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ABSTRACT

Full Name : Lipiar Khan Mohammad Osman Goni

Thesis Title  : A New Class of lonic Polymers Containing Amino A&ésidues of
Methionine as Green Corrosion Inhibitors

Major Field : Chemistry
Date of Degree April 2018

In solvent acetone, ethyl ester hydrochlorideNoi-diallyimethionine having sulfide
motifs underwent alternate cyclopolymerization w80, to give an alternating
copolymer with S@ while in DMSO (MeS=0), it gave a terpolymer containing
sulfide and sulfoxide motifs in a 1:1 ratio as aule of oxygen transfer from M8O.
Likewise; copolymerization of hydrochloride saltdfiN-diallylmethionine withSO in
DMSO gave copolymer containing sulfide/sulfoxidetifisoin a~1:1 ratio. The sulfide
moiety of these polymers have been transformedlfoxsde and sulfone respectively.
The chemical, physical and solution propertieshese polymers were studied in detail.
The critical micelle concentration of the polymeras determined to e 7 ppm. The
inhibition efficiency obtained from different tedlques are in good agreement. The
corrosion efficiencies increased with increasing ¢bncentration of the polymers. At a
concentration of 175M at 60 °C, all of the polymers imparted inhibitiefficiencies
of more than 90% with a terpolymer imparting efiecy as high as more than 99%.
Adsorption of polymer compounds onto the mild scefdéollows both chemisorption
and physisorption processes, and obeyed Langmainkih and Freundlich adsorption
isotherms. The XPS and SEM-EDX further confirmeat tine synthesized compounds

form a protective film onto the metal surface aesist from further corrosion attack.
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CHAPTER 1

INTRODUCTION

1.1 Corrosion and its Global Impact

Corrosion is referred to the deterioration of miaterby the chemical reactions between
its reactive ambiance [1]. It is a hazardous phesmwn having a devastating impact on
gas and oil manufactures and their subsequentpiaiasion, triggered more or less by
almost any aqueous environment and happens by noéaedox reactions in gas and oll
production, handling and pipeline systems [2]. Teclly, corrosion is considered as a
bounded electrochemical reduction-oxidation (red@gction taking place on a surface
of the materials, typically metals, prompting tleéease of electrons by the dissolution of
metal and their successive transfer to anothertipnson the surface causing the
oxygenated water or hydrogen ions to be reducedresulting in gradual deterioration
and consequent failure of the host material. Thisosion process consists of a cathode,
an anode and an electrolyte. The anode is theitocahere the corrosion of metals takes
place to generate free electrons, which travelutinothe corrosive electrolytic medium
to the cathode, where hydrogen ions (from an addrcodent) get reduced to hydrogen
gas. Natural gas and crude oil usually contain re¢veighly contaminated products
which are innately corrosive. Free water, carbooxidie (CQ) and hydrogen sulfide
(H2S) are well-established examples of extremely siveomedia in case of oil and gas
wells and pipelines [3]. Furthermore, oxygen contations in basic or neutral
conditions lead to the production of hydroxyl iahsough the reduction of oxygenated

water by the current produced at the anodic sieetdwxidation process [4]. In general,



upon exposure to metals, the chemical species, aacmoisture/water @), acids
(HNOs, HCI, H:'SQy), bases (NaHC¢) CaCQ, NaOH), salts (NaCl), aggressive metal
polishes and gases (ammonia, formaldehyde and rsudftaining gases), liquid

chemicals perpetuate the degradation of the mighls

The effects of corrosion in our daily lives aretbdirect and indirect. It is direct in the
sense that corrosion has impact on the useful ceriwes of our possessions, and
indirect, in that producers and suppliers of goadd services incur corrosion costs,
which they pass on to consumers. At home, corrosaameasily be recognized on metal
tools, automobile body panels, charcoal grills, antdoor furniture. Painting is one of
the major preventative maintenances that safeguard$ items from corrosion.
Corrosion protection is built into all major hous&happliances such as furnaces, dryers,

washers, ranges, and water heaters [6].

How corrosion affects us during our travel from oo work is of far more serious
consequence. The corrosion of steel reinforcedrbaoncrete can occur without being
noticed and can cause the failure of a sectiomgifway, damage to buildings, bridges,
parking structures, and collapse of electrical t®wetc., resulting in great economical
loss and jeopardizing public safety. Corrosion th@aturs in major industrial plants, such
as chemical processing plants or electrical povaantp is perhaps the most dangerous of
all. Such type of corrosion could result in plantislowns. Some corrosion consequences

are economic, and result in the following:

* Replacing the corroded equipment.
» Taking preventive measures, such as painting.
* Equipment shutdown due to corrosion failure.
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» Overdesigning to allow for corrosion.
» Efficiency loss.
» Damage of equipment adjacent to one in which carnoilure occurs.
Some consequences are social and can cause theihgllissues:
* Health, for instance, escaping product from a aedoequipment or the corrosion
product itself can cause pollution.
» Safety, as an example, sudden failure can caudesexp, fire, release of toxic
product, and construction collapse.
* Unpleasant appearance of the corroded materigiteteye.
» Depletion of natural resources, including the nseteld fuels used to manufacture
them.
Corrosion damage can sometimes be greatly exaggerby the circumstances.
Throughout the course of the history, many cormsiocidents have gone unnoticed for
reasons of liability or simply because the evidedisappeared in the catastrophic event,
others have made the headlines. Some devastatirgsiom accidents that have claimed

lives and incurred huge economic losses are indlbeéow in Table 1.1.



Table 1.1 Some Corrosion Accidents

Name of the Accident Year Place Reason and Damage

Stress corrosion cracking and
corrosion fatigue cause the
bridge to collapse and kill 46
people.

Silver Bridge Collapse [7] 1967 Ohio, USA

Corrosive pipelines, valves and
other safety equipment caused
the release of toxic methyl
isocyanate (MIC) that claimed
3000 lives and injured an
estimated 500,000 people.

Bhopal Accident [8] 1984 Bhopal, India

) ) Stress corrosion cracking caused
Swimming Pool Roof Uster, g

1985 . a swimming pool roof to collapse
Collapse [9] Switzerland and kill 12 people.

Corrosion caused holes in the
main deck coaming, the port side
o . . and starboard inert gas system
Sinking of the Erika [10] 1999 Brittany, Franc?isers that eventually broke the
oil tanker Erika in two to cause

huge oil spillage.

Corrosion along two of the
circumferential welds in a
natural gas transmission pipeline
caused it to rupture and damage
some homes nearby.

Rupture of a Natural Gas 2016 Pennsylvania,
Transmission Pipeline [11] USA

An uniform corrosion caused a
thrill ride’s Gondola support
beam to reduce in thickness and
fail during the operation to Kill
one person and injure seven
others.

Ohio State Accident [12] 2017 Ohio, USA




Corrosion is considered to be one of the majorlehging problems for most of the
industrialized countries. Before designing any stdy the effect of corrosion on the
equipment and its surrounding always deserve @ ¢@nsiderable issue. A lot of money
has been expended by the oil companies all ovewthrtdl to mitigate these corrosion
problems. Nevertheless, disasters such as, casjatonomic losses and environmental

side effects triggered by corrosion, still happeairtejoften [13].

Corrosion can cause severe failures in boiler tank®ssure basins, blades of
motors/turbines, harmful/aggressive chemical coeta, aeroplane parts, automotive
routing devices and bridges. Furthermore, the Bsseised by corrosion are not only
limited to the metals but also extend to waterygnand the manufacturing phase of the
metal frames [5]. It has been reported that thenteaance cost of the corrosion related
issues in industries/establishments for any coustryg the range of 1-5 % of their gross

national product (GNP) [14].

a)

3% R 5
o WKSA (524 8B)

EUAE (514.2B)
i Qatar (57.7B)
# Kuwait ($6.5B)
& Oman (53.3B)
W Bahrain (5§1.2B)

. i Global corr.
| F cost (32.5T)
u Global GDP

(§73.5T)

Figure 1.1 (a) Global Cost of Corrosion (2013), @ost of Corrosion in GCC Countries

(2011)

A study revealed by NACE in 2013 has shown thatdlubal cost of corrosion was
estimated to be US$2.5 trillion which was equivalen3.4% of the global GDP of that

year (Fig. 1.1a) [15]. This study utilized the WbBank economic sector and GDP data
5



to relate the cost of corrosion studies to a glabat of corrosion. In order to address the
economic sectors for different parts of the wotlte global economy was divided into
economic regions with similar economies (accordingWorld Bank). These were:
United States, European Region, India, Arab Wods defined by the World Bank),
Russia, China, Japan, Four Asian Tigers plus Maaaai Rest of the World.

Table 1.2 Global Cost of Corrosion by Region andt&@g15]

Agriculture Industry Services Total
) ) Total GDP CoC
Economic Regions CoC CoC CoC CoC
USD Billion % GDP

USD Billion USD Billion USD Billion USD Billion
United States 2.0 303.2 146.0 451.3 16,270 2.7%
India 17.7 20.3 32.3 70.3 1,670 4.2%
European Region 35 401 297 701.5 18,331 3.8%
Arab World 13.3 34.2 92.6 140.1 2,789 5.0%
China 56.2 192.5 146.2 394.9 9,330 4.2%
Russia 5.4 37.2 41.9 84.5 2,113 4.0%
Japan 0.6 45.9 5.1 51.6 5,002 1.0%
Four Asian Tigers

15 29.9 27.3 58.6 2,302 2.5%
Plus Macau
Rest of the World 52.4 382.5 117.6 552.5 16,057 %3.4
Global 152.7 1446.7 906.0 2505.4 74,314 3.4%

However, the costs estimated in Table 1.2 typicalty not include environmental

consequences or individual safety. It is notewottigt as additional cost of corrosion
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studies become available, or studies are updateck detailed and accurate global costs
can be assessed.

The total cost of corrosion in the Gulf Co-operasib Council (GCC) states was
estimated to be US$57.96 billion (Fig. 1.1b) [1Anong the GCC states, Kingdom of
Saudi Arabia (KSA) incurred the highest annual cobktcorrosion. UK suffered a
corrosion cost of £13.65 billion in 1969 [17]. Gasion has a severe impact on between a
guarter and a half of all drinkable water maing=rance, particularly old ones that are
made of cast iron or uncoated steel [13]. A 2-ysady conducted by the U.S. Federal
Highway Administration (FHWA) and National Assod@t of Corrosion Engineers
(NACE) in 2002 disclosed that the estimated ancoat of corrosion in the country was
$276 billion, which was 3.1% of the US GDP. Nedra}f of the amount was allotted to
establish corrosion mitigation methods such axeteof mechanically resistant plastics
and corrosion-resistant alloys, development of gutdte coatings, corrosion inhibitors
and cathodic protectors [4]. Gas and oil produgtioeing one of the leading energy
sectors, contributes a huge portion of the direstxfor corrosion [18,19]. The total cost
of oil and gas production and exploration is appmately $1.4 billion; while
chemical/petrochemical manufacturing contributes7 $illion and petroleum refining

adds $3.7 billion [20].

1.2 Concept of Corrosion and its Types

Corrosion are of many kinds but they can be subdivinto two main types, internal and
external. External corrosion is regarded as theosove effect of high temperature, high
humidity, high salt and highly acidic environments the metallic part of the alloy [4].

On the contrary, internal corrosion, is associatgith stored or transported gases or
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liquids [21]. A continuous exposure of the metal fluids can cause this type of
corrosion either in anaerobic or aerobic condi{@®]. Water is believed to be the most
common liquid that has contact with extremely cde@ metallic planes, while oil, in

spite of being not corrosive, contains hydrocaripbases most of which are complex

emulsions containing oxygen, water and other dv&sbtorrosive gases.

A metal after being exposed to an electrolytegf@osive solution), loses electrons at the
anodic sites (Eq. 1), which are consumed by thedgeh ions or oxygenated water at the
cathodic sites. Metal cations are then releasea time electrolyte able to bond with

negative atoms or ions. The loss of metal occuenamodic reaction.
Fe (s)— Fe?* (aq) + 2e (1)

The electrons released from the anode are consumedthode. The most common

cathode reactions are shown by Egs. (2)-(5) [23]:

I.  Hydrogen evolution from acidic solution

2H* (aq) + 2e— Hz (g) (2)

ii.  Hydrogen evolution from neutral water

2H20 (I) + 2e — H2 (g) + 20H (aq) (3)

lii.  Oxygen (Q) reduction in acidic solution

02 (g) + 4H (aq) + 4e— 2H,0 ()) 4)

iv.  Oxygen reduction in neutral or basic solution

2% (9)+HO (I) + 26 - 20H (ag) (5)



The four broad groups of electrochemical, chemigialpgical and mechanically assisted

corrosions are presented in Table 1.3.

Table 1.3 Different Corrosive Environments

Natures of
Corrosior

Types of Corrosion

Causes of Corrosion

Affected
Areas/Material

Galvanic corrosion
[24]

Difference in electrode
potential:

Metal with more
negative potenti

Electrochemical

Crevice corrosion [24]

Metal within narrow clearances

being devoid of oxygen

Crevices

corrosion

Pitting corrosiol [24]

Chloride ion:

Passive mets

Stray current corrosion
[25]

Extraneous DC current from
electrified railroads, mining

operations et

Underground pipelines

Sweet corrosion [26]

carbon dioxide producing
carbonic acid in water

Transmission
pipelines, main
downhole tubin

Oxygen corrosion [24]

Depolarization and electron
acceptance capability of oxyc

Drill pipes

Chemical corrosion

Sour corrosion [26]

hydrogen sulfide working as an

acid in wate

Deep wells

Concentrated brines
corrosion [27]

Dense halide brines of calcium,

zinc and magnesium

Stainless steels, sites
susceptible to pitting
and crevice corrosit

Strong acids corrosion
(28]

Hydrochloric acid, hydrofluoric

acid etc. pumped into the wells Deep wells

increase formation permeabil

Biological
corrosion

Microbiologically
induced corrosion [25]

Organic acids, carbon dioxide,

hydrogen sulfide produced by  Underground pipelines

fungi and bacter

Cavitation [28]

Gas bubbles' implosion on metalHigh-speed blade

surfaces

propellers and pumps

Erosion [28]

Cutting action of high-velocity

abrasive particle

Drill pipes

Erosion corrosion [24]

Removal of protective film of
corrosion products by erosion

propellers, impellers,
pumps, heat exchanger
tubes, valve

Mechanically
assisted corrosion

Corrosion Fatigue [28]

Alternating stresses in a
corrosive environment

Welded connections
on drillships, drilling
and production rigs

and platform

Sulfide stress
corrosion [29]

Dispersion of molecular
hydrogen into the metals'
matrice:

valve trim, blowout
preventer hard parts
and tool joint

Chloride stress
cracking [30]

Tensile stress in the presence ofaustenitic stainless
oxygen, chloride ions and high steels, pipe-wells and

temperatur

tubing bundle

Stress corrosion
cracking [24]

Combined effect of corrosive
environment and non-cyclic

tensile stres

Bridge cables, landing
gear on aircraft
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1.3 Corrosion Inhibitors

Resisting corrosion in the oil and gas industrgesfi paramount importance because of
the economic losses due to corrosion [31]. Emplpyiarrosion inhibitors is one of the
most economically viable corrosion combatting mdthf82,33]. Corrosion inhibitors are
referred to as mixtures or substances that apphetbw concentration to inhibit,
eliminate or minimize the corrosion in aggressivevimnment [34]. Inhibitors slow
down the corrosion process either by (i) increasheg anodic or cathodic polarization
behavior (Tafel slopes), (ii) reducing the movementiffusion of ions to the metallic
surface, or (iii) increasing the electrical ress®@ of the metallic surface [35]. The
mechanisms involved in the corrosion inhibition ggeses are (i) adsorption; formation
of a film that is adsorbed on the metal surfacef@iimation of corrosion products, such
as iron sulfide (FeS) which is passivizing specigs production of precipitates which

can protect and eliminate or inactivate an aggvessonstituent [36].

Based on the chemical nature of the inhibitorsy the&n be classified into organic and
inorganic [31]. These organic and inorganic sulistancan also be categorized as
neutralizing, scavenging, barrier or film-formingnda other miscellaneous inhibitors

depending on their mechanism of actions or comijposif37].

1.3.1 Neutralizing Inhibitors

The main purpose of using a neutralizing inhibisoto abate Hconcentrations to control
the corrosion in the refinery industries. The pneseof concentrated acids such as
carbonic acid (HCOg), sulfuric acid (HSQu), hydrochloric acid (HCI), sulfurous acid

(H2SGs), thiosulfuric acid (HS0s) etc. are the main reasons of corrosion in thieesf
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processes [37,38]. Although these acids pertairdilnte concentrations across the
process stream, these acids become more concentnatdndensates to cause severe
corrosion to the systems i.e., distillation equipimend heat exchanger [39]. A range of
neutralizers are exploited in many applicationshef refinery including ammonia (N
sodium hydroxide (NaOH), morpholine and variousraesj polyamines and alkylamines.
The applications of each of these neutralizersdarated by its physical characteristics.
The condensation profile of the neutralizers shdagctlose to that of acids so that it can
deliver its job as soon as the acid forms in thetesy. Sodium hydroxide (NaOH), a
strong alkali, functions as an effective neutralifénjected to the desalted crude but not
effective in overhead heat exchangers. Whereas amn{blHs) is a cheap overhead
neutralizer but it is not soluble in the initialntensate, and quick evaporation causes to

lose its efficiency [4,37].

1.3.2 Scavengers

In oil and gas industries, corrosive agents careb®ved by the utilization of scavenger
systems. Dissolved oxygen, one of the primary caoseorrosion in oilfield water. Both
chemical and mechanical means have been explaitgdttrid of dissolved oxygen in oil
field waters. The mechanical means include vacuaaedation and counter current gas
stripping, whereas the chemical means can be cemesidas hydrazine, sodium sulfite,
ammonium bisulfite, and sulfur dioxide etc. Thew&aying action of sodium sulfite and

hydrazine are well-recognized and are depictedutiiraghe Eqs. 6 and 7.
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NaSGs + Y2 @ — NaSOy (6)

2H:NNH2 + %2 G — 2NHz + H2O + N2 (7)

The preference of one method to other is dictatedhb economic and environmental
factors. When it requires to remove large quarstité dissolved oxygen, mechanical
means are preferred. Chemical means are used twveesmall quantities of dissolved
oxygen, and to remove residual oxygen after thdiggin of steam stripping system.
Any organic chemicals such as scale inhibitorsrasion inhibitors, and biocides can
possibly intervene the oxygen-scavenger reactiah siould be selected meticulously

[4,37].

1.3.3 Barrier or Film-Forming Inhibitors

Film-forming corrosion inhibitors, alternatively &wn as barrier or interface inhibitors,
as compared to neutralizers and even scavengersmare proactive because these
inhibitors do not need to react with acids or csive agents to be operative [40]. These
inhibitors construct a protective barrier on thetahesurface. The formation of this
protective barrier happens through strong inteoasti such ast-orbital adsorption,
chemisorption and electrostatic adsorption thamniB@antly prevent the corrosive
substances from penetrating into the metal surfétk The term adsorption means the
attachment of an inhibitor molecule to a metal acef basically only one molecular layer
thick, and not penetrating into the bulk of the ahetself [42]. However, it has been
reported that steric factors, aromaticity, funcéibgroups, electronic structure of the
molecules,n-orbital character of donating electrons and etectdensity at the donor

atoms are some of the specific physico-chemicgdgntees of the inhibitor molecules that
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dictate the adsorption process [43,44]. Thus, threosion inhibition efficiency of an
organic inhibitor is dictated by its adsorptionldpiand the mechanical, structural, and

chemical characteristics of the adsorption layersiéd under particular condition [45].

The organic inhibitor molecules are usually composé a hydrophobic group that
extends away from the surface and a polar headhwhiresponsible for interacting with
the metal surface. An additional protective layerliso formed by the hydrophobic part
so that the aqueous species can't come in contétt the metal surface. It is
recommended that these molecules are combined witil hydrocarbon stream to
facilitate their access to all parts of the procesgam for a wider contact and a
subsequent coverage [4]. When these inhibitorstcaatch to any point in the process,
addition of neutralizers to the formulation will npensate. Depending on the type of
electrochemical reaction being blocked, these fonming or interface inhibitors can be

further classified into anodic, cathodic or mixggé [46,47].

1.3.3.1 Anodic Inhibitors

Anodic inhibitors, also known as passivation intots, reduces the rate of anodic
reaction by forming sparingly soluble deposits uigthg hydroxides, oxides, or salts in
close to neutral conditions. Because these depoaitsalternatively be referred to as
passivating films that is why anodic inhibitors aatso known as passivators. The
corrosion potential of the metal is shifted to mpuositive values, and the value of the
current in the curve decreases with the presend@eotorrosion inhibitors [47]. It is

worth mentioning that the concentration of an aoadhibitor should be high enough to
show a considerable amount of anodic effect. Otiservthe formation of the film on the

metal surface will be affected significantly leaglito partial film formation keeping sites
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of the metal exposed to corrosive solution and ttaussing localized corrosion. This
effect is more pronounced when the concentratiothefinhibitors used is below its

critical concentration, and could be worse thanusitg the inhibitors at all [48].

1.3.3.2 Cathodic Inhibitors

Meanwhile, cathodic inhibitors work by deceleratthg reduction reactions by forming a
protective layer on cathodic areas against oxygealkaline solutions and hydrogen in
acidic conditions. This protective layer restrithe diffusion of reducible species and
increases the impedance of the surface. When ttiedia reaction is affected, the
corrosion potential is shifted to more negativeueal [47]. These cathodic inhibitors
cause sulfide-stress cracking or hydrogen blisgerifherefore, hydrogen permeation
tests are carried out once the material has bemgara&zed as cathodic inhibitor to

evaluate its efficiency [49].

1.3.3.3 Mixed Inhibitors

Approximately 80% of organic inhibitors belong tetmixed-type inhibitor. A protective
layer can be formed either via physisorption (duéohic or electrostatic interaction) or
via more specific chemisorption. The physisorptioocurs when ionic corrosion
inhibitors attach to metal surface, particularlyosms attach to positively charged metal
substrates. The formation of these interactions éce quickly but prone to breakage at
higher temperature. Chemisorption, on the contrfanms slower than physisorption and
increases with increasing temperature [4]. Chemtgwor or chemical adsorption process
produces an electronic bond between the surfacéhenddsorbate. It generally involves

charge transfer or charge sharing between a sdidlmubstrate and an adsorbent, such
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as the corrosion inhibitor molecule. Chemisorpiioirreversible and involves more heat

than physical adsorption [50].

1.4 Statement of the Problem

Since corrosion causes loss of economic and naesalrces and human lives in case of
infrastructure collapses, it is of paramount impoce to look into smart and developed
corrosion mitigation techniques. The preventiorcafrosion in a corrosive environment
is a huge challenge [43]. Anodic protection [SHthodic protection [52,53], coating [54]
alloying are some of the approaches toward mingatcorrosion. Exploitation of
chemical inhibitors [55,56] is the most effectivadapractical method of corrosion
prevention owing to its ease of use. Organic comdsuhaving O, N and S atoms
appeared as corrosion inhibitors in the eighteesttiury. An organic inhibitor is said to
be efficient if it is capable of getting adsorbedtbe metal surface [43]. Several authors
have reported the uses of organic [18,57-59] amdganic compounds [60-62] as

corrosion inhibitors and classified them dependingheir mode of action.

Even after having an abundance of corrosion intiibito reduce the dilemma, the search
for cost-effective, environment-friendly and mofféogent inhibitors is still on. Organic
and inorganic inhibitors, albeit efficient corrosiinhibitors at times, pose a dangerous
threat to health and ecology. This has driven rebeas toward the invention of nontoxic
inhibitors that imparts efficiency to the maximuntant and least impact on nature and
mankind [43]. Different eco-friendly green corrasiimhibitors have been reported by
several authors [63—-65]. Nevertheless, novel agesmand current trends in corrosion
inhibitors are in favor of the use of polymers.yPoérs, owing to the presence of a large

number of binding sites, adsorb very well on thetansurface and impart superior
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corrosion inhibition efficiency. Furthermore, mdfitinctionality, solubility, flexible
viscosity and increased number of attachment poensler polymers superior to their

organic and inorganic counterparts.

1.5 Objectives

Amino acids and polyamino acids have been testecoassion inhibitors because of
their environmentally benign nature. Abd-El-Nabdyak, [66] studied cysteine and
methionine for their corrosion inhibition of mildegl in 1IN HSQ:. Amin et al., [67]
tested the inhibition efficiency of alanine (Alaysteine (Cys) and S-methyl cysteine (S-
MCys) for iron in aerated stagnant 1.0M HCI solagoBarouni et al., [68] studied the
inhibitive effect of valine (Val), glycine (Gly),rginine (Arg), Lysine (Lys) and Cysteine
(Cys). The influence of sulfur-containing aminodscinamely methionine, cysteine and
N-acetylcysteine (ACC) on the corrosion behaviornafd in a highly concentrated
solution of phosphoric acid in absence and preseh¢a, F and Fé* ions have been
investigated by Morad et al [69]. The inhibitivdestt of cysteine on copper metal in 0.6
M NaCl and 1.0 M HCI has been investigated by I$maing electrochemical studies
[70]. Synergistic inhibitive effect of cysteine a@di(ll) ions on iron in 0.5M sulfuric acid

has been investigated by El-Deab [71].

El-Hafez and Badawy [72] studied the corrosion hition efficiency of cysteine, N-
acetylcysteine and methionine as environmentally seibitors for the corrosion of Cu-
10AI-5Ni alloy in 3.5% NaCl solution. Corrosion iiblition efficiency of 87% was
recorded with glutamic acid at a concentration d328 M [73]. Saifi et al., [74]
investigated the inhibitive action of cysteine on-8Ni alloy in aerated 0.5 M43CQu.

Badawy et al. [75] demonstrated that glycine abacentration of as low as 0.1 mM can
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impart an inhibition efficiency of about 85% on Glu-alloy in neutral chloride solution.
For low Ni content alloy (Cu-5Ni), a remarkably higfficiency of 96% was achieved at
a low concentration of 2.0 mM cysteine. Helal aratd&wy [76] studied the inhibitive
action of some amino acids including phenylalarand cysteine on Mg-Zn-Al alloy in

stagnant naturally aerated chloride free neutraltisms.

The aim of the present investigation is to syntteess series of novel pH-responsive
polymers containing residues of the amino acid mathe. The pH-responsive polymers
containing trivalent nitrogen, carboxylate functdities and above all the sulfide motifs
of amino acid residues of methionine will then ldjected to corrosion inhibition of

mild steel widely used in the oil and gas industrie

The long-term goal of this research is thus twakf@l) synthesis of an interesting novel
class of ionic polymers, and (ii) their applicatom the fields of corrosion inhibition.
The use of essential amino acid methionine is gatied to generate green inhibitors.
The sulfide motif of the amino acids is expectedhave powerful chelating ability
because of its polarizability. The presence of ipldtcationic and anionic sites within a
polymer chain along with the sulfides is anticigte undergo strong adsorption on the

metal surface to prevent corrosion.
To achieve this, the thesis will have the followblgectives:
To have academic significance:

1. Synthesis of a novel diallyl quaternary ammoniunQ&) monomer containing

essential amino acid methionine residue.
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2. Cyclopolymerization of the new DQA monomer with SQ@o cationic
polyelectrolytes (CPES).

3. Converting the new DQA monomer to zwitterionic morey and
cyclopolymerization to zwitterionic polyelectrolge

4. Transformation of the sulfide moiety of polymersstdfoxide and sulfone.

5. Physical characterization and solution propertiethese polyelectrolytes will be
studied in detail.

To have industrial significance:

6. Evaluation (screening) of the synthesized marsnand polymers as corrosion

inhibitors to prevent acidic corrosion of 1 M HCI.
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CHAPTER 2

Synthesis of Diallylamine salts/sulfur dioxide Alternate

Polymers Containing Amino Acid Residues

2.1 Introduction

Cyclopolymerization [77-79] of diallylammonium salt or their alternate
copolymerization [80—83] with SChave etched an important place in the synthess of
plethora of industrially significant ionic polymerditilization of one such alternate
copolymerization, a methionine-based diallylamiak sionomer3 was synthesizednd
copolymerized with S®in solvent ethanol or acetone to give water-inisiglicopolymer
containing sulfidet (Scheme 2.1). Surprisingly, the copolymerizatiosatvent dimethyl
sulfoxide (DMSO) led to the formation of water-doller polymer as a mixture of
sulfide/sulfoxide 5. During the polymerizationr®50% of the sulfide motifs has been
oxidized to sulfoxide as a result of oxide exchafrgegn DMSO. The polymer’s water-
solubility paved the way to study its inhibitiveHaior against corrosion of mild steel in
the hostile environment of 1 M HCI. Polym&maving so many centers of lone pair of
electrons and the unquenched nitrogen and sulfuenwas imparted remarkable
inhibition of mild steel corrosion in 1 M HCI, asieced by the preliminary study [84].
At a concentration of 5 ppm, L-Methionine ethyle¥shydrochloride X), methionine-
based monome3 and polymess imparted inhibition of mild steel corrosion to teetent

of 57, 58 and 96%, respectively. A polymer backbeonataining humerous chelation
centers associated with the pendants are expextetiergo stronger adsorption onto the
metal surface, thereby achieving greater corrosartrol than their monomeric analogs

[85—-87]. The effect of sulfoxide motifs i& on the corrosion inhibition could not be

19



guantified and compared with that of the sulfidetifedbecause of water-insolubility of
polymer 4. It is worth mentioning that repeated attempts htgdrolyze the ester

functionalities ind under basic or acidic conditions resulted in failu
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Scheme 2.1 Synthesis of methionine ester hydradeldrased diallylamine salt/sulfur
dioxide alternate copolymers.
In the current work, the ester functionality in roamer precurso was hydrolyzed to
zwitterionic and cationic monomeBand9, respectivelywith the anticipation that the
corresponding polymer$0 and 11, obtained via Butler's cyclopolymerization protbco

[52-58], would be water-soluble (Scheme 2.2). Tiamment of the polymers and
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changing their functional motifs would allow usdtudy their solution properties, and a
preliminary study to compare the corrosion inhdntiefficiencies of these polymers

imparted by carboxylic acid, ester, sulfide, suifie and sulfone functional motifs.
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Scheme 2.2 Synthesis of methionine-based diallylarsalt/sulfur dioxide alternate

copolymers.

2.2 Experimental

2.2.1 Physical Methods
Perkin Elmer 16F PC FTIR was used to record IR tspewhile'H and3C NMR were
collected in a JEOL LA 500 MHz spectrometer for tdetermination of the chemical

composition of the synthesized compounds. A PeBtmer Elemental analyzer (Carlo-
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Erba: 2400) was utilized for elemental analysise Miscosity values of synthesized
compounds were determined in &ftee water using an Ubbelohde viscometer
(Viscometer Constant 0.005317 rhsy) under N. Thermogravimetric analysis (TGA)
was performed under oN(flow rate 50 mL/min) using an SDT thermogravinmetr
analyzer (Q600: TA Instruments, New Castle, DE, YS3urface tension was measured

using a surface tensiometer (PHYWE, Germany).

2.2.2 Materials

Ethyl ester hydrochloride of L-Methionind)(was obtained from Fluka Chemie AG.
Hydrogen peroxide (35 w/v %) and potassium carlmiigtCOs) were purchased from
BDH Chemical Ltd (Pool, England). Azobisisobutyroife (AIBN) (Fluka Chemie AG)
was recrystallized from CHEEtOH. All solvents were of HPLC grade.
Dimethylsulfoxide (DMSO), dried over Caldvernight, was distilled (bp mmHg64—65
°C). Diallyl derivative of methionin and its hydrochloride satwere prepared from L-

methionine ethyl ester hydrochlorideas described [84].

2.2.3 Synthesis of monomers and polymers

2.2.3.1 Cyclocopolymerization of monomer 3 with S

Polymer5 was prepared as described [@iiefly, a mixture of3 (2.70 g, 9.19 mmol)
and sulfur dioxide (S¢) (0.588 g, 9.19 mmol) in DMSO (2.02 g) was polyired using
an initiator (AIBN, 0.066 g, 0.4 mmol) at 68C for 24 h. The mole ratio of monomeBs (
and SQ) to initiator was thus kept at 46:1. After dialysagainst deionized water, the
polymer was freeze dried. The isolated polymerided§ulfoxide5 was obtained as a

white powder (2.23 g, 66%). Polymérwas synthesized following the same procedure
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except that ethanol (2.02 g) or acetone (2.02 g)wsad as a solvent.

Table 2.1 Cyclocopolymerizationa of monor¢8Q,

Entry Monomer SO Solvent  AIBN (Polymer) [n]°
No. (mmol)  (mmol) (9) (mg) Yield (%) (dL gb)
1 15 15 Acetone 150 (10)71 0.0928
(8)
2 15 15 Acetone 200 (10)63 0.0895
)
3 15 15 DMSO 150 (11)62 0.0552
(3.5)
4 15 15 DMSO 200 (11)51 0.0532
(3.5)

aPolymerization reactions were carried out at apgatg concentrations of monomer
9 and SQ in the presence of azobisisobutyronitrile (AIBN)G& °C for 48 h to give
polymer10in solvent acetone arid. in DMSO.

bViscosity of 1-0.25 % solution df0 (or 11) treated with 1 equivalent of NaOH in
0.1 M NaCl at 30.0 £ 0.1°C was measured with Ubbelohde Viscometer
(K=0.005317 mras?).

2.2.3.2 Conversion of polymer sulfide/sulfoxide Stpolymer sulfoxide 6

Hydrogen peroxide (35 w/v %) (0.888 g, 9.14 mmadsvelowly added to a solution Bf
(0.802 g; 2.20 mmol) in glacial acetic acid (2.37ag 20 °C. The reaction mixture was
stirred at 20 °C for 5 h or until the completionafidation of the sulfide to sulfoxide as
indicated by the'H NMR spectrum. The resultant solution was dialyzeminst de-
ionized water for 3 h followed by 30 min in 0.2 MCHthen 30 min again in de-ionized
water. The freeze-drying of the dialyzed solutidforaled polymer6 as a white solid
(0.720 g, 88%). Elemental analysis okld24CINOsS, found: C, 41.4; H, 6.6; N, 3.6; S,
16.8; requires: C, 41.76; H, 6.47; N, 3.75; S, %1vmax (KBr) 3427, 2924, 2609 (br),

1741, 1634, 1408, 1378, 1305, 1214, 1129, 1016, 84 782, 670 and 514 ém
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2.2.3.3 Conversion of polymer sulfide/sulfoxide Stpolymer sulfone 7

The sulfide to sulfone oxidation was carried ouhgs slightly modified procedure [88].
Hydrogen peroxide (35 w/v%) (0.586 g, 6.03 mmolsvetowly added to a solution of
polymer5 (0.537 g; 1.47 mmol) in glacial acetic acid (1g)Gat room temperature. After
stirring the reaction mixture at 35 °C for 4 h ontilithe *H NMR indicated the
completion of oxidation to sulfon&, the polymer solution was dialyzed against de-
ionized water for 4 h followed by 30 min in 0.2 MCHto reduce the cloudiness of the
solution then 30 min again in de-ionized water. Bodution was then freeze-dried to
obtain polymer7 as a white solid0.470 g, 82%). Elemental analysis ofs824CINOsS,
found: C, 39.7; H, 6.4; N, 3.4; S, 16.1; requires4G.05; H, 6.20; N, 3.59; S, 16.44%;
Vmax (KBr) 3414, 2926, 2609 (br), 2361, 1742, 1633, 1145409, 1377, 1304, 1216,

1128, 1038, 966, 851, 771, 669 and 51C'cm

2.2.3.4 Synthesis of cationic monomer 9 and its #t@rionic counterpart 8

A heterogeneous mixture of monomer precus¢20.6 g, 80 mmol), CEOH (50 mL),
H20 (20 mL), and sodium hydroxide (3.60 g, 90 mmadswstirred for 4 h at 40 °C. After
concentrating the homogeneous mixture, the reswia® diluted with water (15 mL),
acidified with concentrated HCI (37%) (8.87 g; Iwiénhol) (i.e. two equivalents of HCI),
and then freeze-dried to obtain a mixture of cati@tid hydrochloride monomé& and
NaCl. After trituration with acetone (100 mL) anttering off the insoluble NacCl, the
filtrate was concentrated to obtain monorfes a colorless thick liquid (20.2 g, 95%).
Elemental analysis of @H20CINO>S found: C, 49.4; H, 7.7; N, 5.2; S, 11.8; requitgs
49.71; H, 7.58; N, 5.27; S, 12.06%nax (neat) 3348, 3088, 2921, 2848, 2360, 2331,

1735, 1635, 1448, 1425, 1388, 1325, 1201, 11573,1995, 946, 872, 770 and 736 cm-
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1; 1H (D20) 1.98 (3H, s), 2.06 (1H, m), 2.52 (1H, m)p2 (1H, m), 3.70 (2H, m), 3.81
(2H, m), 4.09 (1H, d, J 9.2), 5.48 (4H, m), 5.7%(2n), (residual H in D20 at 4.65
ppm); 13C (D20): 15.00 (1C, SCH3), 26.0 (1C, CH2CH2S), 30.£, CH2CH2S), 55.1
(2C, NCHZ2), 62.9 (1C, NCH), 126.44 (2C, CH=CH2)7I® (2C, CH=CH?2), 171.3(1C,
CO2), (67.4, dioxane). The 13C spectral assignmemt® confirmed by DEPT- 135

NMR analysis.

In a separate experiment, the above procedure ollsvéd in one-tenth scale. Here,
instead of two equivalents, one equivalent HCI @9@mol; based on NaOH used) was
used to neutralize the GOa" salt to generate zwitterionic monon&gas a white solid
(.74 g; 93%). Mp. 55-59 °C. Elemental analysi€eiH1oNO.S found: C, 57.4; H, 8.4;
N, 6.0; S, 13.7.; requires C, 57.61; H, 8.35; N116.S, 13.98%pmax. (KBr) 3415, 3082,
3024, 2976, 2964, 2918, 2838, 1627,1455, 1426, ,1B539, 1302, 1275, 1219, 1154,
1121, 1080, 1060, 1012, 994, 951, 773, 760, 718, 666, 628, and 575 ci'H (D20)
1.98 (3H, s), 2.02 (2H, m), 2.46 (1H, m), 2.57 (hh), 3.65-3.75 (5H, m), 5.45 (4H, m),
5.79 (2H, m);}3C (D.0): 15.1 (1C, SCH), 27.0 (1C, CHCH,S), 30.6 (1 C, CLCH,S),
54.4 (2C, NCH), 65.6 (1C, NCH), 126.7 (2C, CH=GH 127.2 (2C, CH=C}), 172.9
(1C, CQ), (67.4, dioxane). Th&C spectral assignments were confirmed by DEPT- 135

NMR analysis.

2.2.3.5 Cyclopolymerization of monomer 9 and Sn acetone

As described in Table 2.1, sulfur dioxide (0.9621&, mmol) was adsorbed onto a
solution of monome® (4.0 g; 15 mmol) in acetone (8.0 g) at 0 °C in5anZL round
bottom flask. After addition of the specified amowh AIBN [150 mg (0.91 mmol) or

200 mg (1.22 mmol)Jthe closed flask was heated at 60 °C for 48 h. mb& ratio of
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monomers § and SQ) to initiator was thus kept at 33:1 or 24.6:1. Mt 2 h, the
polymer started to separate as a white precipifdter the time elapsed, the polymer was
filtered, dissolved in NaHCgsolution, and dialyzed against deionized water3fér, 0.1

M HCI for 3 h, followed by de-ionized water for atidnal 24 h. Phase separation occurs
within the dialysis tube. The resultant polyni€rwas thereafter isolated and dried under
vacuum at 60 °C. Elemental analysis afilioNOsS, found: C, 44.8; H, 6.7; N, 4.6; S,
21.6; requires C, 45.03; H, 6.53; N, 4.77; S, 2%&8%ax (KBr) 3570, 2971, 2921, 2852,

2553 (br), 1622, 1456, 1397, 1303, 1126, 1017, 8%4%, 768, 654, and 514 dm

2.2.3.6 Cyclopolymerization of monomer 9 and S{n DMSO

As described in Table 2.1, sulfur dioxide (0.96218, mmol) was adsorbed onto a
homogeneous mixture of monom@rn4.0 g; 15 mmol) in DMSO (3.5 g) in a 25 mL
round bottom flask. After the addition of the spied amount of AIBN, the closed flask
was heated at 60 °C for 48 h. Noted that few tithesreaction flask was cooled and
opened to releasezNyjas obtained from the decomposition of the irotiaT he resultant
reaction mixture was dialyzed against deionizedewdbr 10 h, then freeze-dried to
obtain polymerll Elemental analysis of polyméd having an approximate 1:1 ratio of
sulfide (G1iH19NO4+S) and sulfoxide motifs (GH1aNOsS) found: C, 43.4; H, 6.2; N,
4.4; S, 20.8; requires C, 43.87; H, 6.36; N, 4.8521.29%;Vmax. (KBr) 3425, 2922,

1626, 1452, 1400, 1305, 1128, 1021, 947, 876,668,and 515 crh

2.2.3.7 Conversion of polymer sulfide-sulfoxide 1tb corresponding sulfoxide 12
Hydrogen peroxide (35 w/v %) (0.237 g; 2.44 mmogsvslowly added to a solution of

polymer11 (0.675 g; 2.24 mmol) in glacial acetic acid (2@dat 20 °C. The reaction
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mixture was then stirred at 20 °C for 5 h or utité completion of oxidation as indicated
byH NMR spectrum. After the time elapsed, the resiltaixture was dialyzed against
de-ionized water for 8 h, and then freeze-driedbtain polymerl2 (0.496 g, 72%).
Elemental analysis of @H1dNOsS, found: C, 42.4; H, 6.3; N, 4.4; S, 20.4; requit&s
42.70; H, 6.19; N, 4.53; S, 20.72%xax (KBr) 3481, 2923, 2678 (br), 1632, 1456, 1401,

1305, 1128, 1021, 787, 677 and 507'cm

2.2.4 Potentiometric Titrations

The protonation constank) of basic nitrogen was calculated by potentiorditration
at 23 °C in salt-free water following the publishéterature procedure described
elsewhere [89,90As described in Table 2.2, a certain amount oftewanic polymerl2
(ZH*) in COx-free water (200 mL) was titrated using step-wisiditton of 0.0959 M
NaOH solution (0.05-0.15 mL). After each addititime solution was stirred briefly using
a magnetic stir bar under.Mind the pH values were recorded, and theKegwere
calculated using the Henderson-Hasselbalch Eqg.(§2heme 2.2). Where degree of
protonation ¢) is defined as the ratio [Zf[Z]o. The [Zpand[ZH*]eqare the respective
initial analytical concentration of the monomeriits in 12 (ZH*) and its concentration
at the equilibrium as given by: [ZH]= [Z]o - Con - [H] + [OH]. The G is the
concentration of the added NaOH, while'Jldand [OH] at equilibrium were calculated

from the pH value.
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Table 2.2 Protonation of polym#&B (Z-) at 23°C in salt-free water

ZH*? Cr°
run a-range pH-range Points®  Log Ki°¢ n¢ R? ¢

(mmol) mol dm®
1 0.2586 (ZH) -0.09594 0.85-0.12 5.37-9.27 19 7.28 2.52 0.9963
2 0.2893 (ZH) -0.09594 0.87-0.10 5.32-9.35 22 7.27 2.54 0.9975
3 0.3232 (ZH) -0.09594 0.88-0.12 5.27-9.30 24 7.34 2.46 0.9982
Average 7.30(4) 251(4)

+ Ky +

Log Klfz 7.30 + 1.511log [(I¥)/a] Forthe reaction: Z + H

_— ZH

@ ZH* represents polymer 12

b (-ve) values describes titration with NaOH

®Number of data points

dStandard deviations in the last digit are givenaunzhrentheses
®R2 = Correlation coefficient

flog Ki = log K ° + (n -1) log [(1-0)/a]

The Equation 2 (Scheme 2.2) describes the appdrasitity constants of typical

polyelectrolytes; in the case of sharp basicitystants logk° = pH ata = 0.5 anch = 1.

The pHvs log [(1-o/a)] plot gave logK® and '’ as the intercept and slope, respectively.

The modified Henderson-Hasselbalch equation (3h€Be 2.2) is obtained by inserting

the value of pH from Eq. 2 into Eq. 1 whereby{1) gives a measure of the deviation of

the studied polymers from the behavior of small eoales which show sharp basicity

constants with an value of 1.

2.2.5 Surface tension

A surface tensiometer (PHYWE, Germany) as descril®dd equipped with torsion

dynamometer (0.01 N) and platinum-iridium ring (diter =1.88 cm) was utilized to
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determine the surface tension of 1 M HCI containuggious concentrations of the

synthesized polymers at 6Q.

2.2.6 The standard free energy of micelle formatiofAG°mic)
The AG°mic of the synthesized polymers were determined by(46d92]:
AGomic = RTln(Ccmc) (4)

whereCcmc represents the polymer concentration at the CMC.

2.3 Results and Discussion

2.3.1 Monomer and polymer syntheses

Cationic monomer3 underwent cyclopolymerization with $0n ethanol or acetone
solvent to afford cyclocopolymet, while in DMSO solvent to give alternate copolymer
5 in which the sulfide and sulfoxide were formedaimapproximate ratio of 1:1 (Scheme
2.1) [83]. Copolymer5 upon oxidation using ¥#2/HOAc at 20 and 35 °C afforded

polymer sulfoxides and polymer sulfon@, respectively, in excellent yields.

Hydrolysis of the ester group in trivalent ami2e[84] with NaOH followed by
acidification with one and two equivalents of HEtlIto zwitterionic8 and cationic acid
hydrochloride monomeB, respectively (Scheme 2.2). Monom@runderwent AIBN-
initiated copolymerization with S©Owhile in acetone medium it gave copolymérafter
depletion of HCI during dialysis, the polymerizatim DMSO afforded polymetl. The
formation of polymerll with a~ 1:1 ratio of the sulfide/sulfoxide moieties isesult of
oxygen exchange between the sulfide in the polyanersulfoxide in DMSO (M&=0)
[93]. The polymers are obtained in moderate to ggieltls (Table 2.1) despite possible

degradative chain transfer owing to the presencalygic motifs [94] and the ability of
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sulfide functionality to act as chain transfer agdrhe sulfide groups in copolyméd

was oxidized to polymet2 having fully oxidized sulfoxide motifs.

2.3.2 Solubility behavior

Like polymer sulfide4 containing ester functionalities (GEX), copolymer ()10 having
zwitterionic motifs FNH* —-CO;] was found to be insoluble in water. However, 6t)
(+) 7, ()9 () 11 and ()12 were water-soluble owing to the greater polaritythe
sulfoxide motifs which dominates over the zwittaimmotifs in dictating the solubility
behavior. While overall hydrophobicity of polymeulfde (+) 4 makes it water-
insoluble, the electroneutral polymer sulfide/suifle (+) 11 andsulfoxide () 12, like
the majority of known as polyzwitterions [95-97]asvexpected to be insoluble in water
owing to intragroup, intra- and interchain attreetinteractions leading to the formation
of ionic crosslinks. Their water solubility, theoeé, is attributed mainly to the presence
of polar sulfoxide motifs. The presence of saltssofaller masses is known to impart
water-solubility causing disruption of the attraetiforces [98]; however polyzwitterion
(¥) 10 having sulfide groups remained insoluble in thespnce of NaCl (0-5 M) or HCI
(1-12 M). A 1 wt.% solution of copolymetO in 2 M Nal was found to be partially
soluble. Being softer (more polarizable), iodid@soeffectively neutralizes the ionic
crosslinks so as to disrupt attractive interacti@8. Note that the treatment of polymer
(¥) 10 with 1.0 equivalent NaOH changes the zwitteriomotifs [-NH*--- CQO;] to

anionic motifs £N----- COxNa‘] thereby imparting water-solubility.
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2.3.3 TGA Curves, FT-IR, NMR Spectra, and Molar mas by end group analysis

The TGA curves 06, 7, 10, and12 are shown irFigure 2.1; a loss o0f2-7% up to 180-
200 °C was accounted for the removal of moisture aécelerated loss ef40% for the
polymers in the range 200-250 °C resulted from the release ofGdd SQ whose
combined masses are calculated te:[86%. A further loss of 30% may be linked to
the removal of the methionine pendants occurrethénrange 250-400 °C. Overall, all

these polymers were asserted to be stable wpGo °C.

The IR spectrum of monomer () revealed a strong absorption band at 1735 cm
attributed to C=0 stretch of GB group, while the band was absent in the spectttim
zwitterionic monomer (£B. Likewise, this band was absent in the spectrpobymers
(%) 10-12 instead peaks at1400 (symmetric stretching) ard427 cmt (anti-symmetric
stretching) were assigned to the CQ@otifs in the dipolar zwitterionic form of the
polymers [98]. The strong bands=atl305 cm! and~1128 cm' in the IR spectra of all
the as-synthesized polymers are due to the S@tching vibrations, while a band at

1021 cm' can be assigned to the S=0 stretching absorptibng, 11and12
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Figure 2.1 TGA Curves fd,7, 10 and12

Elemental analysis of €H24CINOsS, found: C, 39.7; H, 6.4; N, 3.4; S, 16.1; requiges
40.05; H, 6.20; N, 3.59; S, 16.44%ax (KBr) 3414, 2926, 2609 (br), 2361, 1742, 1633,

1451, 1409, 1377, 1304, 1216, 1128, 1038, 966, BFL, 669 and 510 cf

Figures 2.2-2.4 display some representatiteand3C NMR spectra of monomér and

several polymers. As can be seen, the methyl psattarked ‘c’ and ‘¢ of 5 appeared at
02.0 and 2.6 ppm, respectivelyigure 2.2a). The downfield signal&.6 was attributed
to the sulfoxide motifs as a result of greater tetet withdrawing ability of S=0O as
compared to sulfide group. Upon oxidation, the idalfgroup in5 is converted into
sulfoxide 6 as evident by disappearance of the signal mar&e(Figure 2.2b). Further
oxidation resulted in the formation of sulfone nf®in 7; the methyl protons marked™c
appeared at a downfield shift 88.0 ppm because of greater electronegativity dbeel

groups in7 (Figure 2.2c).
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Polymersl10-12 even after extended dialysis contai8-4 % residual alkene as revealed
by alkene protons and carbons in the radgd-5.8 (Figure 2.3) and125 ppm (Figure
2.4), respectively. The presence of pendant dobbiels [90] could be resulting either
from chain propagation without cyclization or tréersto the monomer [80The SMe
protons of polymerlO marked § appeared ad 2.0 ppm (Figure 2.3b), while partial
oxidation of SMe to O=SMe is confirmed by the preseof additional signal of methyl
protons of polymedl marked §” at = 2.6 ppm (Figure 2.3c). Complete oxidation of
sulfide to sulfoxide polymet2 is assured by the missing SMe signal both intth@nd
13C spectra of polymet2; carbon signal of SMe (markeg) and O=SMe (marked’)

appeared at 015 and 37 ppm, respectively.

As reported earlier [99] and found in the curreotky the molar masses of the polymers
could not be obtained by GPC presumably owing &stinong adsorption of amine and
carboxyl motifs to the column materialsnd group analysis, however, helped [100] us to
calculate the approximate number average molar esalgh) of some of the polymers
10-12 The (CH).C(CN) group (originating from the AIBN initiator)ttached to the
chain end is displayed as a broad singleilaB1 ppm and was not interfered with any
competing signal (Figure 2.3). However, the calooiais complicated by the lack of
understanding of the mode of chain terminationthi absence of chain transfer, while
the coupling mechanism would lead to two initiafeagments at two chain ends,
termination by disproportionation on the other havalld have only one terminal with
the initiator fragment. Low molar massegidé infrg are suggestive of the chain
termination by a degradative chain transfer pro¢@4kinvolving transfer of an allylic

hydrogen from monomed to a chain radical. The resultant stable allyfidical cannot
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reinitiate polymerization and as such the trangfenld amount to a termination process.
However, chain transfer to the sulfide motifs mayega radical which may able to
reinitiate a new chain which may not have the abati fragment (Ck)2C(CN) at either
end of the dead polymer. Even though sulfide gnmay act as a chain transfer agent, its
chain transfer constant,s{i.e. the ratio of rate constant of the chain d¢fan of a
propagating radical to the rate constant for prapag of the radical) value of 0.0022
does make it an insignificant process. Keepingi@wvthe degradative chain transfer as
the main process, it can be assumed that each polghain on average will have one
initiator fragment. The integrated ared) (at 81.31 is attributed to the 6 H of the end
group (Ch)2C(CN), while the are® covering signals in the ran@&.5-4.3 ppm belongs
to all the 18 H of each repeating unit (RU). Thegrée of polymerization (DP),
calculated by taking the area ratio of 1 H of thé &d the end group, thus equals to
(B/18)/(A/6). The average DP is thus found to be 40.9 andl #&2 polymerll and12,
respectively. The similar values are expected spulgmer1l was transformed t@2.
The DP value of 40.9 was translated into a numberage molar mass of 12,300 g rhol
for polymerl1l Likewise, the DP of polymel0 was calculated to be 95 with a molar
mass of 27,900 g ntélsuggesting that polymerization in solvent acetiedeto polymer
10 having higher molar mass than polynidr obtained in DMSO solvent. End group
analysis cannot be carried out for polym®&+g since the signal for the initiator fragment
(CHg)2C(CN) is expected to overlap with that of the métrptons marked ‘a’ (Figure

2.2).
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2.3.4 Viscosity measurements
The viscosity plots for polymeis7 are shown in Figure 2.5. In salt-free water, reduc
viscosity increases with decrease in concentratdiisas expected of a polyelectrolyte.

In 0.1 M NacCl, the viscosity plots become normdieTpolymers have very low intrinsic

viscosity ] values thereby suggesting low molar masses ®ptilymers.

0.16
L]
L ]
0.12 4 b
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Figure 2.5 Using an Ubbelohde Viscometer at@0the Viscosity Behavior of (a6 in

salt-free water, (by 7in 0.1 M NacCl, (cm 6 in 0.1 M NaCl, (d 5in 0.1 M NaCl

The viscosity plots (Figure 2.6) @D and11 (both treated with 1 equivalent of NaOH) in
0.1 M NacCl revealed that the former, obtained frpwlymerization carried out in
acetone, has highen](0.0928vs.0.0552 dL d¢) (cf. Figure 2.6: ass f). The data are in
line with the end group analysiside suprd which revealed higher molar mass for
polymer10 as compared to that of polymgt. As expected, polymerkl and12 have
similar [n] since the latter was derived from the former kidation f. Figure 2.6: f 8.
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Figure 2.6 Using an Ubbelohde Viscometer at@0the Viscosity Behavior of (a10in
0.1M NacCl (+ 1 equiv NaOH), () 12in 0.5 M NacCl, (cA 12in 0.1 M NaCl, (d)12in
salt-free water, (e 11in salt-free water (+ 1 equiv NaOH), @)11in 0.1 M NaCl (+ 1

equiv NaOH)

The anti-polyelectrolyte behavior of the zwitteiomotifs in () 12 is demonstrated by
the increasing viscosity values with increasind sahcentrationscf. Figure 2.6: b,c,d)
[101]. The Ciions bindmore strongly to the positive nitrogens as compacedhe
binding of N& to the CQ thereby leaving an excess of negative charge en th
zwitterionic dipoles of polymet2, the repulsion among which leads to an increaslean

hydrodynamic volume hence viscosity with increadNal| concentration [96,102,103].
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Polyzwitterion, PZ ()11 on treatment with 1 equivalent NaOH is convertedah
anionic polyelectrolyte as a result of the chanigine zwitterionic motifs (NH...CQy) to
anionic motifs (N...C@). As such the viscosity curve of PZ (%] in the presence of
NaOH became concave upwards in salt-free wateuf€ig.6e). The viscosity values of
PZ (£)12in the presence of NaOH is found to be like tHgtd 11 and almost overlaps
with the plot in Figure 2.6e; as such it is notwhan the Figureln 0.1 M NacCl, the
viscosity decreases and the plot becomes linearodgimating its polyelectrolyte

behavior (Figure 2.6f).

Lower viscosity values as revealed in Figure &#& indicative of lower molar masses of
the polymers. This is expected since monofhéras degradative chain transfer allylic

groups [94], as well as the sulfide functionaligpeble of initiating chain transfer.

2.3.5 Basicity Constant

The apparent basicity constant of amine nitrogansolymer13 is described by Eq. (3)
(Scheme 2.2) where lag° = pH ata = 0.5 andn = 1 observed for basicity constant of
small molecules. The slope and intercept of thaigtt line plot of pHvs log [(1-0)/a)]
gave the values ofh' and logK®, respectively (Figure 2.7a). In salt-free wateasibity
constant logk®° was determined to be 7.30 (Table 2.2), which isifbto be less than the
log K°value of 9.93 for a similar polymer having a glutaracid residue [104]. Lower
basicity constant of nitrogens in polymd3 may be attributed to the higher
electronegativity of the sulfoxide motifs. Sincegl& of a base (B is the Ka of its
conjugate acid (HB), the presence of sulfoxide feati polymerl2 makes it a stronger

acid.
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Figure 2.7 Variation of (a) pH versus log[¢)-a] and (b) log K versus Degree of

Protonation ¢) for the Determination of Protonation Constant gKPolymerl3

The n value of 2.51 reflects the “apparent” [105] natufethe basicity constant. A
measure of the polyelectrolyte indexis shown in Figure 2.7b displaying a greater
variation ofK with a signifying a strong polyelectrolyte effect (becaw$n being greater
than 1). With increasing, a gradual decrease of l&gdinvolving (Z°) 13+ H* = (ZH%)

12] is a result of decreasing overall negative chatigaisinduces protonation. The greater
nvalue confirms the consequence of entropy effek§,[L06]. Since anionic polymer (-)
13is expected to be more hydrated than the zwitteri@t) polymerl2, water molecules
from the repeating unit of anionic polymds is released as it is transformed to
zwitterionic polymerl2. With each protonation, the excess average negeahiarge in the
polymer backbone of polymdr2 or 13 decreases as does the average number of water
molecules associated with each repeating unit. efboes, there will be lesser and lesser

number of water molecules to be released from thgnger backbone of polymer2 or

41



13 with increasinga, and associated entropy change dictates the decodak with

increasingo.

2.3.6 Surface tension
The plots of surface tensiopversus concentration of the polymers to determine the

CMC of 5-7and11 were measured in 0.1 M HCI at 60 °C are showriguirie 2.8.
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Figure 2.8 Surface tension versus concentrationhabitor compound®-7 and11in

1 M HCI solution at 60 °C

The polymers may be considered as cationic surfeetzecause of the presence of ionic
hydrophilic head and moderate hydrophobic pendafit{CH,).SMe. The polymer
backbone consisting of -GHCH-CH-CH- may as well be considered as hydrophobic.
Polymers are found to show moderate surface aptioperty having CMC values in the

range 18.1-22.0uM (i.e. 6.3-8.58 ppm) (Table 2.3). The molarity pblymers is
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calculated on the basis of molar mass of the reggamit having a unit each of the
monomer (average of S and S=0) and.&G°mic of micellization was calculated to be

- 30 kJ mot.

Table 2.3 Surface properties of compoubds, 7, and11in 1 M HCI solutions at 60 °C

Compound Surface tension Ceme Ceme AG®mic
(mN nt) (umol L) (ppm) (kJ mot?)
1M HCI 60.2 - - -
5 40.3 18.1 6.62 -30.2
11 43.0 20.9 6.30 -29.8
6 48.3 20.1 7.52 -29.9
7 44.1 22.0 8.58 -29.7

2.3.7 Inhibition of mild steel corrosion

Gravimetric weight loss method [91,107], the masliable protocol, was utilized to
determine the inhibition efficiency (IE) of the slesized polymers on mitigating mild
steel corrosion in a hostile environment of 1 M H@&1 6 h at 60 °C. The IEs were
determined as described [107] after immersing steepons into 1 M HCI (250 mL) in
the absence (blank) and presence of the synthegabaners. The %IE was then

calculated using Eq. (5):

9%I1E = YW 100 )
W

b
whereW, and W, represent weight loss in the absence and presainttee polymers,
respectively. At a meager concentration of 1b(in terms of repeating unity(6 ppm)

of polymers5, 6, 7, 11, and12, IEs of 89, 94, 87, 96, and 94% are achieved esgely.
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Usually, the %IEs are expected to increase witheg&ing inhibitor concentration. In the
ester (-CQEt) series, the increase of IE of the polymershmarder:6 > 5 > 7 suggests
the greater effectiveness of the sulfoxide (S=O}ifsix@s compared to sulfide (S) and
sulfone (0=S=0) in mitigating the mild steel corors Polymersll and 12 having
carboxy groups (C¢) performed even better, presumably owing to tleggation of the
metal surface via the formation of coordinate tgp&ond involving the chelating motifs
of amino carboxylate (N- COy) with the vacant d-orbitals of iron [108-110]. Kdhat
amino ester motifs (N~ COzEt) in 5-7 cannot provide such a chelating motifs to cover

and safeguard the metal surface.

2.4 Conclusion

Cationic and zwitterionic polymer-7 and10-12 based on amino acid methionine and
its derivative methionine sulfoxide and sulfone daween synthesized via
cyclopolymerization of diallylamine salts. The TGiAdicated that the synthesized
polyelectrolytes were stable up to 200. The solubility of the polymers is greatly
influenced by the oxidation state of the sulfur;il@hhe sulfide pendant imparts water-
insolubility, polymers bearing polar sulfoxide ardlfone pendants were found to be
water-soluble. Water-soluble polyzwitterion (32 bearing sulfoxide pendants showed
anti-polyelectrolyte behavior as demonstrated bgreaasing viscosity with increasing
NaCl concentrations. Surface tension measuremeitated the polymers (49, (+) 6,
(+) 7, and (x)11 as moderately surface active agents to aid thmdbon of surface film
on the metal surface to assist in the inhibitioomeftal corrosion in hostile environments.
A preliminary investigation has demonstrated that $ynthesized polymers containing

unquenched nitrogen and sulfur valences acted Islypen mitigating mild steel
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corrosion in 1 M HCI. The presence of nonbondiregbns in nitrogen as well as in the
more polarizable sulfur motifs, leads to the forimabf coordinate type of bond with the
vacant d-orbitals of iron or accumulated’Fespecially on anodic sites of the metal
surface thereby imparting corrosion inhibition. Timelar masses, surface tension and
protonation constant of the nitrogens in these ipelg are expected to affect corrosion
inhibition efficiency. We are currently examininget corrosion inhibition of these
amazing and apparently green polymers in detaihgusvarious electrochemical
techniques. The study would focus on the long-termbition activity especially near

CMC of the polymers.
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CHAPTER 3

Biogenic Amino Acid Methionine-Based New Corrosion

Inhibitors of Mild Steel in Acidic Media

3.1 Introduction

The organic inhibitor molecules owe their inhibitief mild steel corrosion to the
presence of heteroatoms whose effectiveness akerktmincrease in the order O < N <
S < P [111]. Our objective was to exploit the preseof S, N and O in amino acid
methioninel in mitigating mild steel corrosion in hostile eronments. Third-period
elements like S and P being more polarizable céimeutheir lone pair of electrons in the
formation of coordinate type bonds with the vaadwotbitals of Fe or F¢ on the metal
surface [112] thereby interfering with anodic orthzalic reactions responsible for
corrosion [113,114]For mild steel corrosion, methionirie(Scheme 3.1)having three
different heteroatoms, at concentrations of 25, 448 746 ppm, has been reported to
impart inhibition efficiency (IE) of 47% in 0.1 M @& [5] at 25 °C, 89% in 1 M HCI
[115] at 30 °C, and 54.8% in 0.5 M8y [116] at 30 °C, respectively. Methionine
methyl ester hydrochloride at a concentration & pAm has been shown to achieve an
IE of 81.2% in 1 M HCI [117] at 30 °C. The IEs okthioninel, methionine sulfoxid@
and methionine sulfon8 at respective concentrations of 149, 165 and 18t pave
been determined to be 79, 85 and 88%, respectiagginst copper corrosion in 1 M

HNOs at 30 °C [118]
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Scheme 3.1 Amino acid methionine-based cyclopolyenersion inhibitors containing

The above discussion evinced that the use of lost, awon-toxic methionine as an
attractive green corrosion inhibitor has at bestieaed modest successes. However, we
anticipate that the inclusion of methionine resgluea polymeric backbone might lead
to its ability for a better surface coverage andtgution from corrosive media. In fact,
there are reports which demonstrated that polyrhessng multiple adsorption sites

provide better IE than their monomeric analogs f83-In this context, we explored the
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possible utilization of Butler’'s cyclopolymerizatiqorotocol [77,79,80] in the synthesis
of polymers containing the residues of biogenicramacid methioninelj). The protocol
involving diallylammonium salts has etched an intaot place in the synthesis of a
plethora of industrially significant ionic polymers [77,79,80].
Poly(diallyldimethylammonium chloride), the simpiesyclopolymer synthesized using
this protocol, has been the subject matter in over thousand publications and patents;
over 35 million pounds of this product alone arkl guer year for water purification and
personal care formulations [79]. The macromolebaeing five-membered ring skeleton
of pyrrolidine motifs embedded in the backboneadssidered the eighth major polymer
architecture of synthetic high polymers [119,12Dihllylammonium salts have also been
subjected to undergo copolymerization with sulfioxdle to obtain a wide variety of
alternate copolymers [81-83]. In one such copolyraéon, methionine (a biogenic
amino acid)-derived diallylamine sal/SO; copolymerization in solvent dimethyl
sulfoxide (DMSOQO) afforded alternate copolyn@&m which almost half of the sulfide is
oxidized sulfoxidevia O exchange with DMSO. Copolymémwas then transformed into
polymer sulfoxide7 and polymer sulfon® by treatment with ED. at 20 and 35 °C,
respectively (Scheme 3.1) [84]. Note that polynte&have the residues of methionine,
methionine sulfoxide and methionine sulfone keepintact the original motifs of

nitrogen with unquenched valency.

In this chapter, we will discuss the inhibition wild steel corrosiorin 1 M HCI by
polymers 6-8 having methionine residues in each repeating unitaddition to their
efficacy as inhibitors, the study would reveal teenparative efficacies of the sulfide,

sulfoxide and sulfone motifs.
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3.2 Experimental

3.2.1 Materials

Ethyl ester hydrochloride of L-Methionink, allyl bromide and Azobisisobutyronitrile
(AIBN) were purchased from Fluka Chemie AG. AIBNsamacrystallized from CHGH
EtOH. Hydrogen peroxide (35% w/v), hydrochloric a€B7% w/v), acetic acid and
potassium carbonate {€0s) were purchased from BDH Chemical Ltd (Pool, Endla
and used as received. Dimethylsulfoxide (DMSO)edlriover Cald overnight, was
distilled (bp 4 mmhg64—65 °C). All these chemicals were used for thetrsssis of the

polymers.

3.2.2 Physical Methods

The structural composition was determined by FT#erkin Elmer 16F PC FTIR), and
NMR (JEOL LA 500 MHz). The elemental compositionsamdetermined by Elemental
Analyzer (Perkin Elmer, Model 2400). The viscosislues of synthesized compounds
were determined by Ubbelohde viscometer (Viscom&nstant 0.005317 nins?).
Thermogravimetric analysis (TGA) was performed gsPlatinum/Platinum—Rhodium
(Type R) thermocouples under 2 N(flow rate 50 mL mirt) using an SDT
thermogravimetric analyzer (Q600: TA InstrumentewNCastle, DE, USA) by stepping
up the temperature (10 °C minover 20-800 °C. The electrochemical measurements
were performed on a computer-controlled potenttagadvanostat (Auto Lab, Booster

10A-BST707A).
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3.2.3 Synthesis

L-Methioninel-derived monomer of hydrochloride saitsand its S@copolymer6 were
synthesized as described in an earlier report [Bd¢ SQ-sulfide/sulfoxide copolymers
6 were converted to sulfoxidéand sulfone8 following the procedure mentioned in the

literature [121].

3.2.4 Specimens

The inhibition efficiency of the synthesized polymevere tested by electrochemical and
gravimetric measurements in 1 M HCI solution ustogipons prepared from mild steel
having the following compositions: C (0.089), Mn3®), Cr (0.037), Ni (0.022), Mo
(0.007), Cu (0.005), V (0.005), P (0.010), Fe (99.4he flag shaped mild steel coupons
(thickness: 1 mm) were used in electrochemical omeasents. The stem of the flag,
which measured approximately 3 cm, was insulatecatyAraldite paint (RS, Saudi
Arabia). The remaining area was about 7 @md provided exposed area of 22cithe
mild steel specimens were abraded with differeaidgs emery papers (H®00 grit
size), then degassed with acetone, washed witmider water, and dried in a hot air at

room temperature, and stored in a desiccator béfereuse.

3.2.5 Solutions

Solution of 1 M HCI was prepared from concentrati@l (37%) using double distilled

de-ionized water. The polymer compounds at requiedcentrations were used to
perform the corrosion inhibition test in 1M HCI sbbn. The inhibition test carried out in

absence of polymer compound was considered as.blank
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3.2.6 Gravimetric measurements

Gravimetric weight loss measurements to deternfireetficiency of the inhibitors were
performed using mild steel coupons of almost egqnasses and sizes. The mild steel
coupons measuring (2.5 cmx2.0 cmx0.1 cm) were stgeden 250 mL of 1 M HCI for

6 h in the presence or absence of the polymer caongsat 60 °C. After the time
elapsed, the steel coupons were cleaned wipingdbpons with tissue paper, washed

with distilled de-ionized water, and dried in a vam oven to a constant weight.

The percent inhibition efficiencieg¥) were then calculated by Eq. (1) :

q%:%xloo )

b

where, W andW;, represent weight loss in the presence or absdrayoner compound,

respectively.

The average relative weight loss of the mild stemipons was determined from three
individual measurements. The average weight logspercentage was deviated within a

range of 0.5-2.0%.

3.2.7 Electrochemical measurements

3.2.7.1 Open circuit potential (OCP) versus time

The effect of immersing time of mild steel coupanits OCP has been studied in 1 M
HCIl as blank and two different concentrations (1&@ 175uM) of three different
polymer compound§-8 prepared in 1 M HCI solution. The measurement atasarious
immersing times (0 to 60 min) as shown in Fig. 3tlhas been found that the steady

OCP was achieved after around 30 min.
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Figure 3.1 Variation of OCP of mild steel with timmEimmersion in 1 M HCI solution

containing different concentrations (1.00 and LKf of 6-8 at 60 °C

3.2.7.2 Tafel extrapolations

The Tafel experiments were performed in a threeteldes containing electrochemical
cell system. The saturated calomel electrode (S(@fS) used as reference electrode, a 5
mm diameter graphite rod was used as an auxili@strede and the mild steel coupon
was the working electrode. The stable OCP of warketectrode was obtained after
immersing the mild steel coupon for 30 min. All ttieee electrodes were immersed in
absence or presence of polymer compowi8sn 1 M HCI (250 mL) solution at 60 °C,
which was considered as a test solution. Poteatiosgalvanostat (Auto Lab, Booster
10A-BST707A, Eco Chemie, Netherlands) coupled withomputer controlled NOVA
(version 1.8) software was used to record the fmaton curves with a current of 1 A.
The scan was performed in potential winds\250 mV around the corresponding OCP
maintaining a scan rate of 0.5 mV. £quation 2 was used to calculate the inhibition

efficiencies based on the corrosion current density
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n(%) — (Icorr Blank — Icorr Inhibitor) % 100 (2)

Icorr Blank

Where, .o+ Blank IS the current of corrosion in absence of polymampound, and

Icorr Inhibitor IS the current of corrosion in presence of polymer.

3.2.7.3 Linear Polarization Resistance (LPR) Method

By recording the current versus potential in raof#10 mV arouncEcorr under the same
conditions described in previous section (Tafelraplations), the LPR for the three
types of polymer compounds8 at different concentrations (0, 1.75, 4.85, 8.YB.5,

26.2, 35.2 and 17M) was measured. The surface coverafjeMas calculated from the

polarization resistance in absen&®,X and presenceR_(,) of polymer compounds using
Eq. 3.

(1%) = (0%) = (2=

!
p

!
Rp

) x 100 3)

3.2.7.4 Electrochemical Impedance Spectroscopy (BIS

The same three electrodes system described irresaéction (Tafel extrapolations) was
used to perform the electrochemical impedance @xpets. A freshly prepared solution
(250 mL) containing different concentrations ofysoer compounds in 1 M HCI at 60 °C
was used. An amplitude of 10 mV and a frequendpénrange between 100 KHz and 50
mHz were employed to record the Nyquist and Boaespat the corresponding OCP,
then the resulted data were fitted with the lowdstiated electrochemical equivalent

circuit with experimental values.
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3.2.8 Surface Morphology

3.2.8.1 XPS

The XPS analysis was performed by X-ray photoedectspectrometer (Thermos
Scientific, Model # Escalab 250 Xi). Avantage saftes was used to process the data.
The C 1s peak at 285.4 eV was considered as refemeak. A non-linear least squares
algorithm with a Gaussian—Lorentzian combinatiod anShirley base line were used to

deconvolute the XPS spectra.

3.2.8.2 SEM and EDX

The surface morphology of the inhibited (presenteaymer) and corroded (blank)
metal surface was performed using a field-emissseanning electron microscope
(FESEM, Lyra 3, Tescan, Czech Republic) with acedileg voltages of 20-30 kV. In
addition, an energy dispersive X-ray (EDX) speatope (Oxford Inc., UK) fitted with
an X-Max detector was used to determine the chémasapositions and for mapping the
level of homogeneity of these metal surfaces. TE®#M 3mages were captured after
immersing the steel samples at 60 °C for 6 h ireats (OuM) or presence of polymer

(175uM).

3.3 Results and Discussion

3.3.1 Polymer Synthesis

The polymer S@sulfide/sulfoxide (1:1) copolymer6 [84], and its sulfoxide7 and
sulfone 8 were synthesized following the published literatyrocedure [121]The
intrinsic viscosity fj] values of the cyclocopolymer§, 7 and 8 were obtained from

viscosities of 1-0.125% solutions in 0.1 M NaCB&t°C using Mark-Huggins viscosity
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relationship, and were determined to be 0.137,10.45d 0.143 dL ¢ respectively.
These low values off] indicate the low molar masses of the polymerse TBA curves

of the copolymer$-8 indicated that these copolymers are stable up@sQ.

3.3.2 Corrosion gravimetric measurements
The results of the experiments obtained from gratiim weight loss measurements after
6 h immersion of the mild steel coupons in absemgeresence of polyme&8in 1 M

HCI (250 mL) at 60 °C are presented in Table 3.1.

Table 3.1 They%? for inhibitors6, 7 and8 obtained by gravimetric weight loss method

for the inhibition of corrosion of mild steel at 80 in 1 M HCI for 6 h.

Sample (%) at concentration of inhibitors ( M )
1.75 4.85 8.75 17.5 26.2 35.1 70.2 175
6 50.6 57.7 74.3 82.1 90.5 90.8 92.4 93.0
7 53.4 66.9 77.0 83.2 90.7 93.1 94.6 96.8
8 42.9 54.3 64.8 75.6 82.7 85.0 94.3 95.7

a|E (i.e.,n) = surface coveragé

Each set of experiments were carried out threestitoeget the average weight loss
results. The gravimetric weight loss study indidatieat the inhibition efficiencyo)
values were found to be 93.0, 96.8 and 95.7% atn@emtration of 17%M of ester
functionalized cyclocopolymer®, 7 and8, respectively, while at a concentration=df3
ppm (35.1 uM), the 7% values were determined to be 90.8, 93.1 and 85.0%

respectively. The experimental results obtainedanfigravimetric studies also revealed

that an increase in the concentrations of the ogolymers increase the inhibition
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efficiency, reaching maximum values that can beilasd to the formation of polymer
layer onto the mild steel surface. At the rangecohcentrations studied for these
cyclocopolymers, the ester functionalized cyclodgper with sulfoxide motifs7

showed slightly better performance resisting theasion of the mild steel. The better
performance of the cyclocopolym@rfor inhibiting the corrosion of mild steel could be

due to the presence of sulfoxide motifs in the p@y structure.

3.3.3 Polarization measurements

The stable OCP values were obtained from the exgeati of OCP versus time. Fig. 3.1
showed that the OCP in absence or presence ofdlyen@r molecules$ or 7 slightly
moved towards positive direction and became stafitlein a short time, producing the
free corrosion potentiaEcor of the mild steel coupon. In the presence of pellym
molecule8 (1.00uM), the OCP values had a slow rate of change tosvardre negative
values, while at high concentration (1j4Bl1) the rate of change was slower with higher
magnitude and reached the steady state aft80 min. An increase in the polymer
concentration increased the magnitude of Bygr shifts towards a positive direction.
Shifting of Ecorr towards the positive direction indicates that thieibitors are inhibiting

the anodic destruction by being adsorbed on thitse s

Fig. 3.2 shows the Tafel potentiodynamic polarization curves the mild steel in
absence and presence of different concentratiof® (& 175.M) of cyclocopolymers$-

8 in 1 M HCI solution at 60 °C. The extrapolation lofear segments of anodic and
cathodic sides in Tafel plots was used to obtanoua electrochemical parameters such
as the produced current density of corrosiasi)(and corrosion potentiaE{er) of mild

steel coupons, which are summarized in Table 3.2.
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As shown in Table 3.2, the significant decreasth@icorr is an evidence of the inhibitive

nature of the synthesized polymer compounds. ThHanghof Ecorr values to positive or

negative direction with a magnitude lower than 88 suggests that they are mixed type
inhibitors, which mainly block the anodic and catlwo sites [122]. This bears the
testimony that the inhibitors do not accelerate dbeosion reactions rather block them
by creating a thin film on the metal surface. Itswalso observed that there is no
significant change or clear trends in cathodig and anodic &) slopes, which suggests
no change in the inhibition mechanism with incregsihe concentrations of the

inhibitors.

The corrosion inhibition efficiencies of the syndlmed polymer compounds for mild
steel coupon in 1 M HCI solution at 60 °C obtaifredn Tafel and LPR experiments, are
summarized in Tables 3.2 and 3.3, respectively. ols great satisfaction, the
cyclocopolymer containing sulfoxide motifg showed relatively better inhibition
efficiency than6 or 8. In addition, it has been found that they are &ll\@greement with

the inhibition efficiencies calculated based onwmsght loss method (Table 3.1).
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Figure 3.2 Potentiodynamic polarization curves@t® for mild steel in 1 M HCI

containing various concentrations of Ga)b) 7 and (c)8

58



Table 3.2 Results of Tafel plots of a mild steehpke in 1 M HCI containing inhibitors

6, 7 and8 at different temperature

Concentratior Tafel
Temp ppm Ecorrvs. SCE L lcorr Ucorr o/
Sample oy V(\% UM (mv) (mVdec) (mVdec) (uAcm?) (mmyy 10
6 60 0 0 —49E 73.8 -16¢ 2465 28.6 -
0.36 1.00 —494 64.4 -10€ 1506 17.5 38.9
0.64 1.75 -494 58.8 =117 1395 16.2 43.4
1.77 4.85 —492 70.8 -10¢ 1038 12.0 57.9
3.20 8.75 -491 79.9 -113 764 8.86 69.0
6.40 17.5 -49C 99.2 -127 486 5.64 80.3
9.59 26.2 -48€ 89.1 -122 365 4.23 85.2
12.9 35.2 —-484 84.5 -11C 335 3.89 86.4
25.7 70.2 —-481 92.3 -102 286 3.32 88.4
64.0 175 -47€ 96.7 -10€ 177 2.05 92.8
7 50 0 0 -482 51.2 =117 505 5.85 -
0.37 1.00 —47¢ 59.8 =117 217 3.14 46.3
0.65 1.75 472 64.6 -11¢ 245 2.84 51.5
1.81 4.85 -467 82.1 -124 183 2.12 63.7
3.27 8.75 -461 80.3 -10¢€ 126 1.46 75.0
6.54 175 -45E 71.4 -111 889  1.03 824
60 0 0 -49k 73.8 -16¢ 2465 28.6 -
0.37 1.00 -494 68.2 -112 1375 16.0 44.2
0.65 1.75 -491 63.7 -104 1171 13.6 52.5
1.81 4.85 —48¢ 54.2 -112 858 9.95 65.2
3.27 8.75 -48¢€ 75.7 =102 584 6.78 76.3
6.54 17.5 -48C 75.3 -11¢€ 431 5.01 82.5
9.80 26.2 —-48C 94.1 =171 261 3.03 89.4
13.2 35.2 -47¢ 87.8 -111 187 2.17 92.4
26.2 70.2 -47¢ 85.0 -10¢ 148 1.72 94.0
65.4 175 -47¢ 68.9 -101 76.4 0.89 96.9
70 0 0 —49¢ 60.9 -10z 4508 52.3 -
0.37 1.00 -49¢ 65.2 -117 2466 28.6 45.3
0.65 1.75 —-48€ 67.4 -98.2 2200 255 51.2
1.81 4.85 —48E 84.3 -112 1650 19.1 63.4
3.27 8.75 477 92.1 -114 1253 14.5 72.2
6.54 17.5 -472 85.5 -103 888 10.3 80.3
8 60 0 0 —-49E 73.8 -16¢ 2465 28.6 -
0.68 1.75 -497 75.2 -84.4 1496 17.4 39.3
1.89 4.85 —49¢ 75.3 —89.¢ 1156 134 53.1
3.41 8.75 -50¢€ 85.4 -96.€ 892 10.4 63.8
6.82 17.5 =507 91.8 -99.7 636 7.38 74.2
10.2 26.2 =507 96.5 -10¢€ 458 5.32 81.4
13.7 35.2 -50¢ 92.2 -112 397 4.60 83.9
27.4 70.2 -51C 89.1 -10€ 145 1.69 94.1
68.2 175 -51C 84.2 -10E 126 1.46 94.9

@ Inhibition Efficiency, IE (i.e./;) = surface coverag@
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Table 3.3 Results of LPR method in 1 M HCI contagninhibitors6, 7 and8 at different

temperature.
Concentrations LPR
Sample Temp ppm HM Rp g2 &%)
(by wt.)
(°C) (Q cm?d)

6 6C 0 0 2.3¢ - -
0.3¢ 1.0C 3.97 0.401 40.1
0.64 1.75 4,34 0.45: 45.2
1.77 4.8¢F 5.6% 0.577 57.7
3.2C 8.7¢ 7.67 0.68¢ 68.€
6.4C 17.F 12.€ 0.81¢ 81.4
9.5¢ 26.2 17.C 0.86( 86.C
12.¢€ 35.2 18.2 0.86¢ 86.¢
25.7 70.2 20.C 0.881 88.1
64.C 17¢ 30.¢ 0.92: 92.Z

7 5C 0 0 1.8¢ - -
0.37 1.0C 3.57 0.471 47.1
0.6t 1.75 4.04 0.53: 53.2
1.81 4.8F 5.4¢ 0.65¢ 65.¢€
3.27 8.7t 7.50 0.74¢ 74.¢
6.5¢4 17.t 11.4 0.83¢ 83.F

6C 0 0 2.3¢ - -
0.37 1.0C 4.5C 0.471 47.1
0.6t 1.75 5.1¢F 0.53¢ 53.¢
181 4.8F 7.27 0.671 67.1
3.27 8.7¢ 10.C 0.76: 76.2
6.5¢4 17.t 14.€ 0.831 83.7
9.8( 26.2 28.C 0.91¢ 91.F
13.2 35.2 32.2 0.92¢ 92.¢
26.2 70.2 42.F 0.94¢ 94.4
65.4 17¢ 70.C 0.96¢ 96.¢€

7C 0 0 9.2¢ - -
0.37 1.0C 16.€ 0.44¢ 44.¢€
0.6t 1.75 18.€ 0.50¢ 50.5
181 4.8¢ 25.¢ 0.641 64.1
3.27 8.7t 34.¢ 0.73: 73.Z
6.5¢4 17.5 49.4 0.81: 81.Z

8 6C 0 0 2.3¢ - -
0.68 1.7¢ 4.2C 0.43¢ 43.4
189 4.8F 5.2¢ 0.54¢ 54.¢
3.41 8.7¢ 6.84 0.65: 65.2
6.8:2 17.t 9.64 0.75: 75.2
10.2 26.2 14.1 0.831 83.1
13.7 35.2 15.€ 0.84¢ 84.¢
27.4 70.2 37.2 0.93¢ 93.¢
68.2 17¢ 50.¢€ 0.95: 95.z

a Inhibition Efficiency, IE (i.e./;) = surface coveragé
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3.3.4 Impedance measurements

For better understanding the corrosion inhibiti@enf@rmance, the EIS experiments were
carried out after 30 min immersion in the test 8olu The recorded impedance data
(Nyquist and Bode plots) of mild steel coupon/solug in absence or presence of
different concentrations (1.75 to 17BM) of cyclocopolymers6-8 were fitted by the

Randles equivalent electrochemical circuit (thefiged circuit) shown in Fig. 3.3.

Figure 3.3 Randles Electrical-chemical equivalémuit diagram used to modeling
metal/solution interface. KkSolution resistance,pRPolarization resistance, CPE:

Constant phase element

This simple circuit consists of a polarization s¢@nce R,), solution resistancdx{) and a
constant phase eleme@RE). The Rs value resulted by the potential drop between the
mild steel coupon as a working electrode and tfereace electrode, and its value was
calculated from the meeting point of the real g} axis at high frequency with the
fitted semicircle. While thdR, values were obtained from intersection of the seohc
with Z' axis at low frequency, which were contributed blyen resistances such as the

diffusion layer resistance and charge transferstasce and at the surface of working
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electrode [123]. The net polarization resistariRg @t mild steel coupon was calculated
using equation (4), and its value was used lateratoulate the inhibition efficiencies

based on the EIS using equation (3).

Rp=Ro- Rs (4)

The CPE s used to express the non-ideal capacitance amddeal frequency response.
It is commonly used in the electrochemical cirdnitorder to attain better fitting. The

double layer capacitanc€d) relates to th€ PEby equation (5).

Cai= CPE()™ 5)

where o is the angular frequency (radian) at the maximumaginary part of the

impedance, and is the surface heterogeneity.

Table 3.4summarizes the normalized EIS data for the cormsfca mild steel sample in
1 M HCI solutions containing different concentraisoof inhibitorss-8 at 60 °C. The EIS
fitting results showed that the values are lower than 1, which attributed to tlerp
homogeneity of surface of the mild steel. It hagsrbéound that with increasing the
concentration of polymer compounds, tRg valueswere increased and the values of
CPE were decreased as a result of increasing thertbgskof the adsorbed polymer, this
eventually leads to increase in the inhibitionaéincy, which reached to 96.4% in case
of using 175uM of polymer compound7. An increase in the adsorption of
cyclocopolymer compounds-8 at the higher concentrations the metal surface causes
the n values to become lower indicating an increasehe lieterogeneity of the metal
surface. The results obtained from EIS study imag¢ethe results of the gravimetric
weight loss, LPR and Tafel.
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Table 3.4 Impedance parameters for the corrosi@oild steel sample in 1 M HCI

solutions containing inhibitor§, 7 and8 at 60 °C.

Concentration ,
Sample™ ppm Rs Ro cpPE 0 R} 7(%)
(bywt) HM (Qcnf)  (Qend)  (WF e (Q cr?)
6 0 0 0.37¢ 1.96¢ 922 0.98¢ 1.59( -

0.64 1.75 0.479 3.537 566 0.905 3.058 48.C
1.77 4.85 0.485 4.050 492 0.919 3.56555.4
3.20 8.75 0.447 5.837 348 0.846 5.39070.5
6.40 175 0.436 9.077 335 0.827 8.64181.¢
9.59 26.2 0.430 15.87 301 0.793 15.44 89.7
12.9 35.2 0.128 16.52 262 0.722 16.3990.2
25.7 70.2 0.292 18.57 203 0.669 18.2891.c
64.0 175 0.334 19.96 197 0.554 19.63 91.¢

7 0 0 0.373 1.963 922 0.989 1.590 -
0.65 1.75 0.433 3.759 465 0.941 3.326 52.2
1.81 4.85 0.368 5.100 317 0.801 4.732 66.4
3.27 8.75 0.362 7.157 325 0.716 6.795 76.6
6.54 175 0.126 8.910 311 0.658 8.784 81.9
9.80 26.2 0.005 15.60 366 0.646 15.59 89.8
13.2 35.2 0.419 20.05 247 0.780 19.63 91.9
26.2 70.2 0.303 28.19 391 0.844 27.89 94.3
65.4 175 0.330 44.10 207 0.835 44.17 96.4

8 0 0 0.373 1.963 922 0.989 1.590 -
0.68 1.75 0.510 3.256 546 0.896 2.746 42.1
1.89 4.85 0.447 3.889 406 0.771 3.442 53.8
3.41 8.75 0.474 4.878 343 0.758 4.404 63.9
6.82 17.5 0.521 6.805 309 0.840 6.284 74.7
10.2 26.2 0.391 9.477 312 0.815 9.086 82.5
13.7 35.2 0.532 10.54 305 0.847 10.01 84.1
27.4 70.z  0.46- 26.9¢ 32¢ 0.86¢  26.5( 94
68.2 175 0.557 30.55 252 0.875 29.99 94.7

aDouble layer capacitanc€if) and coating capacitanc€ are usually modeled with a

constant phase eleme@KE) in modeling an electrochemical phenomenon.
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Figure 3.2 Nyquist diagram of () (b) 7 and (c)8 on the mild steel at 60 °C in 1 M HCI
containing various concentrations of polymers. &biie in the Nyquist plot fitted to the
equivalent circuit; solid lines represent fittedadand various symbols represent

experimental data
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The Nyquist and Bode plots are shown in Fig. 3648t different concentrations (1.75
to 175 uM) of polymer compound$-8. The inset figures in Fig. 3.4howed the
magnified Nyquist plots at blank and low concemdrzg of polymers. The Nyquist plots
shown in Fig. 3.4, clearly demonstrated that theenditer of the semicircles increases
with the increasing inhibitors’ concentrations, alhsuggest an increase in the protective
layer of the inhibitor molecules on the mild steeiface. Bode magnitude plots (Fig. 3.5)
for compounds7 and 8 imply an increase in the polarization resistanBg) (with
increasing the polymer concentrations. Bode phageeglots (Fig. 3.6) for compounds
6-8 show an increase in the angle value at intermedia@guency with increasing the
inhibitor concentrations, which demonstrates dessréa the capacitance at the surface of
the mild steel electrode, thereby decreasing tloal ldielectric constant as well as

increasing the adsorbed amount of inhibitors omtiié steel coupon surface.

3.3.5 Adsorption isotherms

The adsorption ability of inhibitor molecules detémes the inhibition effectiveness
imparted on the mild steel surface. With a viewh&ving an insight into the adsorption
mechanism of the synthesized polymer compounds, ddsorption thermodynamic was
studied, and the most common four adsorption isothe(i.e. Freundlich, Langmuir,
Frumkin and Temkin’s isotherms) describing the trefeship between the surface
coverage €) and the bulk low concentration of inhibitdZ)((equations 6-9) [124] were

tested using the linear least square method asrshokig. 3.7.
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Figure 3.7 a) Temkin adsorption isotherm plotd,.dm)gmuir adsorption isotherm, c)
Freundlich adsorption isotherm for the adsorptibmbibitors6-8 at 60 °C, and d)
Temkin adsorption isotherm for the adsorption diititor 7 at various temperatures, on

the surface of mild steel

Freundluich: 8= Kag " (6)
Langmuir: @(1-6) =Kaal (7)
Frumkin (Frumkin, 1925)K.C ={d(1-9)} e?* (8)
Temkin: KagsC= € ¢ )
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The square correlation coefficient®?( and the value of the constant in the tested

isotherm models for polymer compoun@ss at different temperatures are tabulated in

Table 3.5.

Table 3.5 Square of correlation coefficientd)(&d values of the constants in the

adsorption isotherms of Temkin, Frumkin, Langmund &reundlich in the presence of

inhibitors6, 7 and8 in 1 M HCI solution (LPR data used for the isothgr

Temp Temkint Langmui? Frumkin® Freundlict
Sample
(°C) (R, f) (R) (R, a) (R%,n)
60 0.9883, 6.9 0.9981 0.8452, -0.2 0.9966, 0.2
50 0.9975,7.8 0.9992 0.9522, -0.2 0.9977, 0.2
60 0.9973,7.5 0.9942 0.9796, -0.2 0.9930, 0.2
70 0.9976, 7.7 0.9926 0.9764, -0.2 0.9946, 0.2
8 60 0.9952, 6.9 0.9873 0.8655, -0.2 0.9879, 0.2

Temkin: Kagl = €°
2Langmuir: @ (1-6) = KaaC
SFrumkin:Kaa = { 4 (1-9} €22
“Freundluich:0=KaL "

The higher correlation coefficient values obtainedm Langmuir, Freundlich and
Temkin isotherm models (Table 3.5) suggest thattsorption of inhibition is achieved
by a mixed chemisorption and physisorption meclanishich means that electrostatic
as well as chemical interaction between the metdhse and the polymer compounds
contributed to the adsorption process. To furthgrare the adsorption mechanism, the
thermodynamic parameters (adsorption equilibriumstant Kadg, free energy AGPads),
enthalpy QH%q9 and entropy of adsorptiod$aqd9 were calculated using equations 10

and 11, and presented in Table 3.6.
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~8G,4s

1
K. = 10
ads 555 €xp ( RT ) ( )

AGP = AHO - TAS (11)

Table 3.6 : The values of the adsorption equiliioriconstant from Langmuir adsorption
isotherms and free energy, enthalpy, entropy clsaatthe mild steel dissolution in the

presence of inhibitor§, 7 and8in 1 M HCI

Samp|e Temp ()C) Kadsx 105 AGoads AHoads Asjads
(L molH)2 (kJ mo™) (kJmo?!) (I molKY
6 60 13601929 -44.1 - -
7 50 37721678 -46.8
60 32596030 -46.5 -57.2 32.0
70 29435181 -46.2
8 60 10665365 -43.5 - -

aKagsObtained in L/mg was converted to L/mol

The negativéAG%q4s andAH®gs values obtained from Fig. 3iBdicate that the adsorption
process is spontaneous and exothermic, respectiviglgically, the mechanism of
adsorption can be classified as a physisorptioamntsorption or mixed mechanism based
on the magnitude akG®q4sandAH%g4s When the absolute value -@AGPagsis lower than
20 kJ mot and theAH%gs is less negative than -40 kJ mdhe adsorption process is

described as physisorption.
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Figure 3.8 Variation 0AG,4s Versus T on mild steel in 1 M HCI containifig

On the other hand, when the absolute valueA@°aqsis higher than 40 kJ méland the
AH%gs is more negative than -100 kJ mpthe adsorption process can be classified as
chemisorption or mixed mechanism would follow ietlabsolute value ofAGPgsis
higher than 20 kJ mdlbut less than 40 kJ mb[125-128]. The calculated values of
AGP,gs are ranging between -43.5 and -46.8 kJthahd theAH%gqsfor adsorption of the
synthesized polymer compourd was found to be -57.2 kJ mbl(Table 3.6). This
suggests that the adsorption is attained througiixad mechanism by the influence of
chemisorption mechanism. The non-bonded aneélectrons induce the synthesized
polymer molecules in different media, and intessith the low-lying vacant-orbitals of
iron at the anodic sites by overlapping chemicaltyl electrostatically. [129,130]. The
positive value 0AS aqs (32 J mot K1) for polymer compound adsorption on mild steel
in 1 M HCI (Table 3.6, Fig. 3.8) is an indicatioor fincreasing the randomness on the
solid surface/inhibitor interface where the adsdrlxehibitor molecules displaced the

adsorbed water molecules on the surface of mikl.ste
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3.3.6 Surface analysis
The XPS and SEM-EDX were used to further confirne #dsorption of polymer

compound onto the mild steel surface.

3.3.6.1 XPS analysis

The intensity (counts) versus binding energy (eVWt gor the polymer compounds
adsorbed onto the metal surface was recorded by aitBare presented in Fig. 9a-f. Fig.
9a-c show the wide scan XPS spectra of polymer comgs6-8. The signals of S 2p, N
1s, C 1s, O 1s suggest that the polymer compoutnishvweontain N, C, O and S are
present onto the metal surface, and the Fe 2plstgnaes from the metal substrate and
its corrosion product. The high-resolution XPS s$eof O 1s, C 1s, and Fe 2p are
presented in Fig 9 (b, d, f). The presence of @daks at 532.6, 532.0 and 530.2 shown
in Fig. 9b can be associated with the fact thath&lte studied polymers of the type O=0,
C-O and @ thereby implying the interaction between the paymolecules and the
oxide layer, which help forming a thin film ontoettmetal surface [131,132]. The XPS
deconvoluted profiles of C 1s spectrum showed Ghthatic peak, C=0 and C-N peaks
near 286.6 and 285.4 eV, respectively (Fig. 9dhigh resolution XPS spectrum of Fe
2p, the intensity peaks appeared near 716.2, 77298 and 707.3 can be assigned to

Fe(OH), Fé* (2p), F&* and F& (2p) (Fig. 9f).

The XPS samples were prepared by immersing the stddl coupons for 6 h in test
solution containing 17%M polymer at 60 °C in 250 mL of 1 M HCI. The paraers

obtained from XPS analysis are depicted in Talde 3.

72



Intensity / counts Intensity f counts

Intensity / counts

1200

60000
1 a)
45000 ]
30000
] Cls
15000 1 52p
] —l-\Lv’- ﬂ“l-'t!p
0 300 600 900 1200
Binding energy / eV
16000
1¢)
12000 ]
8000 -
5
4000  S2p S Felp
u ] rrr T Ty oo r gt L R B L
0 300 600 900
Binding energy [ eV
60000
4 e]
40000 ]
Ol
20000 ) Cls
1 52[] Xl
0 T T~Felp
0 300 600 500 1200

Binding energy eV

Intensity/counts

Intensity / counts

Intensity / counts

¥

12000
10 01s
9000 -
6000 @
3000 -
ﬂ ] rrfrrrrrrerrcrTT
526 529 532 535 538
Binding energy / eV
1a000 { 9 C1s
14000
10000 1
|
6000 ]
2000 ] —r rr 15T
282 285 288 291
Binding energy/ eV
2300 1 f) Fe2p

2500 1

2100 4

1700

705

710 M5 720

Binding energy [ eV

Figure 3.9 (a) XPS survey spectrum of@ajc) 7 and (e)8, and the XPS deconvoluted

profiles of (b) O 1s 06; (d) C1s of8, and (f) Fe 2p o8 after immersing in 1 M HCI at

60 °C for 6 h (17pM)
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Table 3.7 XPS scan composition of mild steel coupahM HCI containings, 7 and8 at

60 °C

Peak Approx. binding Composition
energy (eV (atom %
6 7 8

C 1« 285.¢ 31t 29.2 34.4
C 1« 286.¢ 19.4 18.7 13.2
O 1s 530.: 13.2 15.7 14.F
O 1s 532.( 30.€
O 1s 532.¢ 26.t 28.2
N 1< 400.2 3.9¢ 1.8¢ 3.0¢
Fe 2; 707.: 1.61 2.52 1.3¢
Fe 2; 709.¢ 2.9¢ 1.9¢ 0.97
Fe 2p 712.4 1.30 1.27
Fe 2p 716.2 0.4z
Cl 2p 199.2 0.84

3.3.6.2 SEM- EDX analysis

SEM-EDX were used to study the surface morpholdgthe mild steel in absence and
presence of polymer compoundafter the immersion for 6 h in 1 M HCI, and are
presented in Fig. 3.10b, c. The polished mild sseeface without exposed to 1 M HCI
shown in figure 3.10a was used as reference. laralesof polymer compounédshown

in Fig. 3.10b, the metal surface was severely daahagurface roughness and porosity
were very high, and intensely corroded by the aggive acid medium (1 M HCI). In
presence of polymer compound (1dB!), the effects of corrosion were suppressed; the
smoother surface was detected (Fig. 3.10c) comptretthe untreated surface (Fig.
3.10b). The mild steel surface was relatively ihtwd smooth, which could suggest that
the inhibitor compound protects the metal surface against aggressivesive media

by the formation of thin layer onto the mild steatface.
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Figure 3.10 SEM micrographs on the surface of tité steel: a) polished, after
immersion of 6 h: b) untreated mild steel in 1 MIH@d ¢) mild steel treated in presence

of 175uM of inhibitor 7. The corresponding EDX spectra are in d, e and f
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The EDX analysis was also incorporated to furttwaficm the adsorption of the polymer
compound? onto the metal surface. The strong iron signal ekected for the reference
(polished) sample (Fig. 3.10d), while the iron aoxygen signal appeared in the
uninhibited sample could be due to the slow atmesphoxidation and formation of

FeOs oxide films (Fig. 3.10e). In Fig. 3.10f, the inhdx surface appeared with the
signal of iron with additional signals of carbontreagen and oxygen atoms implied the
presence of adsorbed polymer compound that formeotective layer onto the metal

surface to resist the surface from the corrositachkt

3.4 Conclusions

The inhibition effects of cyclocopolymers of sulfdioxide and biogenic amino acid
methionine residue containing ester functionalitg aulfide, sulfoxide or sulfone motifs
in each alternate repeat units have been investidgar their feasibility as a corrosion
inhibitor in acid media using gravimetric weighs$oand electrochemical methods. From

the present study, the following conclusions canliaevn:

1. The synthesized cyclocopolymers showed excellembsimn efficiency resisting
mild steel corrosion in 1 M HCI.

2. The corrosion efficiencies increase with increasthg concentration of the
polymers. In presence of 118, the maximum corrosion efficiencies for the

cyclocopolymei6-8 were determined to be 92, 97 and 95%, respectively
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. The inhibition efficiencies obtained from gravimetr weight loss,
potentiodynamic polarization and electrochemicalpeaance spectroscopy
techniques are coherent to each other.

. The polymer compounds studied in the present stacly as a mixed-type
inhibitor.

. The polymer compound adsorbed onto the metal surface by chemisorptioh a
physisorption processes, and obeys Langmuir, TeakithFreundlich adsorption
isotherms.

. The negative values @GPags and AHgs suggest that the adsorption process of
polymer7 is spontaneous and exothermic. The adsorptiottasad through a
mixed mechanism by the influence of chemisorptioachanism. TheASaqs
values indicate increasing the randomness on tle |urface/inhibitor interface
where the adsorbed inhibitor molecules displaceattsorbed water molecules on
the surface of the mild steel.

. The XPS and SEM-EDX supported the adsorption thiah$ a thin film onto the

metal surface and protects the metal surface framosion attack.
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CHAPTER 4

Inhibition of Mild Steel Corrosion in Hydrochloric Acid
Medium by Polymeric Inhibitors Containing Residues of

Essential Amino Acid Methionine

4.1 Introduction

Mild steel has low carbon content (up to 0.3%), chhis readily available, cheap and
found huge applications in oil and gas industrieg do its notably high mechanical
properties [133]. It becomes very vulnerable withintmuous use of acids in various
industrial processes [134]. Inhibitors’ ability farotect the mild steel surface from
corrosion in the acid media makes its use a highéictical method. Different types of
organic and inorganic compounds are widely explaredcorrosion inhibitors for the
protection of metal surfaces [135]. Organic comasnhibitors utilize the service of lone
pair of electrons in heteroatoms to cover metafaser by formation of coordinate-type
bonds with the metal’s vacadt orbitals. The increase in inhibition efficiency ihe

order O < N < S < P signifies the greater polarizgbof the lone pairs in the third-

period elements thereby making them better inhibifb11].

The inhibitor molecules usually interfere with amdr cathodic reactions occurring on
the metal surfaces to minimize or eliminate cowongprocess [113However, most of
the synthetic inhibitors were found to be not oakpensive but also toxic and cause
health problems [136]Therefore, it is an utmost demand in these daysptace the
synthetic inhibitors by a cheap, non-toxic, mosedive and environmentally friendly

corrosion inhibitors.
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In this chapter, we will discuss the synthesis ofgmup of ‘apparently’ green

cyclopolymers from non-toxic and inexpensive biagemino acid ester of methionide

(Scheme 1)
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Scheme 4.1 Synthesis of methionine-based diallylarsalts-sulfur dioxide copolymers

The polymerization process led émbed the skeleton of pyrrolidine ring in the polym
chains. The immensely important Butler’s cyclopodyimation protocol [77,79,80], used
in the synthesis, led to polymet4s5 and6, the repeating units of which contained the
residues of amino acid methionine and/or methiorsuoxide. The presence of pH-
responsive N along with O and S as well as muli@piehoring points in a polymer chain
has provided us an opportunity to examine and coenfieée efficacy of the functional
motifs of the sulfideversussulfoxide and carboxyl (C£l) versusester (CQEt) in the

inhibition of mild steel corrosion in 1.0 M HCI. €&hcorrosion efficiency and adsorption
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characteristics of these potentially green polyn@ranmild steel has been evaluated by
gravimetric and various electrochemical technigasswell as by X-ray photoelectron
spectroscopy (XPS), and scanning electron micros¢8gM) and energy dispersive X-

ray spectroscopy (EDX).

4.2 Experimental

4.2.1 Materials

Ethyl ester hydrochloride of L-Methioning, allyl bromide and Azobisisobutyronitrile
(AIBN) were purchased from Fluka Chemie AG. AlBNswecrystallized from CHél
EtOH. Hydrogen peroxide (35 w/v %), hydrochloridda¢37% wi/v), acetic acid and
potassium carbonate {€0s3) were purchased from BDH Chemical Ltd (Pool, Endla
and used as received. Dimethylsulfoxide (DMSO)edlriover Cald overnight, was
distilled (bps mmHg64—65 °C). All solvents (reagent grade) obtainednfiSigma Aldrich,

and used as received.

4.2.2 Physical methods

FT-IR (Perkin Elmer 16F PC FTIR), and NMR (JEOL 1580 MHz) were utilized to
determine the structural composition of the compisuihe elemental composition was
determined by Perkin Elmer Elemental Analyzer (Ma2#00). The viscosity values of
the synthesized compounds were determined by Ubdelwiscometer (Viscometer
Constant 0.005317 nfrs?). Thermogravimetric analysis (TGA) was performesing
Platinum/Platinum—Rhodium (Type R) thermocoupledarn\> (flow rate 50 mL/min)
using an SDT thermogravimetric analyzer (Q600: T&tdluments, New Castle, DE,

USA) by stepping up the temperature (10 °C/min)ro28—800 °C. A potentiostat-

80



galvanostat (Auto Lab, Model # 10A-BST707A) conmeelctvith a computer was used to

measure the electrochemical properties.

4.2.3 Synthesis

L-Methioninel -derived monomeg, and its S@copolymers4 were prepared following
the published literature procedure [84]. The edterctionality in L-Methioninel -
derived monomee is hydrolyzed t@8, and its S@copolymerss and6 were prepared as

described [121].

4.2.4 Specimens

For gravimetric measurements, rectangular shapd stdel coupon samples of size
2.5x2.0x0.1 crh were used. For electrochemical polarization and eiapce
measurements, a flag shaped mild steel couponsr(xhick; exposure areaa. 2 cn¥)
with an approximate stem of 3 cm embedded by adkeal RS, Saudi Arabia) were
abraded by different grades of emery papers (gifieto 1500), rinsed with deionized
distilled water, degreased with acetone followedabgther wash by deionized distilled
water and dried in a hot air at room temperatune, stored in a desiccator before their
use. The chemical composition of mild steel speosneused in gravimetric,
electrochemical polarization and impedance measemestwere as follow: C (0.089), Mn

(0.34), Cr (0.037), Ni (0.022), Mo (0.007), Cu (@), V (0.005), P (0.010), Fe (99.47).

4.2.5 Solutions
HCI solution was prepared from concentrated HCY43iieagent grade) by diluting to 1.0

M, with distilled de-ionized water. The corrosiarhibitors with different concentrations
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in UM were dissolved in 1.0 M HCI solution, and 1.0 MCHsolution without the

presence of inhibitor was considered as blank.

4.2.6 Gravimetric measurements

The mild steel coupons (2.5 cmx2.0 cmx0.1 cm) lgamost equal masses and size
were used to perform the gravimetric measuremerte mild steel coupons were

immersed by hanging in 250 mL of 1.0 M HCI for énhthe presence or absence of the
synthesized inhibitors at 60 °C. After a certaimiqué of time, the steel coupons were
removed from the solution, wiped with a tissue papesed with water, and dried in a

vacuum oven.

The percent inhibition efficiency(%) was calculated using the weight loss of the mild

steel couponsia Eq. (1):

b

n %= x 100 (1)

b
where, Wand W, represent weight loss in the presence or absdrnoelyoner molecule,

respectively.

The average relative weight loss of the mild steeipons was determined from the three
individual measurements. The average weight losspsrcentage was deviated within a

range of 0.5-3.0%.
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4.2.7 Electrochemical measurements

4.2.7.1 OCP versus time

The required time to reach steady OCP at the sauid&aenild steel coupon immersed in
different concentrations (0, 1.00 and 1i®!) of inhibitors 4, 5and6 in 1.0 M HCI

solution was measured.

410 1 P e gm
] j —+—4-1.00 UM
430 - - 4-175 1M
& 1 o e 5-1.00 1M
] -
2 450 _. >< ——5-175 I-|r|":|
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Figure 4.1 OCP variation of mild steel with immerstime in 1.0 M HCI solution

containing various concentrations (1.00 and {1V§ of 4-6 at 60 °C

As shown in Fig. 4.1, the OCP was measured at wsuriiones (0 to 60 min.) and it has

been found the steady OCP was achieved after ai@inain.

4.2.7.2 Tafel extrapolations
Three electrode type electrochemical cell and 750round bottom flask were used to
perform the experiments. The reference electrodsatisrated calomel electrode (SCE),

the auxiliary electrode is graphite rod§ mm diameter) and the working electrode is the
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mild steel coupon which was pre-corroded for 30¥60 to reach the stable OCP. All of
them were immersed in the 1 M HCI (250 mL) testusoh at 60 °C. Computerized
potentiostat-galvanostat (Auto Lab, Booster 10A-B&AA, Eco Chemie, Netherlands)
controlled by NOVA (version 1.8) software was usedecord the polarization curves
with a current of 1 A. The scan was performed itepbal window+ 250 mV around the

corresponding OCP with a scan rate of 0.5 mV/s. [hiition efficiencies based on the

corrosion current density were calculated usingaégn 2:

1., 8lenk=1 . mpiitor

[ é ank

corr

n(%)=(

) x100 )

Where/ s« IS the current of corrosion in absence of inhilstand’ ;.0 1S 1N

corr corr

presence of inhibitor.

4.2.7.3 Linear Polarization Resistance (LPR) method
The same electrochemical cell and the conditioseritsed in section 4.2.7.2 were used

to measure the LPR by recording the current vepsiential range o£10 mV around

Ecor. The obtained polarization resistances in abs€RG$ and presence R'p ) of

inhibitors were used to calculate the surface @y @) which correlated to the

inhibition efficiencies calculated based on LRR4() using equation (3):

R -R
(7%) = (&%) =(%) x100 Q

'

p
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4.2.7.4 Electrochemical Impedance Spectroscopy (BIS

The electrochemical impedance measuring experinveeits done in a new test solution
(250 mL of 1 M HCI) at 60 °C using the electrocheahicell which consists of three

electrodes connected to the computerized poteatigaivanostat system described in
section 4.2.7.2. Using the NOVA processing softw@rersion 1.8), the Nyquist and

Bode plots were recorded at corresponding OCPeiquigncy range from 100 KHz to 50
mHz with amplitude 10 mV. The obtained data wettedi with the most suitable (lowest

deviation from the experimental values) electrocicahequivalent circuit.

4.2.8 Surface analysis

4.2.8.1 X-ray photoelectron microscopy

The XPS analysis was performed by a X-ray photbelecspectrometer (Thermos

Scientific, Model # Escalab 250 Xi). Avantage saftes was used to process the data.
The C 1s peak at 285.4 eV was considered to befaence peak. A non-linear least
squares algorithm with a Gaussian-Lorentzian coatlwn and a Shirley baseline was

used to deconvolute the XPS spectra.

4.2.8.2 SEM and EDX

The surface morphology of the inhibited (presenteaymer) and corroded (blank)

metal surface was performed using a field-emissseanning electron microscope
(FESEM, Lyra 3, Tescan, Czech Republic) with acedgien beam was in ranges 20-30
kV. In addition, an energy dispersive X-ray (EDXkestroscope (Oxford Inc., UK) fitted

with an X-Max detector was used to determine thentgbal compositions and for

mapping the levels of homogeneity of these metalasas. The SEM images were
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captured after immersing the steel samples at G@r°6 h in absence (@M) or presence

of polymer (175uM).

4.3 Results and Discussion

4.3.1 Synthesis of the polymeric inhibitors

Cyclopolymerization [77—79] of diallylammonium salt or their alternate
copolymerization [80—-82] with SChave etched an important place in the synthess of
plethora of industrially significant ionic polymer$he copolymerization of monomer
2/SQG in solvent dimethyl sulfoxide (DMSO) led to therdmation of water-soluble
polymer4 having sulfide and sulfoxide moieties in a 1:1 agsult of oxide exchange
from DMSO (Scheme 4.1) [82]. Note that the polymation carried out in ethanol/or
acetone solvent gave water-insoluble copolymey = 0). The water-solubility of
polymer4 containing equal proportion of sulfide and sulfexishotifs is desired since its

corrosion inhibition of mild steel in 1.0 M HCI cdmen be studied.

In the current work, the ester functionality in neamer 2 is hydrolyzed to3 with the
anticipation that the corresponding water-soluliéymers5 and 6 could be tested for
inhibition of mild steel corrosion, thereby prowidi the opportunity to compare the
inhibition efficiencies of ester and carboxyl greupgo study the effect of sulfoxide
motifs alone,we convertedhydrolyzed copolymer5 having sulfide and sulfoxide
moieties into sulfoxide motifs as & The current polymeric inhibito®-6 offer greater
latitude in safeguarding the metal surface: (i)ythentain three important heteroatoms:
N, O and S, (ii) as polymers, they have multiplenfoto anchor on the metal surface
[85,86], (iii) the retention of all three originaiotifs of methionine (i.e. amine N, thiol -

S-, and CQ) in the polymer chain is anticipated to provideuadbant lone pairs of
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electrons as well as chelating ligands to compléth We?* on the metal surface. The
corrosion efficiency and adsorption characteristit$hese polymers would allow us to
compare the inhibition efficiencies of the polymenssing gravimetric and

potentiodynamic polarization methods, and electoabal impedance spectroscopy
(EIS). The surface morphology of the polymer carmtay mild steel surface has been
evaluated by X-ray photoelectron spectroscopy (XB8J scanning electron microscopy

(SEM) and energy dispersive X-ray spectroscopy (EDX

The intrinsic viscosity j] of copolymer4, determined from viscosities of 1-0.125%
solutions in 0.1 M NaCl at 38C, was found to be 0.127 dL*gThe intrinsic viscosity
[n] of 5 and®6, in the presence of 1 equivalent of NaOH in 0.INKIC| at 30 °C were
determined to be 0.055 and 0.061 dL,gespectively. These low values gfl indicate
the low molar masses of the polymers. The thernegratlation of the synthesized
copolymers were examined by TGA to realize the gbahstability of the inhibitors. The
TGA curves of polymerd-6 showed good thermal stability and no sudden weiggg

has been observed up to 2@

4.3.2 Gravimetric measurements
The results of gravimetric weight loss measurememitsch were carried out in triplicate
using mild steel coupons immersed in the presenadsence of the synthesized polymer

solution in 1.0 M HCI for 6 h at 60 °C are depictedrable 4.1.
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Table 4.1 The% 2 for inhibitors4, 5 and6 obtained by gravimetric method for the

inhibition of corrosion of mild steel at 60 °C irDIM HCI for 6 h.

Sample n (%) at concentration of inhibitors ( paM )
1.75 4.85 8.75 17.5 26.2 35.2 70.2 175
4 50.6 57.7 74.3 82.1 90.5 90.8 92.4 93.0
5 76.9 88.6 93.5 96.2 98.0 98.7 99.3 99.5
6 60.1 72.4 78.2 87.3 90.9 93.0 93.4 93.8

a|E (i.e.,n) = surface coveragé

The inhibition efficiency was found to be very elest in all studied polymer
compoundg}-6. Table 4.1 showed that the measured inhibitiortieficy values for 175
MM of polymer compounds4-6 were determined to be 93.0, 99.5, and 93.8%,
respectively, while at the polymer concentration 3&.2 uM ( =11 £ 1 ppm), the
corresponding inhibition efficiency values wereirasted to be 90.8, 98.7 and 93.0%,
respectively. It is apparent from the gravimetrieight loss results (Table 4.1) that an
increase in the concentrations of the copolyre8sn 1.0M HCI increases the inhibition
efficiency and reaches a maximum value suggeshiagdrmation of a monolayer film
onto the mild steel surface. In all the concendragiof studied polymer molecules, the 1:
1 ratio of sulfide and sulfoxide motifs in hydrogd copolymer5 gave the best
protection. At a concentration of 17BM, the inhibition efficiency value of the
copolymer5 was determined to be 99.5%. The excellent inlbigfficiency obtained by
the hydrolyzed copolymers confirm the presenceswface active functional motifs

containing —S-, -S=0, -N- that resist the corrosiato the mild steel surface.
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4.3.3 Polarization measurements

The steady open circuit potential (OCP) values wab&ined from the experiment
measuring the OCP values versus immersion tima faild steel coupon in the presence
or absence (blank) of various copolymé#6 at a concentration of 1.M and 175uM

in 1.0 M HCI solution. The results presented in. Big. showed that the OCP in absence
of the inhibitors slightly shifted towards positigerection and became stable very fast,
resulting in the free corrosion potenti&br of the mild steel coupon. In the presence of
inhibitors, the OCP values had a slower rate ohghy with higher magnitude towards
a positive direction and reached the steady sf&e=80 min. The magnitude of tH&or
shifts towards a positive direction increased vinitrease in the inhibitor concentration.
Shifting of Ecorr towards the positive direction suggests the inbibitare preferentially

getting adsorbed on the anodic sites of mild stadhce.

Fig. 4.2 shows the Tafel potentiodynamic polarization curvyes the mild steel in
absence and presence of different concentratio@8 (@ 175.M) of inhibitors4-6in 1.0

M HCI solution at 60 °C. The extrapolation of linesegments of anodic and cathodic
sides in Tafel plots was used to obtain varioustelehemical parameters such as the
produced current density of corrosideed) and corrosion potentiaE¢orr) of mild steel
coupons which are summarized in Table 4.2. As showmable 4.2, the significant
decrease in throrr is an evidence of the inhibitive nature of thethgsized compounds.
The shifting ofEcorr values to positive direction with a magnitude higtiean 85 mV in
case of using hydrolyzed copolymer compoubdmd6 suggested that they are anodic
type inhibitors, which mainly block the anodic sitend suppresses the anodic reaction

[122].
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Table 4.2 Results of Tafel plots of a mild steehpke in 1.0 M HCI containing

inhibitors4, 5 and6 at different temperature

Concentratior Tafel
Tem m Ecorvs. SCE lcorr v

sample oo (pywty MM (mV) (mvBc?ecl) (mvBJecl) (Acm?y  (mmyy " OO

4 60 0 0 -49¢t 73.8 -16¢ 2465 28.6 -
0.36 1.00 -494 64.4 -10€ 1506 17.5 38.9
0.64 1.75 -494 58.8 -117 1395 16.2 43.4
1.77 4.85 -497 70.8 -10¢ 1038 12.0 57.9
3.20 8.75 -491 79.9 -113 764 8.86 69.0
6.40 17.5 -49C 99.2 =127 486 5.64 80.3
9.59 26.2 -48¢€ 89.1 =122 365 4.23 85.2
12.9 35.2 -484 84.5 -11C 335 3.89 86.4
25.7 70.2 -481 92.3 -103 286 3.32 88.4
64.0 175 -47¢ 96.7 -10¢€ 177 2.05 92.8

5 50 0 0 -48:2 51.2 =117 505 5.85 -
0.30 1.00 -47¢ 73.7 =127 170 2.03 66.3
0.53 1.75 -A477 87.8 -134 134 1.55 73.5
1.46 4.85 -461 76.5 -137 86.9 1.01 82.8
2.64 8.75 —45¢ 70.8 -15¢ 52.5 0.61 89.6
5.27 17.5 -45€ 69.8 -134 30.8 0.36 93.9

60 0 0 -49¢t 73.8 -16¢ 2465 28.6 -
0.30 1.00 —45¢E 93.6 -144 784 9.09 68.2
0.53 1.75 -43€ 79.4 -14Z 454 5.27 81.6
1.46 4.85 -43€ 81.6 -112 209 2.15 91.5
2.64 8.75 -432 82.3 -103 140 1.35 94.3
5.27 17.5 -427 85.3 -124 71.5 0.83 97.1
7.90 26.2 -41¢ 91.0 -137 51.8 0.60 97.9
10.6 35.2 -41¢ 97.5 -103 44.4 0.52 98.2
21.2 70.2 -41¢€ 92.5 -112 22.2 0.26 99.1
52.8 175 -41C 91.0 -11E 14.8 0.17 99.4

70 0 0 -49¢ 60.9 -10z 4508 52.3 -
0.30 1.00 -49C 87.1 =104 2376 23.6 47.3
0.53 1.75 —-487 79.1 -93.4 2087 20.0 53.7
1.46 4.85 —-48E 96.4 -113 1434 13.5 68.2
2.64 8.75 -481 98.1 -10€ 983 10.7 78.2
5.27 17.5 -47¢€ 66.0 -98.7 618 7.17 86.3

6 60 0 0 -49¢t 73.8 -16¢ 2465 28.6 -
0.54 1.75 -43E 110 -90.C 1055 12.2 57.2
1.50 4.85 -434 84.6 -6 8.7 848 9.84 65.6
2.71 8.75 -434 108 -121 628 7.28 74.5
5.42 17.5 -43Z 86.0 -96.2 380 4.41 84.6
8.11 26.2 -43C 74.3 -80.4 288 3.34 88.3
10.9 35.2 -41¢ 90.0 -84.1 202 2.34 91.8
21.8 70.2 -41C 81.2 -89.3 187 2.17 92.4
54.1 175 -40¢ 93.2 -87.7 175 2.03 92.9

a Inhibition Efficiency, IE (i.e./;) = surface coverag@
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In case of the coester polymer compouhthe shifting was less than 20 mV,
therefore it could be classified as a mixed typleibitor. However, the higher
reduction in the anodic current densities in congoarto the one in the cathodic
current densities is indicative of the greater dase in the anodic oxidation rate.
The inhibitors thwarted the corrosion reactionsfamymning a barrier film on the
metal surface under the major influence of anodictrol. It was also observed
that there is no significant change or clear trendsathodic §c) and anodic/)
slopes, which suggests no change in the inhibit@cthanism with increasing

concentrations of the inhibitors.

The corrosion inhibition efficiencies of the synéieed inhibitor compounds for
mild steel coupon in 1.0 M HCI solution at 60 °@taned from Tafel and LPR
experiments are summarized in Tables 4.2 and éshectively. To our great
satisfaction, the hydrolyzed copolymer compouinghowed excellent inhibition
efficiencies. In addition, it has been found tHagyt are in good agreement with

the inhibition efficiencies calculated based onwmsght loss method (Table 4.1).
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Table 4.3 Results of LPR method in 1.0 M HCI camitag inhibitors4, 5 and6 at

different temperature

Concentrations LPR
Temp opm R'p
Sample (by wt.) UM g2 8(%)
(C) ' (Q _cm?)

4 60 0 0 2.3¢ - -
0.3¢€ 1.0C 3.97 0.401 40.1
0.64 1.7¢ 4.34 0.45¢ 45.27
1.77 4.8t 5.6% 0.577 57.7
3.2C 8.7t 7.6% 0.68¢ 68.€
6.4C 17.F 12.€ 0.81¢ 81.4
9.5¢ 26.2 17.C 0.86( 86.C
12.¢ 35.2 18.2 0.86¢ 86.¢
25.7 70.2 20.C 0.881 88.1
64.C 17¢& 30.¢ 0.92: 92.c

5 50 0 0 1.8¢ - -
0.3C 1.0C 5.4¢ 0.65¢ 65.4
0.5¢ 1.7¢ 7.3C 0.741 74.1
1.4¢ 4.8t 11.4 0.83¢ 83.t
2.64 8.7t 18.F 0.89¢ 89.¢
5.27 17.F 32.C 0.941 94.1

60 0 0 2.3¢ - -
0.3C 1.0C 7.1¢ 0.66¢ 66.¢
0.5¢ 1.7¢ 12.1 0.80¢ 80.4
1.4¢ 4.8t 29.¢ 0.92( 92.C
2.64 8.7t 44 ¢ 0.947 94.7
5.27 17.F 14¢ 0.98¢ 98.4
7.9C 26.2 17C 0.98¢ 98.€
10.€ 35.2 23¢€ 0.99( 99.C
21.2 70.2 34C 0.99: 99.c
52.¢ 17¢& 59t 0.99¢ 99.€

70 0 0 9.2¢ - -
0.3C 1.0C 18.C 0.48¢ 48.4
0.5¢ 1.7¢ 20.2 0.53¢ 53.¢
1.4¢€ 4.8t 30.1 0.691 69.1
2.64 8.7¢ 46.C 0.79¢ 79.¢
5.27 17.F 70.4 0.86¢ 86.¢

6 60 0 0 2.3¢ - -
0.54 1.7¢ 5.6¢ 0.581 58.1
1.5C 4.8t 6.7¢€ 0.64¢ 64.¢
2.71 8.7t 9.0z 0.73¢ 73.€
5.4Z 17.F 14.¢ 0.84( 84.C
8.11 26.2 21.1 0.881 88.7
10.¢ 35.2 29.¢ 0.92( 92.C
21.€ 70.2 32.¢ 0.927 92.7
54.1 17¢& 35.C 0.93: 93.2

a Inhibition Efficiency, IE (i.e./;) = surface coveragé
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4.3.4 Impedance measurements

For better understanding the corrosion inhibiti@enf@rmance, the EIS experiments were
carried out after immersing the mild steel for 3 nm the test solution. The recorded
impedance data (Nyquist and Bode plots) of milelsteupon/solutions with and without

the corrosion inhibitorg-6 at different concentrations (1.75 to 1{®l) were fitted by

the Randles equivalent electrochemical circuit fi8st fitted circuit) shown in Fig. 4.3.

Figure 4.3 Randles electrical-chemical equivalécud diagram used to modeling
metal/solution interface. Rs: Solution resistaiye;, Polarization resistance, CPE:

Constant phase element

The simple circuit consists of a polarization resise Ry), solution resistancdrf) and a
constant phase element (CPE). Faevalue resulted by the potential drop between the
mild steel coupon as a working electrode and tfereace electrode, and its value was
calculated from intersection of the real parf) (@is at high frequency with the fitted
semicircle. While thdR, values were achieved from the intersection of sieohicwith Z
axis at low frequency, which were contributed blyestresistances such as the diffusion

layer resistance and charge transfer resistantteeaurface of working electrode (mild
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steel) [123]. The net polarization resistance @rgh transfer resistandgy) at mild steel
coupon was calculated using the equation (4), enehiue was used later to calculate the

inhibition efficiencies based on the EIS using diquma(3).

Rp=Ro- Rs (4)

The CPE is used to express the non-ideal capaeitand non-ideal frequency
response. It is commonly used in the electrochdnairauit in order to attain better

fitting. The double layer capacitanceq()Gelates to the CPE by equation (5).

Cai= CPE()™ 5)

where o is the angular frequency (radian) at the maximumaginary part of the

impedance, and is the surface heterogeneity.

The EIS fitting results showed that thevalues are lower than 1, which attributed to the
poor homogeneity of surface of the mild steel coup®able 4.4 summarizes the
normalized EIS results for the corrosion of a natdel sample in 1.0 M HCI solutions

containing different concentrations of inhibitér$ at 60 °C.

It has been found that with increase in the comaénh of inhibitors theR, were
increased and the values of CPE were decreasecdeasltof increasing the thickness of
the adsorbed inhibitor, this eventually leads wease the inhibition efficiency of 99.2%
in case of using 175M of compound5. An increase in the heterogeneity of the mild
steel surface caused by the increase in the adsorpf 4-6 inhibitors at higher
concentrations results in the lower values. The results obtained from EIS study

confirmed the findings of the LPR, Tafel and graetrnit methods.
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Table 4.4 Impedance parameters for the corrosi@moild steel sample in 1.0 M HCI

solutions containing inhibito, 5 and6 at 60 °C

Concentration
Rs Ro CPE R’ n (%)
Sample ppm n
UM (Qc?) (Qcm?)  (UF cni?) (Q cn?)
(by wt.)

0 0 0.373 1.963 922 0.989 1.590 =
0.64 1.7¢ 0.47¢ 3.537 56€ 0.90t  3.05¢ 48.C
1.77 4.8t 0.48¢ 4.05( 492 0.91¢  3.56¢ 55.4
4 3.2C 8.7t 0.44 5.831 34¢ 0.84¢  5.39( 70.t
6.4C 17.5 0.43¢ 9.077 33t 0.827  8.641 81.€
9.5¢ 26.2 0.43( 15.87 301 0.79: 15.4¢ 89.7
12.¢ 35.2 0.12¢ 16.5Z 262 0.72- 16.3¢ 90.:
25.7 70.2 0.29: 18.57 20¢ 0.66¢ 18.2¢ 91.c
64.C 17t 0.33¢ 19.9¢ 197 0.55¢ 19.6: 91.c

0 0 0.373 1.963 922 0.989 1.590
0.5 1.7¢ 0.72( 7.10¢ 13¢ 0.81¢  6.38¢ 75.1
1.4¢€ 4.8t 0.74¢ 14.5¢ 11z 0.947 13.8: 88.t
2.6 8.7¢ 0.37¢ 21.0: 71.6 0.91¢  20.6¢ 92.5
5 5.27 17.t 0.49¢ 36.6¢ 91.2 0.891  36.1¢ 95.€
7.9C 26.2 0.501 47.2¢ 60.5 0.865  46.7¢ 96.€
10.€ 35.2 0.93( 89.2¢ 21.¢ 0.88¢  88.3: 98.2
21.2 70.2 0.48( 145.( 38.% 0.847 144.F 98.¢
52.¢ 17t 0.851 199.% 33.¢ 0.867 198.¢ 99.2

0 0 0.373 1.963 922 0.989 1590 -
0.54 1.75 0.577 4.336 463 0.883 3.759 57.7
1.50 4.85 0.343 5.902 416 0.888 5.559 71.4
2.71 8.75 0.393 7.074 401 0.822 6.681 76.2
6 5.43 17.5 0.400 11.68 357 0.857 11.28 85.¢
8.12 26.2 0.484 17.22 285 0.873 16.74 90.5
10.9 35.2 0.630 21.55 105 0.856 20.92 92.4
21.8 70.2 0.539 23.58 79.6 0.845 23.04 93.1
54.1 175 0.781 25.24 53.8 0.812 24.46 93 ¢

@Double layer capacitance i(Cand coating capacitance JfGire usually modeled with a

constant phase element (CPE) in modeling an eldwrical phenomenon.
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The Nyquist and Bode plots are shown in Fig. 4f4faf different concentrations (1.75 to
175 uM) of inhibitors 4-6. The inset figures in Fig. 4.4(a, b) show the nifeph Nyquist
plots at blank (OpM). In the Nyquist plots (Fig. 4.4(a-c), it is cl&a evident that
increasing the copolymers concentration increases diameter of the semicircle
suggesting an increase in the formed protectiverlan the surface of the mild steel
electrode due to the adsorption of the inhibitampounds. Bode phase angle plots (Fig.
4.4d) for compound show an increase in the angle value at intermediagjuency with
increasing the inhibitor concentrations. It showecrdasing in the capacitance at the
surface of the mild steel electrode which is attigdl to the decreasing in the local
dielectric constant as well as increase in the d@sbamount of inhibitors on the coupon
surface. Bode magnitude plots (Fig. 4.4(e,f)) fmmpounds and6 implied an increase in
the polarization resistancdRj] with increasing the inhibitor concentrations. Huwer,
those R, can be obtained from intersection of the horizbmateau region at low

frequency with the Y-axis of log|Z|.
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Figure 4.2 Nyquist diagram of (4) (b) 5 and (c)6, Bode phase angle plots of @and
impedance plots (& and (f)6 of mild steel at 60 °C in 1.0 M HCI containingfeifent
concentrations of inhibitors. Solid line in the Nyst plot fitted to the equivalent circuit ;

solid lines represent fitted data and various sysEpresent experimental data
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4.3.5 Adsorption isotherms

The effectiveness (i.e., inhibition efficiency) imhibitor molecules mainly depends on
their adsorption ability onto the surface of mikked. The synthesized copolymets
employed to study the inhibition efficiency%) persuaded to have the understanding of

the surface coveragé)(are presented in Tables 4.1-4.4.

1 13
(a) (b)

1 A

Surface coverage (0)
\
04 1-9)
= w
>
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-4

T T T 7T
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Figure 4.5 a) Temkin’s adsorption isotherm plojd, . dngmuir adsorption isotherm, c)
Freundlich adsorption isotherm for the adsorptibnribitors4-6 at 60 °C, and d)
Langmuir adsorption isotherm for the adsorptiombibitor 5 at various temperatures,

on the surface of mild steel
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With a view to understanding the adsorption medrarof the synthesized copolymers,
their adsorption thermodynamics were studied. Thetraommonly used four adsorption
isotherms (i.e. Freundlich, Langmuir, Frumkin areimkin’s isotherms) describing the
relationship between the surface coverafjeaid the bulk low concentration of inhibitor

(C) (Eqgs. 6-9) [124] were applied using the lineastesquare method as shown in Fig.

4.5(a-d).

Freundluich: 8 = Kagll " (6)
Langmuir:0/(1- 6) =Kaa (7)
Frumkin (Frumkin, 1925)KaaC ={ 6 /(1-0)} €2+ (8)

Temkin: KagsC= € 9)

Table 4.5 Square of coefficient of correlatiorf)(Bnd values of the constants in the
adsorption isotherms of Temkin, Frumkin, Langmud &reundlich in the presence of

inhibitors4, 5 and6 in 1.0 M HCI solution (Tafel data used for thetrsgrm)

Temp Temkint Langmui? Frumkin® Freundlict
Sample
(°C) (R, f) (9] (R, a) (R)
60 0.9912,7.0 0.9947 0.8965, -1.1 0.9942, 0.3
50 0.9923, 4.7 0.9992 0.9969, -0.3 0.9799, 0.3
60 0.9973, 10 0.9999 0.9808, -2.1 0.9926, 0.1
70 0.9975,7.1 0.9998 0.9238, -1.1 0.9946, 0.2
6 60 0.9897, 8.3 0.9910 0.7348, -1.1 0.9929, 0.2

Temkin: Kagl = €°
2Langmuir: @ (1-6) = KaaC
SFrumkin:KaaC = { 4 (1-6)} &2
4Freundluich:0= KaL "
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As an evident from the higher’Ralues of straight lines obtained by employing the
Langmuir isotherm model, it was the best to explhim adsorption mechanism of the
synthesized inhibitors. This indicates the adsomptiof inhibition is achieved
predominantly by chemisorption. However, the sysithed inhibitors also showed good
fit for the Freundlich and Temkin adsorption isaethe, which implies physisorption
through an electrostatic interaction between théasa of mild steel and inhibitors also
contributed to the adsorption process. For furthrerestigation of the adsorption
mechanism, the thermodynamic parameters (adsorptjailibrium constantKaq9, free
energy AGP%gdy, enthalpy AH%q49 and entropy of adsorptiol\aqd9 were calculated

using equations 10 and 11, and presented in TaBle 4

) @0

AGP = AHO - TAS (11)

Table 4.6 The values of the adsorption equilibrzonstant from Langmuir adsorption
isotherms and free energy, enthalpy, entropy cleafthe mild steel dissolution in the

presence of inhibitor4, 5 and6 in 1.0 M HCI

Sample Temp €C) Kads<10° AG%qs AH%%gs ASDads
(L mol?1)? (kJ mo™) (kJ mo™) (I mo1K
4 60 211355 -42.4
5 50 874490 -46.1
60 592127 -45.0 -86.5 125
70 338445 -43.6
6 60 296004 -43.2

#KagsObtained in L/mg was converted to L/mol
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The negative values oAGPgds and AH%%gs obtained from Figure 4.6 indicate the
spontaneous and exothermic adsorption proceseateggy. Generally, the mechanism
of adsorption can be classified as physisorptiomh@misorption or mixed mechanism
based on the magnitude A6°agsandAH%4s When the absolute value A6aqsis lower
than 20 kJ mot and theAH%gsis less negative than -40 kJ miahe adsorption process is
termed as physisorption. While the absolute vafugGfaqsis higher than 40 kJ nmidland
the AH®gqs is more negative than -100 kJ midhe adsorption can be classified to be
chemisorption; the mixed adsorption mechanism ¥olifothe absolute value dfGPags is

higher than 20 kJ malbut less than 40 kJ mb126,127,137,138].
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Figure 4.6 Variation 0fAG’ 4 versus T on mild steel in 1.0 M HCI containfig

The calculated values dfG°aqs were found in between -42.4 and -46.1 kJ-haoid the
AHP®,4sfor adsorption of inhibitor compourtglis -86.5 kJ mot (Table 4.6), indicates the
adsorption is attained through a mixed mechanisnpriegominance of chemisorption.
The inhibitor molecules induced by the non-bondad & electrons interact with the
anodic sites of irowvia overlapping with the low-lying vacawtorbitals chemically and

electrostatically [129,130]. The positive valueA®aqs (125 J mot K1) for compoundb
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on mild steel in 1.0 M HCI obtained from Fig. 4% an indication for increasing the
randomness on the solid surface/inhibitor interfagkere the adsorbed inhibitor

molecules displaced the adsorbed water moleculéiseosurface of mild steel.

4.3.6 Surface analysis

The corrosion studies using different methods slibthat the inhibitor compounds were
able to protect mild steel coupons with a formatdnthin films onto the metal surface.
To further confirm the inhibitive effects of the ndliesized polymeric materials, the
surface of the mild steel in absence and presehoeibitor compounds were explored

by XPS, SEM and EDX.

4.3.6.1 XPS analysis

The XPS was used to obtain the intensity (courgsgus binding energy (eV) plot for the
thin film formed by the immersion of mild steel gmns in 175uM of polymer
compounds4-6 in 1.0 M HCI for 6 h, and are presented in Figl.4Lhe XPS survey
spectrum of polymer compoun@sand 6 covered in the mild steel (Fig. 4.7 a, b) have
shown the representative signals for S 2p, N 155, 1s, which confirms the presence
of polymer compounds consists of N, C, O and S fsra of thin layer onto the mild
steel surface. The S 2p signals obtained fromdrulfiand sulfoxide functionalities of
polymer compounds appear close to 162.2 eV and2168. [139] (Fig. 4.7 a,b),

respectively, and Fe 2p signals appears from tiek steel (Fig. 4.7 a,b, f).
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Figure 4.7 (a) XPS survey spectrunband (b)6, and the XPS deconvoluted profiles of
(c) O 1s of4; (d) N 1s of6, (e) C 1s ob, and (f) Fe 2p 05 after immersing in 1.0 M HCI

at 60 °C for 6 h in the presence4e6 (175uM).
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The deconvoluted XPS spectra for O 1s, N 1s, Ghiis=@ 2p are shown in Fig. 4.7 (c-f).
The intensity peaks appears at 530.2 and 532.0@Vvating the presence of O 1s which
could be attributed to © and O=0, thereby implying the formation of a tfilm by the
interaction between the polymer molecules and thideolayer onto the metal surface
(Fig. 4.7c) [131,132]. The deconvoluted peak appeat 400 eV confirms the presence
of nitrogen, thereby indicating the presence of/par onto the metal surface (Fig. 4.7d).
The XPS deconvoluted profiles of C 1s spectrum gibthree peaks (Fig. 4.7e). The C-
C aliphatic peak, the C=0, and C-N bond and CO@kpappeared at 285.4, 286.6 and
288.9 eV, respectively. The intensity signals appeéat 707.3 and 713.8 can be assigned
to Fé* (2p) and F& (2p) (Fig. 4.7f). The surface parameters from X&lysis are

depicted in Table 4.7.

Table 4.7 XPS scan composition of mild steel coupahO M HCI containing 175M

of 4,5 and6 at 60 °C

Peak Approx. binding Composition
energy (eV (atom %

4 5 6
Cls 285.¢ 31k 31.7 30.¢
Cls 286.¢ 19.4 5.1¢ 4.7z
Cls 288.¢ 11.2 8.31
O1¢ 530.2 132 136 10.1
O1¢ 532.( 32.1 33.¢
O1¢ 532.7 26.5
N1¢ 400.2 3.9¢ 2.9t 4.12
Fe2p 707.: 1.61 0.8¢ 0.87
Fe2p 711.¢ 2.9¢ 2.15
Fe2p 713.¢ 2.44 1.8¢
Cl2p 199.2 0.84
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4.3.6.2 SEM- EDX analysis
To further understand the inhibition process, teBSEDX was used to study the surface
morphology of the polished, untreated and polymeated mild steel surface, and are

presented in Fig. 4.8a-c.

The mild steel coupons were dipped in absence egepice of polymer compouiadin

1.0 M HCI solution for 6 h. The surface morpholagfthe polished sample was used as
reference (Fig. 4.8a). It can be clearly seen ftoenFig. 4.8b that the surface of the mild
steel is seriously damaged and become porousthfammersion in comparison to the
polished surface shown in Fig. 4.8a. However, iaspnce of 175uM of polymer
compound>5, the surface was found to be relatively smoottg.(Ei.8c), and can be

comparable to the polished surface (Fig. 4.8a).

This findings demonstrated that the polymer compolanm a protective thin film layer
by adsorption and reduce the accessibility betwlkemetal surface and acid solution. In
order to confirm the composition of the thin filf@med onto the metal surfaces, the
EDX analysis was carried out, and results are shiowifig 4.8d-f. The polished metal
surface appear with strong iron signal (Fig. 4.8d)ile the oxygen and iron signals are
found to be in 1.0 M HCI exposed mild steel sampléBis could be due to the
atmospheric oxidation and/or formation of.®e films (Fig. 4.8e). The polymer treated
mild steel surface appeared with signals of carbdmgen, oxygen atoms and decreased
iron signal (Fig. 4.8f), thereby suggested the gutgmn of polymer compound onto the

mild steel surface and protect the metal from o

106



Fe

0 2 ¥ & 8 10 12
KeV
€
Fe
Fe
Q
Fe
] i 2 3 & 5 1] T B g i0 11 12
KeV
f)

Fe

KeV

'Tum' Electron Image 1

Figure 4.8 SEM micrographs on the surface of thd sieel: a) polished, after
immersion of 6 h: b) untreated mild steel in 1.0H@| and c) mild steel treated in

presence of 17pM of inhibitor 5
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4.4 Conclusions

The inhibition effects of amino acid methionine &édshree cyclocopolymers have been
studied by potentiodynamic polarization, electrouloal impedance spectroscopy and
gravimetric weight loss techniques. From the dataioed from this study, the following

conclusions can be drawn:

1. The synthesized polymer compounds inhibited coorosery well in 1.0 M HCI.

2. The corrosion efficiencies increase with increasthg concentration of the
inhibitor compounds. The copolymer compouBdappeared with maximum
inhibition efficiencies 0£99% at a concentration as low as 20 ppmp(VvD.

3. The inhibition efficiencies obtained from gravimetr weight loss,
potentiodynamic polarization and electrochemicalpedance spectroscopy
techniques are in well agreement.

4. The coester polymer compourddacts as a mixed inhibitor, while hydrolyzed
copolymer compounds and6 suggested to be anodic type inhibitors.

5. Adsorption of polymer compounds onto the mild scefdollow chemisorption
and physisorption processes, and obeyed threeaftf@dsorption mechanisms
such as Langmuir, Temkin and Freundlich adsorggotherms.

6. The negative values @G°qgssuggest the spontaneous adsorption. AH&,gsof
inhibitor compound5 indicates the formation of chemisorbed film on théd
steel surface, whileASags indicated increasing the randomness on the solid
surface/inhibitor interface where the adsorbedhibi molecules displace the

adsorbed water molecules on the surface of mikel.ste
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7. The XPS, SEM and EDX measurements have shown tiatsynthesized
compounds form a protective film on the surfacéhef mild steel and resist from

further corrosion attack.
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CHAPTER 5

CONCLUSION AND FUTURE WORKS

5.1 Conclusions

Cationic4-7 (Scheme 2.1) and zwitterionic polymd@-12(Scheme 2.2) based on amino
acid methionine and its derivative methionine sxile and sulfone have been
synthesizedvia cyclopolymerization of diallylamine salts. The TGAdicated that the
synthesized polyelectrolytes were stable up to Z00The solubility of the polymers is
greatly influenced by the oxidation state of théusuwhile the sulfide pendant imparts
water-insolubility, polymers bearing polar sulfogidnd sulfone pendants were found to
be water-soluble. The synthesized polymers comtgininquenched nitrogen and sulfur
valences acted superbly in mitigating mild steet@sion in 1 M HCI. The presence of
nonbonding electrons in nitrogen as well as inttoge polarizable sulfur motifs, leads to
the formation of coordinate type of bond with thacant d-orbitals of iron or
accumulated Pé especially on anodic sites of the metal surfacerethy imparting
corrosion inhibition. The synthesized cyclocopolymé-8 (Scheme 3.1) of sulfur
dioxide and biogenic amino acid methionine residaetaining ester functionality and
sulfide, sulfoxide or sulfone motifs in each al&en repeat units showed excellent
corrosion efficiency resisting mild steel corrosionl M HCI. The corrosion efficiencies
increase with increasing the concentration of tblymers. In presence of 1418V, the
maximum corrosion efficiencies for the cyclocopogm6-8 (Scheme 3.1) were
determined to be 92, 97 and 95%, respectively. @dlgmer compound$-8 (Scheme
3.1) act as a mixed-type inhibitor. The polymer poomd7 (Scheme 3.1) adsorbed onto

the metal surface by chemisorption and physisamppimocesses, and obeys Langmuir,
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Temkin and Freundlich adsorption isotherms. Theatieg values oAG®ds and AH %gds
suggest that the adsorption process of polymdScheme 3.1) is spontaneous and
exothermic. The adsorption is attained through gechimechanism by the influence of
chemisorption mechanism. TS ,gs values indicate increasing the randomness on the
solid surface/inhibitor interface where the adsdrlehibitor molecules displace the
adsorbed water molecules on the surface of the stelel.

The synthesized cyclocopolymes6 (Scheme 4.1) imparted maximum corrosion
inhibition efficiencies of 92, 99 and 93%, respeely at a concentration of 1{8M. The
coester polymer compound (Scheme 4.1)acts as a mixed inhibitor, while the
hydrolyzed copolymer compoundsand 6 (Scheme 4.1) suggested to be anodic type
inhibitors. Adsorption of polymer compounds onte thild surface follow chemisorption
and physisorption processes, and obeyed thregethtf@dsorption mechanisms such as
Langmuir, Temkin and Freundlich adsorption isotherifthe negative values &fG°ads
suggest the spontaneous adsorption. ZFH&.qsof inhibitor compoundd (Scheme 4.1)
indicate the formation of chemisorbed film on théldmsteel surface, whileAS ags
indicated increasing the randomness on the solithse/inhibitor interface where the
adsorbed inhibitor molecules displace the adsorkatbr molecules on the surface of
mild steel.

The inhibition efficiencies obtained from gravimetrweight loss, potentiodynamic
polarization and electrochemical impedance spemtmstechniques are coherent to each
other. The XPS, SEM and EDX measurements have shinah the synthesized
compounds form a protective film on the surfacéhefmild steel and resists from further

corrosion attack.
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5.2 Future Works

All of the synthesized copolymers showed exceléamtosion inhibition efficiencies in 1
M HCI acidic medium at 6(C. However, there are some scopes for the futudyghat

have been outlined below:

» The synthesized polymeric corrosion inhibitors candergo cytotoxicity
screening test for the measurement of toxicity

» Comparative production cost should be analyzed wdhmmercially available
inhibitors

» These excellent inhibitors can be tested in othect®lytic corrosive medium
such as NaCl, s, Hs3POs etc. to see if they perform in those media as well

» Exploitation of other new and emerging electrocteainevaluation techniques
such as electrochemical frequency modulation (EF\&Gtrochemical noise (EN)

» Employing other surface characterization technigoegain more insight into the
complex corrosion phenomena that occurs on thel satiace.

» Performance of quantum chemical studies to haveursherstanding of the
theoretical parameters such as the highest occupigécular orbital energy
(Exomo), the lowest unoccupied molecular orbital ener@yufio), energy gap
(AE), fraction of electrons transferredN) that could support the experimental

findings
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LABTECH 2017, The 4th international conference aexhibition on Laboratory
Technology, Manama, The Kingdom of Bahrain.

[C2] Mazumder, M. A. J.Goni, L. K. M. O., & Ali, S. A. (2017, September).
Diallylammonium salts containing nitrogen, ethytezsand sulfide, sulfoxide or sulfone
motifs of amino acid residues of methionine polyasegreen corrosion inhibitor&aper
presented at EUROCORR 2017, 20th Internationabs@n congress and process safety
congress 2017, Prague, Czech Republic.

Submitted for Publication

[S1] Goni, L. K. M. O., Mazumder, M. A. J., Ali, S. A., Nazal, M. K., & AMuallem,
H. A. (2018). Biogenic amino acid methionine-baseiv corrosion inhibitors of mild
steel in acidic media. (Submitted laternational Journal of MineralsMetallurgy and

Materials Submission-ID: [JM-06-2018-0523)
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[S2] Mazumder, M. A. J.Goni, L. K. M. O., Ali, S. A., & Nazal, M. K. (2017).
Inhibition of mild steel corrosion in hydrochloracid medium by polymeric inhibitors
containing residues of essential amino acid methen(Submitted tdranian Polymer
Journal Manuscript NumbernPOL-D-18-00185)

Honors, Awards, & Distinctions

» Graduate Scholarship for distinguished graduatécgpyts,Aug 2015 — present
King Fahd University of Petroleum & Minerals, Saddabia

» University Merit Scholarship (one-time) for being the top 5% in B.Sc. (Hons.)
final, May 2012
Jahangirnagar University, Bangladesh

» Bachelor of Science with HonouiBec 2011
Jahangirnagar University, Bangladesh

» JUCAF Scholarship (one-tim&r being in the top 2% sophomordan 2010
Jahangirnagar University, Bangladesh

> Won several prizes for excellence in sports insittgol and college level

Extracurricular Activities

» Volunteer, KFUPM Volunteer Dayeb 2017 - present
Passed an entire day eating and playing with sapfeaas in the last event

» Participant, KFUPM Cultural Dayarch 2017 — present
Anchored the program last time on behalf of Bangtddl students at KFUPM and
gave a power-point presentation on Bangladeshdatiturally diverse community

at KFUPM
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» Engaged in different sports activities includingireming, football, cricket, table

tennis, etc.

Languages

» Bengali (Native/Bilingual Proficiency) » Urdu and Hindi (Fluent in Speaking)

» English (Full Professional Proficiency) » Arabic (Limited Working Proficiency)
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