical impedance spectroscopy and the Polarization
Technique methodology, examined the effect of eucalyptus leaf extract as an inhibitor of
medium carbon steel corrosion in 0.5 M H3PO4 and 0.5 M H2SO4 acidic conditions. Results
revealed that in H2SO4 solution, as opposed to H3POs, the extract had a higher inhibitory

impact on mild steel corrosion .
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2.2.12.10 Low-Carbon Steel

Low-carbon steel has a carbon content that varies from 0.5 % to 0.19 %, whereas manganese
is 0.4 %. It has a limited range of Industrial applications and is known as "light steel" due to
its mechanical characteristics. When the carbon concentration is 0.15 to 0.3 %, it is used in
buildings *°. As a result, aqueous extracts prevented anodic corrosion reactions, whereas
methanolic and ethanolic extracts hindered cathodic corrosion reactions. Alloys of metal
together with trace quantities of chromium, nickel, molybdenum, vanadium, Q%, and
niobium, carbon makes up less than 0.05 % of alloy steel. Low-alloy Q}@ one of its
varieties and is used in both storage tanks and marine projects . 6\

2.2.13  The Impact of Chemical Anti-Corrosion $

While most chemicals have excellent anti-corrosion pr their toxicity and possible
risks to human and environmental health make them a Q@oncem on a worldwide scale ©'- 62,
The kidneys, livers, or other organs may suffi - or long-term damage by the use of
pharmacological inhibitors. Hence, they &th metabolic processes or how biological
enzymes function ¢! %, Traditional @n inhibitors, such as chromium-based therapies,
are sometimes forbidden fr.orQ%\because they are based on compounds that could be
harmful to human heal%’@

2.2.14 Avoiding&Mechanism of Green Corrosion Inhibitors

Plant extrac ag.a}ed as corrosion inhibitors because the inhibitory effect is caused by the
inhibito@cules attaching to the metal surface. Physical/electrostatic, chemisorption, and
other m¥éthods are used for the adsorption of organ molecules %,

Adsorption inhibitors may work by reducing the reaction area on the metal surface as a result
of their geometrical size. As the rate of activation energy barriers changes for anodic and
cathodic reactions, the electrocatalytic impact of the reaction's byproducts may also prevent
corrosion ®. Physical adsorption is a mechanism for the occurrence of electrostatic attraction

between inhibitor molecules containing electron donor atoms like (O, N, S), heterocyclic
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rings, and the orbitals of metal atoms, which causes the adsorption of the inhibitor molecules
to increase . This electrostatic attraction occurs in addition to an increase in temperature.
Adsorption of inhibitor molecules results in the inhibitory mechanism of metal surfaces.
Hence, the kind of metal, its surface, and its composition all have an impact on the adsorption
phenomena. Medium charge and the inhibitor's chemical makeup. As a consequence, it's
conceivable that the ability of inhibitor compounds to attach to surfaces is due to the
development of interactions between the orbitals of metal atoms and the electrQ%s that
occur on the nitrogen and oxygen atoms of heterocyclic rings. Adsorption@bitors may
occur as a consequence of electrostatic interactions between the ’tg\ely charged metal
surface and the positively charged nitrogen atom, which likewis s true for the removal
of water molecules from metal surfaces. Ring stability Q@ resonance or ring removal
from certain sub-inhibitors may be the cause of some iQ&bitors’ capacity to halt corrosion in
response to a material's resistance to oxidatio ic or alkaline). Sometimes, there are
enough inhibitors around to stop them fro \\&g absorbed. This organic process is brought
about by the electrochemical react"ei;\&f etals with their corrosive surroundings. The
interactions between the mgt@ace and the corrosive fluid result in the production of
sulfides, oxides, and ot%’Q\tances 67,

2.2.15 Why Gr.eg&rrosion Inhibitors?

During the tgn)years, green chemistry has increasingly focused on the need to safeguard
both the@«onment and human health while simultaneously lowering waste and halting the
use o\ﬁotentially toxic or dangerous compounds ®. As people's understanding of the
environment grew, natural materials were shown to be safer. As they are thought to be much
more cost-effective than organic inhibitors, plant extracts from the peels, seeds, stems, and
leaves are widely utilized ®. Also, they are secure. By lowering electrochemical rates, green
corrosion inhibitors may perform both anodic and cathodic activity. The inhibitory process is

commonly linked to the adsorption of double and triple-bound ions with single electron pairs,
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which may interact with and cling to the metal surface. These molecules often include the
elements phosphorus, sulfide, nitrogen, and oxygen. The location of attachment inside the
metal affects the electron density, delaying the cathode or anode contacts”. In the area of
protection, organic inhibitors have so far been shown to be very efficient, as shown by the
development of a thin coating that touches the surface of the metal and separates the core. An
extract is created when the energetic components or chemicals of a plant interact with a
certain solvent’" 72, The processes or methods used and the polarity of the sova&d both
have an effect on the extraction results. The characteristics required for a p{/@ reason are
given to the extract by its active principles. As a result, depending Gﬁgactive ingredients
and amounts, a specific plant may be associated with a partic%eneﬁt. These extracts'
antimicrobial, antioxidant, antiviral, or anti-inflam roperties are commonly
recognized. It is possible to think of their corrosion-i@bitory qualities as interacting with
one another. Extractions are typically made fro hole plant or the areas of the plant that
have the greatest concentrations of active c\t\&cals or phytochemicals 3. According to the
study, plant extracts made from frui_s’%@%s, flowers, and leaves contain active substances
that may be able to prevgnt{ osion under difficult circumstances. Moreover, these
substances develop in%gﬂ\y available, inexpensive, and renewable corrosion inhibitor
substitutes” 7> 76, @&, research into the unique it is necessary to use plant compounds that
have provensto ge.pbwerful Rust inhibitors. In this article, a variety of newly discovered plant
extracts@ discussed that may prevent corrosion in steel, aluminum, and copper
alloybﬁﬂeoretical modeling, characterization approaches, fundamentals of extraction
procedures, and adsorption processes are also addressed.

Newer methods make use of organic chemicals that are present in old prescription
medications, plant extracts, and mushroom extracts 77747980 A number of green organic
substances, such as chitosan derivatives, phenylmethanimine derivatives, imidazoline

derivatives, and ionic liquid derivatives, act as corrosion inhibitors and have excellent
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shielding properties for metal surfaces. These substances should take the place of the
hazardous corrosion inhibitors that are often used. These molecules have led to the
development of highly efficient corrosion inhibitors, innovative drug recycling and reuse
methods, and corrosion inhibitors derived from sustainable, ecological, and ecologically
acceptable sources. Plant extracts stand out among them. These extracts provide a different,
interesting alternative since they could help discover a class of organized compounds that
slow down the rusting process. It has the benefit of increasing the efﬁciﬂ% both
extraction and testing these compounds since it is sometimes assumed Q@)ducing an
extract from any plant is a straightforward process 8! 82 ’\

2.2.16 Green Corrosion Inhibitor (GCI) Based on Plant Ext%

The creation of GCIs based on plant extracts has be bject of one of the most
comprehensive research studies on corrosion inhibitiomQhe growing amount of research
suggest that plant extract-based GCIs have gr%@rgise for reducing corrosion.Corrosion
inhibitors have been the subject of extens'\k& y. One of the most intense study projects is
the development of ecological rust ité?;\&r . The majority of research has been concentrated
on GCIs made from plant ma@)ecause they are accessible, recyclable, biodegradable,
and, most importantly,@l both people and the ecosystem. Gravimetric measurements,
electrochemical teg& theory, and computationally-based studies are used to assess the
efficacy of C@ It is common knowledge to aggregate the inhibitory performance as
assesse ifferent methods under various conditions. Plant extracts have shown an
inhib%& efficiency of over 80 % in preventing corrosion. Its exceptional efficacy is due to
the high concentration of phytochemicals, which are active substances. It is also possible to
learn more about the functionality of GClIs by identifying the inhibitor type and inhibition
mechanism. The manufacture, effectiveness and characterization of the inhibitory
mechanisms of utilizing plant compounds as GClIs in ferrous metal alloys are covered in this

work.34. According to this study, employing plant extracts as GCIs might be a useful way to
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successfully prevent corrosion in ferrous metal alloys. Nevertheless, further development
efforts are still needed to reach the maximal inhibitory effectiveness of around 100% 35 3687,
2.3 Phytochemicals in Plant Extraction

Since studies have shown that plant extracts contain a large number of these molecules,
several industrial systems have introduced organic substances or bioactive compounds, which
are naturally generated chemical compounds, to their devices that prevent rust % 37,
Numerous studies have been done on the flower, leaf, root, and complete plarQ%ell as
other plant components that may be used to prevent rusting. Depen%@ the plant
components, different compounds such as saponins, flavonoids, henols, alkaloids,
organic acids, and anthraquinones can be found present in both t@ves and stem extract as
well as in the leaves only in the stem extract, according t ytochemical components of
silicate. Researchers were motivated to consid lant extract as GCIs because
Phytochemicals are found in variable quantities %&s in various plant parts 8 %0,

The quantities of different phytochemica % as condensed tannins, proanthocyanidins,
and anthocyanins, in the extract, de&)%o a number of variables, including the age of the
plant, its growth cycle, its pqsit'& \nd the influence of the environment 3% °°. For instance, it
has been discovered %@developmental state of the plant affects the quantity and
distribution of th.e@e components in Aloe Vera gel extract 8 8 °. The plant extract has
molecular s cchat are similar to those of normal organic compounds with previously
reportec@»osion inhibitor properties, so it may be used as one. Phytochemicals were
class}kﬂ according to their physical and chemical properties into six main groups. Studies
have shown that these chemicals play a key role in preventing rust. They are classified based

on their corrosion-inhibiting properties during characterization, Figure 2.3 888% 90
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Determining the chemical components and plant compounds is essential in order to predict
how effective they will be in preventing corrosion. Plant samples are chemicalh@gzed to

seek for and identify phytochemicals such as toxic ions, fatty acids, and angin: ds, as well

as volatile and non-volatile organic compounds (VOCs) °'. 6\
2.4 Pathogens $
Pathogens, which are organisms capable of inducing di hibit a wide array of types

and varying degrees of disease severity. This researc lves into various pathogens, their
effects on human health, and the diseases they iwy@e.

2.4.1 Salmonella Pathogens @

Salmonellosis stands as the second é\;;g\'fr quently reported gastrointestinal ailment within
the EU, resulting from the con tion of foods contaminated with Salmonella bacteria. Its
symptoms include ga@\ntis, abdominal cramps, bloody diarrhea, fever, myalgia,
headache, nausea, q&omiﬁng. In 2018, Salmonella infections constituted over half of the
reported ca gL.G})dbome outbreaks in the EU. While Salmonella contamination is often
linked @oultry, cattle, and their feed, other products like dried foods, infant formula,
fruits,»getables, and pets have also become significant sources 2.

Various efforts are being undertaken to control Salmonella. For instance, legislative measures
implemented have contributed to a decrease in hospitalizations between 2014 and 2015.
However, hospitalizations began to rise again in 2016, highlighting the need for more

rigorous controls from both governmental and private sectors. Food handlers, particularly
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those involved in the processing of meat and Ready-to-Eat foods, play a critical role in the
transmission of Salmonella and thus require heightened attention *2.

Salmonella stands as a significant foodborne pathogen, playing a prominent role in causing
gastroenteritis in both humans and animals. Characterized by its high pathogenicity,
Salmonella comprises over 2600 serovars. Transmission of Sal/monella to humans typically
occurs along the farm-to-fork continuum and is frequently associated with the consumption
of animal-derived food items. Poultry and poultry products rank as the prima‘Qﬁmes of
Salmonella contamination, followed by beef, pork, fish, and non-animal-dé€ri oods such
as fruits and vegetables. Although antibiotics are commonly used t ’%\salmonellosis, the

emergence of antibiotic-resistant strains, including multidmg-r@t (MDR) Salmonella,

underscores the pressing need for alternative treatment opgi
2.4.2 Escherichia coli Pathogens Q

Escherichia coli, which are rod-shaped bacteriaﬁ&d as gram-negative and belonging to
the Enterobacteriaceae family, was initial \\&)Vﬂed in infant stool samples and described
by Theodor Escherich in 1885. Eéi!(%ic ia coli exhibit remarkable versatility and are
significant constituents of the r@l intestinal microbiota in both humans and animals. While
typically harmless as c%@l organisms, they have the capacity to acquire diverse mobile
genetic elements pg@ing genes encoding virulence factors. This transformation can lead to
their emerg c@human pathogens capable of causing a wide range of intestinal and
extraintesti diseases. Nine distinct enteric E. coli pathotypes have been extensively
char%ﬁzed, contributing to conditions spanning various gastrointestinal disorders to
urinary tract infections. These pathotypes deploy numerous virulence factors and effectors to
undermine host cell functions, thereby facilitating their virulence and pathogenesis 4.
Escherichia coli (E. coli), a gram-negative bacillus, is implicated in various diarrheal diseases,
such as traveler's diarrhea and dysentery. Additionally, it is the primary pathogen responsible

for uncomplicated cystitis and can also lead to other extraintestinal conditions like pneumonia,
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bacteremia, and abdominal infections like spontaneous bacterial peritonitis. The illnesses
caused by E. coli impose a significant burden on patients and healthcare systems,
underscoring the importance of prompt recognition and appropriate treatment. This review
examines different strains of E. coli associated with human illnesses, outlines methods for
identifying and managing these conditions, and emphasizes the collaborative role of the
interprofessional healthcare team in patient care *+ %> %,

2.4.4 Staphylococcus aureus Pathogens \
Staphylococcus aureus stands out as a highly notorious and prevalent bactcl@esponsible
for a significant count of uncomplicated skin infections and likely ds of thousands to
millions of more severe, invasive infections worldwide annually%ys a prominent role as
a causative agent in pneumonia and various respira%@ct infections, surgical site
infections, prosthetic joint infections, cardiovascular in@ﬁons, and nosocomial bacteremia °”
98' fbbrb

Staphylococcus aureus ranks among the M g global contributors to illness and death
caused by infectious agents. This paég@; capable of inducing a diverse array of diseases,
ranging from moderately §e@ in infections to life-threatening conditions such as
pneumonia and sepsis. %Qm\g S. aureus infections is challenging due to the prevalence of
antibiotic resistanc&s% as of now, there is no effective vaccine. There is growing interest in
understandinggsligniﬁcant number of toxins and other virulence factors produced by S.
aureus %@elr influence on disease progression. Staphylococcus aureus remains among the
most prévalent bacteria in human illnesses. It resides within the typical skin microbiota of
animals and humans, with a prevalence ranging from 20 to 30 % in healthy individuals. This
bacterium is responsible for various conditions in humans, including abscesses, lung
infections, bacteremia, endocarditis, and osteomyelitis *% °.

2.4.5 Pseudomonas aeruginosa Pathogens
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Pseudomonas aeruginosa is a type of gram-negative rod-shaped bacterium known for its
resilience against high salt concentrations, dyes, weak antiseptics, and many commonly
prescribed antibiotics. Most instances of Pseudomonas-related diseases in humans are
opportunistic infections.

This bacterium is notably linked to various human infections, particularly those associated
with healthcare settings. Within hospitals, Pseudomonas aeruginosa strains often exhibit
resistance to multiple antibiotics, posing significant challenges for effectiQﬁtment.
However, treating Pseudomonas aeruginosa infections is further con@/ d by the
formation of biofilms. An opportunistic pathogen is responsible fo &Qrous infections in
humans. It has emerged as a significant contributor to nosoco Q:tions and antibiotic
resistance. The intricate structure of these biofilms ad ra layer to the bacterium's
pathogenicity, contributing to treatment failures, eva@n of the immune system, and the
development of chronic infections that prove dif} o0 eliminate 190101,

Pseudomonas aeruginosa (P. aeruginosa }\\Qiely recognized as a harmful gram-negative
microorganism due to its array of Viéj@actors, capacity to form biofilms, and resistance
to antimicrobials. The emergen éantibiotic-resistan‘[ strains, a consequence of antibiotic
misuse and overuse, si%l%\ly heightens morbidity and mortality rates, particularly among
immunocompromi@gdividuals. Despite this, its role as a foodborne pathogen has often
been overl keg.dcross various food categories such as water, milk, meat, fruits, and
vegetables.(Moreover, the use of chemical preservatives aimed at inhibiting the growth of
micrhﬁanisms in food sources can pose challenges to food safety. Hence, the quest for
effective, safe, and natural alternative antimicrobial agents for use in food processing is of
utmost importance %103,

2.5 Summary of the Effectiveness of Nanoparticles as Corrosion Inhibitors and Anti-

Bacteria
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The fabrication of metal oxide nanoparticles represents a convergence of nanotechnology and
biotechnology, providing environmentally friendly material synthesis techniques. Due to their
high surface-to-volume ratio, metallic nanoparticles can be produced through various
methods, including chemical, electrochemical, physical, and biological techniques. However,
many of these methods are costly and potentially harmful to the environment. Studies
indicate that the biological synthesis of nanoparticles is both more economical and
environmentally beneficial. Since the early 2000s, significant efforts have bq%de to
synthesize nanoparticles such as gold and platinum, leveraging the antioxielgd reducing
properties of plants. Recent research has demonstrated that certain &can produce high-
quality metal nanoparticles with superior biomedical application%uding antibacterial and

anti-inflammatory ingredients in cosmetics, medical deyt ncer therapies, and cancer

diagnostics.
>
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3.1.1 Chemical and Reagents

Analytical-grade materials were all employed directly as sources without additional
purification. All solutions were prepared using distilled water and metal salts such as
Aluminum Chloride (AICI3.6H>O) and Zinc Sulfate Heptahydrate (ZnSO4.7H,O) as
precursors. Solutions of HoSO4 were used as corrosive substances. Drying was done with
ethanol and acetone. Glacial acetic acid, ferric chloride, concentrated sulphuric acid, sodium
hydroxide, hydrochloric acid, 10 % alcoholic ferric chloride, chloroform, anQ& ferric
chloride are used to carry out phytochemical analyses of their presence in tlﬁ/@ct samples.

3.1.2 Apparatus ’\

250 mL volumetric flasks, 100 mL beakers, 250 mL conical@s, 10 mL and 50 mL

measuring cylinders, a spatula, a glass rod, watch glasses@bottles, a glass funnel, filter

paper, and crucibles.
>

3.1.3 Other Materials Needed for Analys1s
Materials needed for Analysis include aper (Grade 320,1200), Cotton wool (for
cleaning the metal surface), Leaf %&% from Adonidamerrilli, Caryota mitis, Cassia
Jjavanica, and Casuarina equis za Sticks and threads (for suspending the coupons), a

bowl to wash the coup@sor to cut the suspending thread, and a brush (for polishing the

coupon during w ), Paper-Tape (for labeling) and medium glass container (for

dgmtion of circulations).

immersion ab
O
\/Q/

3.2. Appliances
The following equipment was used: a muffle furnace, a centrifuge, a potentiostat galvanostat
system (Auto lab Nova 2.1.1), a weighing scale (AE ADAM) with 0.1 mg sensitivity, a hot

air oven (Uniscope SM9053), a rotary evaporator (IKA RV8), and desiccator.
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3.3. Mild Steel Composition and Preparations

The Corrosion analysis will use mild steel (MS) in thicknesses of 1 mm, 2 mm, and 3 mm,
which were physically pressed into coupons measuring 30 mm by 20 mm. These samples
were polished using different grades of emery papers to remove oxide layers and corrosive
scales from the surface. After polishing, the samples were weighed, then cleaned in acetone,
dried in 100% ethanol, reweighed, and stored in moisture-free desiccators until use. The mild
steel plate, whose composition is indicated in Table 3.1, was procured in Ogun SQ,*Ligeria.

Characterization of the steel revealed approximately 0.152% carbon and 99 5@ron.

Table 3.1: Composition of AISI 1015 Carbon Steel Used (wt. %)

Flement C Mn Si P S Al Ni Fe

Composition 0.152 0451 0.186 0.011 0.0318 0.0053 0.009 99.154
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3.4 Extract Preparation

Cassia javanica, Adonida merrilli, Washingtonia robusta, and Casuarina equisetifolia leaves
were cut into pieces after being properly cleaned under running water and with double
distilled water. The leaves were air-dried and ground. About 500 g of dried samples were

soaked in about 1000 mL of double-distilled water and boiled for 30 minutes. The resulting
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extracts were filtered using cotton wool, and the filtrate was then transferred to a 1000 mL
Erlenmeyer flask and refrigerated for further use .

3.5 ZnO Nanoparticle Synthesis

Adonida  merrilli, Washingtonia robusta, Cassia javanica, and Casuarina equisetifolia
extract was slowly added gradually into the solution of 1 M of Zincsulphate hexahydrate
(ZnS04.7H>0) in ratio 2:4 under magnetic stirring at 80 °C for about 4 hours to obtain a
complex formation. The mixture was centrifuged for 15 minutes at 4500 rpm A(ormed
complex was then cleaned with distilled water and centrifuged for 10 mqu/eg 4500 rpm.
The supernatant was discarded, and the nanoparticles were calcine 0 °C in a muffle
furnace after being dried at 40 °C for eight hours . $

3.6 Aluminum Oxide Nanoparticles Synthesis 0

Plant leaf extracts were effectively used to produce al@num oxide nanoparticles. Adonida
merrilli, Washingtonia robusta, Cassia javanig&b’d Casuarina equisetifolia extract was
slowly added into the solution of 1 M o \Lm m chloride (AICI3.6H20) in ratio 2:4 under
magnetic stirring at 50 °C for abou & to obtain a complex formation. Centrifugation
was used to separate the compl @ had developed at 15 minutes for 4500 rpm. The formed
complex was then clea%’%%h distilled water and centrifuged for 10 minutes at 4500 rpm.
The resultant nanog&les were calcined at 450 °C in a muffle furnace after being dried at

40 °C for el%gd

3.7 Mlectrolytes Preparation.

The tests used 0.5 M of H2SOs electrolytes as the acidic medium, which was made by
gradually adding 30 mL of concentrated sulfuric acid to roughly 1000 mL of water while
stirring.

3.8 Used Inhibitors
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(1) Aqueous extracts from Casuarina equisetifolia, Cassia javanica, Adonida merrilli, and
Washingtonia robusta.

(2) All zinc nanoparticles were synthesized using leaf extracts of Adonida merrilli,
Washingtonia robusta , Cassia javanica, and Casuarina equisetifolia at concentrations of 500
ppm, 1000 ppm, 1500 ppm, and 2000 ppm, respectively.

(3) Aluminum nanoparticles synthesized using extracts from Adonida merrilli, Washingtonia

robusta , Cassia javanica, and Casuarina equistifolia were used at concentration@ﬁo ppm,

1000 ppm, 1500 ppm, and 2000 ppm, respectively. Q}O

3.9 Phytochemical Screening 6\

3.9.1 Alkaloids Test (Wagner’s Reagent) $

Wagner's reagent, which contains 1.27 grams of iodine ams of potassium iodide in
100 milliliters of water, was applied to a portion of t tract. The production of a reddish

brown precipitate was checked for (or colouratiq%ér.b

3.9.2 The Cardiac Glycosides Keller @

5 mL of each extract was placed in aé%&s%m e, which received 2 mL of glacial acid treatment
and a drop of ferric chloride @ion. Over this, 1 mL of concentrated H.SO4 acid was
carefully placed in a tk%%\g. The appearance of a brown ring at the interface indicated

the presence of th enolide-specific deoxysugar. A violet ring may appear under the ring,

e o
and a greemg ay form in the acid layer 3.

3.9.3 Test for Phenols in (Ferric Chloride Test)
A portion of the extracts were subjected to an aqueous solution containing 5 % ferric chloride,

and the production of a deep blue or black color was checked 3.

3.9.4 Test for Saponins (Foam Test)
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6 mL of water was added to 2 mL of extract in a test tube. Shaking the mixture briskly
allowed the presence of saponins to be confirmed by looking for the development of
persistent foam *°,

3.9.5 Tannin Test (Braymer’s Test)

A 10 % alcoholic ferric chloride solution was applied to 2 mL of the extract, and the
production of a blue or greenish-colored solution was checked *°.

3.9.6 Salkowki's Test for Terpenoids Q*

2 mL of each extract was combined with 1 mL of Chloroform andfa drops of
concentrated HoSOj4 acid. Terpenoids were present because a reddi@wn precipitate was
generated right away, . $

3.9.7 Test for Quinones 0

Concentrated HCl was used to treat a small quantit extract, and the appearance of a

yellow precipitate was monitored (or colouratio@

3.9.8 Oxalate Test @

A few drops of glacial ethanoic aci g@\e dded to a 3 mLportion of the extracts. Oxalates
are present when coloration is @h black 3.

3.10 Gravimetric Meth

On test coupons, \)&dimensions of 2 x 3 x 05 mm and 2 x 3 x 1 mm, gravimetric
experimentsg&%rformed. All tests were performed in rated and undisturbed test solutions.
The tesQ@ons were cleaned with a brittle brush, rinsed, degreased, dried, and reweighed
afteng recovered at 1 day intervals and increasingly over the course of 4 days. The
difference between the coupons' starting and final weights was used to calculate the weight
reduction. The previously established weighing balance was used to obtain measurements % 7-
8

3.11 Electrochemical Method
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A three-electrode glass cell with an Auto-Lab Nova 2.1.1 Potentiostat galvanostat device was
used to evaluate the linear polarization resistance. A platinum rod serves as the counter
electrode, with a Saturated Calomel electrode serving as the reference electrode. At a scan
rate of 0.5 mV/s, the polarization curves for corrosion current were recorded from 100 mA to
100 nmA. To determine corrosion current density, the linear Tafel segments of the cathodic
curves, the computed anodic Tafel lines, and the Tafel plots of potential (V) versus log
current (I) were extrapolated to the point of junction (Icorr).The following rela'qﬂu’p was

used to compute the corrosion inhibition effectiveness (%) from the corrosién ent density

measurements. 6\
| o, corr—1icorr
IE0p = ————="_x 100 $
I_o, corr

Where I o, corr = substrate’s corrosion current densitie t;e absence of leaf extracts or

nanoparticles , I i, corr = substrate’s corrosion;cmﬁ densities in the presence of leaf

extracts or nanoparticles,(Cassia javani% nida merrilli, Washingtonia robusta,

N

Casuarina equisetifolia,) and nanoparticle % scanning rate of 0.5 mV/s, respectively &%.
3.12 Scanning Electron Microsco&

PHENOM PRO X Scanningﬁk%{on Microscopy,Serial number:MVE0224651193, Model
number:800-07334 was\used*to analysed the samples. The samples were mounted on stubs
with adhesive ¢ % coated in 20 nm Carbon with a QUORUM Q150R ES mini sputter

coater,and t%analysed with a Phenom PRO-X SEM equipped with an Oxford XMax 50

Silic@Energy Dispersive X-ray detector at 15 KV under high vacuum.

3.13 Energy Dispersive Analysis (EDX)
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Energy dispersive spectroscopy (EDS) is frequently used to ascertain the elemental
composition of metal nanoparticles. It was completed in a SEM unit coupled to an EDX
analyzer.

3.14 X-Ray Diffractometer (XRD)

Angstrom ADX2700 X-Ray Diffractometer was used to analysed the samples, The XRD
analysis parameters are graphite-monochromatic Cu radiation sources at 40 kV and 30 mA.
The diffraction intensities were recorded in the 26 = 50 - 70° with a step sizeQ\éi and a
scan speed of 1.0 second. X-rays penetrate the nanomaterial, and the Q}@t diffusion
pattern is compared with standards to get structural information. X utilized for phase
identification and characterization of the crystal structure of the%particles. The Scherrer
formula was employed to estimate the crystallite size of t zinc oxide and aluminum

oxide nanoparticle phases present in the sample bas@y)n their X-ray diffraction (XRD)

patterns. %6

Where:C is the crystallite siz'e@nanometers),

K is the Scherrer consta\@pically around 0.9, depending on shape),

A is the wavelengt ’Sﬂ.t X-ray source (commonly 1.5406 A for Cu Ko radiation),

B is the full width at half maximum (FWHM) of the most intense diffraction peak (in radians),
0 is f{@ggg angle (in degrees, but converted to radians in calculation).

3.15 UV-Visible Spectrophotometer

An Orion AquaMate 8100 UV-Visible Spectrophotometer (Serial No. 9A8Y052002) was
employed to record absorption wavelengths (in nanometers) and confirm the presence of zinc
oxide and aluminum oxide nanoparticles over a scan range of 200900 nm.

3.16 Fourier Transform Infrared Spectroscopy (FT-IR)
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Agilient Technologies Cary 630 FTIR ZnSe,Part Number:G8043 64002,Model
Number:MY 19322004 FTIR spectroscopy has been employed to characterize the surface
chemistry of extracts, ZnONPs and AL:O3;NPs. which also allows for the detection of
additional surface chemical residues. The sythesis of zinc oxide and aluminum oxide
nanoparticles in the wave number range of 4000- 700 cm-! has also been proven.

3.17 Antimicrobial

The antimicrobial properties of both the extracts of Adonida merrilli, Washingtaq%usta ,
Cassia javanica, and Casuarina equisetifolia and their nanofluid (Zinc oxﬁgAluminum
oxide nanoparticles) were determined using the Agar-well diffi method. A stock
concentration of 100 mg/mL of ethanol produced by combinin% of the ethanol extract
with 10 mL of distilled water was used for the testing. 25 Q}repared Meullerhinton agar
was added to each sterile Petri plate.The suspension Qhe test bacterial (Escherichia coli,
Pseudomonas aeruginosa, Staphylococcus aure%éﬂ Salmonella.) isolates was added to the
solidified Meullerhinton as an inoculant. equally spaced holes were bored into each
plate of the set Agar using a sterile cé%l&ser with a diameter of 4 mm. After that, the wells
(holes) were filled with 0.2 .mLAQ)he extracts, ZnONPs and AL:O3;NPs solution. The plates
were incubated at 37 @1 hours. The resultant zone of inhibition (replicates) of the
different plant exlr@as observed and measured using a transparent meter rule °.

3.18 Minim \'bitory Concentration (MIC)

The Ad@merrilli, Washingtonia robusta , Cassia javanica, and Casuarina equisetifolia,
as well'as their nano fluid samples, were prepared to a stock concentration of 100 mg/mL in
sterile distilled water and serially diluted (two-fold) to a working concentration ranging from
500-1.95 mg/ mL before being mixed with an equal amount of nutrient broth. The test
organisms' (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and
Salmonella.) 0.2 mL suspension was used to inoculate the dilutions. The test tubes were

checked for turbidity after 24 hours of incubation at 37 °C. The Minimum Inhibitory
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Concentration (MIC) value was identified as the lowest concentration at which no turbidity

was seen. > !
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Chapter Four
Results and Discussion of Findings

4.1 Phytochemical Result
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Phytochemicals are naturally occurring, biologically active chemical compounds found in
plants. Table 4.1 lists the chemical compounds present in the plant samples used for this
study. The Oxalates, Phenol, and Cardiac glycosides were absent in aqueous extracts of
Casuarina equisetifolia, Cassia javanica, Adonida merrilli, and Washingtonia robusta .
Saponin was present in all the aqueous extracts (Casuarina equisetifolia, Cassia javanica,
Adonida merrilli, and Washingtonia robusta ). Quinines was present in all except Casuarina
equisetifolia, while Tannis was absent in all except Adonida merrilli.AlkaloQ% only
present in Casuarina equisetifolia while absent in the others. When compae/@] ethanolic

extracts of Chrysophyllum albidum peel, which is very effective ’&{rosion inhibiton!,

possess terpenoids, Terpenoids were present in Adonida merrilli asuarina equisetifolia
but absent in Cassia javanica and Washingtonia robusta. s leaf extracts of Casuarina
equisetifolia are the most effective when compared wit er aqueous leaves extracts used in

this study it exhibited similar results with ethar\i@xtracts of Chrysophyllum albidum peel.
They both have alkaloids, saponins, and %oids, and both also lack oxalate, phenols,
quinines, and cardiac glycosides. T‘%i@aqueous leaf extract is Adonida merrilli, which
exhibits similar results with e&%hc extracts of Chrysophyllum albidum peel. They both
have tannins, saponins,@enoids, but both lack oxalate, phenols, and cardiac glycosides.
More so, Adonidg g&lli was also observed to possess the same phytochemical component
when comp ed(u'} Casuarina equisetifolia; they both have tannins, saponin, and terpenoids,
but bott@s oxalate, phenols, and cardiac glycosides. Cassia javanica and Washingtonia
robuMoth have similar results. They all have saponin but lack these: oxalate, phenols, and
cardiac glycosides.!

Table 4 1: Phytochemical Screening of Aqueous Leaf Extracts of Casuarina equisetifolia,

Cassia javanica, Adonida merrilli, and Washingtonia robusta .

Constituent C E M NM
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Oxalates - - - -

Phenols - - - -
Quinines ++ - ++ ++
Tannins - - - ++
Alkaloid (dragendorf) - ++ -

Cardiac glycosides - - - OQ i

Saponins ++ ++ 0’& ++

Terpenoids - ++ 0 ++
LA

Casuarina equisetifolia (E), Cassia javanica (C), Ad merrilli (NM) and Washingtonia
robusta (M). ’bb
Keys: (++) abundant (+) present, (-) absent&Q

Source: Author’s Field Worlg %@

4.2  Characterization of Nanoparticles
4.2.1 UV-Visible Analysis of the Plant Extracts and Metal Oxide

4.2.1.1 UV-Visible Analysis of the Plant Extracts
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The UV analysis indicated a Amax at 292 nm for Cassia Javanica (C), 290 nm for Adonida
merrilli (NM), 296 nm for Washingtonia robusta (M), 288 nm for Casuarina equisetifolia (C)
with log emax calculated through absorbance utilizing Beer-Lambert law. This occurred due
to the transition from n- w*.Transition peculiar to C=C functionality. No visible sign of any
light has been absorbed, making Cassia Javanica (C), Adonida merrilli (NM), Washingtonia
robusta (M), Casuarina equisetifolia (C) aqueous extracts colourless, The important band of
UV absorption was discovered according to their UV-Vis spectra. Figure 4.1 (a) Qﬁ(d) 23,
When comparing the wavelengths of various aqueous extracts, Cassia java%@ exhibits a
wavelength of 292 nm, Adonida merrilli (NM) 290 nm, Washingto@%@usta (M) 296 nm,
and Casuarina equisetifolia (E) 288 nm. The UV absorption 0%& extracts ranges from
285 nm to 296 nm, all within the UV region. This is in g ement with previous studies
on UV-Vis spectroscopic analysis of Eucalyptus glob eaf extract revealed an absorption

peak at 300 nm, indicating its relevance within t}a&éciﬁed UV range, which falls within the

same range 2. \D
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4.1: h\V\/isible Spectra of the Plant Extracts (a): Cassia javanica extracts(C) (b) Adonida
merrilli extracts (NM), (¢) Washingtonia robusta extracts (M) (d) Casuarina equisetifolia

extracts (E)

Source: Author’s Field Work 2025

4.2.1.2 UV-Visible Analysis of ZnO Nanoparticles
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Zinc oxide nanoparticles exhibit light absorption across a spectrum from visible to near-
infrared, influenced by their size and structure. This absorption is attributed to the collective
oscillation of surface electrons, known as surface plasmon resonance (SPR). The dispersion
of plasmonic nanoparticles manifests one or more peaks, indicative of SPR characteristics,
which can be harnessed to glean essential information about nanoparticle dimensions,
morphology, and size distribution. The UV-Vis analysis of the zinc nanoparticles shows an
important band of UV absorbance at 300 nm (C-ZnONP), 302 nm (NM-ZnO]Q,*{)O nm
(M-ZnONP) and 308 nm (E-ZnONP), in the spectra, according to Figur@he band is
caused by the ZnO nanoparticles' valence electrons being excited, w "%{e produced by the
interaction between the leaves extracts and zinc sulphate hexahy nS04.7H,0) 456 .

Different Zinc Oxide nanoparticles exhibit varying UV @n results. C-ZnONP shows
UV absorbance at 300 nm, NM-ZnONP at 302 nm, ONP at 300 nm, and E-ZnONP at
308 nm. The UV absorbance of these Zinc Oxiﬁa&paﬁicles ranges from 300 nm to 334
nm, all occurring within the same region. \b&these results were compared with zinc oxide
nanoparticles (ZnO-NPs) synthesizeé;@he novel medicinal plant Lagerstroemia indica,
The UV—Vis spectroscopy, s.ho*%a peak at 302 nm. This peak falls within the same region

as previously reported, @‘@trating good agreement with this earlier findings.
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4.2.1.3 UV-Visible Analysis of Aluminum Oxide Nanoparticles

Depending on their size and shape, nanoparticles have the ability to absorb visible to near-
infrared light. This absorption phenomenon is attributed to the collective oscillation of
surface electrons on nanoparticles, known as surface plasmon resonance (SPR). The SPR
characteristic leads to the dispersion of plasmonic nanoparticles, resulting in one or more
peaks that can provide valuable insights into their dimensions, size distribution, and
morphology. Q«
During the UV-Vis analysis of Aluminum oxide nanoparticles, an import t@ absorption
band at 335 nm and 401 nm (C-ALLO3NP), at 336 nm and 401nm @OaNP), at 333 nm
and 401 nm (M-Al2O3NP) and at 317 nm and 401 nm (E-A1203N$re identified from their
UV-Vis spectra (Figure 4.3). These peak were genera n the valence electrons of

Cassia javanica extract and aluminum chloride 13) 7%

aluminum oxide within the nanoparticles underj}%%on due to the interaction between

Different aluminum oxide nanoparticles wvarying UV absorption results. C-Al,O3NP

exhibits UV absorbance at 335 n &0 nm, NM-ALLO3;NP at 336 nm and 401 nm, M-

ALO3NP at 333 nm and 401-!1:\%%& E-Al;O3NP at 317 nm and 401 nm. The UV absorbance

of these Aluminum O»@oparﬁcles occurs within the same region. These results align

with previous s ud\%\n aluminum oxide nanoparticles synthesized via picosecond laser
G

ablation and& va majuscula extract, which displayed a surface plasmon resonance peak

arou@n and 340 nm 7-% .
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4.2.2 FTIR Analysis of the Plant Extracts and Metal Oxide

4.2.2.1 FTIR Analysis of the Plant Extracts

The bioactive components in the plant extracts (Casuarina equisetifolia, Washingtonia
robusta, Cassia javanica and Adonida merrilli) were examined using FTIR. Figure 4.4
Infrared spectroscopy is also utilized in the field of natural products to identify certain
biomolecules.

For instance, aqueous Casuarina equisetifolia leaf extract stretching VQ&US are
represented by the peaks at a range of 1073 cm™ to 3209 cm!.; C-C VibratQerresented
by a band at 1073 cm™! Aromatic nitro compounds is related to 6 ak at 1509 cm™ -
Alkenyl C=C stretching vibration represented by the peak at 16 ' Hydroxyl group, H-
bonded OH, OH-stretching alcohols and phenols are respomsiblefor the peak at 3209 cm™! *-10:
It is evident from the observation of distinct IR bands t queous Washingtonia robusta leaf
extract has various biomolecules with disti%&ional groups on their surface. C-
stretching is represented by a band at 10 )\ I, C=C is related to the peak at 1640 cm™;

C=C stretching is represented by a b@ﬂ;é@ 05 cm™!; and OH-stretching alcohols responsible

\

for the peak at 3239 cm™! 101! @

N\

Cassia javanica leaf\@ stretching vibrations are represented by these peaks; C-C
represented by %@t 1077 cm™!'; C=C-C stretching is represented by a band at 1509 cm’!;
C=C is rela@o the peak at 1640 cm'; C=C is represented by a band at 2113 cm™';NH is
repr e@y a band at 2325 ¢cm™;Hydroxyl group, H-bonded OH, OH-stretching alcohols
responsible for the peak at 3220 cm-! %10

In Adonida merrilli, it is evident from the observation of distinct IR bands that C-C stretching
is represented by a band at 1080 cm™'; 'C=C' is related to the peak at 1640 cm™!; Cyanide ion
and thiocyanate ions are represented by the peaks at 2087 cm™ and 2292 cm’!, respectively;

and OH-stretching alcohols responsible for the peak at 3231 cm™ % 1°
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When Compared FTIR spectra analysis of various leaf extracts, According to Figure 4.4, all
the extracts demonstrate skeletal C-C vibrations, alkenyl C=C stretching, and hydroxyl group
with H-bonded OH stretching.which is in agreement with the previous study of Adenanthera
pavonina leaf extracts *1°, Additionally, Casuarina equisetifolia and Cassia javanica exhibit
aromatic nitro compounds. Casuarina equisetifolia and Adonida merrilli exhibit cyanide ions
and thiocyanate ions, Cassia javanica and Washingtonia robusta exhibit C=C terminal

alkyne (monosubstituted), while Washingtonia robusta and Adonida merrilli exl@ﬁphatic

cyanide/nitrile. ( 0
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Table 4.2 : Comparison Studies of FT-IR Spectra Analysis of Leaf Extracts

Wavenumber LiteratureWavenumber Assignment Leaf extracts

(cm™) (cm™) Range
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1073

1077

1084

1080

1509

1509

1640

1640

1640

1640

2091

2087

2113

2105

2292

2292

3209

3209

3239

3231

1300-700 Skeletal C-C vibrations Casuarina equisetifolia
Cassia javanica
Washingtonia robusta

Adonida merrilli

1555-1485 Aromatic nitro compounds. Casuarina equisetifolia
Cassia javanica
1680-1620 Alkenyl C=C stretch. Casuarin setifolia

Cajig\gmca
h

gtonia robusta

0%0”1.6{61 merrilli

2200-2000 Cyanide ion, thiocyar@ion, Casuarina equisetifolia
and related ions? be Adonida merrilli
2140 -2100 C=C \@al alkyne Cassia javanica
(mp >tuted). Washingtonia robusta

2280-2240 é@atic cyanide/nitrile Washingtonia robusta

Q Adonida merrilli
3570-3200 %Q Hydroxyl group, H-bonded OH Casuarina equisetifolia
O
fb§ Washingtonia robusta
NQ Adonida merrilli

8,9

stretch Cassia javanica

Source: Author’s Field Work 2025

4.2.2.2 FTIR Analysis of Zinc Oxide Nanoparticles

The bioactive components in E-ZnONP, C-ZnONP, M-ZnONP and NM-ZnONP were

examined using FTIR Figure 4.5 Infrared spectroscopy is employed to identify certain
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biomolecules. It is evident from the observation of distinct IR bands that ZnONPs have
adsorbed various biomolecules with distinct functional groups on their surface. These
substances validated acting as stabilizers and reducers during the production of ZnONPs.
Figure 4.5 For E-ZnONP, ZnO stretching vibrations are represented by the peaks at a range
of 857 cm™ to 3168 cm’!'; C-C vibrations is represented by a band at 857 cm-'; C-C is related
to the peak at 1017 cm™'; C-C stretching vibrations represented by the peak at 1066 cm';
C=C-C stretching vibrations represented by the peaks at 1505 cm™!, C=C represqﬁby the
peaks at 1640 cm’!; OH stretching vibration represented by the peak (}@ cm’! OH-
stretching alcohols and phenols are responsible for the peak at 3 ‘1. However, the
existence of transition metal was the reason for the 2091 cm-! (Fg@j) 89,

For C-ZnONPs according to Figure 4.5. The band re at 700 cm™! indicated that
biosynthesized ZnONPs well formed, the band at SSng'l (C—C) with a stretch type of
vibration, C-C stretching is represented by a ba%%ko% cm’!; C=C-C is related to the peak
at 1505 cm”!, C=C is related to the peak 617 cm’!, and OH-stretching alcohols and
phenols are responsible for the peaké_f;QSl cm’!. However, the existence of transition metal
was the reason for the 1994 ¢cm- Qd%lm cm ! 8910,

According to Figure %Q\hows M-ZnONPs: CH3-S-(C-Stretching is represented by a
band at 663 cm-.l;,& is related to the peak at 857 cm-!; C-C stretching vibrations are
represented tga;aks at 1017 cm™and 1088 cm-!, respectively; Aromatic nitro compounds
1S relateQ& peak at 1505 cm™!; C=C is related to the peak at 1625 cm-!; However, the
existe%@ of transition metal was the reason of the 2083 c¢cm-!' and OH stretching alcohols
responsible for the peak at 3138 cm™' %°.

For NM-ZnONP, the band recorded at 715 cm ™! indicated that biosynthesized ZnO NPs was
formed, the band at 861 cm™! (C—C) with a stretch type of vibration, 1058 cm™! (C=0) stretch
mode of vibration, 1509 cm™! (C=C-C) bending vibration; 1625 cm™! (C=C). The peaks at

1990 cm! and 2083 cm™! in the spectra of ZnO NPs were caused by the presence of transition
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metal. Broad absorption band with a center at 3235 c¢cm-! is connected to O-H stretching
vibrations; the obtained spectrum of FTIR analysis is represented in (Figure 4.5) % % 10,
According to Table 4.5 shows the comparison study of FTIR spectra analysis of different
ZnONP, all the Zinc Oxide nanoparticles display consistent results, showing skeletal C-C
vibrations, C=C-C aromatic ring stretch, alkenyl C=C stretch, transition metal presence, and

hydroxyl group H-bonded OH stretch. This is consistent with the results of a previous study

on Adenanthera pavonina leaf extracts, which exhibit a peak at 1640 cm™. (CQAUd 795

cm ™! (C—C) %10, (JO
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Table 4.3. Comparison Studies of FT-IR Spectral Analysis of Different ZnONP
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Wavenumber (cm™) Literature Wavenumber(cm™')  Assignment ZnONP

Range Leaf extracts
857 1300-700. Skeletal C-C vibrations Casuarina equisetifolia,
700, 857 Cassia javanica
663, 857 Washingtonia robusta
715,861 Adonida merrilli
1017,1066 1300-700. Skeletal C-C vibrations Casuarina equisetifolia,
1066 Cassiajavanica
1017,1088 ingtonia robusta
1058 (J nida merrilli
1505 1510-1450. C=C-C Aromatic ring stretch & Casuarina equisetifolia,
1505 %0 Cassia javanica
1505 0 Washingtonia robusta
1509 Q Adonida merrilli
1640 1680-1620 Alkeny C@h. Casuarina equisetifolia,
1617 6 Cassia javanica
1625 \Q’b Washingtonia robusta s
1625 ° & Adonida merrilli
2091 2100-1800 \ \ Transition metal Casuarina equisetifolia,
1994 ° A@ Cassia javanica
2083 QQ\ Washingtonia robusta
1990 Adonida merrilli

2083 ’bb

3168 Q
3213 \/
3138

3235

T

3570-3200

(broad).

Transition metal carbonyls

Hydroxyl group, H-bonded OH stretch

Cassia javanica
Adonida merrilli,
Casuarina equisetifolia,
Cassia javanica
Washingtonia robusta

Adonida merrilli

4.2.2.3. FTIR of Aluminum Oxide Nanoparticles

The technique of infrared spectroscopy is also employed to identify certain biomolecules in

the E-ALOsNP. It is evident from the observation of distinct IR bands that Aluminum
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OxidesNPs have adsorbd various biomolecules with distinct functional groups on their
surface. These
substances validated acting as stabilizers and reducers during the production of Aluminum
OxidesNPs (Figure 4.6). For instance, Aluminum Oxide NPs stretching vibrations are
represented by the peaks at 1643 cm™! and 3417 cm-!, respectively; C=C is related to the peak
at 1643 cm™'. OH-stretching alcohols and phenols are responsible for the peak at 3417 cm™.
(Figure 4.6) °. The C-Al,O3NP stretching vibrations are represented by peak 150@ C=C-
C, C=C is related to the peak at 1632 cm-!; NH stretching vibrations are Q@\ted by the
peak at 2351 c¢cm-', and OH-stretching alcohols and phenols are re@%@le for the peak at
3399 cm!89, $
According to Figure 4.2.2.3 M-Al,O3NPs stretching gvi ns are represented by the
following peaks: C=C-C stretching is represented by a@md at 1505 cm™'; C=C is related to
the peak at 1636 cm™'; N-H stretching VibratioryabQ represented by the peak at 2348 cm-';
and OH-stretching alcohols responsible fo }& ak at 3391 cm™! 39,

S

NM-ALOs;NP vibrations are represetst%b these peaks. C=C is related to the peak at 1640

cm’!, and OH-stretching alco.hc&%}onsible for the peak at 3436 cm!, ° Figure 4.6.

The comparison studi@- R spectra analysis of different AILO3;NP, according to Table
4.4, all the aluqu&xide nanoparticles exhibit similar results, possessing alkenyl C=C
stretch and gqalyl group H-bonded OH stretch.This corresponds with the results of a
previou%{@y on Adenanthera pavonina leaf extracts, which exhibit a peak at 1640 cm™ for
C=C}(3457 cm™' for O-H stretching * 1°.

Additionally, Cassia javanica and Washingtonia robusta display C=C-C aromatic ring stretch

and NH component amino-related components.
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Table 4.4: Comparison Studies of FT-IR Spectral Analysis of Different ALLO;NP
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Wavenumber (cm™  Literature Assignment Leaf extracts

D) Wavenumber (cm™') Range

1505 1510-1450. C=C-C Aromatic ring stretch  Cassia Javanica

1505 Washingtonia robusta

1643 1680-1620 Alkenyl C=C stretch Casuarina equisetifolia,
Cassia %nica,

1632 Washiugtonia robusta,

1636 /\Igbﬁida merrilli,

1640 %Q

2351 About 2350 NH  componen mino- Cassia Javanica

2348 related com 9 Washingtonia robusta

3417 3570-3200 (broad) Hydro;&oup, H-bonded Casuarina equisetifolia

3399 @retch Cassia Javanica

3391 '@ Caryota mitis

3436 \c‘) Adonida merrilli

Source: Author’s F& Work 2025

&

4.2.3 XRD Analyses of Metal Oxide Nanoparticles

4.2.3.1 XRD Analyses of Zinc Oxide Nanoparticles
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X-ray Diffraction (XRD) analysis is a quick analytical method that primarily determines the
phase of a crystallite material and give acurate size of each cel. XRD is one of the best
techniques. It characterizes the purity and phase of the nanomaterial. XRD gives details of the
diffraction angle, the interlayer spacing, and mainly the crystallite size.

The hexagonal phase is seen in the XRD pattern of the produced NM-ZnONPs, Figure 4.7 (a)
shows strong and sharp diffraction peaks. The diffraction peaks are connected with the (100),
(002), (101), (102), (110), (200), (112), and (201) planes, respectively, and a@ated at
30.8°, 35.6°, 37.6°, 46.8°, 57.2°, 66.2°, 67.6°, and 68.8°. The data matctQ/@ll with the
ZnO standard cards (JCPDS file number 79-2205). The X-indexed «Qpresents impurity,
which could arise as a result of a secondary reaction with im@: cations. The particle
recorded a mean particle size of 73.82 nm!% 14, 0

C-ZnONPs is shown in Figure 4.7 (b). The Miller-B@ais indices of (100), (002), (101),
(102), (110), (311) and (112) are responsible f@,@%mergence of the conspicuous peaks at
30.4°, 33.8°, 36.0°, 46.6°, 56.0 °, 64.2° and 672°, respectively. All of the ZnO nanopowder's
diffraction peaks are in good accorcé%&sﬁth the ZnO JCPDS (card No. 89-0510) pattern,
which is associated with the Z@ s' hexagonal wurtzite crystal structure. The X-indexed
peak represents impuri@‘h could arise as a result of a secondary reaction with impurities.
The crystallinity, q&e nanoparticles, with their calculated size, is evidence that their
application ibng}dical procedures would be seamless. The size of the ZnO NPs calculated

using S@r

Figure 4.7(c) shows the XRD pattern of M-ZnNPs. The peaks at 34.6, 36.0, 46.6, 55.2, 62.2,

s formula showed an average particle size of 41.85 nm'4,

which corresponded to (002), (101), (102), (110), (103) crystalline planes of ZnO and were in
good agreement with the JCPDS Card no. 01-079-2205. All these peaks exactly match the

one in Literature 2

which clearly indicates the formation of zinc oxide. The average
crystallite size of ZnO NP's was 71.5 nm, calculated using the Scherrer equation based on the

full width at half-maximum of the diffraction plane '#
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XRD spectra of the biosynthesized E-ZnONP powder were detected by X-ray diffractor,
which resulted in different crystal planes such as (100), (101), (102), (103), (200), were
assigned to the 20 values of XRD 31.57°; 36.05°; 47.34°; 62.75°; 67.82°; which showed
hexagonal phase of Zinc Oxide and good crystallinity of the products. Figure 4.7(d). The
average crystallite size of ZnO NPs was 22.06 nm, calculated using the Scherrer equation
based on the full width at half-maximum of the diffraction plane.These presented planes
matched well with the wurtzite ZnO hexagonal structure having JCPDS card IQ*Q—MSI,
which was reported by 4 Figure 4.7(d). (/0

The XRD results of (NM-ZnONPs, C-ZnONPs, M-ZnONPs, E—ZnO@ ign with previous

studies on the green synthesis of zinc oxide nanoparticles usin eagnus angustifolia L.
leaf extracts '2, Eucalyptus globulus Labill leaf extract '? ssiflora subpeltata '* Figure
4.7 (a-d). Q
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4.2.3.2 XRD Analyses of Aluminum Oxide Nanoparticles

XRD Spectra of the biosynthesized C-Al,O3 powder was detected by X-ray diffractor, which
resulted in different crystal planes such as (103), (112), (106), (201), (117), (205), (206),
(119), (222), (300), (11 12), (2 1 11), (309), (21 13), (403) and (1 0 17) were assigned to the
20 values of XRD 19.4°; 23.2°; 27.8°; 32.2°; 34.6°; 37.4°; 39.8°; 41.2°, 46.4°, 48.8°, 51.8°,
56.6°, 60.8°, 63.0°, 67.7°, and 69.4°; which showed cubic phase of aluminum oxide.
Figure 4.8 (a). These presented planes match well with the quartzite ALOs ¢ '%cture
having JCPDS card No.00-153-1489 (Figure 4.8) XRD shows sp@@ crystalline
nanoparticles with an average particle size of 10.13 nm ! ’\

E-AlLO3 powder was detected by X-ray diffractor, which resu%a (111), (220), (311),
(222), (400), (331), (422), (511) and (440), were assig e 20 values of XRD 19.6°;
32.2°; 37.8°; 39.6°; 46.0° 50.8°; 57.0°; 60.6° and €7%2°; which showed cubic phase of
aluminum oxide. Figure 4.8 (b) These presente@es match well with the wurtzite AlLO3
Cubic structure having JCPDS card N 53-1489; Figure 4.2.3.2 (b), XRD shows
nanoparticles with an average partlcl & 8.63 nm.

NM-ALO; powder was detegte&@ -ray diffractor, which resulted in different crystal planes
such as (007), (106), (%%2) (117), (2006), (222), (224) (324) and (402), were assigned
to the 20 values Qf,& 26.0°; 27.6°; 29.8°; 32.8°; 34.8°; 37.6°; 39.4°; 46.4°;48.6;61.6 and
67.4°; which.s d tetragonal phase of aluminum oxide. Figure 4.8 (c). These presented
planes r@%well with the Al,Os tetragonal structure, which has JCPDS card No. 00-153-
7011}§ure 4.8 (¢). XRD shows nanoparticles with an average particle size of 5.86 nm 3.
Calculated using the Scherrer equation based on the full width at half-maximum of the
diffraction plane. 20 (degree)

M-Al,O3NPs powder was detected by X-ray diffractor, which resulted in different crystal
planes such as (104), (112), (200), (212), (109), (215), (208), (222),

(304),(1113),(2012),(324),(2211) and (402), were assigned to the 26 values of XRD 21.6°;
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23.6°; 36.8°; 37.8°; 40.8°; 44.2°; 46.0.°; 51.4°, 55.6, 57.0, 62.0, 63.8, and 67.4°, which
showed the tetragonal phase of aluminum oxide (Figure 4.8(d)). These presented planes
match well with the aluminum oxide nanoparticles' tetragonal structure, which has JCPDS
card No. 00-153-7011 (Figure 4.8). XRD shows nanoparticles with an average particle size of
8.68 nm calculated using Scherrer equation based on the full width at half-maximum of the
diffraction plane.

The XRD results of (NM-AL:OsNPs, C-Al.OsNPs, M-Al.OsNPs, E-Al.OsNPs) aq%istent

with previous studies on the green synthesis of Al.Os nanoparticles usi extracts of

Calligonum comosum L."> and seed extracts of Carica papaya '°. 6\
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4.2.4. SEM Anal g tal Oxide Nanoparticles

4.2.4.1 SEM A al is of Zinc Oxide Nanoparticles

The SEM graphs of C-ZnONPs are presented in Figure 4.9 (a). The Figure shows that
the rMaﬂicles are heterogeneous having an uneven hexagonal wurtzite crystal structure
while some are agglomerate, and some are not '°.

The SEM images of E-ZnONPs were revealed by SEM testing. The SEM images show that
the nanoparticles are heterogeneous. The surface of zinc oxide has a hexagonal phase; some

are agglomerates, and some are not '4, according to Figure 4.9 (b).
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M-ZnONPs size and structure were revealed by SEM testing ZnO nanoparticles. The SEM
images show that the nanoparticles are heterogeneous; the surface morphology of zinc oxide
has some agglomerate and some are not '*!7. Figure 4.9 (c).

SEM analysis unveiled the size and hexagonal phase sphericity of NM-ZnNPs. The presence
of ZnO nanoparticles is depicted in Figure 4.9 (d) and are heterogeneous and some are not '’
The SEM results of (NM-ZnONPs, C-ZnONPs, M-ZnONPs, E-ZnONPs) are consistent with
previous studies on the green synthesis of zinc oxide nanoparticles using Eucaly, %bbulus

Labill. Leaf extract '3, Passiflora subpeltata '*, and the aqueous leaf extract@ acuta .
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4.2.4.2 SEM Analysis of Aluminum Oxide Nanoparticles

The SEM images of C-Al,O3NPs display Cubic structures. The variation in surface
morphology was attributed to intermolecular interaction, lattice mismatch, and the existence
of residual oxides '>. The SEM images show that the nanoparticles are homogeneous, not
agglomerate. Figure 4.10 (a).

The SEM images of E-ALbOs;NPs display cubic phase. The variation in surface morphology
was attributed to intermolecular interaction, lattice mismatch, and the existenoQ*sidual
oxides '3.The SEM images show that the nanoparticles are homogengou e surface
morphology of Aluminum oxide nanoparticles has a cubic phase an@size. They are not
agglomerate '°. Figure 4.10 (b) revealed the detailed structure. $

The SEM images of NM-ALO; nanoparticles display te@ structures. The variation in
surface morphology was attributed to 1ntermolecul%\@sractlon lattice mismatch, and the
existence of residual oxides. The SEM 1 1mages at the nanoparticles are homogeneous;
the surface morphology of aluminum o&d‘\\glopartlcles oxide has a tetragonal structure.

They are not agglomerate '> ¢ accor ’\s igure 4.10 (c)

The SEM images of M-A] @‘Ps display a tetragonal phase. The variation in surface
morphology was attrib@o intermolecular interaction, lattice mismatch, and the existence
of residual oxiQ.s:\&F e SEM images show that the nanoparticles are homogeneous; the
surface mor@ogy of aluminum oxide nanoparticles has a tetragonal phase. They are not
aggl%&s’ 16 Figure 4.10 (d).

The SEM results of (NM-Al:OsNPs, C-Al:OsNPs, M-Al:OsNPs, E-Al:OsNPs) align with
previous studies on the green synthesis of ALOsNPs using leaf extracts of Calligonum

comosum L', and seed extracts of Carica papaya '¢
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4.2.5 EDX Analyses of Metal Oxide Nanoparticles
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4.2.5.1 EDX Analyses of Zinc Oxide Nanoparticles
EDX analysis of C-ZnONPs is shown in Table 4.5.This shows the purity of ZnO
nanoparticles. According to the analysis, sulphur, and zirconium were recorded to be present
with recorded percentage values of 9.31 and 0.57% respectively, which indicate the presence
of impurities. While the percentage values of O and Zn were found to be 48.51 and 41.60%,
respectively. The two additional elements that were observed in the EDX spectrum might
represent the remnants of the initial elements found in the plant extract. HQ% this
signifies the synthesis of ZnO NP, which is in agreement with the FTIR ana(/@ 17
E-ZnONPs are shown in EDX (Table 4.5).The purity of ZnO nanop@@ was displayed by
EDX analysis, which only detects sulphur(S) with recorded p@age composition of
11.48% percentage values % of O and Zn was found to bg=56¥89% and 31.63%, respectively.
The additional element that was detected in the EDX trum might represent the remnants
of the initial elements found in the plant extract } 6
M-ZnONP are shown in EDX analysi 4. 5) The purity of ZnO nanoparticles was
displayed by EDX analysis, whi \’§ detects sulphur(S) with recorded percentage
composition of 12.11%. The_p @wge values of O and Zn was found to be 32.89 and 55.0%,
respectively. The add%@ements that were detected in the EDX spectrum might
represent the remn f the initial elements found in the plant extract '*17,
Furthermor 4 5.showcases the surface elemental composition of NM-ZnONP, where
R

zinc exl@

were d ected in the EDX spectrum; they might represent the remnants of the initial elements

e highest intensity while silicon shows the least. Three additional elements

found in the plant extract.
The SEM results of (NM-ZnONPs, C-ZnONPs, M-ZnONPs, E-ZnONPs) are consistent with
previous studies on the green synthesis of zinc oxide nanoparticles using Passiflora

subpeltata '* and the aqueous leaf extract of Sida acuta '’

120



ZnONP Element Element Element Atomic  Weight
Number  Symbol Name Conc. Conc.

C-ZnONP 8 O Oxygen 48.51 20.18
30 Zn Zinc 41.60 70.70
16 S Sulfur 9.31 7.76
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40 7r Zirconium 0.57 1.36

E-ZnONP 8 0 Oxygen 56.89 27.20

30 Zn Zinc 31.63 61.80

16 S Sulfur 11.48 11.00
M-ZnONP 30 Zn Zinc 55.00 79. \

8 0] Oxygen 32.89 ( 1@

16 S Sulfur 12. 8.61
NM-ZnONP 30 /n Zinc Q 52.85 76.69

8 0 O)@ 35.22 12.51

16 S @fur 9.95 7.08

14 Si ® Silicon 0.72 0.45
40 @;\\. Zirconium  0.62 1.26

&
Q
Table 4.5 nalysis Results of Zinc Oxide Nanoparticles

4.2.5.2 EDX Analysis of Aluminum Oxide Nanoparticles

The purity of C-Al2O3NPs was demonstrated by EDX analysis, which only detects Carbon
1.77 %. The average atomic % of O and Al were found to be 54.60 and 43.14,% respectively.
The additional element that was detected in the EDX spectrum might represent the remnants

of the initial elements found in the plant extract '>.Table 4.6
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The purity of E-ALO3;NPs was demonstrated by EDX analysis, which only detected the
average atomic % of O and Al, which were found to be 17.98 and 82.02%, respectively.
Table 4.6 revealed the detailed structure.

The purity of M-AlbO3NPs was demonstrated by EDX analysis, Table 4.6, which only detects
nitrogen at 6.37%. The average atomic percentage of O and Al was found to be 41.85 and
51.62% respectively. The additional element that was detected in the EDX spectrum might
represent the remnants of the initial elements found in the plant extract. *

The purity of NM-ALLO3NPs was demonstrated by EDX analysis, th@y detected
Nitrogen at 7.03%. The average atomic percentage of O and Al wete=fotnd to be 49.75 and
43.08% respectively. The additional element that was detected %QDX spectrum might
represent the remnants of the initial elements found in the tract, Table 4.6.

The EDX results of (NM-Al:OsNPs, C-Al:OsNPs, M-QOaNPs, E-Al:O:NPs) are consistent

with previous studies on the green synthesis of@NPs using leaf extracts of Calligonum

comosum L. and seed extracts of Carica w 16,

>

2

Table EDX Analysis of Aluminum Oxide Nanoparticles
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Element Element Element Atomic Weight

Number Symbol Name Conc. Conc.
C-ALOsNP 13 Al Aluminium 54.60 65.74
8 O Oxygen 43.14 30.80

6 C Carbon 1.77 0.95 *

E-ALO:NP 13 Al Aluminum  82.02 88.4’9\ 0
8 0 Oxygen 17.98 %9
M-ALO:NP 13 Al Aluminum 51.@ 64.23

8 0 Oxygen @41.85 30.88
7 N a@yn 6.37 4.12

NM- 8 0 Oxygen 49.75 38.42
ALOsNP
1(:\\%1 Aluminum  43.08 56.11

N Nitrogen 7.03 4.75

4.3 Applications of Plant Extracts and Nanoparticles for Corrosion Inhibition

Studies
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4.3.1 Gravimetric Method

The study of the aqueous extracts of Casuarina equisetifolia, Cassia javanica, Adonida
merrilli, and Washingtonia robusta, all Zinc nanoparticles and Aluminum nanoparticles of
Adonida merrilli, Washingtonia robusta , Cassia javanica, and Casuarina equisetifolia at
concentrations of 500,1000,1500 and 2000 ppm, respectively on mild steel at room
temperature in 0.5 M H>SO4 were evaluated from one day to four days. Thier effect on
weight loss of low carbon steel at room temperature for four days using gravimqgmethod
as shown in figures below, It was observed that there is a weight 1 s@rease with
increasing concentrations of the inhibitors during their exposu@’&dod in all tested
solutions. See Appendix 2 for more details. $

Figures 4.13 (a) - Figures 4.13(p) shows the weight loss res 4.14 (a) - 4.14(p) shows
the corrosion rate (mpy) determined at concentration 0 ppm, 1000 ppm,1500 ppm and
2000 ppm). The weight loss was measured for @zys. It was observed that weight loss of
the coupons reduced as the concentration h\@nhibitor increased, which might be due to an
increased surface coverage and adheé%s\%v the inhibitor to the metal. A comparison of the
blank and the inhibited cor.ro@udy showed that the inhibitors influenced the rate of
corrosion of mild steel %’Q\[stom The study was done at room temperature.

This study aligns v\{%{)revious research on the corrosion inhibition of welded X-52 steel
pipelines us%&dlum molybdate in a 3.5% NaCl solution'®, also on recent advancements in
sustain %orrosion inhibitors regarding their design, performance, and industrial
appl%ns 19 as well as the effects of aqueous Chrysophyllum albidum leaf and peel

extracts on mild steel in an acidic medium 2°,
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4.3.1.1 Weight Loss at Various Time against Concentration of Inhibitors

Weight loss at various time from one day to four days with different inhibitors (extracts, zinc

oxide nanoparticles and aluminum oxide nanoparticles) at 500 ppm to 1000 ppm of 0.5 M of

H>SO4 concentration.
(a) 500 ppm inhibitors (b) 1000 ppm
concentration
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Figure 4.11 :The plots of Weight loss against time for (a) 500 ppm, (b) 1000 ppm,(c)1500

ppm and (d) 2000 ppm of (Casuarina equisetifolia extracts, E-ZnONP and E-AI,O3:NP)

Inhibitors concentration

Source: Author’s Field Work 2025
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Inhibitors concentration

Source: Author’s Field Work 2025
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ppm and (1) 2000 ppm of Adonida merrilli extracts, NM-ZnONP and NM-ALO3;NP)
Inhibitors concentration

Source: Author’s Field Work 2025

129



(m) (n) 1000 ppm
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Concentration.

Source: Author’s Field Work 2025
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4.3.1.2 Corrosion rate at Various Time against Concentration of Inhibitors

(a) 500 ppm (b) 1000 ppm
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Figure 4.15 :The plots of Corrosion rate against time for (a) 500 ppm, (b) 1000 ppm,(c)1500
ppm and (d) 2000 ppm of (Casuarina equisetifolia extracts, E-ZnONP and E-AI,O3:NP)
Inhibitors Concentration

Source: Author’s Field Work 2025
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4.3.2 Electrochemical Method
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The study examined the corrosion inhibition of extracts of Casuarina equisetifolia, Cassia
javanica, Adonida merrilli, and Washingtonia robusta. The concentrations of zinc and
aluminum nanoparticles of Adonida merrilli, Washingtonia robusta, Cassia javanica, and
Casuarina equisetifolia were 500 ppm, 1000 ppm, 1500 ppm, and 2000 ppm, respectively, on
mild steel at room temperature in 0.5 M H>SO4 were studied, See Appendix C for more
details. The results were presented as curves, as seen in Figures 4.15 (a - 1) 2°.The
corrosion current density (Icorr), corrosion potential (Ecorr), and cathodicQ%nodic
potentiodynamic polarization plot slopes were the characteristics obtained fo}@s curve.

A very effective and practical method for researching corrosioxé&es is polarization
analysis. Polarization curve simplifies understanding of the a@ and cathodic reaction
kinetics. A defined potential range and scan rate are us lect the readings 2" 22, The
kinetics of corrosion processes may be measured with{the use of polarization methods. The
electrochemical parameters are calculated usin@olaﬂzaﬁon method. The mechanism of
the process—whether it be cathodic, ano M combined cathodic and anodic reactions—
will decide the Tafel slope, and tké_\;g%a value will specify the kind of inhibitor being
employed. The Potentiodyna‘m@rization plots, Figures 4.15 (a - 1) have shown that when
the extracts concentra%%\'eased to 500 ppm, 1000 ppm, 1500 ppm, and 2000 ppm,
respectively, the pﬂ potential values went closer to the positive values. Current rises in
tandem wit (@ﬂ differences. Current density from both the cathodic and anodic sides
dropped@f@&e inhibitor's concentration rose. They fall under mixed inhibitors because they
inhibit both cathodic and anodic inhibitors. One can classify an inhibitor as anodic or
cathodic if its concentration shifts to more than 0.85 mV.But Figure 4.15 (j) did not 2> 23.
From the comprehensive study of all the inhibitors, it was found that E-ZnONP, figure 4.3.2
(b) performed the best. This result aligns with aqueous Chrysophyllum albidum leaves and
peels extract on mild steel in an acidic medium 2. This was evident in the potentiodynamic

polarization plots, where its potential difference value shifted more towards the positive zone
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than any other inhibitor. The inhibitor's mixed type was further confirmed by the
potentiodynamic polarization plots, which showed that the anodic and cathodic zones were of
equal length and did not differ from one another. The value of the inhibitor did not exceed
0.85 mV, and as its concentration increased, the current potential values shifted more toward
the positive range. This comprehensive study of the inhibitors and their performance in the
potentiodynamic polarization plots provides a clear understanding of their effectiveness and
these findings are consistent with the corrosion results of aqueous Chrysophy *{bidum
leaf and peel extracts on mild steel in an acidic medium 2°, the corrosion 1(&/@1 effects of
Euphorbia heterophylla L. extract in 1.5 M HCI 2!, the inhibition of eel corrosion by a
nonanedioic acid derivative in hydrochloric acid solution 22, 2@6 corrosion protection

performance of acarbose on mild steel in an acidic mediu, O
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4.3.2.1 Inhibitors Efficiency (%) of Potentiodynamic Polarization Measurement of
Corrosion Inhibition of Extracts Casuarina equisetifolia, Cassia javanica, Adonida
merrilli, and Washingtonia robusta and their Zinc Oxide Nanoparticles and Aluminum
Oxide Nanoparticles.

According to the Figure 4.16 (a) The best inhibition efficiency of these extracts concentration
is 500 ppm of (C) Cassia javanica extract while the least efficient is (M) Washingtonia
robusta Q«
Refering to the Figure 4.16 (b), the least efficient zinc oxide nanopaﬁicles@/@e synthesis

from Adonida merrilli, while the best inhibition efficiency of this '%&ide nanoparticles

concentration is 500 ppm to 2000 ppm of (E-ZnONP) syn from extract leaf of
Casuarina equisetifolia. 0
Based on Figure 4.16 (c),The best inhibition efficienc ong aluminum oxide nanoparticles

is M-ALO3NP. In contrast, the least efﬁcie@minum oxide nanoparticles are NM-

A1203NP S. \Q
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4.3.3 Morphological Study (SEM) for Surface Analysis
The surface morphology of the steel microstructures was analyzed by SEM. This provides
detailed, high-resolution, accurate photographs of the sample which can be used to monitor
the process 2°. SEM can be used to confirm the formation of a protective layer of inhibitor on
the surface of metal '+2%23 | SEM micrographs show details of rough and damaged surfaces of
the metal in the absence of an inhibitor and smoother in the presence of inhibitor 2!. In the
absence of an inhibitor, the roughness is due to a high rate of corrosion and Qgﬁrolled
dissolution 242526 This technique gives only qualitative information 0
Mild steel surface exposed to the corrosive media, 0.5 M of H.SO everely corroded,
very rough, and non-uniform. Figure 4.17 (a) shows the signiﬁca%‘rosion damage done to
the steel surface. The surface of mild steel immersed ind rs is significantly improved
and shows a smoother surface with scratches left behi Q«hen compared with the one without
inhibitors, Figures 4.17 (b) and (d) but Figure 4.&8§showed little corrosion damage.

When the mild steel surface without inhibitor§1s compared to that submerged in inhibitors,
the differences in surface morphol&é)ﬁ‘a striking. The steel with inhibitors exhibits a
noticeably better surface, WiQ%\atches left behind, and most importantly, no evident
corrosion damage, ex%@ in Figure 4.17 (d). This stark contrast underscores the
significant impact s&ibitors on steel surfaces. These results align with the previous study
on ethanolic&&z)f Chrysophyllum albidum leaves and peels as a green inhibitor for AISI
1015 ca@teel in IM H,SOj4 solution ',and aqueous Chrysophyllum albidum leaves and

peelsex(ract on mild steel in acidic medium 2° .
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- Figure 4.25: (a) The SEM Micrographs of
Untreated Mild Steel (b) SEM micrographs of Mild Steel Treated with Extracts C (c) The
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SEM micrographs of mild steel treated with E-ZnONP (d):The SEM Micrographs of Mild

Steel treated with M-ALOsNP

Source: Author’s Field Work 2025
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4.3.4 Adsorption Isotherm $0
If we want to know more detail about the corrosion proce e need to study adsorption
isotherm. We can get the idea about the equilibrium b@een inhibitor adsorbed and present
in the bulk with the help of adsorption isothemré dsorption isotherms are one of the key
factors to describe the interaction betwee le and inhibitor. Adsorption is confirmed if
surface coverage data fitted in any isé%:.%m Various adsorption isotherm models can be used
to get important details based %Qb’xhitor molecules adsorption on the MS surface and as the
linear regression coe%Q\is close to one, the Langmuir isotherm was considered
appropriate to desq&‘e inhibitor molecules' adsorption on the Mild steel surface 2% 2!
The adsorpt'%gﬂﬁerms of different extracts are shown on Figures 4.18 (a) - 4.18 (d) below
using tk@igmuir adsorption isotherms. They were determined to provide information on
the i&ction among the adsorbed molecules on the surface. The surface coverage was fitted
to a series of different Langmuir isotherm adsorption.

Langmuir Adsorption Isotherm Equation

1
_:——I—
5 C

C = concentration of inhibitor (mol/L or g/L) = surface coverage

Kads = adsorption constant
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The Langmuir adsorption isotherm was observed to be the best adsorption characteristics.

c
The plotting values of log & versus log C shows a straight line graph with the correlation

regression coefficient, R? = 0.99 for E-ZnONP, R? = 0.87 for M-ALLOsNP, R? = 0.21 for C,
R? = 0.3976 for E. The Langmuir isotherm, best explaining the relationship between the
molecules and the mild steel. The Figures indicated the interaction between the adsorbed
extract molecules and the metal surface. These R ? values revealed that the molecules of the
extracts adsorbed and interact with the surface of the steel, thus reducing th Qes ion of
ions into the acidic medium 2627 _ It is significant to note that the degree of@ge depends
on the concentration of inhibitors. According to the Langmuir isoth@t is assumption can
only be accepted as a first approximation 2°. The best results ﬁ% figures above are R? =

0.99 for E-ZnONP and R? = 0.87 for M-AlLO3;NP while 1 for C and RZ=0.39 for E

are not. er

These results are consistent with ﬁndin%@abprevious studies on the kinetics and
thermodynamics of glycyrrhizic acid éption using S-8 macroporous resin 26, the
adsorption and thermodynamic in@tion of mild steel corrosion inhibition in an H2SOa
medium using Vernonia anty, a %, and the facile one-pot synthesis of Ag@MOF(Ag)

nanocomposites for the‘@selective detection of 2,4,6-trinitrophenol in an aqueous phase
D

x@@
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Source: Author’s Field Work 2025
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Figure 4.27 : Langmuir Adsorption Isotherm of M- ALLO3;NP

Source: Author’s Field Work 2025
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4.3.5. Properties of Inhibition of Nanoparticles on Metal Surface

The thermodynamic properties of corrosion are covered in this section. Thermodynamics
clarifies the energy shifts that take place during corrosion processes. | nces our
understanding of the mechanics behind the processes of corrosi’o<%yrmodynamics
evaluates the stability of chemical species and their interactio s@ metal surfaces to
estimate the probability of corrosion. We can predict if co '%ﬂ occur under specific
conditions by examining the thermodynamic characteris@ In summary, thermodynamics
provides essential information for evaluating c @ behavior and explains the energy
components of corrosion. Using the La@ adsorption isotherm, we will start by
discussing the concepts of Gibbs free'e@ adsorption equilibrium constant, etc.

In Table 4.7, E-ZnONPs, when zi %&ide nanoparticles are synthesized from Casuarina
equisetifolia leaf extract, th&a%s value of 124.3897233 mol! indicates that inhibitor
molecules are adsorbec@o the metal surface with strength and efficiency, thus preventing
corrosion. AGaQ.}’\%27273061 (kJ/mol") denotes a negative adsorption process. Gibbs-
free is spon%ous and energetically advantageous, Gibbs-free energy significantly reduces
con@{o/%(?implies that there is a strong bond between the metal and the adsorbate,
providing significant corrosion resistance. A good correlation coefficient (RSQ) of 0.98 in
corrosion adsorption suggests that both the observed data and the model accurately depict the
adsorption process, making them potentially useful for predicting future behavior.

While the synthesis of M-AlLOs3NPs, which refers to Aluminum nanoparticles from
Washingtonia robusta, displays these: Kads in this case is 0.858570488 mol™!. This value is

positive for the corrosion inhibition's efficacy, which refers to the effectiveness of the
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inhibitor in preventing corrosion, since it shows that the inhibitor's adsorption is rather strong
and that the process is likely going to be beneficial. AGads - 9.74 (kJ/mol!) is a spontaneous,
energetically advantageous adsorption process that has a negative Gibbs free energy and
reduces corrosion. It demonstrates the robust connection between the metal and the adsorbate,
which stops corrosion. 0.870189342 is the RSQ. In this instance, a high R-squared value is
ideal as it indicates that the model has good predictive ability and that the independent

variables are important predictors of the corrosion adsorption process. é

O
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Table 4.7: Properties of Inhibition of Nanoparticles on Metal Surface

Inhibitors Kadgs(mol ™) AGags (kJ/mol')  RSQ

rQQ
M- ALO3;NP 0.858570488 -9.735457952 O.8701893<b
E-ZnONP 124.3897233 -22.27273061 @82:9153
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4.4. Antimicrobial Study of Plant Extracts and Nanoparticles

Antibacterial properties using the agar-well-diffusion method, extracts from Adonida merrilli,
Washingtonia robusta, Cassia javanica, and Casuarina equisetifolia, as well as their
ZnONPs and ALO:;NPs, were tested for antimicrobial sensitivity in vitro against four
different species 2. Test organisms were injected into the medium. Followinq*é\-hour

incubation period, the zones of inhibition (ZI) in millimeters we(} sured and

appropriately documented, as indicated in Table 4.8.

These nanoparticles C-ZnONP, E-ZnONP, M-ZnONP, and NM- anhlblted the growth
of S. aureus effectively with ZI ranging from 30.00 m -ZnONP, 34.00 mm for C-
ZnONP, 36.00 mm for M-ZnONP to 40.00 mm fo -ZnONP while ZI of Ofloxacin

against the same organism was 30.00 mm. @cin is an antibacterial agent of the
Fluoroquinolone group. It is useful agalnst}sg -positive and gram-negative organisms. It is
also used as an additional agent %reatmen‘[ of multidrug resistance tuberculosis.
Ofloxacin is used to treat l:gacﬁ%y infections of the skin, lungs, prostate, or urinary tract
(bladder and k1dneys)®cm is also used to treat pelvic inflammatory disease and
Chlamydia and/qr@rrhea These nanoparticles E-ZnONP, M-ZnONP, C-ZnONP, and
NM-ZnON ited the growth of Pseudomonas aeruginosa effectively with ZI ranging
from 20@%&m for C-ALLO3NP, 22 mm for M-ALLO3NP, 23.00 mm for NM-A1,O3NP, 30.00
mm foM-ZnONP, 36.00 mm for NM-ZnONP, 38.00 mm for M-ZnONP to 40.00 mm for C-
ZnONP while ZI of Ofloxacin against the same organism was 26.00 mm. The antimicrobial
activity against Pseudomonas aeruginosa revealed that C-ZnONP had the largest ZI of 40.00
mm, while the least growth inhibitor was C-Al,O3NP with ZI of 20.00 mm. The antimicrobial
activity against Salmonella revealed that M-ZnNP had the largest ZI of 36.00 mm while the

least growth inhibitor was E-ZnONP and NM-ZnONP with ZI of 30.00 mm. The
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antimicrobial activity against Escherichia coli showed that M-ZnONP and NM-ZnONP
revealed 30.00 mm and 32.00 mm, respectively, C-ZnONP was 19.00 mm, C-Al,O3;NP was
22.00 mm, E-ZnONP was 18.00 mm, NM.- ALO3;NP was 21.00 mm, M-AlL,O3NP was 19.00
mm 2930

Nevertheless, noticeable activities were observed during the screening against
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Salmonella. The in
vitro screening of the samples showed that all (C-ZnONP, E-ZnONP, M-ZnOl\Qﬁd NM-
ZnONP) Zinc Oxide nanoparticles were probably more active than Oﬂ@QOverall, it

exhibited the highest level of activity among the strains of Gram-po@ﬁnd Gram-negative

bacteria tested in this investigation. %
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Table 4.8: The Zones of Inhibition of Plant Extracts and their ZnONP and ALO3

Nanoparticles.
Organisms used and ZI (mm)
Staphylococcus ~ Escherichia coli Pseudomonas Salmonella
Sample Code aureus aeruginosa typhi
1C 0.00 0.00 0.00 0.00
2 C-ZnONP 34.00 19.00 40.00 GQA
3 C- ALO3NP 21.00 22.00 20.00 ’\QQ'OO
4E 0.00 0.00 0.00 0 0.00
5 E-ZnONP 30.00 18.00 30 % 30.00
6 E- ALOsNP 0.00 0.00 QQ 0.00
™™ 0.00 0.00 b 0.00 0.00

8 M-ZnONP 36.00 38.00 36.00

30.0@
\é‘;\&%ﬁ 22.00 0.00

9 M- ALOsNP 25.00

10 NM 0.00 @ 0.00 0.00 0.00
11 NM-ZnONP 40@ 32.00 36.00 30.00
12 NMALO3NP « X@O 21.00 23.00 0.00

O

Co ro@\r Staphylococcus aureus (30.00), Escherichia coli (28.00), Pseudomonas
aeruginosa (26), and Salmonella typhi (28) is Ofloxacin.

Source: Author’s Field Work 2025
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Based on the broad activity spectrum noticed during the antibacterial screening, MIC of the
different types of extracts and nanoparticles was carried out against the four organisms using
serial dilution method %%, 32 with varying concentrations from 250 to 1.95 (mg/mL) as shown
in Table 4.9.The most effective nanoparticles that give best result are M-ZnONP and NM-
ZnONP which inhibited Staphylococcus aureus at MIC value of 1.95 (mg/mL), and
Pseudomonas aeruginosa at MIC value of 3.90 mg/mL.

Thus, zinc oxide nanoparticles synthesized herein could pave the way fi Au drug
development to combat infectious diseases caused by Staphylocoﬁgreus and
Pseudomonas aeruginosa. These extracts (C, E, M, and N.M.) and ’sﬁgum nanoparticles
E-ALLO3NP could not inhibit the growth of Staphylococcu;%eus, Escherichia coli,
Pseudomonas aeruginosa and Salmonella *°. 0

Based on the result of visual screening of MIC Valuchross the gram-positive and Gram-
negative organisms used here in, C-ZnONP,b%ZnONP, NM-ZnONP, and E-ZnONP
emerged as the most potent antimicrobial m@with MIC, But NM-ZnONP emerged as best
when compared with others sarnpleség@ this study. Staphylococcus aureus, NM-ZnONP
(1.95 mm), Escherichia coli.N@NP (7.81 mm), Pseudomonas aeruginosa NM-ZnONP
(3.90 mm) while NM-Zn nd C-ZnONP exhibited 7.81 mm for Salmonella. Therefore, it
is a valuable endeq&to research the cytotoxicity profile of these compounds in order to
better -harn sgd\identify their potential for future innovative medication development.
This is Q)@ssary, particularly in light of the current drug resistance issue, which has
deve%(d into a potent weapon for threats to world health and an unfavorable pathway for
high rates of death in both humans and animals 2331,

Over the previous 20 years, there has been a rise in S. aureus infections that are both hospital-
acquired and related to the community. The skin and soft tissue (impetigo) infection, scalded
skin syndrome (Ritter disease), folliculitis, furuncle, bone infections (osteomyelitis) in

children ?°, septic arthritis, toxic shock syndrome, thrombophlebitis, deep tissue abscess, and
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infection are among the types and presentations of S. aureus infection, which consequently

results in a high mortality rate 2%-31:32.33,

Table 4.9 The Minimum Inhibitory Concentration (MIC) of Plant Extracts and their

ZnONP and Al:Os-Nanoparticles.
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Organisms used and (MIC)

(mg/mL).
Staphylococcus Escherichia Pseudomonas  Salmonella
Sample Code aureus coli aeruginosa typhi
1C - - - -
2 C-ZnONP  31.25 - 7.81 7.81 \
3 C-ALOsNP - ; ; ] OQ

. - - - ,\L

5 E-ZnONP 31.25 - 31.25 E 31.25

E-ALOs;NP

7 M - - ’QD -
8 M-ZnONP 125.00 250.00 ’66’662.50 31.25

(o)}

O

\O

M-ALOsNP -

N

11 NM-ZnONP 1.95 . @ 7.81 3.90 7.81

12NM-ALONP - Q’Q\ ] ] ]
Fon

\/@b

Source: Author’s Field Work 2025

44.1 Microbial Plates of Staphylococcus aureu
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Figure 4.30: h@l’lates of Staphylococcus aureus Treated with (a) C-ZnONP (2), C-

ALO;NP @ E-ZnONP (5), M-ZnONP (8) , C- ALO3NP (9) (c) NM-ZnONP (11) and C-

Alzo}»@gﬂz).

Source: Author’s Field Work 2025

4.4.2 Microbial Plates of Escherichia coli
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Figu\%l: Microbial Plates of Escherichia coli Treated with (a) C-ZnONP (2), C-
ALO3NP (3) (b) E-ZnONP (5), M-ZnONP (8) and C- ALbO3NP (9) (¢c) NM-ZnONP (11) and

C- ALO3NP (12)
Source: Author’s Field Work 2025

443 Microbial Plates of Pseudomonas aeruginosa
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Figure 4.32: Microbial Plates of Pseudomonas aeruginosa (a) C-Z (2), C- ALLOsNP (3)

(b) E-ZnONP (5), M-ZnONP (8) and C- AL,OsNP (9) (¢) N ONP (11) and C- ALLO3NP
(12) @
Source: Author’s Field Work fbh

4.4.4 Microbial Plates of Salmonella@
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Figure 4.33: Microbial Plates of Salmonella typhi T re@with (a) E-ALOsNP (6) M (7),

and (b) C (1), E (4) 6’80

Source: Author’s Field Work 2025. ®%
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R\

Q\ Chapter Five: Conclusion

5.1 Summary g&dings

This study thor \ly examined the potential applications of Casuarina equisetifolia, Cassia
javanic@nida merrilli, and Washingtonia robusta plants in synthesizing zinc oxide and
alumhﬁ oxide nanoparticles. The nanoparticles were successfully synthesized using the
leaf extract of the above-mentioned plants.

Adonida merrilli, Washingtonia robusta, Cassia javanica, and Casuarina equisetifolia
aqueous extracts did not contain phenol, cardiac glycosides, or oxalates. All aqueous extracts
of Casuarina equisetifolia, Cassia javanica, Adonida merrilli, and Washingtonia robusta

contained saponin. More so, except Casuarina equisetifolia, all had quinines. Also, all
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contained tannins except Adonida merrilli. Only Casuarina equisetifolia contained alkaloids;
the other plants did not. While terpenoids were lacking in Cassia javanica and Washingtonia
robusta, they were found in Adonida merrilli and Casuarina equisetifolia. The SEM
micrographs showed spherical nanoparticles. The XRD spectra showed crystalline
nanoparticles with an average particle size of 73.82 nm (NM-ZnONP), 10.13 nm (C-
AlO3NP), 41.85 nm (C-ZnONP), 71.50 nm (M-ZnONP), 22.06 nm (E-ZnONP), 8.63 nm (E-
ALO3NP), 5.86 nm (NM Al,0O3-NP), 8.68 nm (M-Al,O3NP). The Cassia JHQ% plant
recorded the highest corrosion inhibitory characteristics when compared Q} her plants.
Furthermore, the Zinc Oxide nanoparticles used include E-ZnOI\blssg M-ALO:sNP. E-
ZnONP demonstrated the highest inhibition efficiency, while L%javanica was the least
effective. QQ

The best inhibitory efficiencies were determined to .93 % (500 ppm), 81.49% (1000
ppm), 82.99 % (1500 ppm), and 88.84% (200@ for E-ZnONP, 61.41 % for M-Al>O3,
and 86.63% (500 ppm) for C extracts in aciﬁ)\&edium.

The SEM was utilized to verify thé%(ﬁhibitory layer had formed to protect the metal
showing a smooth surface w.heQanhibitor is present and ridged and damaged surfaces was
observed with the untr%@tal. The E-ZnONP, C-ZnONP, M-ZnONP, NM-ZnONP, C-
AlOs, and M-Alz&ere observed to be biopotent, and as such regarded as a good
antibacteria ggam\when compared to other samples.

5.2 Co n

The My evaluated the potential of Casuarina equisetifolia, Cassia javanica, Adonida
merrilli, and Washingtonia robusta plants and the synthesized zinc oxide and aluminum
oxide nanoparticles for corrosion inhibition in an acidic medium. The following conclusion
are inferred from the findings of this study:

The Potentiodynamic and gravimetric analyses shows that as the concentration of the

inhibitors rises, the corrosion rate reduces, indicating an interaction between the inhibitor
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molecules and the substrate.The optimum inhibitory efficiency recorded are 92.93% (500
ppm), 81.49%

(1000 ppm), 82.99% (1500 ppm), 88.84% (2000 ppm) for E-ZnONP, 61.41% for M-ALO3,
and 86.63% (500 ppm) for C extracts in acidic medium.

The inhibitors' absorption and the Langmuir adsorption isotherms' subsequent analysis
demonstrated the presence of surface contact, and that adsorption occurs at the surface
layer.The adsorption-related Gibbs free energy of E-ZnONP and M-Al,O3 are nQ\Ae, with
AGads =-22.27 (E-ZnONPS) and = -9.74 (M-Al,O3) respectively meaning Q@)wing:

e The adsorption process is considered spontanecous. In %rent manner, the
adsorbate (a corrosion inhibitor, for example) readily% to the metal surface
without needing further energy, meaning that, a occurs naturally due to the
favorable interaction between the adsorbate an metal surface.

e This energy can be used to produce prqﬁ@e layers or stabilize the metal surface.
This shows that, in the event of ¢ n the inhibitor molecules effectively adhere
to the metal, reducing its reac%%’ d delaying the corrosion process.

e High affinity between Q%Sorbate and the metal surface. It is quite probable that the
inhibitor will ef%%y halt rusting process.

The adsorption e@um constant of Kads with a recorded value of 124.39 mol™ (E-
ZnONPs ) a 86 mol! (M-ALO3) respectively, suggests a considerable link between the
inhibito@;cules and the metal surface. This implies:The inhibitor molecules' significant
tend%{to adsorb onto the metal surface is indicated by a high Kads  value. This may lead
to effective corrosion prevention since it indicates a strong bond between the inhibitor and the
metal. And also a strong correlation exists between the value of Kads and the inhibitor's
efficiency. An inhibitor's inhibition effectiveness, which is measured by a higher Kads value,

is frequently connected with its capacity to inhibit corrosion.
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The adsorption data of E-ZnONPs and M-ALOsNP were effectively fitted into Langmuir

isotherms with recorded R? value of 0.98 (E-ZnONPs) and 0.87 (M-ALLOsNP) respectively

which shows that the model accurately predicts the adsorption process,

There is good agreement between the potentiodynamic and gravimetric results.

Of the twelve samples utilized, E-ZnONP, C-ZnONP, M-ZnONP, and NM-ZnONP proved to

be the most effective antibacterial agent.

5.3

5.4

Recommendations é

This study demonstrates that a biological approach can serve a{/ t-effective
alternative to conventional physical and chemical synthesis s for ZnONPs. By
utilizing non-edible plants such as Casuarina equisetifolz&%ysia Jjavanica, Adonida
merrilli, and Washingtonia robusta, which ally discarded as waste,
nanoparticle production becomes more sustaina@\

These plant species—Casuarina equiset% Cassia javanica, Adonida merrilli, and
Washingtonia robusta —represen @ble renewable resources for developing an

eco-friendly, large-scale biolq‘ggébs thesis process for AL.OsNPs.

Contributions to qu&&]&

The findings of this %’%\have the following contributions to the field of medicine,

corrosion control, @evention:
1. The -£ON

P and M-Al,O3NP offer a less expensive, more sustainable option for

@ung corrosion.
A

sing leaf extracts from Casuarina equisetifolia, Adonida merrilli, Washingtonia
robusta, and Cassia javanica, a new biosynthetic pathway for zinc oxide and

aluminium oxide nanoparticles was established.

. E-ZnONP, C-ZnONP, M-ZnONP, and NM-ZnONP nanoparticles might be helpful in

antibacterial and biological applications. It can also be utilized for drug delivery

purposes.Unwanted plants or weeds such as Adonida merrilli, Washingtonia robusta ,
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Cassia javanica, and Casuarina equisetifolia may serve as potential raw materials for
industrial use.

4. ZnO nanoparticles (E-ZnONP) synthesis from extract leaf of Casuarina equisetifolia
and Aluminum Oxide nanoparticles (M-ALLO3NP) synthesis from aqueous leaf
extracts of Washingtonia robusta are promising for the formulation of inhibitor
cocktail for acid wash.

5.5 Suggested Areas for Further Research Q*
Based on the findings of this investigation, the following actions are advised: 0

1. For additional research, the active components of the r@’%@ls that cause the
inhibitors should be isolated. %

2. Of the twelve samples utilized, E-ZnONP, C-Z -ZnONP, and NM-ZnONP
proved to be the most effective antibacterial agent« Therefore, more research into their
cytotoxicity profile is required to maximize %binpoint their potential for medication
development. @

3. With an emphasis on the péﬁ%v izes in this work, the antiviral qualities of the

nanoparticles produced via bjo@sis should be evaluated.
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Appendix 1: Brief @gon of Plants used for the studies.
These are the%\:\&us lants used
a) Adonid illi
b) nggmnia robusta

¢) Cassia javanica and
d) Casuarina equisetifolia.

Adonidia merrillii
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https://www.osti.gov/biblio/7195167

reviously known as Nomanbya merrilli and Veitchia merrillii, the comm names for B
Adonidia merrilli include Christmas palm, Dwarf Royal Palm, and Manila Palm. The Manila
palm, also known as Adonidia merrillii, is a native of the Philippines (Palawan and Danjugan

Island). ( https://www.palmpedia.net/ /wiki/Adonidia merrillii)

N
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Washingtonia robusta

«t

T

‘ P R e saaper— e
robusta, own' by common name as the Mexican fan palm, Mexican

e il §

Washmgionia
washingtonia, or.s&ter is a palm tree native to the Baja California peninsula and a small
part of Sonota 1 hwestern Mexico. Despite its limited native distribution, W. robusta one

of the idely cultivated subtropical palms in the world. (https://plantcaretoday.com/

Waslhfonia-robusta.html).
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Cassia javanica

Cassia javanica . %
N

The Fabaceae family has a species \F@e named Cassia javanica, sometimes referred to as

the Java cassia, pink shower, Q‘{kpple bloom tree and rainbow shower tree. While it

originated in Southeast% due to its stunning pink and red flower clusters, it has been

widely planted Q.%ﬁ n tree across tropical regions of the

world.( hf%%(opical.thefems.info/viewtropical.php?id =Cassiatjavanica)

\/Q/

Casuarina equisetifolia
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She-oak belonging to the Casuarina '@asuan’na equisetifolia, is also known as the

Outside of Australia, whistling @&trees or Australian pine trees. It is also known as
[ ]

Horsetail She-oak and %@She-oak. (https://www.cabidigitallibrary.org/doi/10.1079/

cabicompendium.1671%)
M

x@b

Appendix 2:Tables of various gravimetric results of Plant extracts and

nanoparticles.
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Table A: Weight loss and inhibition efficiency values for mild steel corrosion in 0.5 M

H>SO4 at room temperature for day one

Conc. Initial Final Weight Corrosion Surface LE (%)

Ppm  weight weight loss (g) rate Coverage
(v/v) (8 (8 (0)
BLANK 6.9664  3.5578 3.4086 10.6797 0 0
E 500  3.8129 1.2771 2.5358  7.9451 0.2561 25.6%

1000 4.5554 3.7233 0.8321 2.6071 0.7559 < Q883
1500 3.8824 0.6869 3.1955 10.0120 O@’%\ 6.2520
2000 3.9728 0.6595  3.3133 10.3811 %279 2.7960

EZnO 500 5.8477 5.2100 0.6377 1.9@ 0.8129 81.2916

1000 4.1128 3.0350 1.077@69 0.6838 68.3802

1500  5.8251 4.7561 @9 3.3494 0.6864 68.6377
.6842

2000  5.2321 4.5@ 2.1437 0.7993 79.9273
E-ALO; 500 3.5171 -\Q%M 3.2087 10.0534 0.0586 5.8644
1000 3&@Q 0.4078 3.4047 10.6675 0.1142 1.1424
150 ‘@m 1.6249 3.1267  9.7965 0.8261 8.2609

@O 5.3273 2.3056 3.0217  9.4675 0.1135 11.3505

\/é

Table B : Weight loss and inhibition efficiency values for mild steel corrosion in 0.5 M

H>SO4 at room temperature for day two.

Conc. Initial Final Weight Corrosion  Surface LE (%)
Ppm  weight weight  loss (g) rate Coverage
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(v/v) (2 (2 ©)

BLANK 6.9664  3.5578 3.4086 10.6797 0 0
E 500 7.9850 5.2340 2.7510  4.3097 0.3823 38.2255
1000 7.440 6.0240 1.4160 2.2182 0.6820 68.2047

1500  7.6280 4.0880 3.5400  5.5457 0.2051 20.5089
2000  6.0760 3.2250  2.8510 4.4663 0.3598 ®
E-ZnO 500 6.0057 5.2601 0.7456  1.1680 0. 8&(,83 2581
1000  8.9363 7.5866 1.3497  2.1144 %@ 69.6930
1500  6.3441 5.0466 1.2975 2.0@ 0.7086 70.8638
2000 54231 4.5264 0.8966’6 048 0.7986 79.8638
E-ALOs 500 7.2350 3.8420 @ 5.3154 0.2381 23.8099
1000  6.2180 2. 58&9;\\'% 6321  5.6900 0.1844 18.4405
1500  5.8522° Q 25 3.3797  5.2946 0.2411 24.1081

2000 Q 4.1400 3.0400 4.7624 0.3174 31.7365

A0
N

Table C: Table Weight loss and inhibition efficiency values for mild steel corrosion in

0.5 M H>SOs4 at room temperature for day three.

Conc. Initial Final Weight Corrosion Surface LE (%)

ppm weight weight loss rate Coverage
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(v/v) €9 (2) () ©)

BLANK 6.4293 1.9760 4.4533  6.9765 0 0

E 500 13.5586  9.0339 4.5247 4.7256 0.2839 28.3881
1000 7.1704 5.3716 1.7988  1.8787 0.7153 71.5301
1500 6.9183 3.3062 3.6121 3.7724 0.4283 42.%
2000  9.8381 58641 3.9740  4.1504 0.3710 @%47

E-ZnO 500 7.0078 6.1557 0.8521  0.8899 O@ 86.5144
1000  6.4532 4.5678 1.8854  1.9691 %016 70.1605
1500  5.7432 4.0831 1.6601 1.7@ 0.7372 73.7265
2000  6.5642 5.3116 1.25}86’&82 0.8017 80.1752

E- ALOs 500 5.1210 1.0903 @)7 4.2096 0.3627 36.2075
1000  6.7355 2é§§;\\' 4.0456  4.2252 0.3597 359711
1500 8.2%@1237 4.1390 4.3227 0.3449 34.4936

2000.\ 056  7.7197 4.2859 4.4762 0.3217 32.1675

N\
- -

P

z’bb

Table Pt Table Weight loss and inhibition efficiency values for mild steel corrosion in

0.5 M H2SO4 at room temperature for day four

Conc. Initial Final Weight Corrosion  Surface LE
igh igh 1

ppm weight weight 0SS rate Coverage
(8 (2)
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BLANK 16.1031 9.7847 6.3184  6.5989 0 0
E 500 7.0479 2.2755 4.7724  3.7382 0.3535 35.3543
1000 5.8437 3.8305 2.0132  1.5769 0.7273 72.7303
1500  9.3135 5.6070 3.7065 2.9033 0.4979 49.7925

2000  8.8409 43892  4.4517 3.4869 0.3970 39.7001
»
E-ZnO 500 8.3236 7.3694 0.9542  0.7474 0.8708 @ 50
1000  7.4466 5.3095 2.1371 1.6740 0.716\ 71.0514
1500  5.4631 3.6222 1.8409  1.4420 %506 75.0638
2000  4.5231 3.4490 1.0741 O.SQ 0.8545 85.4506
E- ALO; 500 8.7906 4.3025 4.48’866’&55 0.3921 39.2055
1000 26.1108 21.9673 @5 3.2456 0.4387 43.8730

1500  8.7906 43{59\ 4.4881 3.5155 0.3921 39.2055

2000 11.6&6\%7775 4.9073  3.8439 0.3353 33.5264

Table E: J@Weight loss and inhibition efficiency values for mild steel corrosion in

0.5 M\&h at room temperature for day one.

Conc. Initial Final Weight Corrosion  Surface LE

ppm weight weight loss rate Coverage

) (8 (8 @ ©) "
BLANK 13.9454  6.5630 7.3824  5.7826 0 0
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M 500

1000

1500

2000

M-ZnO 500

1000

1500

2000

M- ALO; 500

1000

1500

2000

4.1978

5.6139

4.2849

5.5530

3.0632

3.2852

4.8310

3.6269

3.4903

3.9316

3.0362

3.8620

0.9844
2.7015
1.8539
3.5817
0.5231
1.3050
1.5292
0.3457
2.3168
3.8062
6.9702

1.

)

3.2134
29124
24310
1.9713
2.5401
1.9802
3.3018
3.2812

1.1735

Sk

1.8913

10.0681
9.1250
7.6167
6.1764
7.9586
6.2043

10.3451

3.6@

Q
0.125 %929
>

7.0371

5.9258

0.0575

0.1456

0.2868

0.4217

0.2548

0.4191 @56

5.7268
14.5575
28.6806

42.1669

25 AK

0.3 3.1330

O
10.28060%37

0.5567

0.9632

0.3411

0.4451

3.7370

65.5721

96.3211

34.1077

44.5134

R

\\)ﬁ\\

Table F: Weig '@d inhibition efficiency values for mild steel corrosion in 0.5 M

H2SOq4 at ro@temperature for day two.

{o)

) Q" Conc. Initial Final Weight Corrosion  Surface LE
ppm weight weight loss rate Coverage
o (8) (8) (@) ©) "
BLANK 13.9454  6.5630 7.3824  5.7826 0 0
M 500 4.1978 0.5547 3.6431 5.7072 0.1819 18.1939
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1000 23.0020  19.9888  3.0132 4.7204 0.3234 32.3386
1500  8.4919 5.5467 2.9452  4.6139 0.3387 33.8651
2000 7.9972 54651  2.5321 3.9668 0.4314 43.1405
M-ZnO 500 7.5580 4.7860 27720  4.3436 0.3775 37.7539
1000  6.6581 4.6692 1.9889  3.1158 0.5534 55.33&
1500  7.1704 1.4445 5.7259  8.9701 -0.2858 @759
2000  5.9309 1.1364 4.7945  7.5109 —0.0ﬁq -7.6600
M- ALLO; 500 7.3185 5.5657 1.7528  2.7459 %064 60.6407
1000  4.4470 1.4307 3.0163 0. 0@ 0.9899 98.9852
1500 11.5340  8.5270 3. 007(6’07107 0.3248 32.4776

2000  7.2135 4.7700 %5 3.8280 0.4513 45.1301

Table G: Weight loss @lbltlon efficiency values for mild steel corrosion in 0.5 M

H2SO4 at room tprg&\ture for day three.

O

@c. Initial Final Weight Corrosion  Surface LE
NQ’?I)HI weight weight loss rate Coverage
o (8) (8) (@) ©) "
BLANK 13.9454  6.5630 7.3824  5.7826 0 0
M 500 8.5921  4.6421 3.9450 4.1201 0.3756 37.5638

1000 9.6903 6.4563 3.2340 3.3776 0.4882 48.8157
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1500  7.4202 4.4057 3.0145 3.1483 0.5229 52.2905
2000 12.4350 9.4937  2.9413 3.0719 0.5345 53.4483
M-ZnO 500 7.1665 2.8484 43181 4.5098 0.3166 31.6583
1000 159011 13.7382  2.1629  2.2589 0.6577 65.7684
1500  9.9950 4.5915 5.4035 5.6434 0.1448 14. AK
2000 13.7014  9.3538 4.3476  4.5406 0.3119 @%16
M- ALLO; 500 9.7386  7.1672 2.5714  2.6855 O@ 59.3038
1000 6.6309 6.5075 0.1234  0.1289 %805 98.0466
1500  5.2868 0.3502 4.9366 5. 1@ 0.2187 21.8704

2000 20.0722 159093 4. 162%’03477 0.3411 34.1148

N
)

Table H: Weight loss and inhib@a efficiency values for mild steel corrosion in 0.5 M

H>SO4 at room tempe%u@& day four.

A\
Conce &hﬁial Final Weight Corrosion Surface LE

% Q/ igh igh |
weight weight 0SS rate Coverage

(g) €3]
(S
Q ) () ©) -
BLANK 13.9454 6.5630 7.3824  5.7826 0
M 500 6.7826 2.5661 42135 3.3004 0.4293 42,9253

1000 6.4467 2.5044 3.9423  3.0880 0.4659 46.5984

1500 11.1798  7.7277 3.4521 2.7040 0.5324 53.2390
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2000 12.4350
MZnO 500 6.6581
1000  12.3286
1500  7.1075
2000  8.0044
M- ALLO; 500 6.7301
1000  13.5140
1500  9.6895
2000  6.7584

9.1676

2.4632

10.0946

2.1201

3.5598

3.6268

13.3594

5.2301

1.5583

3.2674

4.1949

2.2340

4.9874

4.4448

3.1033

0.1546

2.5593

3.2856

0.8864

3.9066

3.4816

2.4308

0.1211

0.5574

0.4318

0.6974

0.3244

0.3979

55.7413

43.1778

69.7385

32.4422

39.7918

0.5794 @56

o.97$\ 97.9056
3.4930 %959 39.5946

4. 0@ 0.2956 29.5611

o
’Z}G

Table I: Weight loss and inhibition.eg&lcy values for mild steel corrosion in 0.5 M

H>SO4 at room temperature for dé?ne.

I%té\\$ Final

Conc. Weight Corrosion  Surface LE (%)
welght weight loss rate Coverage
ppm(vé \f)& g g (g) g
(2 ©)
,b
BLAQQ 13.9454 6.5630 73824  5.7826 0 0
NM 500 9.8978 59516 3.9462 12.3641 -0.1577 -15.7720
1000 8.9540 4.9798 39742  12.4518 -0.1659 -16.5932
1500 7.8455 4.2757 3.5698 11.1848 -0.0473 -4.7295
2000 7.4732 44890 2.9842 9.3500 0.1245 12.4507
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NM- 500 6.4789 2.4972 3.9817 12.4753 -16.8132  -0.1681
7Zn0O
1000 7.5568 3.9852 3.5716 11.1904 -4.7820 -0.04782
1500 8.5462 4.9249 3.6213 11.3462 -6.2408 -0.0624
2000 7.6232 4.0598 3.5634 11.1647 -4.5413 -0.0454
NM- 500 8.6845 5.4505 3.234 10.1327 0.0512 &219
AlLO; Q
1000 7.4532 4.4398 3.0134 9.4415 O.It/ 12.2198
1500 6.5533 3.7301 2.8232  8.8456 N17 17.1713
2000 7.6502 5.3382 2.3120 7.2 E 0.347 32.1713
N

Table J: Weight loss and inhibition efﬁci% ues for mild steel corrosion in 0.5 M

H:>SO4 at room temperature for day %

&

Conc. Initizil A@s’n’al Weight Corrosion Surface LE (%)
ppm(vAY) A @ weight  loss (g) rate Coverage
. @ g (2) ©)
C
BLANK ’gs 13.9454  6.5630 7.3824  5.7826 0 0
NM\,%OO 7.7846 2.7725 5.0121  7.8519 -0.1255 -12.5478
1000 6.6654 1.6756 49848  7.8091 -0.1193 -11.9344
1500 9.5540 4.9865 4.5675 7.1554 -0.0256 -2.5643
2000 10.0120  5.9996 4.0124 6.2858 0.0449 4.4879
NM- 500 6.0084 1.0034 5.005 7.8408 -0.1239 -12.3887
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ZnO 1000 6.7384 3.0171 3.7213 5.8297 0.1644 16.4380
1500 6.0084 1.9952 4.0132 6.2870 0.0988 09.8832
2000 7.2024 3.1366 4.0658 6.3694 0.0870 08.7021
NM- 500 9.5432 5.5311 4.0121 6.2853 0.0991 09.9175
AlLO;
1000 8.4722 4.559 3.9132 6.1304 0.1213 &1279
1500 7.3650 3.4666 3.8984 6.1072 0.1246: 0?2.4604
2000 8.4541 4.7757 3.6725 5.7625 6%& 17.4013
)
Table K: Weight loss and inhibition efficiency valu mild steel corrosion in 0.5 M
H>SO4 at room temperature for day three. ’66
AN
Conc.ppm Initial F 1 \Veight loss Corrosion Surface LE (%)
(v/v) weight(g) weé}(\g) (2) rate Coverage
©)
2
Blank 13.945@4\“6.5630 7.3824 5.7826 0 0
NM 500 \&1 7.5099 3.4132 3.5647 0.4598 45.9804
IO%Q/ 11.8628  8.3427 3.5201 3.6764 0.4429 442877
\;éQ) 12.7731  8.7868 3.9863 4.1633 0.3691 36.9092
2000 10.6231  6.7219 3.9012 4.0744 0.3826 38.2564
NM- 500 7.3578 3.0064 4.3514 4.5446 0.3113 31.1309
ZnO
1000 7.36829  2.8947 4.4735 4.6721 0.2920 29.1988
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1500

2000

500
Al

05 1000
1500

2000

7.3892

6.7188

6.6094

5.5389

7.0319

7.6554

2.1845

2.6597

1.4244

0.3581

3.0196

2.1946

5.2047

4.0591

3.8942

4.0012

4.0123

3.9876

5.4357

4.2393

4.0671

4.1788

4.1904

4.1646

0.176272

0.3576

0.3837

0.3667

0.3650

17.6272

35.7575

38.3670

36.6743

*6 4985

0. 36®Q 36.8895

mild steel corrosion in 0.5 M

Table L: Weight loss and inhibition efficiency value

H>SO4 at room temperature for day four.

Conc. Initial \Velght Corrosion Surface LE (%)
ppm(vAY) weight {&3 loss (g) rate Coverage
S)Q ® ©)
BLANK .\\!%9454 6.5630 7.3824  5.7826 0 0
C
NM 5% 12.4076 ~ 7.4838 4.9238  3.8568 0.3330 33.3034
\/’%)0 11.5046 6.6344 4.8672 3.8124 0.3407 34.0712
1500 9.6142 5.6400 3.9742  3.1130 0.4617 46.1661
2000 8.7162 4.9368 3.7794  2,9604 0.4881 48.8050
NM- 500 10.7345  5.6131 5.1241 4.0116 30.6264 0.3063
ZnO
1000 9.8873 4.9341 4.9532 3.8798 0.3291 32.9056
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1500 8.7946 3.9202 4.8744 3.8181 0.3397 33.9726
2000 9.6878 5.1044 4.5834 3.5901 0.3792 37.9155

NM- 500 9.8617 4.5165 5.3452 4.1869 0.2759 27.5949
AlLOs
1000 8.7780 4.3246 4.4534 3.4883 0.3968 39.6759
1500 6.5754 2.611 3.9644 3.1053 0.4630 &992

2000 5.6621 2.8523 2.8098 2.2009 0.6194 0%1 9393

Table M :Weight loss and inhibition efficiency Valu@r mild steel corrosion in 0.5 M

H>SO4 at room temperature for day one. ’66
O

weight(g) wel. loss (g) rate Coverage

Q§ ©)

BLANK 13 9@ 6.5630 7.3824 5.7826 0

N

C & 7377 6.2101  0.5276 1.6531 0.8452 84.5211

Conc. Initial Fi \Weight Corrosion Surface LE (%)
ppm(v/v) é@)

6 4.7520 29616  1.7904 5.6096 0.4747 47.4742
N%’QOO 5.2647 2.8238  2.4409 7.6476 283912 28.3912
2000 6.3262 3.2046 3.2116 9.7805 0.8420 8.4197

C-ZnO 500 6.8843 3.7619 3.1224  9.7830 0.08396  08.3963
1000 7.6542 4.8310 2.8232  8.8456 0.1717 17.1737

1500 7.7712 5.4290 2.3422  7.3385 0.3129 31.2855

203



2000 6.8845 4.9033 1.9812  6.2074 0.4188 41.8767
C- 500 9.9673 5.8752 4.0921 12.8212  -0.2005  -20.0521
ALO;
1000 8.8656 5.0416 3.824 11.9812  -0.1218  -12.1867
1500 9.9547 5.9631 39916 12.5064  -0.1710  -17.1044
2000 7.8765 43121 3.5644 11.1679  -0.04571 -4.%3
~
C
Table N :Weight loss and inhibition efficiency values f@teel corrosion in 0.5 M

H2SO4 at room temperature for day two .

>

Conc.ppm Initial Final W Corrosion  Surface LE (%)
(v/v) weight(g) weight(g) g) rate Coverage
©)
Blank 13.9454 6{@ 7.3824 5.7826 0
C 500 7.105@62702 0.8349 1.3079 0.8125 81.2528
1000 ’&2 4 5.6701 2.5533  3.9999 0.4266 42.6661
15% 6.7521 3.5624 3.1897 4.9969 0.2838 28.3753
\/ 00 5.2867 1.5447 3.7420 5.8622 0.1597 15.9722
C-ZnO 500 6.6635 1.7332 49303 7.7237 -0.1071  -10.7102
1000 6.1494 0.5628 5.5866 8.7519 -0.0255  -25.4483
1500 8.6097 44100 4.1997 6.5792 0.05695  5.6948
2000 5.6755 1.4078  4.2677 6.6857 0.04168 04.1783
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C- 500 6.0718 1.0215 5.0503 79117 -0.1340  -13.4050

AlLO;
1000 7.1595 2.8356 43239 6.7738 0.0291 -02.9055
1500 7.3000 3.3025 3.9975 6.2624 0.1024 10.2358
2000 6.1547 1.4026 4.7521 7.4446 -0.06.710 -06.7097
~
C
Table O: Weight loss and inhibition efficiency values for mild s rrosion in 0.5 M
H>SO4 at room temperature for day three . 0
Conc.ppm Initial Final Weighrtﬁerrosion Surface LE (%)
igh igh 1
W) weight(g) weight(g) 0 ate Coverage
©)
AN\
BLANK 13.9454  6.5630 "\\#3824 5.7826 0
C 500 8.0068 {@% 0.8612 0.8994 0.8637 86.3705
1000 %&A 3.1630 2.8753  3.0029 0.5449 54.4939
1500 ’&2757 1.2512 5.0245 5.2475 0.2048 20.4792
2@/ 8.9840 3.4814 5.1023  5.3288 0.1925 19.2471
C-an/%oo 5.6203 0.1451 5.7654 6.0213 0.0875 08.7530
1000 6.2643 03776  5.8867 6.1480 0.06833  06.8330
1500 7.3602  1.7846 5.5756 5.8231 0.1178 11.7565
2000 6.2114 1.5977  4.6137 4.8185 0.2698 26.9803
C- 500 7.0479 3.0930 3.9549 4.1305 0.3640 37.4062
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ALOs 1000 8.5007 2.8102 5.6905 5.9432 0.994 09.9365

1500 6.8409 1.5699 5.2710  5.5050 0.1658 16.5770

2000 6.7946 1.2894 5.5052  5.7496 0.1287 12.8703

Table P: Weight loss and inhibition efficiency values for mild steel corrosi 0.5M

H>SO4 at room temperature for day four. 6\

Conc. Initial Final Weight Corrosi “Surface LE
ppm  weight weight  loss (g) rat Coverage
® @ ©) oo
(vIv) & & Q
BLANK 13.9454  6.5630 7.38’2869.'7826 0 0
C 500 9.3226  8.3582 & 4 0.7554 0.8694 86.9367

1000 8.0756 43@6’)\ 3.7136  2.9088 0.49697  49.6974

1500 7.7%@472 5.2101 4.0810 0.2943 29.4262
2000.5\&%4 4.4853 5.2731 4.1304 0.2857 28.5719

C-ZnO @ 10.9245 6.3783 5.5462 4.3443 0.2487 24.8729
\/%’61000 8.5876  4.6222 3.9654 3.1061 0.4629 46.2854
1500 8.6792  4.8138 3.8654 3.0277 0.4764 47.6412

2000 9.7745  6.9733 2.8012 2.1942 0.6206 62.0551

C-ALOs 500 99846  4.8831 5.1015 3.9960 0.3090 30.8961
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1000 12.1013 7.1501 4.9512 3.8782 0.3293 32.9333

1500 11.2330 6.3507 4.8823 3.8243 0.3386 33.8786

2000 129846 8.3022 4.6824  3.6677 0.3657 36.5735

Appendix 3 :Tables of various Electrochemical Results of Plant Extra@l

Nanoparticles. 6\

Table A.: Electrochemical Measurements of Inhibitors (Extracts) ftom 500 ppm, 1000 ppm,

1500 ppm, 2000 ppm of 0.5 M of H2S04 Concentration. Q

P o N

Concent 60
ration C i ate  Polarization Surface
Parameter (ppm) Ecorr Jeorr Q T) LE(w) LE(%) coverage
[ ]
A
M 500 -0.51307 1.4577E-10 (o\ 1.6938E-06 4.5596E+06 -7.1744 -0.07171
M 500 %
1000 -0.48786 3.75 4.3648E-06 3.3549E+06 -185.9164 -1.8592

1000 %
1500 1500 -0.29104 @ 4E-10 7.4E-06 1.3374E+06 -384.7373 -3.8474
2000 2000 @ 5.655E-10 6.5711E-06 1.2765E+06 -330.4402 -3.3044

O

NM %Q -0.41426 5.893E-10 6.8476E-06 2.17229E+06 -348.5523 -3.4853
1000
1000 -0.40256 2.2655E-10 2.6325E-06 2.7164E+06 -72.4420 -0.7244
1500
2000 1500 -0.40101 3.2788E-10 3.8099E-06 1.863E+06 -149.5677 -1.4957
2000 -0.628789 1.7757E-10 4.0275E-06 4.2276E+06 -163.8216 -1.6382
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1000

1500

2000

1000

1500

2000

500

1000

1500

2000

500

1000

1500

2000

-0.48184

-0.47492

-0.36083

-0.4570

-0.45007

-0.43348

-0.47163

-0.43721

1.9598E-10

6.21835E-11

1.4338E-10

3..0788E-10

1.756E-11

1.1285E-10

3.7399E-10

3.273E-10

6.8476E-06

2.6325E-06

3.8099E-06

4.0275E-06

2.0405E-07

1.3113E-06

4.3457E-06

3.8032E-06

6.4503E+06 -49.1746
1.3191E+07 52.6687
6.3507E+06 -99.1380
2.3726E+06 -134.3443
1.9013E+07 86.6337
4.789E+06 14.1032

-0.4917

0.5267

-0.9914

-1.3434

0.8663

0.1410

9.4162E+05 —184.6653@1.8467

2.1164E+06 -149.128

-1.4913

A
Table B: Electrochemical Measurements of Inhibitors (Zinc Oxide @pasticles) from 500 ppm, 1000

ppm, 1500 ppm, 2000 ppm of 0.5 M of H,SO4 Concentration. Q

Q

Parameter Concen  Ecorr Jeorr Co @‘ polarization LE Surface
tration @ Coverage
(obs)U (A/erp? (mm/yr) Resistance () (%) %)
y"
(O
M-ZnONP 500 -0.37757 TE 10 1.3906E  6.374E*% 8.9087 0.0890
. A
1000 - %@1.0559E“0 1.2269E 6.7422E"% 19.6318 0.1963
1500 &5502 2.4379E 10 2.8328E 2.5508E"06 -85.5627 -0.8556
&&/ -0.3389 3.3302E1° 3.8697E 2.7241E%0%¢ -153.485 -1.5348
NM- Q 00 -0.34935 3.1218E1° 3.6275E 4.3047E0¢ -9014 -90.1400
ZnONP
1000 -0.31966 1.5764E-10 1.8318E% 3.9899E -137.62 -1.3762
1500 -0.29715 1.5605E-10 1.8133E% 5.1555E" -19.9921 -0.1999
20000  -0.31879 1.4434E10 1.6772E 4.5014E% -9.8651 -0.0987
E-ZnONP 500 -0.58703 9.2859E-12 1.079E-07 6.4551E07 92.9320 0.00939
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1000 -0.61863 2.4319E-11 2.8259E07 2.5937E07 81.4948 0.0081
1500 -0.59679 2.2345E-11 2.5965E-07  2.6323E07 82.9916 0.0083
2000 -0.57015 3.9457E-11 4.58.49E 1.7041E07 88.8373 0.0089
C-ZnONP 500 -048983 2.7237E-10 3.1649E-06 5.6036E06 -107.3169  -1.0732
1000 -0.48322 4.0746E-10 4.7347E-06 1.7322E06 -210.1467  -2.1015
1500 -0.44083 2.7636E-10 3.2113E-06  4.582E06 -110.3563\ -1.1036
2000 -0.38946 1.7017E-10 1.9774E-06  4.2827E06 -0.3008
Blank 0.61733 1.3138E-10 1.5266E-06 0

AN

1.508E07 ’\ 0

N

Table C:Electrochemical Measurements of Inhibitors (AIET

Oxide Nanoparticles) from

500 ppm, 1000 ppm, 1500 ppm, 2000 ppm of 0.5 M of H,S centration.
Parameter Ecorr Jcorr Corrosion Pdlarization LE% Surface
ist

(ppm) (obs)y (Alem?) Rate( esistance (n) Eg)verage
M-ALO;NP \\)‘
500 -0.55026  9.2801E-1T1° %783E 06 1.1417E+07 29.0000 0.2900
1000 -0.54783 5. 07&@& 5.8915E-07 1.3974E-07 61.4077 0.6141
1500 -0. 512206@3& 10 1.8729E-06 6.3811E-06 -22.6844 -0.2268
2000 -0. SS& 1.4577E-10 1.6938E-06  4.5596E+06 -10.9524 -0.1095
NM- Q/
ALO;NP §

N%’b -0.48786  3.7563E-10  4.3648E-06 3.3549E+06 -185.9164 -1.8592
1000 -0.48237  2.414E-10 2.8051E-06  2.2649E+06 -83.7482 -0.8375
1500 -0.47505 1.7515E-10  2.0352E-06  4.9149E+06 -33.3159 -0.3332
2000 -0.41366  3.4247E-10 3.9795E-06  2.7977E+06 -160.6773 -1.6068
E- ALLOsNP
500 -0.3551 1.3888E!? 1.6138E% 8.5395E 06 -5.7120 -0.0571
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1000 -0.2357 2.8522E10 3.3142E0 3.3142E% -117.0968 -1.1709
1500 -0.2401 2.6086E1° 3.0312E% 3.043E"0¢ -99.5589 - 0.9955
2000 -0.26407  2.5122E!° 2.9199E0¢ 2.4705E% -91.2695 -0.9127
C- ALOsNP

500 -0.50823 3.3677E-10 3.9132E-06 3.9132E-06 -156.3343 -1.5633
1000 0.21985 2.87.94E-10  3.3458E-06  2.9807E06 -119.1668  -1.1917
1500 0.22646 2.3259E-10  2.2027E-06  2.6248E06 -77.0405Q%.7704
2000 -0.3385 2.267E-10 2.6342E-06 3.5848E06 —72@9 -0.7255

9
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