AMINO ACID BASED GREEN INHIBITORS FOR THE
CORROSION OF MILD STEEL AND COPPER IN
DIFFERENT MEDIA

Thesis
Subwmiitted to the University of Calicut
For the award of the degree of

DOCTOR OF PHILOSOPHY IN CHEMISTRY

MATHEW KURUVILLA

DEPARTMENT OF CHEMISTRY
UNIVERSITY OF CALICUT
KERALA-673635
INDIA
MARCH 2016



CERTIFICATE

This is to certify that the thesis entitlédmino acid based green

inhibitors for the corrosion of mild steel and copgr in different

media” submitted byMathew Kuruvilla to Calicut University for the
award of the degree of Doctor of Philosophy in Cistry, is the result
of bonafide research work carried out by him in Department of
Chemistry, University of Calicut under my guidarase supervision. |
also certify that the thesis or part therefore maisbeen formed earlier
as base for the award of any degree, diploma acegeship of any

other university or institution.

University of Calicut Dr. Abnam Joseph
March - 2016



DECLARATION

| hereby declare that the content of the thesitheésresult of
investigations carried out by me under the supenvis of
Dr. Abraham Joseph Professor, Department of Chemistry,
University of Calicut and the same has not beeripusly formed the
basis for the award of any degree or diploma fromy a

university/institute.

The investigations described or cited wherevehethesis are
based on the findings of other researchers, dueoadedgement has
been given in tune with the general practice oforepg scientific
observations/inferences. However, errors and umiioieal oversights,

if any, are regretted.

Mathew Kuruvilla



ACKNOWLEDGEMENT

| am deeply indebted to my supervisingcteer Dr.Abraham
Joseph Professor, Department of Chemistry, UniversityCaficut for
his dynamic guidance, constant support and enceunragts during the

course of this investigation.

It is with immense pleasure | place onordcmy profound
gratitude to Dr. K. Muraleedharan, Head of the D@&pant of
Chemistry, for providing me the facilities in theghrtment required

for the conduct of research work.

| am grateful to Prof. V. M. Abdul Mujeefarmer Head of the
department of Chemistry, Dr. N. K. Renuka, Assist&nofessor,
Dr. Pradeepan Periyat, Assistant Professor, a#radculty members
& technical staff in the department of Chemistryiwgrsity of Calicut

for their support and encouragements.

Thanks are also due to Dr. V. V. Radhakm@shnAssociate
Professor, Dept.of Botany, University of Calicutiddr.Anup Thomas,
Assistant Professor, SCET for their encouragemeamid valuable

assistance.

The unstinted support rendered by Dr.Binzgeph, Dr.Sam John,
Ms.Rugmani Ammal Ms.Prajila, Ms. Remya, Ms. RevatiViss.
Anupama, Miss. Shainy, Miss.Anupama R Prasad dratlar fellow

researchers in the department of Chemistry is fylteacknowledged.



Financial assistance received from the &ty Grant
Commision, New Delhi for the project entitled ‘Anoiracid derived
green inhibitors for the corrosion of mild steeldacopper in acid
solutions’ which forms part of this thesis is atssknowledged.

| also express my sincere gratitude tohalse who have extended
their support directly or indirectly for the sucskg completion of my

research work.

| bow my head to the Almighty for abundatgdsings poured on
me during the course of the investigations enahbimggto submit the

thesis in time.

Mathew Kuruvilla



CONTENTS

Chapter

Title Page No.

VI

Vi

VI

INTRODUCTION 1-17
MATERIALS AND METHODS. 18-36
ELECTROCHEMICAL STUDIES ON THE 37-53
INTERACTION AND CORROSION INHIBITION
BEHAVIOUR OF L — CYSTEINE WITH COPPER

IN SULPHURIC ACID.

ELECTRO CHEMICAL INTERACTIONS OF 54-69
HHDMP, A SERINE BASED SCHIFF BASE, WITH
COPPER IN SULPHURIC ACID

ELECTROCHEMICAL INTERACTIONS OF 70-84
HDMMA,A CYSTEINE BASED SCHIFF BASE,

WITH COPPER IN HYDROCHLORIC ACID.
ELECTROCHEMICAL STUDIES ON THE 85-104
INTERACTION AND CORROSION INHIBITION
BEHAVIOUR OF CYSTEINE /ALANINE PAIR ON

COPPER IN SULPHURIC ACID

ELECTROCHEMICAL STUDIES ON THE 105-119
INTERACTIONAND CORROSION INHIBITION
BEHAVIOUR OFMOAB, A VALINE BASED

SCHIFF BASE, WITH COPPER IN SULPHURIC

ACID.

ELECTROCHEMICAL STUDIES ON THE 120-137
INTERACTION AND CORROSION INHIBITION

OF SCHIFF BASE HMMB WITH MILD STEEL IN
HYDROCHLORIC ACID




ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION INHIBITION
OF MILD STEEL WITH HMIB IN
HYDROCHLORIC ACID
ELECTROCHEMICAL AND THEORETICAL
STUDIES ON THE INTERACTION OF DL-
METHIONINE WITH MILD STEEL IN
SULPHURIC ACID.

SUMMARY

REFERENCES

LIST OF PUBLICATIONS

COPY OF PUBLICATION

138-157

158-177

178-182
183-188




PREFACE

Corrosion is a spontaneous process and is genexdtlyessed as a
hundred billion dollar thief. It contains the react of a metallic
material and its environment. The corrosion of iseteads to large
loss and the nations all over the world withesaglesses due to this
phenomenon in terms of economics, safety and emviemtal damage.
A corrosion inhibitor is a chemical substance thgipn addition to a
corrosive environment, reduces the corrosion m@ate threshold level.
These inhibitors are always used in low concemmatiProtection from
corrosion can be achieved by addition of inhibitangl by the use of
protective coatings. Corrosion protection of metalsd alloys is
therefore a subject of great technological and strial importance and
an enormous amount of research works have beéstécittowards the
study on corrosion and the stability of the matsrian various
environments. Organic inhibitors are widely usegtotect metals and
alloys from corrosion. However, most of these commus are
synthetic in nature and are expensive, toxic andse&s hazardous
impact to living creatures and the environment. Sidering the
demerits of synthetic inhibitors, the isolation efficient and eco-
friendly corrosion inhibitors became highly necegsas an alternative
of toxic inhibitors. In recent years the researshoriented to the
identification of green corrosion inhibitors likenao acids and its
schiff bases with good inhibition efficiency and nmaum

environmental pollution. The information on theeeff of amino acids



and amino acid derived schiff bases on corrosidrabieur of metals
such as mild steel and copper is very little areftefore studies were
undertaken to find out the effect of amino acidshsas cysteine,
alanine and Schiff bases viz, MOAB[(Z) — 3 — méthy2- (2-
oxoindolin—3-ylideneamino) butanoic acid], HMIB )(E 2 — (2-
hydroxynaphthalene — 1-yl) methyleneamino ) - 4H-imidazolyl —
5 —yl) butanoic acid, HMMB (E - 2- ((2- hydroxy —a®a -
dihydronaphthalene- 1- yl)methyleneamino)- 4- (ngkkino) butanoic
acid), HHDMP [Z -3-hydroxy-2-((2-hydroxy-4a,8a,-gifro-naph-
thalene-1-yl) methyleneamino) propanoic acid, HDMNI&)—2-((2-
hydroxyl-4a,8a—dihydronaphthalene -1- yl)methylemea) — 3-
mercaptopropanoic acid] etc. derived from the amac@s on mild
steel and copper under hydrochloric acid andhawlp medium at

varying temperatures.

The thesis is divided into ten chapters contairting parts Part — A
and Part — B. First two chapters include introdutind materials and
methods. Part — A deals with corrosion inhibitioh copper using
amino acid schiff bases and Part — B deals withosarn inhibition of

mild steel using amino acid schiff bases.
CHAPTER |- INTRODUCTION

This chapter contains a brief introduction to ceioa, classification of
corrosion, common corrosion prevention methods,osown inhibitors
and corrosion monitoring techniques such as gravimenethods,
electrochemical techniques and surface morpholbtgcaniques. The



application of quantum chemical methods and reweéwterature are

also included.
CHAPTER Il - MATERIALS AND METHODS

This chapter highlights about various inhibitor smlles, metals,
materials and methods used in the investigatiom& mMethodology
adopted includes weight loss, polarization studiegjantum

mechanical calculations etc.

CHAPTER IlIl - ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION INHIBITION BEHAVIOUR
OF L — CYSTEINE WITH COPPER IN SULPHURIC ACID.

This chapter explains thanhibitory effect of a sulphur containing
amino acid, L - cysteine, on copper in differennoentrations of
sulphuric acid (0.5M, 1.0M and 1.5M) at differeatrtperatures (303K,
308K & 313K). Techniques like weight loss metholcaochemical
impedance spectroscopy (EIS), potentiodynamic malaon (Tafel)
and adsorption studies were employed. The structutiee inhibitor is

given in figure.1
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Results revealed that L - cysteine do offer ativac inhibition

efficiency. However, with an increase in the coricaion of the

inhibitor, corrosion rate decreased irrespectivetitd temperature
gradients. This is due to the adsorption of thebitdr molecules on
the metal surface which has contributed to decréasalouble layer
capacitance and increase the polarization resistawéth the increase
in the concentration of the medium, the corrosiate ralso increased
and this is due the liberation of high quantum of ibns. Based on
Tafel studies, it can be concluded that L - cysteiauld act as a mixed

type inhibitor.

CHAPTER IV - ELECTRO CHEMICAL INTERACTIONS OF
HHDMP, A L- SERINE BASED SCHIFF BASE, WITH COPPER
IN SULPHURIC ACID

Corrosion inhibition effect of L-serine based stiidse HHDMP on
copper under 1M sulphuric acid at a temperaturgigna of 303K,
308K & 313 K is described. Various techniques sashweight loss
method, electrochemical impedance  spectroscopy )(EIS
potentiodynamic polarization (Tafel), basic compiotzal calculations
and adsorption studies were employed to studyrthibitory effect.A
perusal of the results revealed that schiff baseDMR do offer
attractive inhibition efficiency and the inhibiticffect advanced with
the increase in concentration of the inhibitor. sThrend is not
maintained in the case of temperature regimes. Wi¢hincrease of
temperature the inhibition efficiency declindthe polarization studies
showed that increasing the inhibitor concentratieduces both the
cathodic and the anodic current, and there is rimiteetrend in the



shift of Eorvalues. The displacement iikvalues in the absence and
presence of the inhibitors, were less than 85 m¥y @erefore, the
inhibitor was considered as mixed type. TA®%gsvalues, derived
from the adsorption studies support that adsorptiovolved is

physisorption. Structure of the molecule is giverrigure.2
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CHAPTER V - ELECTROCHEMICAL INTERACTIONS OF
HDMMA, A CYSTEINE BASED SCHIFF BASE, WITH
COPPER IN HYDROCHLORIC ACID

Studies undertaken to find out the inhibitory effef cysteine based
schiff base HDMMA [(E)-2-((2- hydroxyl-4a,8a—dilngshaphthalene
—1- yl)methyleneamino) — 3- mercaptopropanoic acmjmild steel in
1M hydrochloric acid at a temperature regime 08I8,308K &
313K.Techniques such as weight loss method, -eldwotroical
impedance spectroscopy (EIS), potentiodynamic maon
(Tafel),scanning electron microscopy (SEM), basmmputational
calculations and adsorption studies were emplogednderstand the
corrosion behaviour. The structure of the inhibitaslecule is given in

Figure.3.



Figure.3

Weight loss studies revealed that the inhibitidicigincy became high
upto 24 hour interval irrespective of various cartcations of the
inhibitor and subsequently the efficiency declinédectrochemical
results indicated that the electrochemical pararsetary with the
inhibitor concentration and also with the tempematu Tafel
polarization studies revealed that HDMM#an act as a mixed type

inhibitor.

CHAPTER VI- ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION INHIBITION BEHAVIOUR

OF CYSTEINE /ALANINE PAIR ON COPPER IN SULPHURIC
ACID

The synergistic interaction of cysteine and alaramethe corrosion
inhibition of copper in 1M of sulphuric acid at wars temperatures
are outlined. Electrochemical studies revealed katvalue shows a
decreasing trend with increased concentration efittibitor in all
temperature regimes (303K, 308K & 313K). It is ended that as the

concentration of the inhibitor increases, inhibiti@fficiency also

Vi



increases and reaches to maximum at a combinationysieine
150ppm and alanine 50ppm. Synergism paramefevaS calculated
from electrochemical data and it is clear that viakies ofS, were
greater than unity only at high temperature. Thricttire of the

inhibitor molecule is given in Figure.4.
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Figure.4 .Structure of the inhibitor moleculesdgsteine (b) alanine

CHAPTER VII- ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION INHIBITION BEHAVIOUR
OF MOAB, A VALINE BASED SCHIFF BASE, WITH COPPER
IN SULPHURIC ACID

The inhibitory behaviour of valine derived schifade MOAB on
copper in 1M sulphuric acid at temperature reginfe303 K,308 K &
313 K are explained. The structure of the inhibitariecule is given in

Figure.5.
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Figure.5

Various techniques such as weight loss method,tretdemical
impedance spectroscopy (EIS), potentiodynamic maiion (Tafel),
scanning electron microscopy (SEM), basic compaonali calculations
and adsorption studies were employed to understahd
electrochemical interactions. The values of elettemical
parameters, corrosion potential.{g, corrosion current density.gi,)
and Tafel slopespfandpc) varied with the inhibitor concentration as
well as temperature. Adsorption studies reveal ddabrption involved

is physisorption.

CHAPTER VIII - ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION INHIBITION OF SCHIFF
BASE HMMB WITH MILD STEEL IN HYDROCHLORIC
ACID

This chapter explains the inhibitory effect of SthHiase HMMB
derived from the amino acid DL —Methionine on misdeel in
hydrochloric acid at varying temperatures (303K_8K0&313K).
Techniques such as weight loss method, electrodaérnmpedance

viii



spectroscopy (EIS), potentiodynamic polarizatiorafél), scanning
electron microscopy (SEM), basic computational walitons and
adsorption studies were employed in the presergstiyations. The
structure of the inhibitor molecule is given in &ig.6.

CHa

/
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Weight loss results revealed that the inhibitifficiency is high at 24
hour interval irrespective of concentration of thehibitor and
subsequently the efficiency declined. The inhilnticefficiency
increased with the increase in concentration of thaibitor.
Polarization studies revealed that both the anodital dissolution and
cathodic hydrogen evolution would exhibit Tafel éypehaviour and
HMMB can act as a mixed type inhibitor. It is notBdm Nyquist
plots that R values increased with inhibitor concentration, iahean
be attributed to the formation of a protective lagethe metal surface
and this layer acts as a barrier for the masslandharge transfers.



CHAPTER IX - ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION INHIBITION OF MILD
STEEL WITH HMIB IN HYDROCHLORIC ACID

This chapter deals with the study of Schiff baselBMerived from L
—Histidine on mild steel in hydrochloric acid meaiuat varying
temperatures. Polarization studies revealed thtt the anodic metal
dissolution and cathodic hydrogen evolution wouwttlikit Tafel type
behaviour and the inhibitor HMIB acts as a mixepetylt was found
that as the concentration of the inhibitor increasefficiency also
increases and efficiency is found to be maximum I&80ppm of
inhibitor HMIB and its efficiency decreases withetincrease in the
acid concentration. The structure of the molecsiigiven in Figure.7.
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CHAPTER X - ELECTROCHEMICAL AND THEORETICAL
STUDIES ON THE INTERACTION OF DL-METHIONINE
WITH MILD STEEL IN SULPHURIC ACID

This chapter describes the inhibition effect of BLmethionine at
various concentrations on mild steel in sulphur@daat various
temperature regimes. Potentiodynamic polarizattadiss of the mild
steel at 0.5M, 1.0M and 1.5M sulphuric acid witld arithout inhibitor
at 303K, 308K and 313K were carried out. Resultsceted that the



electrochemical parameters such BS, & ., vary with the inhibitor
and acid concentrations. With the variation in terapure, the
potentiodynamic polarization behaviour also showaded response.
EIS results revealed thdt,, value showed decreasing trend with
increased concentration of the inhibitor and thesid was observed in
all the concentrations of the acid. Similar obsgores were made in
all the temperature conditions. The structure efrttolecule is given in
Figure.8.
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1.1 Introduction

The term *“corrosion” originated from the Latin woftdorrodere”
which means “gnawing to pieces.” The phenomenorncafosion
manifests in daily life in different forms. Metallicorrosion has
become a very serious problem with the initiatidrcommon metals
use in all walks of life from the beginninghere are many reasons to
take up studies on corrosion by the scientists. Agnthe various
reasons, four of them are very important and reckihe attention of
the chemists in the past. Three of these reasanassociated with

societal issues regarding (i) human life and saf@)ythe cost of



corrosion (iii) conservation of materials. The fiburone is that
corrosion is inherently a difficult phenomenon tadarstand and their

study has become a challenge and an interestirsgipur
1.2 Forms of corrosion

Corrosion may be defined in general terms or inciige terms

depending up on the perspectives. For instancggureous media
corrosion is defined an electrochemical processdne general terms,
corrosion is defined as the degradation of materalsed by an
aggressive environment. The corrosive environmeuniddc be water,

air, carbon dioxide, organic liquids, molten saltsgaseous sulphur.
Neutron beams, ultraviolet light, nuclear fissioagments, and gamma

radiation are a few among the less aggressive@mwiental factors.

An array of materials is subjected to corrosion ahdncludes
engineering materials such as metals, plastichemiand ionic and
covalent solids; aggregates such as concrete, tapuoaterials and
wood. The eight forms of corrosion defined by Foat§l] are general
corrosion, pitting corrosion, intergranular cormsi parting, galvanic
corrosion, crevice corrosion, stress-corrosion laérer (SCC), and

erosion corrosion.

Classification of the different forms of corrosionay be based on
intrinsic and extrinsic modes. Intrinsic modes ofrosion independent
of design are general corrosion, pitting, intergtan corrosion,
parting, and stress-corrosion cracking. Extrinsiodes of corrosion
affected by design are crevice or under depositos@mn, galvanic

corrosion, erosion corrosion, fretting corrosiong @orrosion fatigue.



1.3 General Corrosion

General corrosion may be even or uneven and ismibst common
form of corrosion. It is characterized by a cheraraelectrochemical
reaction that takes place on the exposed surfdoe.nfetal becomes
thinner and eventually results in perforation armdufe. General
corrosion accounts for the greatest loss of matah donnage basis.
This mode of corrosion does not present a greatttirom a technical
standpoint since the life of the equipment can ftemated from the
corrosion rates obtained from immersion of the dampaterials in the

medium of interest.
1.4 Local corrosion
1.4.1 Galvanic Corrosion

Galvanic corrosion occurs when a potential diffeeeexists between
two dissimilar metals immersed in a corrosive mediThe potential
difference indicates the results in the flow ofcélens between the
metals. The less corrosion resistant metal becdhesinode and the
more corrosion resistant metal would act as cathddalvanic
corrosion is generally more prominent at the juntiof two dissimilar
metals and the severity of attack decreases witheasing distance
from the junction. The distance affected is detapdi by the
conductivity of the solution. Further, the cathddeanode ratio plays
an important role in this form of corrosion. Setserof galvanic
corrosion further increases with increase in serfa®a of cathode and
decrease in the surface area of anode. Corrosideaoied or non



leaded solders in copper pipes carrying drinkingewes an example of

this form of corrosion.

Some of the preventive measures to combat gal@miosion are (a)
selection of metals which are very close to eableronh galvanic series
(b) maintenance of cathode/anode surface area t@atibe smallest
possible minimum (c) providing insulation betwebe two dissimilar
metals (d) use of coatings that are kept in goodlition (e) to reduce
the corrosivity of the medium using appropriaterrasion inhibitors
() avoiding of threaded joints between the twostirslar metals (g)
employment of suitable design for the easy rephere of anodic part
and (h) use of a third metal which is anodic tohbtite metals in

galvanic contact.
1.4.2 Pitting corrosion

Pitting corrosion is a form of localized attack tthasults in localized
penetration of the metal. This is one of the mosstaictive and
insidious forms of corrosion. Pitting can causeigapent failure due
to perforation, accompanied by a small percentagighw loss of the
whole structure. Areas where a brass valve is pwatted in to steel or
galvanized pipe line are prone to pitting corrosidine junction

between the two areas is often pitted, and if tipe s threaded, the
thread will make close contact with the brass vabies rapidly,

resulting in a leak. This occurs frequently in igttial units, homes
and farms. It is difficult to measure pitting caston in laboratory tests
because of the varying number of pits and the deptter identical

conditions. Pits usually grow in the gravitatiomidection. Most pits



develop and grow downwards from horizontal surfaBéing usually
requires an extended initiation period on the oafeanonths to years.
Because of the localized and intense nature, gittorrosion failures
may occur suddenly. Pitting can be considered asique type of
anodic reaction as well as an auto catalytic tylpprocess. The metal
in the pit dissolves along with the reduction of/gen level, as is the
case with crevice corrosion. The rapid dissoluttdrmetal in the pit
results in the build up of excessive positive ckargthe pit followed
by the migration of chloride ions into the pitsrt@intain the electro
neutrality conditions. Due to high ionic potent@l ferrous or ferric
ion, hydrolysis of a ferric or ferrous ion resulidowering of the pH in
the pit, which, together with the high chloride iconcentration in the
pit, increases the corrosion rate. The preventieasures reported for

crevice corrosion also apply to pitting corrosion.
1.4.3 Crevice corrosion

This form ofcorrosion usually occurs within the crevices anieldied
areas on the metal surface in contact with coreoshedia. Crevice
corrosion is also known as deposit or gasket camnod he mechanism
of crevice corrosion consists of the oxidation bé tmetal and the
reduction of oxygen, yielding hydroxyl ion. Subseqtly the oxygen
in the crevice is consumed and converted into hgdrion. The metal
continues to be attacked and the excess positiasgehs balanced by
the migration of chloride anion from the bulk irttee crevice. Thus,
ferric or ferrous chloride builds up in the crevidée ferric chloride
can hydrolyze in the crevice and give rise to itoydroxide and

hydrochloric acid. Crevice corrosion can be cohdblby (a) use of



welded butt joints in place of riveted or boltednjs (b) closure of
crevices in lap joints by continuous welding (cul&ng or soldering
(d) vessel design that allows complete drainagbowit stagnation (e)
removal of solid deposits (f) use of non absorbgaskets such as

Teflon and (g) flushing of the equipment with ahibitor solution
1.4. 4 Intergranular Corrosion

This form of corrosion consists of localized attatkadjacent to the
grain boundaries, causing relatively little coromsbf grains leading to
disintegration of the alloy and loss of strengtheTimpurities at the
grain boundaries, enrichment of one of the alloyglgments or
depletion of one of the elements in the grain bampdireas causes

intergranular corrosion.
1.4.5 Dealloying or selective leaching

Selective leaching refers to the removal of an el@nfrom an alloy by
corrosion. Selective removal of zinc from brassown also as

“dezincification” is an example of this form of cosion.
1.5 Mechanically assisted corrosion
1.5.1Stress-Corrosion Cracking (SCC)

Stress-corrosion cracking involves cracking of spsible material
caused by the simultaneous presence of tensilesstned a specific
corrosive environment. During SCC the metal may vually

unattacked over most of the surface, but fine @gmogress through

the metal. Stress-corrosion cracking has serionsemuences, due to



the occurrence of stresses within the range ofc&pilesign stress.
Cathodic protection of the structure and additioh amrrosion
inhibitors to make the environment less corrosive some of the

methods to combat stress corrosion cracking falure
1.5.2 Corrosion Fatigue

Corrosion fatigue consists of cracking of materialader the
synergistic action of fluctuating or cyclic stressidd a corrosive
environment. Corrosion fatigue can occur at stsedseer than the
fatigue limit. The damage due to corrosion fatigsi@isually greater
than the sum of the damage due to corrosion anduéatacting
separately. Corrosion fatigue differs from stresgasion cracking in
the sense that it occurs in most of the aqueousam@drrosion fatigue
is affected by oxygen content, pH, temperature,taaccomposition of
the solution. Corrosion fatigue may also be mingdidy the use of
corrosion inhibitors and also by the use of ela#pwsited zinc,

chromium, nickel, copper, and nitride coatings.
1.5.3 Fretting Corrosion

Fretting corrosion is a combination of wear andrasion in which

material is removed from contacting surfaces whbae tnotion

between the surfaces is limited to very small atagé oscillations.
The oscillatory motion between the contacting stefa in the
tangential direction results in fretting corrosio®xidation is the
primary factor in the fretting process. In oxidigieystems, fine metal
particles removed by adhesive wear are oxidizedtaapped between

the fretting surfaces. The oxides act as an aleasid increase the rate



of removal of the material. Fretting corrosion niag controlled by
using low viscosity, high tenacity oils and greasewl phosphate
coatings in conjunction with lubricants and alsohaydness of one or
both the parts in contact, increasing the surfaaedriess by shot
peening or cold-working, use of lead coatings, wde gaskets,
increasing the relative motion between the parts @e of laminated
plastic on gold plate and cast iron with phosplatating or rubber

cement coating.
1.6 Corrosion Prevention

Corrosion prevention process depends upon inhéxetars, which are
within the control of the metallurgist or engined@ihe three main
categories considered are materials selectiongualdsictors and life

prediction analysis.

The foremost consideration is the cost of the nadteand its
applicability in the environmental conditions satthntegrity can be
maintained during the lifetime of the equipment. &vhithe material of
construction is metallic in nature, the chemicainposition and the
mechanical properties of the metal are significd®bme of the
important mechanical properties are hardness, cfaggue, stiffness,
compression, shear, impact, tensile strength arad.we

Corrosion leads to destruction of the metals byveding them into
oxides or other corrosion products. Thus, corrosifiacts the global
supply of pure metals by removing components auctiires from
services and their replacement process consumesiarnpof the total

supply of the earth’s material resourclts.other important impact is



on safety. This factor becomes a great concernhe rhinds of
personnel working in the industry where metalswaigely used as a
raw material. The problem of metal corrosion isngeignored due to

one or other reasons.

Corrosion brings about a wide range of environmegmtablems. The
corrosion related failure of oil gas pipelines amidankers contributes
very detrimental effect on the environmental caodg particularly in

terrestrial and aquatic ecosystems. The water angadlution are

invariably the contribution of corrosion phenomenam many

instances. The pollutants developed as a resuttoofosion in various
forms not only affect the hygiene of the human geirbut also
contribute to destruction of natural fauna or flamad such loss
becomes never could be replaced.

Another aspect of concern brought by corrosionhis shrinking of
resources world over. A few decades ago, the teaycting was not
familiar among the commons and was almost unkn®wnv recycling

is a household term and very familiar to every ¢ogumen. Various
products such as metals, paper and plastics hase $@bjected to
recycling process all over the world. This process widely been
recognized and it also plays paramount role in eomsg the

resources. It has now come to a level of undersignthat natural
resources are limited and finite and are also erd#tlining trend. The
conservation of these resources is to be priodtiaad for which

recycling process and other methods have to belopte



The prevention and protection of metals from coomwsarrests the
degradation of metals/materials thereby contribatgsificantly to the

conservation of resources with least deleterioysarhto ecosystems.
Invariably a wide range of materials are prone @orasion and the
knowledge on the factors both direct and indireetponsible to bring
about corrosion helps in the selection of materialesistant to

corrosion. The information on the above lines playsaramount role

in the design of an engineering structure.
1.7 Measurement of corrosion

In corrosion studies, information on quantificatioh corrosion is
essential and for which corrosion measuring teakescare practiced.
Electrochemical and non electrochemical technigaes employed.
Among them, non electrochemical techniques are rgénereferred
because of their reliability, robustness and siaigli The limitation of
these techniques is that none of them providegnrdton regarding

corrosion mechanisms.
1. 8 Corrosion control by protective coatings.
Corrosion control by coatings may be accostgd by:

. Barrier coatings which offer protection (a) by itigh
resistance which mitigates current transfer betwaresdic and
cathodic sites (b) by depriving oxygen diffusiondahence

impede the cathodic reaction;

. Cathodic protection as in the case of zinc-cont@irpigments

(zinc is more anodic to iron)
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. Inhibitive primers which form passive films on thnetal.
1.9 Inhibitors for corrosion control.

A corrosion inhibitor is a chemical substance thgipn addition to a
corrosive environment, results in reduction of oemn rate to an
acceptable level [6].Corrosion inhibitors are gehgrused in small
concentrationsThe inhibitors not only mitigate the corrosion, lalgo

should be compatible with the environment in thessethat it should
not cause any complications. A corrosion inhibgan function in two
ways. In some situations the added inhibitors d&er #he corrosive
environment into a non corrosive or less corrosamvironment

through its interaction with the corrosive speciksother cases the
corrosion inhibitor interacts with the metal sudaand as a
consequence inhibits the corrosion of the metalisTibased on the

mode of interaction, there are two broad classashilitors.
1. Environmental modifiers

2. Adsorption inhibitors

1.9.1 Environmental Modifiers

In the case of environment modifiers the action amechanism of
inhibition is a simple interaction with the aggrgssspecies in the
environment, and thus reduce the attack of the Irbgtthe aggressive
species. This is exemplified by oxygen scavengech @s hydrazine
or sodium sulphite along with cobaltous nitrate &mnocides used in
inhibiting microbiological corrosion. In the caskoorrosion in neutral

and alkaline solutions, oxygen reduction leads athadic reaction
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which can be countered by the oxygen scavengersharsdinhibit the

corrosion.
1.9.2 Adsorption Inhibitors

Inhibitors are further classified as cathodic ambdic inhibitors
depending upon whether the cathodic reaction oatiwglic reaction is
suppressed by the added inhibitor and are as fsllow

1.9.2.1Cathodic inhibitors

They prevent the hydrogen evolution in acidic Sohg or reduce
oxygen in neutral or alkaline solutions. It is algbserved that the
cathodic polarization curve is affected when a @dit inhibitor is
added to a system. Substances with high over pakéot hydrogen in
acidic solutions and those that form insoluble patd in alkaline
solutions are generally effective cathodic inhitsto Inorganic
phosphates, silicates or borates in alkaline swistivhich inhibit the
oxygen reduction at the cathodic sites are examplegathodic

inhibitors.
1.9.2.2 Anodic inhibitors

They are generally effective in the pH range of-&®&5 (near neutral
to basic). Basically, oxyanions such as chromatas|ybdates,
tungstates and also sodium nitrite are very effectinodic inhibitors.
These oxyanions are believed to play a role ofireggathe defects in
the passive iron oxide film on the iron surfacetHa case of chromate

or dichromate, the concentration of the inhibiteed is critical.
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1.9.2.3 Mixed-type inhibitors

They affect both anodic and cathodic branchespaflarization curve.

The organic inhibitors adsorbed on the metal serfaovide a barrier
to dissolution at the anode and a barrier to oxygetuction at the

cathodic sites. The protective functional groupshi@ organic mixed-

type inhibitors can be amino, carboxyl or phosphen@he adsorption
of inhibitors on the metal surface is governedhmsy riesidual charge on
the metal and the chemical structure of the inbibithe two types of

adsorption of an organic inhibitor on a metal stefare physical or
electrostatic and chemisorption. Inhibitors invalviem physisorption

can be desorbed with ease while inhibitors involire@hemisorption

are difficult to desorb [7].

1.9.2.4 Vapour Phase Inhibitors

Vapour phase inhibitors (VPIs) are compounds wibkv lvapour
pressures (0.0002 to 0.4 mm Hdghese inhibitors volatilize and
adsorb on all surfaces located in an enclosed spémeour phase
inhibitors are used to protect metal surfaces anagfe or transport, as
well as to protect electronic materials, such asudi boards. Vapor-
phase inhibitors can provide corrosion protection geriods ranging
from months to years [8, 9Vapour phase inhibitors, in general, are
effective in the prevention of corrosion in stéghe VPIs are used by
impregnating wrapping paper or by placing them ébypsnside a

closed container [10]
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1.10 Mechanism of Corrosion Inhibition

The first stage of mechanism of inhibitors in amédia involves the
adsorption of the inhibitors on to the metal susfand this adsorption
process is affected by the nature and surface ehairghe metal, the
chemical structure of the inhibitor and the type @afgressive
electrolyte. Chemisorption and Physisorption (Ptelsadsorption) are
the two types of interaction between an organigbitdr and a metal

surface.
1.10.1 Physical adsorption

It is due to electrostatic attraction between eieslly charged metal
surface and the inhibiting ions or dipoles. Thefae on the metal is
defined by the position of the free corrosion pa&nEcorr of the

metal with respect to its potential of zero cha@gC. At PZC the net
charge on the electrode is zero. At potentials npostive than PZC,
the electrode is positively charged; at potentralsre negative than
PZC, the electrode is negatively charged. When 4L is negative,
cations are adsorbed and when it is positive, negains are adsorbed

and this adsorption process is electrostatic inreat
1.10.2 Chemisorption

It is slow and it involves interaction forces whits stronger than the
forces in physisorption. Chemisorption involveg ttharge transfer
from the inhibitor to the metal so as to form arclyaate type of bond
between metal and inhibitor. Chemisorption occulswly than

physisorption and occurs with higher activationrgge
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Considering the ill effects of corrosion on mulimgnsional issues as
described elsewhere, an enormous amount of resdaashbeen
conducted world over to address various issuesepabyg corrosion.
The prevention of corrosion is the best method vercome the
corrosion of metals widely used in the industriégbe technology
developed on this line should be reliable, conststend also a cost
effective one. Further, the newly developed tecbgwlshould also
able to find ways and means to solve the associassdes.
Investigations carried in the past reveal thatowagitypes of inhibitors
are employed in the corrosion chemistry to préwarrosion of
metals. Though the inorganic inhibitors do helptevent corrosion on
one hand and on the other side brought about mantesirable
outcomes [12]. In this context, it is imperative ltmk for inhibitors
which could answer all issues including the coomnsprevention. In
recent years research thrust has been given tdifidezorrosion
inhibitors alternate to in organic inhibitors toesgome various issues.
The importance of amino acids in corrosion inhdritiof metals has
been reported [13]. Further, synthesis of Schiffebaolecules and
their corrosion prevention nature also being remgithe attention of
chemist all over the world. The studies using amacals and Schiff
base molecules to prevent corrosion of metals hkangged in industries
particularly copper and silver are very meagre.idt therefore
investigations have been carried out to find ow tble of various
amino acids vizysteine, methionin@nd schiff bases synthesised
from various amino acids on corrosion preventionnmgtals such as
copper and mild steel at various time intervals dachperature

gradients.
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Chapter
MATERIALS AND METHODS

2.1 Inhibitors
2.2 Materials
2.3 Medium

2.4. Methods
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Corrosion inhibition studies were undertaken in twadely used
metals such as mild steel and copper in the ingu3ine corrosion
behaviour of these metals in the acid medium tceaigh three amino
acids such as cysteine, DL — methionine, alanimefae schiff bases
synthesised from various amino acids were investyal he details of
materials and methodology adopted are describedratety in the

respective chapters.
2.1 Inhibitors

Two amino acids containing sulphur viz. Cysteined aDL —
methionine and schiff bases namely HHDMP, HMMB, HBJI
HDMMA, MOAB were as inhibitors and prepared as thex standard

procedures [44].
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2.1.1 Synthesis of the inhibitor HHDMP

Schiff base, HHDMP was employed as inhibitor andias synthesised
by dissolving 2-hydroxy-1-naphthaldehyde (10 mmgai21g) in 100 ml

methanol and then added to the amino acid setibenfnol ) solution in

methanol (50 ml). The mixture was refluxed for 3irs) the solvent was
removed on a rotary evaporator and the residuecwasallized at room
temperature. After a day crystals were collectedl r@erystallized from

methanol/n-heptane and characterised by physichemical methods
[44].

Wavenurber [cm-1]

CHO O Y
COOH
OH OH
HO OH
+ l

2- hydroxy 1- naphthaldehyde L - serine
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2.1.2 Synthesis of the inhibitor HMMB

Schiff base HMMB was employed as inhibitor and was by
dissolving 2-hydroxy-1-naphthaldehyde (10 mmol 1g)2in 100 ml
methanol and then added to the amino acids , DLethionine (10
mmol) solution in methanol (50 ml). The mixture waluxed for 3
hours, the solvent was removed on a rotary evapoeatd the residue
crystallized at room temperature. After a day @algstvere obtained and
recrystallized from methanol/n-heptane and chariset@ by physico —

chemical methods [44].

20



qT
nl

2000

Wavenumber [cn-1]

\f

21




CHO

on \(
S
+ H3C/ H N\
B
NH, -H,0
OH
2-Hydroxy 1 Naphthaldehyde DL- Methionine OO

2.1.3 Synthesis of the inhibitor HM 1B

Schiff base HMIB was employed as inhibitor ands thinhibitor was
prepared by dissolving 2-hydroxy-1-naphthaldehyidertmol 1.72 g) in
100 ml methanol and then added to the amino adigstidine, (10 mmol
each) solution in methanol (50 ml). The mixture wafuxed for 3
hours, the solvent was removed on a rotary evapoeatd the residue
crystallized at room temperature. After a day @algstvere obtained and
recrystallized from methanol/n-heptane and charizet@ by physico —

chemical methods [44].
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2.1.4 Synthesis of theinhibitor MOAB

Schiff base, MOAB was used as inhibitor and it \waspared by the
condensation of indoline-2, 3-dione (0.231 g; Inomole) with amino
acids (0.140 - 0.321 g; 1.57 mmole) (valine) in ialar ratio using
methanol (100 mL) as the reaction medium and it rgélsxed for 6 -
8 hours. After this it was put on cooling at rooemperature and the
solid products were obtained. The excess solvest nemoved on a
rotary evaporator. It was dried further and thenrifigad by

recrystallization from same solvent [44].
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2.1.5 Synthesis of theinhibitor HDMMA

Schiff base, HDMMA was used as inhibitor and it waepared by
dissolving 2-hydroxy-1-naphthaldehyde (10 mmol 1g)2in 100 ml
methanol and then added to the amino acid L- ayst€lO0 mmol)
solution in methanol (50 ml). The mixture was rgéid for 3 hours, the
solvent was removed on a rotary evaporator andesieue crystallized
at room temperature. After a day crystals were iobth and
recrystallized from methanol/n-heptane and chariget@ by physico —
chemical methods [44].
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2.2 Materials

The metals used for corrosion studies are mild | steving a
composition (atom %): C (0.2 %), Mn (1%), P (0.03, % (0.02 %),
and Fe (98.75 %) and copper.The specimens of thalsngsed in the
weight loss measurements were cut in to 4.8x1°Gmmpons. Similar
types of coupons were also used for the electromanstudies.
However, in electrochemical studies only fcanea of the specimens
were exposed. Prior to recording of both the mesamsants, the
samples were polished using different grade of grpapers followed

by washing with water and acetone.
2.3 Medium:

The medium was prepared from reagent grade hydrochacid &
sulphuric acid (E. Merck) and double distilled waf€he entire tests
were performed in aerated medium under standardlittoms of

temperature and pressure.
2.4. Methods:
2.4.1 Weight loss method

It is the most simplest and accurate method andl ladps to gauge
corrosion rate. The major advantage of this metiwdhat this
technique does not require any complex or sophistitequipment or
procedures. It is the most accepted method evay tdespite being an
old one. The weight loss experiments were carriatl under total
immersion conditions in test solution maintained3@8K.Mild steel
and copper specimens of required dimensions asé rilbbed with
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different grade of emery papers to remove rustiglast and then
subjected to the action of a buffing machine adckvith a cotton
wheel and a fibre wheel having buffing soap to emsuirror bright

finish. All specimens were cleaned according torRiSstandard G-1-
72 procedure [45-51].The experiments were carriatd io 250 ml

beaker containing the solution. After the exposyreriod the

specimens were removed, washed initially underinghtap water, to
remove the loosely adhering corrosion products famally cleaned

with mixture of 20% NaOH and 200g/L Zinc dust tolled by acetone
[56].The inhibition efficiency (%), IE was calcudmt using the
equation

W, -W —
E T X100 = (n) (1)

0

% |

Where W, and W refers to weight losses in the uninhibitedl an

inhibited solutions respectively.
2.4.2Electr ochemical methods:

Electrochemical techniques are reliable and véesatihich offer high
sensitivity, accuracy, and precision as well agdalinear dynamic

range with relatively low-cost instrumentation.
2.4.2.1 Electrochemical impedance spectroscopy (EIS)

The Electrochemical impedance spectroscopy (EIS)daéned much
popularity over the last decades. This electrochaimiechnique is
relatively non destructive (small ac voltage islaga) and can be used

to study a wide variety of surfaces in situ [57ledErical resistance is

26



the ability of a circuit element to resist the fla# electrical current.
Ohm’s law defines resistance in terms of the ragoween voltage E

and current |.
K= 2)

Ohm'’s law is limited to only one circuit element.i the ideal resistor.
Electrochemical impedance is invariably monitoregddpplying AC
potential AEsinot) to an electrochemical cell and measuring the
current passing through the cell and if appliesnasoidal potential
excitation, the response to this potential denotent AC current signal

(Alsinot+q), possessing the excitation frequency and @&smbnics
(20, 3w etc.) [53].The impedance Z has a magnitt%'éland phas®

and hence is a vector quantity; the EIS is generakasured using a
small excitation signal. This is performed to cdnite the cell's
response in the pseudo-linear pattern [54]. It adspresses the

impedance as a complex function. The potentisgpsasented as
E (1) =0&(ot) 3)
The current response as,
| (t) B lexp (jon-jD) (4)
The impedance is represented as a complex numiggreasbelow,
z :5 = Z, exp (j9) = % (cos@ +j sin @) (5)
AC impedance could provide kinetic and mechanistiormation of

the study of electrochemical systems, so electroada impedance
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spectroscopy technique is applied to a great extentorrosion
processes in solution eventhough AC impedance off¢a a lot of
information, sophisticated techniques are requicethterpret the data
to derive useful inferences. In this study, a festy response analyzer
(FRA) in unison with a potentiostat allowed a dellbe stimulated
with an AC signal and its response in terms of bk potential and
current was recorded [55]. The EIS data can beguloh two ways. If
the real part is plotted on the x-axis and the imay part on the y-
axis of a chart, then it is called Nyquist plot aadhown in Fig. 2.1.
On the contrary the Bode plot shown in Fig. 2.2adie represents
frequency information. EIS data is invariably azag by fitting it to
an equivalent electrical circuit model called Rasdkircuit which
consists of a solution resistance,iR series to a parallel combination
of resistor, R and a double layer capacitorg.CR; representing the
charge transfer resistance andy CGepresenting the electrode
capacitance shown in Fig. 2.3.
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Fig. 2.1.Nyquist plot for a simple electrochemical one ticomstant

system
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Fig. 2.3. Randles circuit

Electrochemical experiments were undertaken inrveational three-
electrode configuration with platinum sheet (fcsurface area) as
auxiliary electrode and saturated calomel electr¢g8EE) as the
reference electrode. The working electrode wasalhjitimmersed in
the test solution and after establishing a steatdye sOCP the

electrochemical measurements were made with aA&llcomputer
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controlled electrochemical workstation (ACM, U.K d& no: 1475).

The potentiodynamic polarization curves were olgaiim the potential
range from —250mV to +250mV with a sweep rate ah\/s. The

electrochemical impedance spectroscopy (EIS) datie wecorded at
amplitude of 5mV ac sine wave with a frequency enfj0.1 Hz to

10000Hz.In electrochemical techniques, corrosidnbition efficiency

(n) is determined using charge transfer resistangg @&Rd corrosion
current densities i) [58].

0% IE = orr=Leorr o 100 )
lcorr
R. -

% IE :“—R“x 100 (3)
R.

ct

WhereR*.; and R.; are the charge transfer resistance ahg,, and
i.orr @re the corrosion current density in the inhibidéed uninhibited

solution.

Fig. 2.4: Electrochemical Investigation — experitaéset up.

2.4.2.2 Polarization studies

In polarization method, potentiodynamic polariaatiwvas employed

to assess the efficiency as the technique offeegulisnformation
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pertaining to corrosion rate and mechanism [59) Potentiostat is
used in the polarization technique. In this studiese electrodes are
used and are 1) the working electrode (the melay/alised for
investigations), the reference electrode (the pitenf the WE is
measured relative to WE potential) and the coumterauxiliary
electrode (enable to pass current). The countestretle helps to
prevent any resistive potential drop (ohmic drogjpas the reference
electrode. The potential of a corroding metal (WIS) varied
(polarized) from its equilibrium potential value ([ initially the
negative and subsequently in the positive direcdod recorded the
current response to the applied potential [60]. Téage/current
density data pairs produced from the polarizatibthe WE can then

be employed to plot a polarization diagram showhRi 2.5.

0 Calhodic Currenl
i -4_?
" Measured _f;" -
E "1 ceilCurrent
'_/"
<
-0l 4
< /
i _,/-: Anodic Current
’__,
0.3 ‘/ t t
0000001 000001 Q0001 0.001 0. 01

Absalute CLrrem

Fig. 2.5. Polarization curve
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Tafel lines are overlaid in the polarization curvies the
dissolution of metal. In terms of definition, aktleorrosion potential
(Ecor) there is no net current flowing in the cell. Athegh negative
potential from Eorr, the flow of current will be towards both the arwd
and cathodic components and this makes the plondimear one. The
experimental curves are in agreement with the findafel
relationships only at higher over potential (Negair Positive) and in
such cases current density (therefore the corrosa@) could be
estimated from the intersection of the two Tafak$ [61]. In a few
instances one or both of the reactions may not béxfaictivation
polarization and this leads to cumbersome in thtémasion of the
corrosion current density. Whenever one reactionnder activation
control, the interaction of the linear Tafel regim this reaction with
the corrosion potential may be adequate to calkeulst corrosion rate.
In case the cathodic reaction is under complefesidn control at E.
the limiting current density will signify the cosmn current density
[62]. Whenever both anodic and cathodic curvesramlinear, any
arbitrary point become more positive than, [Ean be used as a
reference of the rate of anodic dissolution. A esion inhibitor is
qualified to become cathodic or anodic based on réaction
phenomenon which shows retarding. However it retaath reactions,
it is referred as a mixed type inhibitor and su@tdviour could be
identified from the polarization curves and the rde of E.. value
from its value in the uninhibited system [63].
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2.4.3 Scanning electr on microscopy (SEM):

The surface morphology of the metals mild steel eogper in the
absence and presence of various inhibitors wemied by using a
Digital Microscope Imaging Scanning electron micamse model
SU6600 (Serial No: HI-2102-0003) with an accelemgtivoltage

20.0kv.Samples were attached on the top of an alumistopper with
the support of carbon conductive adhesive tapemddrographs of the
specimens were taken at the magnification of 500K deriving

fruitful inferences.

Fig.2.2. Scanning Electron Microscope.
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2.4.4 Atomic Force Microscope (AFM)

The metal strips having a size of 4.8xdrfwere immersed in
1.0 M H,SO, & HCI with and without the inhibitor (150 ppm) ad3K
for 24hour. The specimens were cleaned after tipeilated period
with distilled water, dried, and then used for atforce microscopic

studies.

Fig.2.3. Atomic Force Microscope.

2.4.5 Computational studies:

Quantum chemical parameters of the inhibitor mdeswere
calculated using B3LYP, which is a version of thETDmethod [30].
The B3LYP method is recognized particularly forteyss containing
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transition metal atoms [31-32] and hence B3LYP weed for
guantum calculations. Gaussian 09 software was tgsddtermine the
geometry of the inhibitors. Various quantum cheinpeaameters such
as energy of highest occupied molecular orbitabf(k), energy of the
lowest unoccupied molecular orbital (o), energy gap AE) i.e.
ELumo-Enomo, ionization potential, | -gomo, electron affinity, A—
ELumo, electro negativityy (1+A)/2 and hardnessy (I-A)/2 of the
inhibitor molecules also calculated using Gausd&n programme

package.

The energy of HOMO is often associated with thectebs
donating capacity of a molecule. High value ofofzo indicates the
tendency of the molecule to donate electrons tapgmopriate acceptor
molecule with low energy and empty molecular ottbitiae energy of
LUMO indicates the ability of the molecule to actefectrons [64].
As the energy of Evmo decreases, the probability of the molecule to
accept electrons increases. The binding abilityhef inhibitor to the
metal surface improves with increasing HOMO and-ekesing LUMO

energy values.

The reactivity of corrosion inhibitors are to besaissed with
respect chemical hardnesg) (and softnesso parameters. These
factors are often associated with the Lewis thedracids and bases
and Pearson’s HSAB concept. A hard molecule hasrge AE and
therefore is less reactive; a soft molecule hasmallsAE and is
therefore more reactive [65]. In the study of cema inhibitors and

their ability to bind on the metal surface, theilmitor is considered as
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a soft base and the metal surface as a soft adsbr@tion occurs most

probably at the region of the molecule whergHas the highest value

_I-4A
=

1
c ==
1
The numbers of transferred electrosN) also provide an

indication of the ability of the molecule to donaectrons to bind on
the metal surface [66].

ﬂN — Im " Linh
2(Ngy FNipy

Wherey,, andy;,, are the absolute electro negativities of metal and
inhibitor moleculesn,, and n;,;, are the chemical hardness of the
metal and inhibitor molecules, respectively. Altgbuthe no of
transformed electronsAN) is a calculated value and even then it
serves to provide a rough estimate of the possiéfed in the electron
transfer among selected molecules [67]. The comghdbat has the
highest ability to transfer electrons is considetedgossess the high

tendency to interact with the metal surface.
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Chapter

ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION
INHIBITION BEHAVIOUR OF

L — CYSTEINE WITH COPPER IN
SULPHURIC ACID

3.1. General

3.2 Results and discussion

3.3 Conclusions

3.1. General

Copper is extensively used in industrial sectotipalarly in electronic
field due to its good thermal conductivity, mecltahiproperties and
low electrical resistivity. It is a noble metal, viever in aggressive
acids and alkali it undergoes corrosion easilyelcent years, laudable
efforts have been taken by the scientific commutotyind efficient
corrosion inhibitors containing sulphur or nitrogfg8-72. Organic
inhibitors which contain nitrogen, oxygen and suipthave been
widely used in the case of corrosion of copper émalloys [73-77].
Among the organic compounds, the most commonly usess are
benzotriazole [78-79] and benzimidazole [80]. Cdagng the high
toxic nature of these organic compounds, aminosaaielre identified
as an alternate, as a green corrosion inhibitote umique chemical
properties. Not much information is available onre tleorrosion
behaviour of sulphur containing amino acid, L-cysteon copper and
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hence, investigations were undertaken to find outosion inhibition
behaviour L-cysteine at different concentration8,180,150 ppm) on
copper in 0.5M, 1M, and 1.5M sulphuric acid at wagytemperature
gradients.

3.2 Resaultsand discussion
3.2.1. Weight loss studies

The weight loss under different intervals of tin#4,(48, 72 and 96
hours) in the absence and presence of differenterdrations (50ppm,
100ppm, 150ppm) of L - cysteine (Fig. 3.1) weredsd. The results
revealed that the inhibition efficiency is high2at hr in all the studied
concentrations of L- cysteine and inhibition e#iccy declined gradually
with the advancement of time.

3.2.2 Potentiodynamic polarization studies

Potentiodynamic polarization studies of copper /BM) 1M & 1.5M
H,SO, were carried out in the absence and presencehdjitiors at
303K, 308K and 313 K. Tafel polarization curves ¢opper in 0.5M,
1M, & 1.5M H,SQO, solution in the absence and presence of various
concentrations of L-cysteine at 303K, 308K and Bl&e presented in
Fig. 3.2 to 3.4. It reveals that both the anodidaindissolution and
cathodic hydrogen evolution would exhibit Tafel ¢ypehaviour. The
respective values of electrochemical parametere Igorrosion
potential (Eom), cathodic and anodic Tafel slopeB: ¢ Pa) and
corrosion current density.{,) are given in Table 3.1 to Table 3.3. The
electrochemical parameter such g, showed relatively high value at
50 ppm compared to its high concentrations(100ppépam) at 0.5
M and 1M acid medium at a temperature of 303K &mel same trend
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was not observed at 1.5M acid medium. However atséime acid
medium as with the increase in concentration oibitdr, the values of
electrochemical parameters likgland corrosion rate declined. At
high temperature (308K and 313 K), the response tlé
electrochemical parametesg Bc lcorr, COrrosion rate etc. varied with
respect to concentration of the inhibitor and ad®@sults gathered
from the potentiodynamic polarization studies shtbat L — cysteine
behaves as a mixed type inhibitor. The mechanisictbn involves
the blocking of reaction sites by the inhibitorabigh adsorption and
its efficiency increases by increase in the corra¢ion of the inhibitor
[81-82]. It is also evident that there is a dedrgadrend in the
corrosion current density and an increase in tinbition efficiency
with increase in the inhibitor concentration.

3.2.3 Electrochemical impedance spectroscopy (EIS)

EIS is an efficient technique to study organic o on the metal as
this technique does not disturb the double layghatmetal / solution
interface [83-84] and provides highly reliable désuNyquist plots of

copper in 0.5M, 1M, 1.5M }BO, at 303K, 308K and 313 K
containing various concentrations of L - cysteiftera30 minutes of
immersion time are presented in Fig. 3.5 to Fig. 8 showed that in
uninhibited solution, Nyquist plot yields a slighttepressed semi
circular shape with only one time constant in Bddemat. This

indicated that copper has undergone corrosion solation without

inhibitor and the process is controlled by chamgedfer process [85-
86]. The electrochemical parameters associatedhi® itnpedance
study are given in the Table 3.4 to Table 3.6. Arpedance data on
copper revealed that an increase in inhibitor cotmaéon leads to R

value increase at 303 K in all concentrations @f #lcid used in the
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study. The {,r value decreased with increased concentration ®f th
inhibitor. At high temperatures (308K & 313K),Rvalue showed
increasing trend with the inhibitor concentrationaicid medium. The
simplest circuit fit for these experimental dataswa Randles circuit
which consists of a solution resistance, IR series to a parallel
combination of resistor, J)Rand a double layer capacitogg. R
representing the charge transfer resistance apdefresenting the
electrode capacitance. The addition of L — cysténthe acid solution
changed the shape and size of the impedance behasiod a
depressed semicircle is obtained at the high frecyueegion and this
is due to the charge transfer resistance and theséilayer resistance.
It is interesting to note from the Nyquist plotathr; values increased
with the inhibitor concentration, through the fotioa of a protective
layer at the metal surface, which acts as a baiwrethe mass and the
charge transfers.

3.2.4 Adsorption studies

The adsorption isotherm provides information peitey to the
interaction of inhibitor with metal surface [87-88Adsorption
parameters corresponding to the behaviour of thibitor on copper is
presented in Table 3.7. To obtain adsorption isathdhe surface
coverage valued) for different concentrations of inhibitor in 0.5M
1M, and 1.5M HSO, have been obtained from potentiodynamic
polarization measurements. Using these data diffeyephs has been
constructed to find out the most suitable adsompsotherm. The plot
of log ®/1-6) Vs log C yields a straight line, providing thdtet
adsorption of the L - cysteine on copper surfaceysbLangmuir
adsorption isotherm and the same for copper in 0.5M &1.5M
H,SQ, in the absence and presence of L - cysteine @BK 3308K &
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313 K is shown in Fig. 3.7. The negative valueA@’,¢s ensured the
spontaneity of adsorption process and stabilitthefadsorbed layer on
the copper surface. Generally the value\6f,4s around -20kJ mél
or lower are consistent with physisorption, whileoge around -
40kJmol* or higher value involve chemisorptions [8®8ased on the
calculatedAG%gsvalues, it could be inferred that adsorption inealis
mixed type.

3.3 Conclusions.

1. The amino acid L- cysteine may be considered aseang
corrosion inhibitor for copper with relatively goedficiency.

2. As the concentration of the inhibitor inges, corrosion
inhibition efficiency as well as charge transfersiséance
increases whereas the corrosion rate and doubler lay
capacitance decreases due to better adsorptidmeahhibitor
on metal surface.

3. The inhibitor molecule affects both the anodid cathodic
processes and hence acts as a mixed type one.

4. The adsorption of the inhibitor obeys Langmadsorption
isotherm model.
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Table 3.1:

polarization curves in 0.5 M, 1 M & 1.5 MBO, at 303K.

Electrochemical parameters of coppetaioed from

Sulphuric L - cysteine Ecor Ba Be leorr CR (%IE)
acid (ppm) (mV) (mV dec-1) (mV dec-1) (mé)cm’ (mils/yr)

Blank -64.49 48.14 -217.27 3.83 33512 -
50 -69.04 45.53 -98.48 231 22.118 39.00
0.5M 100 -56.89 26.77 - 36.70 1.80 15.764 53.00
150 -51.23 22.64 -24.98 1.60 14.566 58.22

Blank -97.56 57.62 -113.88 3.85 35541 -
50 -69.51 37.62 -48.12 2.40 24127 37.66
1M 100 -66.24 43.11 -55.44 2.00 16.834 48.05
150 -80.72 33.58 -49.87 1.67 15.532 56.62

Blank -76.69 34.89 -237.84 3.86 36.972 -
15M 50 -35.11 22.19 -28.03 2.47 35.568 36.01
100 -30.05 44.50 - 87.06 2.40 17.589 38.42
150 -62.05 52.71 -200.29 1.73 16.938 55.18

Table 3.2: Electrochemical parameters of copperaiobtd from
polarization curves in0.5M,1M & 1.5 M,HO, at 308K.

Sulphuric L - cysteine Ecorr Ba c lcorr CR (%IE)
acid (ppm) (mV) (mV dec-1) (mV dec-1) (mA2 e (milsfyr)
Blank - 203.05 122.22 - 70.65 3.90 3468 -
50 -172.88 79.27 -322.37 2.50 24.55 36.00
0.5M 100 -191.29 46.01 -90.14 1.88 23.39 51.79
150 - 146.97 71.96 -189.32 1.66 20.11 56.66
Blank -51.76 68.96 -204.33 3.93 36.94 -
50 -48.54 53.00 - 311.00 2.55 26.53 35.11
1M 100 -24.08 51.99 - 464.90 1.95 24.92 50.38
150 -33.79 51.562 - 303.67 1.90 21.93 51.65
Blank - 46.89 27.69 - 15.09 3.95 38.27 -
15M 50 -96.59 36.11 -101.77 2.60 28.32 34.17
100 -39.35 38.53 - 86.84 2.13 25.20 45.56
150 -31.13 34.08 - 55.61 1.98 23.49 49.87
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Table 3.3: Electrochemical parameters of copperaiobtd from

polarization curves in 0.5M, 1 M & 1.5 M H2S0O4 at3K

sulphuric  L-cysteine Ecorr Ba Be leorr CR (%IE)
acid (ppm) (mV) (mV dec- (mV dec-1) (mé cm  (mils/yr)
1) )

Blank -180.31 66.27 -173.92 3.95 3588 -

50 -181.14 59.71 -173.56 2.55 27.73 35.44
05 M 100 -185.35 45.34 -100.59 2.50 25.87 36.70
150 -188.01 57.85 -258.11 2.00 24.25 49.36

Blank -27.20 46.20 -354.33 3.97 3710 -

50 -33.47 47.77 -173.55 2.59 29.44 34.76

1M 100 -69.75 38.39 -132.82 2.57 26.05 35.26
150 - 62.07 71.26 -382.50 2.54 25.48 36.02

Blank -84.61 35.73 -74.88 3.99 38.65 -

15M 50 -96.31 39.95 -46.25 2.70 30.52 32.33
100 -84.61 31.87 - 63.22 2.65 28.13 33.58

150 -39.13 42.13 -130.93 2.60 26.25 34.83

Table 3.4: AC impedance data on copper with lystaine in 0.5 M,
1M &1.5M HSQO, at 303K.

sulphuric R c
L - cysteine ct d I C.R
acid (ppm) @cnf)  WFe) AT (misyy  (P1E)
Blank 598 409.10 2.90 2659 -
50 1820 315.30 1.43 13.13 67.14
0.5M 100 1904 261.60 1.37 12.55 68.59
150 3024 234.00 1.28 11.80 70.13
Blank 540 1440.00 3.15 2893 -
50 1539 173.00 1.69 15.52 64.91
M 100 1700 107.80 1.51 13.85 68.23
150 1802 76.00 1.49 13.21 70.00
Blank 514 1205.00 3.21 3250 -
50 1010 358.37 1.76 17.53 57.16
15M 100 1504 64.31 1.87 15.21 65.82
150 1704 37.21 1.53 14.20 68.01
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Table 3.5: AC impedance data on copper with lystaine in 0.5 M,
1M &1.5MHSO, at 308K.

Sulphuric L - cysteine R.t Ca lcorr C.R (%IE)
acid (ppm) (Qcnf)  (UF cn?d) (mAZ\ cm  (mils/yr)
)
Blank 101 4936.00 3.25 3458 -
50 158 1006.00 1.78 19.09 36.00
0.5M 100 164 821.00 1.70 16.57 38.00
150 325 223.70 1.57 15.00 68.92
Blank 93 1275.00 3.29 36.40  ---eeee-
50 130 803.20 1.83 21.20 28.46
1M 100 149 552.60 1.75 17.90 37.30
150 290 206.30 1.63 16.21 67.93
Blank 74 2298.00 3.53 3890 -
50 87 1401.00 1.86 25.07 14.49
1.5M 100 115 674.30 1.79 20.90 35.60
150 215 513.00 1.67 18.94 65.58

Table 3.6: AC impedance data on copper with lystaine in 0.5 M,
1M&1.5MHSO, at313K.

Sulphuric L - cysteine R Cal lcorr C.R (%IE)
acid (ppm) (Qcnd) (MFcm®)  (mA cm?) (mils/yr)
Blank 124 511.90 3.57 40.53 -
50 172 434.00 1.89 27.54 27.70
0.5M 100 173 297.50 1.85 23.49 28.48
150 350 189.80 1.77 21.25 64.57
Blank 100 3088.00 3.62 4205 -
50 120 2973.00 1.93 29.67 16.66
M 100 138 1464.00 1.88 25.84 27.50
150 280 1154.00 1.81 23.85 64.28
Blank 47 1491.00 3.70 43.65 -
50 54 811.00 1.96 30.18 11.62
1.5M 100 65 607.00 1.93 28.99 26.71
150 116 303.00 1.86 25.21 58.74
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Table 3.7: Adsorption parameters of inhibitor (L cysteine) for
corrosion of copper at various temperatures andcexuration of

sulphuric acid.

AG®,4s(kJ mol) & K ge(mol™)

Sulphuric Temperature L - cysteine (ppm)
acid ®
50 100 150
303 -29.86 1046 -28.25 1337 -27.6 2536
0.5M 308 -28.78 756 -27.26 1371 -32.15 5116
313 -28.15 900 -26.51 479 -30.68 2371
303 -29.40 977 -28.25 1335 -27.46 2109
1M 308 -25.81 429 -27.15 724 -30.46 2638
313 -28.03 456 -26.39 856 -30.03 1854
303 -29.26 800 -27.85 1139 -26.86 1195
15M 308 -25.61 396 -26.93 664 -30.96 2500
313 -25.29 300 -26.21 426 -28.79 1150
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Chapter

ELECTRO CHEMICAL
INTERACTIONS OF HHDMP,

A L-SERINE BASED SCHIFF BASE,
WITH COPPER IN SULPHURIC ACID

4.1 Results and discussion

4.2 Conclusions.

4.1 Results and Discussion
4.1.1. Weight loss studies

The weight loss recorded on the sample specimdectgefon the
inhibition efficiency. The weight loss under diféat intervals of time
(24, 48, 72 and 96 hours) in 1M sulphuric acid atfecent

concentrations of inhibitor HHDMP (Fig.4.1) was dird. Results
revealed that the inhibition efficiency is high 24 hour interval
irrespective of concentrations of the inhibitorand subsequently the
efficiency declined. The inhibition efficiency ireased with the
increased concentrations of the inhibitor, howeweith the

advancement of time interval inhibition efficiencgecreased

irrespective of the inhibitor concentrations.
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4.1.2 Potentiodynamic polarization studies

Potentiodynamic polarization behaviour of copperli sulphuric
acid in the absence and presence of inhibitor HHDIBO3K, 308K
and 313K were presented in Table 4.1. Results atelit that the
electrochemical parameters vary with the inhibitoncentration and
temperature. Tafel polarization curves for copped.bM, 1M & 1.5M
sulphuric acid in the absence and presence ofréiffeconcentrations
of HHDMP at 303K are presented in Fig.4.2. The po#ion results
indicated that increase in the inhibitor concemrareduces both the
cathodic and anodic current and there is no definénd in the shift of
Ecor Values. The displacement ink between in the absence and
presence of the inhibitor was less than 85 mV whiohforms the
mixed type behaviour of the inhibitor. Thereforésialso clear that the
values of electrochemical parameters likg: | and corrosion rate
decreased with the increase in concentration of ithébitor. The
decreasing trend ofd, with the increase in inhibitor concentration in

all the acid concentration is shown in Fig.4.3.
4.1.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is efficient
technique to study organic coatings on the met#éhiagechnique does
not disturb the double layer at the metal / sohutiaterface and thus
provides highly reliable results. The electrochethiparameters
associated to impedance study at varying tempeat{803K, 308K,
313K) were presented in Table 4.2. Results revetiiad L, value

showed decreasing trend with increase in concémtrabf the
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inhibitor. Nyquist plots of copper in 1M sulphuracid solution at
303K, 308K & 313K containing various concentratioolSHHDMP
after 30 minutes of immersion are presented in44g.The plot of
concentration of the inhibitor against efficiensydepicted in Fig.4.5.
The efficiency is found to be high at 150ppm ofiloitor HHDMP. It
further reveals that in uninhibited solution, Nysjuiplot yields a
slightly depressed semi circles and it amply exygldahat the corrosion
of the copper in the absence of inhibitor is maiobntrolled by a
charge transfer process. [85-86]. The simplestutirfit for these
experimental data was a Randles circuit consistsaotolution
resistance, Rin series to a parallel combination of resistog,dRd a
double layer capacitor, 4 R representing the charge transfer
resistance and 4C representing the electrode capacitance. It may be
noted from Nyquist plots that (Rvalues increased with inhibitor
concentration, which can be attributed to the fdromaof a protective
layer at the metal surface and this layer acts lagraer for the mass

and the charge transfers.
4.1.4 Adsor ption studies

The adsorption isotherm provides information peitey to the
interaction of inhibitor with metal surface [87-88JAdsorption
behaviour of the HHDMP in copper corrosion is preésd in Table
4.3. Results revealed that corrosion behaviouresawith inhibitor
concentrations. The surface coverage valu@y for different
concentrations of inhibitor in 1M sulphuric acid taimed from,
electrochemical measurements were used for thetrootien of

adsorption isotherm. Using these data, differeothisrms have been
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plotted to find out the most suitable adsorptiootherm. The plot
C/ 6 Vs C shows a straight line, providing that the cagon of
HHDMP on copper surface obeys Langmuir adsorptsmtherm and
the same at 303K, 308K & 313K are shown in Fig.4.6.

The values 0Kags and4G%qs of inhibitor HHDMP is given in Table
4.4. The negative value oAG’%gs indicates the spontaneity of
adsorption process and stability of the adsorbgdrlan the copper
surface. Generally the value 66°%qs around -20kJ mdi or lower are
consistent with physisorption, while those arouiokJdmol* or higher
value involve chemisorptions [89]. In this case manf adsorption

involved is physisorption
4.1.5 Computational studies

Computational calculations of various quantum clvamparameters
like energy of highest occupied molecular orbitalduo), energy of
the lowest unoccupied molecular orbit&l (o), energy gapAE) i.e.
Enomo-ELumo, i0nization potentiall which is-Eyomo, electron affinity,
A which is—E_ymo, electro negativityy which is (+A)/2 and hardness,
n which is (-A)/2 were calculated and optimized the geometryhef t
molecule using Gaussian 09 program package. Tiwellatéd values
of quantum chemical parameters aig¥o (eV), ELUMO (eV),AE
(eV), I (eV), A (eV),x(eV), n (eV) which are found to be -5.72, -1.62,
4.03, 5.72, 1.62, 3.67, 2.05 respectively. Theropeed geometry of
HHDMP is presented in Fig. 4.7. HOMO and LUMO dfBEIMP are
given in Fig.4.8. It is generally stated that thigcency of inhibitors

increase with decrease in energy gdp, increase inEnomo and
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decrease irE umo. Higher Eqomo vValue enhances the adsorption of
inhibitor and thereby increasing the inhibitionig#ncy. Smaller the
EL.uvo value greater will be the probability of moleculs accept
electrons. Higher the ionization energy, easief bal the removal of

electrons from the molecule.
4.1.6 Scanning electron microscopy

The SEM images of a bare polished copper, copper @mimersion in
1M sulphuric acid without inhibitor & with inhibitofor a period of 24
hours were given in Fig.4. 9 a-c respectively.lsbaevealed that the
metal surface was smooth and free from depressiortbe case of
copper immersed in sulphuric acid containing HHDMRere as the
surface is damaged in the case of copper immerseadlphuric acid

without inhibitor.
4.1.7 Atomic for ce micr oscope (AFM)

The three dimensional AFM images are shown in igetFRL0 (a—c). It
is evident from the Fig 4.10 c, there is much ldssnage on the
surface of copper in the presence of HHDMP. Theage roughness
of polished copper (Fig. 4.10 a) and copper expasetiM H,SO,
without inhibitor (Fig.4.10b) was calculated to ®84nm and 84 nm,
respectively. The copper surface in the free acidt®n is getting
cracked due to the acid attack (Figure.4.10 b). éi@x, in the
presence of 150ppm of inhibitor, the average roeghnvas reduced to
33.72.
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4.2 Conclusions.

1)

2)

3)

4)

5)

6)

The amino acid schiff base HHDMP is a green coorsi

inhibitor with fairly good efficiency

As the concentration of the inhibitor incress corrosion
inhibition efficiency as well as charge transfersiséance

increases.

The corrosion rate and double layer capacitancesdsed due
to increased adsorption of the inhibitor.

The inhibitor molecule affects both the amodnd cathodic

processes and hence acts as a mixed type inhibitor.

The adsorption of the inhibitor obeys Langmadsorption

isotherm model.

HHDMP inhibits copper corrosion in 1M,80, even at fairly

high temperature also.
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Table 4. 1: Data on Electrochemical parameter®pper obtained

from polarisation curves in 1M J80,.

Temp HHDMP Ecorr Ba Be leorr CR (%IE)
(K) (ppm) (mV) (mV dec-1) (mV dec-1) (mé cm  (mils/yr)
)
Blank -39.52 61.15 -184.44 0.0110 1030  --—---
50 -79.20 57.76 -110.72 0.0032 3.010 71.42
303K 100 -72.60 54.32 -62.13 0.0021 2.560 75.89
150 -110.32 37.12 - 56.45 0.0020  2.100 80.35
Blank -52.20 43.77 - 275.60 0.0090 11.26 -
50 -80.65 56.29 -90.64 0.0032 3.25 68.68
308K 100 -110.25 45.97 - 68.57 0.0024 2.60 71.74
150 -84.87 64.45 -99.30 0.0025 2.23 74.74
Blank  -53.21 47.32 - 396.42 0.0126 1157 -
313K 50 -78.63 58.67 -144.30 0.0040 3.73 66.66
100 -39.56 36.93 -50.42 0.0038 3.49 69.84
150 -80.47 58.20 -92.04 0.0034 3.11 73.01
Table 4.2: AC impedance data on copper with WNH#DONn 1 M
H,SO, at 303K, 308K & 313K.
Temp  HHDMP Ry Ca Lo CR (%IE)
(ppm) (Qc?)  (UFcm®d)  (mAcm?  (mils/yr)
(K)
Blank 493 409.10 0.052 48.38 -
50 1533 315.30 0.017 15.58 68.84
303K 100 2588 261.60 0.010 9.23 80.95
150 3273 234.00 0.008 7.52 85.98
Blank 442 14430.00 0.058 54.02 -
50 1311 173.00 0.019 18.15 67.28
308K 100 1772 107.80 0.014 13.48 75.05
150 2715 76.00 0.009 8.79 83.72
Blank 438 1105.00 0.060 54,96 -
50 1298 318.20 0.020 19.36 66.00
313K 100 1715 54.22 0.015 13.93 74.40
150 2512 29.13 0.010 9.51 82.50
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Table 4.3: Adsorption parameters of inhibitor (HHBMor corrosion
of 1 M H,SO, at 303K, 308K & 313K.

AGgs(kd Mol & K aqex 10°(mol™)

Tem(pKe)rature HHDMP (ppm)
50 100 150
303K -16.18 11.00 -16.19 11.12 -16.08 10.68
308K -16.06 10.59 -15.30 7.83 -15.50 8.49
313K -15.95 10.13 -15.17 7.42 -15.33 7.91
N CH,OH

COOH
OH

Figure 4.1: Structure of HHDMP.
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Figure 4.2: Polarization curves for copper in 1Mphuric acid at
303K, 308K & 313K respectively.
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20.0kV 9.4mm x500 SE

Figure 4. 9: The SEM images of (a) bare polishgzpeo (b) copper
after immersion in 1M sulphuric acid medium withanhibitor

(c) With HHDMP
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(©)

Figure 4.10: AFM images of (a) copper (b) copperlM H,SO,
without inhibitor (c) copper in the presence of IHim of HHDMP
after 24 hr exposure.
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Chapter
ELECTROCHEMICAL INTERACTIONS

OF HDMMA A CYSTEINE BASED
SCHIFF BASE, WITH COPPER IN
HYDROCHLORIC ACID

5.1 Results and discussion

5.2 Conclusions.
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5.1 Results and Discussion
5.1.1 Weight loss studies

The weight loss under different intervals of tini#4,(48, 72 and 96
hours) in the absence and presence of differentesgrations (50ppm,
100ppm, 150ppm) of inhibitor HDMMA (Fig.5.1) weraudied. Results
revealed that the inhibition efficiency became higito 24 hour interval
irrespective of concentration of the inhibitor asdbsequently the
efficiency declined. The inhibition efficiency ireased with the
increased concentrations of the inhibitor. With #uivancement of time
interval, inhibition efficiency decreased irrespeet of the inhibitor

concentration.
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5.1.2 Potentiodynamic polarization studies

Potentiodynamic polarization behaviour of coppehyalrochloric acid in
the absence and presence of inhibitor HDMMA at 30368K & 313K
are presented in the Table 5.1. Tafel polarizatiorves for copper in 1M
hydrochloric acid in the absence and presence radusconcentrations of
HDMMA at 303K, 308K & 313K are presented in Fig.5.2eltgaled that
both the anodic metal dissolution and cathodic bgen evolution would
exhibit Tafel type behaviour. The results emanafimgm these studies
revealed that HDMMAcan act as a mixed type inhibitor. It is also emide
that corrosion rate decreased with the increaseoircentration of the
inhibitor in all temperature regimes and is repnésé in the Fig.5.3. The
mechanism of corrosion inhibition involves the Idog of reaction sites
by the inhibitor due to the adsorption of inhibitoolecule on the metal
surfaces and the surface adsorption increases byease in the
concentration of inhibitor [81-82].The formation @f coating on the
surface of the metal as a result of adsorptionhef inhibitor molecule
gives a considerable protection against corrosion.

5.1.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) isfacient technique to

study organic coatings on the metal as this teclnapes not disturb the
double layer at the metal / solution interface dmeshce the technique
provides highly reliable and consistent results.e Télectrochemical

parameters associated to impedance study at vasoygerature gradients
(303K, 308K &313K) are presented in Table 5.2. Resevealed thatd,

value showed a decreasing trend with increased ecdration of the
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inhibitor. It is interesting to note that in alletlvaried acid medium devoid
of inhibitor registered high values aof,} Nyquist plots of copper in 1M
hydrochloric acid solution at 303K, 308K & 313K ¢aiming various
concentrations of HDMMA after 30 minutes of immersiare presented
in Fig.5.4. The efficiency is found to be high &@0ppm of inhibitor
HDMMA in all temperature regimes and the graphiegresentation of
this relationship is presented in the Fig.5.5. [koarevealed that in
uninhibited solution, Nyquist plot yields a slightlepressed semi circles
and it amply explains that the corrosion of thepmpin the absence of
inhibitor is mainly controlled by a charge transfeocess [85-86]. The
simplest circuit fit for these experimental datassveaRandles circuit which
consists of a solution resistance, iR series to a parallel combination of
resistor, R and a double layer capacitorg.(R.; representing the charge
transfer resistance andy@epresenting the electrode capacitance. It may
be noted from Nyquist plots thatRvalues increased with inhibitor
concentration, which can be attributed to the fdromaof a protective
layer at the metal surface and this layer acts laaraer for the mass and

the charge transfers.
5.1.4 Adsor ption studies

The adsorption isotherm provides information peitaj to the interaction
of inhibitor with metal surface. Adsorption behawioof HDMMA on

copper metal presented in the Table 5.3. Resutsaled that corrosion
behaviour varies with inhibitor concentration inetlcid medium. The
surface coverage valued) for different concentrations of inhibitor in 1M
hydrochloric acid obtained from electrochemical mmgaments were used

for adsorption studies. Using these data, differgraphs have been
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constructed to find out the most suitable adsomptsmtherm. The plot
C/ 6 Vs C shows a straight line, providing that thecaidgon of the Schiff
base HDMMA on copper surface obeys Langmuir adsorpisotherm
and the same is given in Fig.5.6. The valuesKafs and 4G%gs of
HDMMA is given in Table 5.3. The negative value A5’ ensures the
spontaneity of adsorption process and stabilitthefadsorbed layer on the
copper surface. Generally the valueA@®,¢s around -20kJ méi or lower
are consistent with physisorption, while those atbt40kJmof or higher
value involve chemisorptions [89]. Based on thewatedAGgsvalues,

it could be concluded that adsorption involvedhggsorption.
5.1.5 Computational studies

Computational studies indicated that various  ¢wan chemical
parameters like energy of highest occupied molecataital Exomo),
energy of the lowest unoccupied molecular orbiBly(o), energy gap
(4E) i.e. Enomo-ELumo, 10nization potential] which is-Exomo, €electron
affinity, A which is —E ymo, electro negativity, which is (+A)/2 and
hardnessy which is (-A)/2 were calculated and optimized the geometry
of the molecule using Gaussian 09 program packades calculated
values of quantum chemical parametersE&evo (€V), ELumo (eV), AE
(eV), I (eV), A (eV),x (eV), n (eV) which are found to be -6.10, -2.11,
3.99, 6.10, 2.11, 4.10, 1.99 respectively. Theroped geometry of the
inhibitor HDMMA is presented in Fig.5.7. HOMO andUMO of
HDMMA are given in Fig.5.8.1t is generally believéthat the efficiency of
inhibitor increase with decrease in energy g#p, increase ireyomo and
decrease inE_ymo. Higher Eyomo value enhances the adsorption of

inhibitor thereby increasing the inhibition effioey. Smaller theE yvo
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value greater will be the probability of molecules accept electrons.
Higher the ionization energy, easier will be thmoal of electrons from

the molecule.
5.1.6 Scanning electron microscopy

SEM studies enable to understand the effect obitdri molecules on the
surface of copper. The SEM images of a bare pdisiopper, the status
of the copper samples after immersion in 1M hydiaot acid medium
without inhibitor & with inhibitor HDMMA, are givernn the Figure.5.9. It
also revealed that the metal surface was smoottiraedrom depressions
in the case of copper immersed in hydrochloric daghich contains
HDMMA where as the surface is damaged in the cds®mper which is

immersed in hydrochloric acid free from the inkopi
5.2 Conclusions.

1. The HDMMA shows effective inhibition efficiency faopper in
HCI

2. The corrosion rate and double layer capacitanceedsed due to
adsorption of the inhibitor. The adsorption of theibitor obeys

Langmuir adsorption isotherm model.

3. Polarization studies reveal that HDMMA acts asraixed type
inhibitor.
4, The inhibitor molecules adsorb on the copper serfaed block

the reaction sites. The surface area availablthtoattack of the
corrosive species decreases with  the increaskeinnhibitor

concentration.
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Table 5.1: Data on Electrochemical parametersopiper obtained
from polarization curves in 1 M HCI at 303K, 308K&L3K.

Temp  HDMMA c 5. e oo R
(ppm) (m% (mVv (mVv (mA cm (mils/yr) (%IE)
(K) dec-l)  dec-1) 2 y
9611 11801  355.86 00166 15243  -eeee
Blank
50 8820 8693 18272 00041 3789 7530
303 100 109.05  72.85  162.03 00032 2993  80.72
150 19026 10115 18311 00030  2.875  82.00
Blank 5050 7953  361.61 00185  17.800 e
50 2625 4251 5317 00047 4125 7459
308 100 8352 8116 22728 00055 5048 7027
150 10925 7833  239.83 00045 42103  75.67
Blank  -60.523 80259 40127  0.0186  18.250 e
313 50 22652 5317 15221 0.0048  4.938  74.19
100 8426 8226 22728 99956 5456 6900
150
11025 7925 23983 00046 4317 7526
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Table.5. 2. AC impedance data acopperwith  HDMMA Schiff base
in 1M HCI at 303K, 308K & 313K.

Temp HDMMA R Ca loor CR  (%IE)
(ppm) (Qcnf)  (Fcem®) (mAcm?)  (mils/yr)
K
) Blank 609.20 95.5 0.0428 3932 -
50 2010 74.15 0.01298 11.89 69.70
303 100 4890 59.07 0.005335 4.85 87.54
150 6600 41.98 0.00395 3.620 90.77
Blank 502.5 121.3 0.0560 4754 -
50 1471 57.51 0.0177 16.24 65.87
308 100 2776 70.97 0.0093 8.60 81.89
150 4610 53.81 0.0056 5.18 89.11
Blank 465 243.4 0.0591 5136 --—---
313 50 1310 47.68 0.0199 18.24 64.50
100 2303 59.24 0.0113 10.237 79.80
150 4016 42.52 0.0063 5.784 88.42
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Table 5. 3. Adsorption parameters of HDMMA for asion of copper
in 1M HCI at 303 K, 308K & 313K.

Temperature AG45(kd Mol & K ,gex 10°(mol™)
K HDMMA (ppm)
50 100 150
303K -18.23 12.09 -18.15 12.33 -18.25 11.25
308K -18.27 11.35 -17.35 11.25 -17.23 10.83
313K -18.04 11.26 -17.25 11.13 -17.17 10.26

COOH
HS/\(

N

X

OH

Fig. 5.1: Stucture of the inhibitor
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313K respectively.

78



Corrosion rate (mils/yr)

Corrosion Rate (mils/yr)

80 100 120 140 160

Concentration (ppm)

80 100 120 140 160

Concentration (ppm)

(@) (b)

Corrosion rate (mils/yr)

80 100 120 140 160
Concentration (ppm)

(c)

Fig. 5.3: Variation of corrosion rate Vs concatitn of inhibitor
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Fig .5.6: Langmuir adsorption isotherm for coppeflM HCI different
concentrations of HDMMA at 303K, 308K &313K resgieely.

Fig.5.7: Optimized geometry of inhibitor HDMMA
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(a) HOMO

(b) LUMO

Fig.5. 8. HOMO and LUMO of the inhibitor HDMMA

83



3

_(b)

(€)

Fig.5.9. SEM images of Jacoppe (b) copper in 1M HCI without
inhibitor (c) mpper in the presence of 150 ppm of HDMM after 24
hour.
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Chapter
ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION
INHIBITION BEHAVIOUR OF
CYSTEINE/ALANINE PAIR ON COPPER
IN SULPHURIC ACID

6.1 Results and discussion

6.2 Conclusions.
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6.1 Results and Discussion
6.1.1. Weight loss studies

The weight loss under different intervals of tif2&, 48, 72 and 96
hours) in 1 M sulphuric acid in a combination ohiimitors cysteine
and alanine (Fig. 6.1 a & b) were studied. Residtgaled that the
inhibition efficiency is maximum upto 24 hour. Thahibition

efficiency increased with the increased conceminatiof the inhibitors
and the maximum efficiency of the inhibitor was fidun the presence

of 150ppm of cysteine and 50 ppm of alanine.
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6.1.2. Electrochemical | mpedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) iseficient and a
reliable technique to study the nature of orgaoiatings on the metal
without disturbing the double layer at the metalolution interface
[83-84]. The electrochemical parameters associatedmpedance
spectroscopy using the combination of inhibitorsteine and alanine
at 303K, 308K and 313K in sulphuric acid are présenn Table 6.1.
Results indicated that.} value showed decreasing trend with
increased concentration of the inhibitors in alnperature regimes
taken for study. Nyquist plots of copper in 1M3®, at 303K, 308K
and 313K at various concentrations of inhibitoreaf80 minutes of
immersion are presented in Fig 6.2. It is evidentedt as the
concentration of the inhibitor increases, inhibiti@fficiency also
increases and reaches to maximum at a combinationcysteine
150ppm and alanine 50ppm and this trend was nsérabd with
increase in temperature regimes. The variatiomloibition efficiency
at 303K, 308K & 313K is given in Fig. 6.3. Corrosias mainly
controlled by a charge transfer process and iesgnted by a circuit
fit called Randle’s circuit which consists of adn resistance, Rn
series to a parallel combination of resistog; Rnd a double layer
capacitor, G. R representing the charge transfer resistance and C
representing the electrode capacitance. It maydbednfrom Nyquist
plots that R values increased with inhibitor concentration, iahean
be attributed to the formation of a protective lagethe metal surface
and this layer acts as a barrier for the masslamdharge transfer. The
increase in the Rvalue with the increase in concentration of the
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inhibitor is observed in all temperature regimed #re plot of R Vs
concentration of the inhibitor in 1MA30, at 303K, 308K and 313K is
depicted in Fig 6.4.

6.1.3. Potentiodynamic polarization studies

Potentiodynamic polarization behaviour of copperli sulphuric
acid in the absence and presence of combinatiamhdditors at 303K,
308K and 313K is presented in Table 6.2. Resultiscated that the
electrochemical parameters vary with the conceaotradf inhibitor

and temperature gradients. Tafel polarization curfee copper in 1M
H,SO, in the absence and presence of different condentsa of

inhibitor at 303K, 308K and 313K are presented in Fig. éBbibitors

are classified into cathodic or anodic type whea dmsplacement in
corrosion potential is more than 85 mV with resptxtcorrosion
potential of the blank. In the presence of the bithrs, cysteine,
alanine separately and in a combination of thesg thve change in
corrosion potential was found to be less than 85 Mus it can be

concluded that the combination acts as mixed typ#bitor.
6.1.4. Adsorption studies

The adsorption isotherm provides information tgeing to
interaction of inhibitor with metal surface [87-88JAdsorption
behaviour of inhibitors for corrosion of copperpesesented in Table
6.3. Results revealed that the extent of corrosibibition varies with
inhibitor concentration under varied temperaturenditions in
sulphuric acid. The surface coverage valué¥ dbtained from

electrochemical measurements were used in adsorpsotherm.
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Using these data different isotherms has been mmtst to find out
the most suitable one. The plot €Vs C gives a straight line, shows
that the adsorption of the inhibitor on copper acef obeys Langmuir
adsorption isotherm and is shown in Fig 6.6. Thieles ofK,4s and
AG%,¢s are given in the Table 6.3. The negative valua®t.qsensures
the spontaneity of adsorption process and stahiityhe adsorbed
layer on the metal surface. Generally the valua@tgs around -20kJ
mol™ or lower are consistent with physisorption, whtiese around -
40kJmot* or higher value involve chemisorption [89]. Basmul the
calculated AG%gs values, it could be concluded that the adsorption

process mainly involve physisorption.
6.1.5 Computational studies

Computational studies indicate that various quantairemical
parameters like energy of highest occupied molearaital Exomo),
energy of the lowest unoccupied molecular orbial0), energy gap
(4E) i.e. ELumo-Enowmo, i0nization potentiall -Exomo, €lectron affinity,
A—E umo, electro negativity, (I+A)/2 and hardness; (I-A)/2 were
calculated and the geometry of the molecule opehizsing Gaussian
09 program package. The number of transferredrelext(AN) was
also calculated depending up on the quantum chémmethod as in

the following equation,

AN — Xcu—Xinh
2 McutNinn)
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Wherey,andy;,,denote the absolute electro negativity of coppér an
the inhibitor molecules respectively,, and n;,, denotes the
absolute hardness of copper and the inhibitor nutdscrespectively.
The calculated values of quantum chemical parameter recorded in
Table 6.4 and presented the optimized geometrlgeoirthibitor in Fig.
6.7, HOMO and LUMO of the inhibitors in Fig. 6.8.i$ evident that
in the combined form of inhibitor molecules, the MO is mainly
distributed on the alanine and LUMO is mainly disited on the
cysteine. This indicates that electrons are trarediefrom the orbitals
of alanine to the metal and electrons in the oaipirbitals of metal
are transferred to the LUMO of the cysteine moleclt is generally
believed that the efficiency of inhibitors increaséth decrease in
energy gap4E, and increase ikromo and decrease B ymo. Higher
Enomo Vvalue enhances the adsorption of inhibitor andretine
increasing the inhibition efficiency. Smaller thkguvo value greater
will be the probability of molecules to accept #étens. Higher the
ionization energy, easier will be the removal oéotlons from the
molecule. TheEyomo, ELumo, energy gapAE value are schematically
represented in Fig 6.9. On comparison of cysteinth \alanine,
cysteine has relatively high ionization potentiabaelectron affinity
than alanine and this findings support that cystésna more efficient
inhibitor than alanine. For cysteine alanine clugte HOMO -LUMO
gap (HLG) is 6.15 ev which is due to the stabilmatof LUMO
compared to cysteine and alanine and this attrgbute the high
efficiency of the inhibitors in the combined formhigh is in
accordance with the electrochemical studies. Tlwal loeactivity of
inhibitors can be analyzed by means of the conakRs&ui function.
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The condensed Fukui functions and condensed lattaiess indices
allow us to distinguish each part of the molecutetioe basis of its
distinct chemical behaviour due to the differenvstituent functional
groups. Thus, the site for nucleophilic attack v the place where
the value of* is a maximum. In turn, the sight for electrophaitack
is controlled by the value df. The values of the Fukui functions for
nucleophilic and electrophilic attack in the conddrform are given in
Table 6.5. From the table, it is clear that the tmeactive site for the
electrophilic attack are C (3) in cysteine and Lijéalanine and C(3)
in cysteine + alanine system. Similarly, the sites nucleophilic
attack are the S (9) in cysteine and N (1) in a@larand N (15) in

cysteine + alanine system.
6.1.6. Synergism

Synergism is an important phenomenon in corrogaibition process
and it serves as a base for many corrosion inbibifprocesses.
Synergism parameten & calculated to study the synergic interaction

between cysteine and alanine by the following eéqudB2]

G = 1-8, -8, +(8, &,y
¢ 1-8 g

where 6, and@, are the surface coverage of the individual inhisito
and 6,,, is the surface coverage of the inhibitor in thesttr form.
Synergism paramete$, approaches one when there is no interaction
exists between the inhibitor molecules ag >1 indicates a

synergistic effect. In the case £f < 1, antagonistic behavior prevails
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which may be attributed to competitive adsorptiddynergism
parameter §wvas calculated from electrochemical data and isrgin
Table 6.6. It is clear that the valuesSgfwere greater than unity only
at high temperature. The variation in the synergmmameter with
temperature highlights the interaction betweenhitbi molecules at
high temperature (Fig 6.10). At low temperatufg,< 1, imply that
antagonistic behaviour of inhibitor molecules. ®fere, the increased
inhibition efficiency of the inhibitor molecule isxplained by co-
adsorption mechanism, which may be either competitbr co-
operative [33]. For competitive adsorption, theilor molecules
were adsorbed at different sites on the metal saerfeparately. This
type of adsorption occurs at lower temperature. cbroperative
adsorption, one of the inhibitor molecules is chsariied on the metal
surface and another type is adsorbed on a layedirst type.

6.1.7. Scanning electron microscopy

Scanning electron microscopy studies were carrigdt@ understand
nature of interaction of the inhibitor molecules e metal surface.
The SEM images of bare copper, copper after immersi 1M HSO,

without inhibitor and with the inhibitor were given Fig. 6.11. SEM
studies revealed that the metal surface was snamattiree from major
depressions in the case of copper immersed,®BC containing the
inhibitor whereas the surface is more damaged whenersed in

H,SQO, containing no inhibitor.
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6.2. Conclusions.

1. Cysteine and alanine are effective inhibitors fog torrosion
protection of copper in 1M #$0;. Inhibition efficiency highly

enhanced when these inhibitors are used in the ic@tndn.

2. Higher inhibition efficiency is shown by a combiiwet of 150
ppm cysteine and 50 ppm alanine.

3. Potentiodynamic studies reveal thatitibitor combination
acts as mixed type. The adsorption of the inhibibeys

Langmuir adsorption isotherm model.

4, Synergism was more pronounced at higher temyrer.
Synergism parameter explains the inhibition propedf
combined form of alanine and cysteine inhibitdn®ugh co-

adsorption mechanism.
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Table.6.1: AC impedance data on copper in 1)3®)

Temperature Inhibitor Concentration Rt Cai IE
(K) Qcmr2 mA/cm2 (%)
cysteine alanine
Blank Blank 121 3211 -
0 200 688 772 82.4
50 150 2565 113.60 95.28
303 100 100 2725 109.70 95.55
150 50 2745 39.18 95.59
200 0 787 556.60 84.60
Blank Blank 008 e
0 200 274.4 1377 60.50
50 150 1668 193.3 93.50
308 100 100 1793 145.4 93.90
150 50 2146 35.06 94.90
200 0 396 614.20 72.70
Blank Blank 54.50 4948 -
0 200 123.6 590 56.09
50 150 776 157.3 92.70
313 100 100 893 148.20 93.72
150 50 903 57.39 93.79
200 0 150 406.50 64.00
Table 6. 2: Data on Electrochemical parameters of copper obthi
from polarisation curvesin 1M H,SO,
Temperature Inhibitor Concentration Ecorr i corr IE
(K) Qcmr2 mAcmﬁ2 (%0)
cysteine alanine
Blank Blank -46.33 0.0187 -
0 200 -46.15 0.0029 84.50
50 150 -55.70 0.0021 88.77
303 100 100 -70.06 0.0019 89.57
150 50 -59.42 0.0017 91.00
200 0 -54.85 0.0027 85.50
Blank Blank -47.17 0.0216
0 200 -54.68 0.0041 81.01
50 150 -100.18 0.0030 86.11
308 100 100 -59.42 0.0025 88.42
150 50 -123.12 0.0020 90.60
200 0 -79.33 0.0034 84.25
Blank Blank -39.14 0.0229
0 200 -52.96 0.0054 76.41
50 150 -78.42 0.0034 85.15
313 100 100 -110.59 0.0027 88.20
150 50 -110.29 0.0025 89.08
200 0 -72.67 0.0048 79.03
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Table 6.3:

Adsorption parameters for

temperatures in acid medium.

corrosiorc@bper at various

cysteine alanine Temperature
Inhibitors ~ (ppm)  (ppm) 303K 308K 313K
'AGOads 'AGOads 'AGOads
K (kJmol K (KJ K (kJ
b molY) molY)
200 0 5512 -14.420 17851 -11.99 18585 -12.06
Cysteine g 150 18093 -17.39 15099 -17.23 16443 -17.74
|+. 100 100 20209 -17.693 16159 -17.41 19956 -18.24
Alanine 150 50 20641 -17.74 19533 -17.89 33601 -19.60

Table 6.4 Calculated quantum chemical properties for Inhibito

Inhibitor EHOMO ELUMO AE | (eV) A xX n AN
(eV) (eV) (eV) (eV) (eV) (eV)
cysteine -6.58 -0.30 6.28 6.58 0.30 3.44 3.14
alanine -6.47 -0.17 6.30 6.47 0.17 3.32 3.15
cysteine  -6.57 -0.42 6.15 6.57 0.42 3.49 3.07 0.567
+
alanine

0.547
0.526
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Table 6. 5:

Fukui functions for cations and anidos cysteine,

cysteine + alanine

cysteine alanine cysteine + alanine
Atom f f* Atom f fr Atom f fr
N1 -0.01376 0.27109 N1 -0.00839 0.49276 N1 0.01334 .16292
H2 -0.01842 0.03416 H2 -0.01735 0.04368 H2 0.01188 .02716
C3 0.01789 -0.02514 C3 0.02213 -0.04326 C3 .013»2  -0.01667
H4 -0.05255 0.04575 H4 -0.07479 0.06816 H4 /a3 0.02861
C5 -0.03906 -0.03442 C5 0.00497 0.01759 C5 0.02049.02314
C6  -0.20581 -0.011 C6 -0.35463 -0.01283 C6 0.15170.00496
H7 -0.0402 0.04661 H7 -0.03047 0.03686 H7 ®B623 0.02842
H8 -0.0333 0.05495 H8 -0.02919 0.0662 H8 0.0196 0.03257
S9 -0.28377 0.4051 H9 -0.11013 0.04214 S9 01852 0.25617
010 -0.14438 0.0973 010 -81972.4 0.1356 010 0.083610.02938
H11 -0.0654 0.02121 H11 -0.0452 0.061 H11 0.03849 14mQ
012 -0.05389 0.03319 012 -0.08436 0.05233 012 5500 0.02032
H13 -0.04523 0.03443 H13 -0.05905 0.03979 H13 0&00 0.007
H14 0.02036 0.0185
N15 0.00277 0.24581
H16 0.00512 0.02382
Cc17 -0.00986  -0.02523
H18 0.02835 0.03322
C19 -0.00392 0.0054
C20 0.13575  -0.00493
H21 0.00985 0.01634
H22 0.00912 0.0304
H23 0.03811 0.02226
024 0.05803 0.01507
H25 0.02442 0.03232
026 0.04821 0.02031
H27 0.00231 0.00454

Table 6 .6:Values of synergism parameter.

synergism parameter

Inhibitor cysteine (ppm)  alanine So
(Ppm)
303K 308K 313K
50 150 0.567 1.72 1.98
cysteine + alanine 100 100 0.602 1.83 2.51
150 50 0.614 2.19 2.55
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Chapter

ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION
INHIBITION BEHAVIOUR OF MOAB, A
VALINE BASED SCHIFF BASE, WITH
COPPER IN SULPHURIC ACID

7.1 Results and discussion

7.2 Conclusions.

7.1 Results and Discussion
7.1.1. Weight loss studies

Weight loss under different intervals of time (28, 72 and 96 hours)
in 1.0 M sulphuric acid at different concentratiafaViOAB (Fig.7.1)
was studied. Results revealed that the inhibiti@iniency is high at 24
hour. The inhibition efficiency increased with thacreased
concentrations of the inhibitor. With the advancat time interval,
inhibition efficiency decreased irrespective of thmhibitor

concentrations.
7.1.2 Potentiodynamic polarization studies

Polarization measurements have been carried aydtteer information
concerning the kinetics of anodic and cathodictieas. The values of

electrochemical kinetic parameter, corrosion paagE.. ), corrosion
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current density ) and tafel slopeg{andp.) determined from these
experiments by extrapolation method are listedable.7.1 Results
indicated that the electrochemical parameters vatly the inhibitor
and acid concentrations. Tafel polarization curi@scopper in 1M
sulphuric acid in the absence and presence ofusgoncentrations of
MOAB at 303K, 308K and 313K are presented in Fig.7.2e Th
inhibitor molecule first adsorbs on the copper acef and then blocks
available reaction sites. The formation of surfadebitor film on the
metal surface provides considerable protection épper against
corrosion. This film reduces the active surfaceaag@posed to the
corrosive medium and delays the hydrogen evoluto copper
dissolution. The polarization results show thatéasing the inhibitor
concentration reduces both the cathodic and theiarsurrent, and
there is no definite trend in the shift of,fevalues. The displacement
in Ecorrbetween in the absence and presence of the intspit@re less
than 85 mV. Therefore, the inhibitor was definedrased type. It was
found that with the increase in concentration @iibitor, the values of
electrochemical parameters likgland corrosion rate declined. The
mechanism of corrosion inhibition involves the Idimg of reaction
sites by the inhibitor due to its adsorption onnhetal surfaces and the
surface adsorption increases with increase in thecentration of
inhibitor [90-91].

7.1.3. Electrochemical impedance spectroscopy (EI'S)

Electrochemical Impedance Spectroscopy (EIS) is edficient
technique to study organic coatings on the met#éhiagechnique does

not disturb the double layer at the metal / sohtioterface and thus

106



provides highly reliable results. The electrochethiparameters
associated to impedance study at 303K were prasent@able.7.2.
Results revealed that) value showed decreasing trend with increased
concentration of the inhibitor. Nyquist plots ofpger in 1M sulphuric
acid at 303K, 308K & 313K containing various corications of
MOAB after 30 minutes of immersion are presente&im7.3. It was
found that the inhibitor concentration is assodateith corrosion
efficiency performance. The efficiency is foundie high at 150ppm
of MOAB. It also reveals that in uninhibited soturti Nyquist plot
yields a slightly depressed semi circles and it lgregplains that the
corrosion of the copper in the absence of inhikganainly controlled
by a charge transfer process [85-86]. The simpuliestit fit for these
experimental data was a Randles circuit which csf a solution
resistance, Rin series to a parallel combination of resistog,aRd a
double layer capacitor, 4 R, representing the charge transfer
resistance and dcrepresenting the electrode capacitance. It may be
noted from Nyquist plots that (Rvalues increased with inhibitor
concentration, which can be attributed to the fdromaof a protective
layer at the metal surface and this layer acts lagraer for the mass
and the charge transfers. The above impedanceadmsg(Nyquist)
contain depressed semicircles with the centre unelr axis. Such
behavior are characteristic of solid electrode afign referred to
frequency dispersion could be attributed to diffiérephysical
phenomenon such as roughness, inhomoginities ofahe surfaces,
impurities, grain boundaries, and distribution offace active sites. In

this case, the constant phase element CPE is uteddin the circuit
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instead of a pure double layer capacitor to gimeoae accurate fit [92-

94]. The impedance function of a CPE has the falgvequation.
Zepe=  ATH(CW)T

Where A is the CPE constant (2'Scm?), W is the sine wave
modulation angular frequency (f3d i° = -1 is the imaginary number
and a, is an empirical exponent (8 n <1), which measures the
deviation from whole concentration range, it cansbpposed that a
protective layer covers the whole surface of tleetebde [95-98]. The
double layer between charged metal surface andstietion is
considered as an electrical double capaciidre decrease in this
capacity with increase in concentration of the bitor may be
attributed to the formation of a protective film the electrode surface
[99-100. The thickness of this protective layer also incesawith
increase in inhibitor concentration as more inbitsitelectrostatically
adsorbed on the electrode surface, resulting ioti@gable decrease in
Cq. This trend is in accordance with Helmholtz mogelen by the

eguation

Where d is the thickness of the protective layEiis the dielectric
constant of the mediumZ. ¢ is the vacuum permitivity and A is the

surface area of the electrode.
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7.1.4 Adsor ption studies

The adsorption isotherm provides information peitej to the
interaction of inhibitor with metal surface [14].d8orption behaviour
of MOAB for corrosion of copper is presented in TEah3. Results
revealed that corrosion behaviour varies with irtbibconcentrations
in the acid medium. The surface coverage val@sfdr different
concentrations of inhibitor in 1M sulphuric acid taimed from
electrochemical measurements were used in adsorpsotherm.
Using these data, different graphs have been eartstt to find out the
most suitable adsorption isotherm. The plob &k C shows a straight
line, providing that the adsorption of the Schidisk MOAB on copper
surface obeys Langmuir adsorption isotherm and lta@gmuir
adsorption isotherm for copper in 1M sulphuric aoithe absence and
presence of MOAB at 303K, 308K & 313K are showrtig.7.4. The
values ofKags andAG%gs of MOAB is given in Table 7.4. The negative
value of AG%qs ensures the spontaneity of adsorption process and
stability of the adsorbed layer on the copper safaGenerally the
value of AG’s around -20kJ mdi or lower are consistent with
physisorption, while those around -40kJrhalr higher value involve
chemisorptions [15]. Based on the calculat@f.qsvalues, it could be
derived that adsorption involved is physisorption.

7.1.5 Computational studies

Computational studies indicated that various ¢uwanchemical
parameters like energy of highest occupied molearaital Exomo),

energy of the lowest unoccupied molecular orbil;{i0), energy gap
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(4E) i.e. Epomo-ELumo, ionization potential,I which is -Ejomo,
electron affinity, A which is —E ymwo, electro negativity,y which is
(I+A)/2 and hardnesg, which is (-A)/2 were calculated and optimized
the geometry of the molecule using Gaussian 0grpm package.
The calculated values of quantum chemical paramedee Enomo
(eV), ELumo (eV), AE (eV), | (eV), A (eV),x (eV), n (eV) which are
found to be -5.86, -1.32, 4.54, 5.86, 1.32, 3.597 2espectively. The
optimized geometry of the inhibitor MOAB is preseatin Fig.7.5.
HOMO and LUMO of the inhibitor MOAB are given ind:7.6 .1t is
generally said that the efficiency of inhibitor rrese with decrease in
energy gapdE, increase inEjomo and decrease ik ymwo. Higher
Enomo value enhances the adsorption of inhibitors theiabreasing
the inhibition efficiency. Smaller the_yuo value greater will be the
probability of molecules to accept electrons. Higliee ionization

energy, easier will be the removal of electronsiftbe molecule.
7.1.6 Scanning Electron Microscopy

SEM studies enabled to understand the effect abitain molecules on
the surface of copper. The SEM images of a bareshwmad copper,
copper after immersion in 1M sulphuric acid medwithout inhibitor
& with inhibitor for a period of 24 hours were givén Fig 7.7 (a), (b),
(c) respectively. It also revealed that the metalase was smooth and
free from depressions in the case of copper imrdarssulphuric acid
which contains the inhibitor MOAB where as the aod is damaged
in the case of copper which is immersed in sulghacid which is kept

free from the inhibitors.
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7.1.7 Atomic Force microscope (AFM)

The three dimensional AFM images are shown in EBg(a—c). It is

evident from the Fig 7.8c, there is least damagethensurface of
copper in the presence of MOAB. The average rousghoé polished
copper (Fig. 7.8 a) and copper in 1.0 MS&, without inhibitor

(Fig7.8b) was found to be 6.84nm and 84 nm, respdygt The copper
surface in the free acid solution is getting crackiie to the acid
attack on the surface (Figure.7.8 c). However, ha presence of
150ppm of, the average roughness was reduced@.33.

7.2 Conclusions.

1) MOAB shows relatively good inhibition effesicy for copper
in 1M HCI.

2) The inhibition efficiency increases with irase in
concentration and decreases with exposure time and

temperature.

3) The adsorption of MOAB on copper follows Langm

adsorption isotherm.

4) Polarization studies reveal that MOAB actaasnixed type
inhibitor.
5) Quantum chemical parameters calculated by Dfethod are

in good agreement with electrochemical results.
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Table 7. 1: Data on Electrochemical parameter®pper obtained

from polarisation curves in 1IMJ430, medium.

Temp  MOAB Ecor Ba B lor CR  (%IE)
(ppm) (mV dec- (mVdec- (mAcnmi  (milslyr)
(K) (mV) 1) 1) )
Blank -67.33 83.39 286.7 0.0185 1698 -
50 -73.15 65.95 235.42 0.0065 5.954 66.60
303 100 -99.65 82.89 172.10 0.0041 3.822 77.70
150 -96.21 71.65 184.88 0.0035 3.261 80.60
Blank -71.69 80.97 292.64 0.0209 19.160 -
50 -90.09 86.36 105.60 0.0083 7.664 60.00
308 100 -98.63 87.87 155.61 0.0065 5.059 67.50
150 -98.28 76.73 217.09 0.0060 4.530 71.29
Blank -79.82 81.89 597.63 0.0230 20.184 -
313 50 -66.32 74.73 217.43 0.0095 9.384 58.69
100 -73.15 69.12 631.36 0.0088 7.642 61.73
150 -98.28 80.74 213.53 0.0080 6.805 65.21

Table.7. 2.AC impedance data aopperwith MOAB schiff base in
1M H,SOy at 303K, 308K & 313K.

Temp MOAB R [ leorr CR (%IE)
(K) (ppm) (Qc)  @Fcem®  (mAcm?  (milsfyr)
Blank 324 267.9 0.0705 7373 e
50 933.6 350.10 0.0279 25.59 65.27
303 100 1415 64.43 0.0184 16.88 77.10
150 1815 90.95 0.0143 13.16 82.14
Blank 321.0 264.50 0.0811 7428 e
50 906.0 338.7 0.0287 26.36 64
308 100 1237 52.51 0.0210 19.31 74.05
150 1641 80.18 0.0150 14.56 80.43
Blank 292 209.6 0.0893 81.84 -
50 613 204.30 0.0425 38.95 52.50
313 100 834.50 292.20 0.0292 28.63 65.12
150 909.5 295.9 0.0286 26.27 67.98
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Table 7. 4. Adsorption parameters of inhibitor (MB)Afor corrosion
of copper at in 1M 5O, medium at 303K,308K &313K.

AG,gs(kd mol?) & K 4gex 10°

Temperature
(K) MOAB (ppm)
50 100 150
303K 16.18 11.09 16.19 11.12 16.08 10.68
308K 16.06 10.59 15.30 7.83 15.50 8.49
313K 15.95 10.13 15.17 7.42 15.33 7.91
OH
(0]
N

Figure. 7.1: Structure of the inhibitor
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Figure 7.7: SEM images of (a) copper (b) copper in IH,SOy
without inhibitor and (c) copper in the presence of 150 ppm of MC
after 24 Hour
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Figure 7.8: AFM images of (a) copper, (b) coppetim H,SO;without
inhibitor and (c) copper in the presence of 15ms MOAB after 24
hr exposure.
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Chapter

ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION
INHIBITION OF SCHIFF BASE HMMB
WITH MILD STEEL IN HYDROCHLORIC
ACID

8.1 Results and discussion

8.2 Conclusions

8.1Results and Discussion
8.1.1 Weight loss studies

Weight loss under different intervals of time (28, 72 and 96 hours)
in the absence and presence of inhibitor HMMB (Feg8.1) were
studied. Results revealed that the inhibition efficy is high at 24
hour interval irrespective of concentrations of thhibitor and

subsequently the efficiency declined.
8.1.2 Potentiodynamic polarization studies

Potentiodynamic polarization behaviour of mild sieeacid medium at
various concentration (0.5M, 1.0M & 1.5M) in thesahce and presence
of inhibitor HMMB at 303K, 308K & 313K were preseuat in Tables

8.1 to 8.3. Results indicated that the electrochahparameters vary
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with the inhibitor as well as acid concentrationit®the variation in
temperature, potentiodynamic polarization behavalso varied. Tafel
polarization curves for mild steel in 0.5M, 1M, &M HCI medium in
the absence and presence of various concentratibiMivB at 303K,
308K &313K are presented in Figure 8.2 to 8.4 retpely. It reveals
that both the anodic metal dissolution and cathbgitrogen evolution
would exhibit Tafel type behaviour. The results eatang from these
studies revealed that HMMB can act as a mixed tybébitor. The
mechanism of corrosion inhibition involves the img of reaction sites
by the inhibitor due to the adsorption of inhibitaplecule on the metal
surfaces and the surface adsorption increases breaise in the
concentration of inhibitor [81-82]. The formatiori @ coating on the
surface of the metal as a result of adsorptiorhefihhibitor molecule

provides a considerable protection against corrosio
8.1.3 Electrochemical impedance spectroscopy (EIS)

The electrochemical parameters associated withdampee study using
HMMB at303K, 308K, 313K were presented in Tabled & 8.6.
Results revealed that) value showed decreasing trend with increased
concentration of the inhibitor in all the concetitvas of the acid. The
same trend was observed in all the temperatureitommsl It is worth
to mention that in all the varied acid concentratitevoid of inhibitor,
registered high values of,.}. Nyquist plots of mild steel in 0.5M, 1M
and 1.5MHCI solution at 303K, 308K, & 313Kcontaigirvarious
concentrations of HMMB after 30 minutes of immersere presented
in Figures.8.5 to 8.7. The efficiency is found ® High at 150ppm of
inhibitor HMMB but the efficiency showed decreasitngnd with the
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increase of acid concentration. (Figure.8.8) .lveeds that in
uninhibited solution, Nyquist plot yields a slightdepressed semi
circles. This clearly explains that the corrosidrthee mild steel in the
absence of inhibitor is mainly controlled by a geatransfer process
[85-86]. The simplest circuit fit for these expeental data was a
Randles circuit which consists of a solution resise, Rin series to a
parallel combination of resistor,./and a double layer capacitorg.C
R.: representing the charge transfer resistance am@esenting the
electrode capacitance. It may be noted from Nygpists that R
values increased with inhibitor concentration, vehean be attributed
to the formation of a protective layer at the mstafface and this layer
acts as a barrier for the mass and the chargderans

8.1.4 Adsorption studies

The adsorption isotherm provides information peitej to the
interaction of inhibitor with metal surface [87].d8orption behaviour
of Inhibitor HMMB for corrosion of mild steel is psented in Table
8.7. A perusal of the results revealed that coro behaviour varies
with inhibitor concentration under varied temperatun the acid
medium. The surface coverage valu@sf¢r different concentration of
inhibitor at 0.5M, 1M, and 1.5M HCI obtained fronteetrochemical
measurements were used for the construction ofrpiiisie isotherm.
Using these data, different graphs have been eanstt to find out the
most suitable adsorption isotherm. The plob @k C shows a straight
line, providing that the adsorption of the Schiéise HMMB on mild
steel surface obeys Langmuir adsorption isotherth tae Langmuir
adsorption isotherm for mild steel in 0.5M, 1M &WM5HCI in the
absence and presence of HMMB at 303K, is showngare8.9. The
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values 0fKags and 4G%gs of inhibitor HMMB is given in Table 8.8.
The negative value oAG’%gs ensures the spontaneity of adsorption
process and stability of the adsorbed layer onntild steel surface.
Generally the value of\G%gs around -20kJ mdi or lower are
consistent with physisorption, while those aroui@kJdmol* or higher
value involve chemisorptions [89].Based on the waled AGgs
values, it could be derived that adsorption invdligphysisorption.

8.1.5 Computational studies

Computational studies indicated that various ¢uwanchemical
parameters like energy of highest occupied molearaital Exomo),
energy of the lowest unoccupied molecular orbiEl;{i0), energy gap
(4E) i.e. Epomo-ELumo, ionization potential,I which is -Exowmo,
electron affinity, A which is —E ymwo, electro negativity,y which is
(I+A)/2 and hardnesg, which is (-A)/2 were calculated and optimized
the geometry of the molecule using Gaussian 0grpm package..
The calculated values of quantum chemical parameier given in the
Table 8.9. The optimized geometry of the inhibitdMMB is
presented in Figure 8.10. HOMO and LUMO of the lior HMMB
are given in Figure 8.11.1t is generally said tiia efficiency of
inhibitors increase with decrease in energy gt,increase irEponmo
and decrease i ymo. HigherEnomo value enhances the adsorption of
inhibitors thereby increasing the inhibition ef@ocy. Smaller the
EL.uvo value greater will be the probability of moleculs accept
electrons. Higher the ionization energy, easief bal the removal of
electrons from the molecule.
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8.1.6 Scanning Electron Microscopy

A SEM study enables to understand the effect oibitdr molecules
on the surface of mild steel. The SEM images o&ie Ipolished mild
steel, mild steel after immersion in 1M HCI| mediu without
inhibitor & with inhibitor, for a period of 24 hosrwere given in
Figure 8.12. It also revealed that the metal serfaas smooth and free
from depressions in the case of mild steel immeiseH#iCl which
contains the inhibitor where as the surface is dpdan the case of
mild steel which is immersed in HCI which is keped from the
inhibitor.

8.2. Conclusions.

Based on the electrochemical studies including &i8 polarization
studies to find out the inhibitory effect of HMM&n mild steel in
HCI it can be concluded that

1) HMMB is an effective inhibitor for the cosin of mild steel
in HCI. The efficiency of the inhibitor increasedthvinhibitor
concentration and decreased with the increasenpdeature.
The maximum efficiency was obtained at 150ppm aé th
inhibitor at room temperature.

2) Based on the polarization studies it can beclkuded that
inhibitor behaves as a mixed type and adsorptionthef
inhibitor obeys Langmuir adsorption isotherm model.

3) Quantum chemical parameters calculated after geometry
optimization also support good inhibition efficignof the
inhibitor.
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Table 8. 1: Data on Electrochemical parametersilof steel obtained
from polarisation curvesin 0.5M, 1 M &1.5 M H&l 303K.

HCI HMMB Ecorr Ba Be leorr CR (%IE)
(ppm) (mV) (mV dec- (mV dec- (mAZ\ cm (mils/yr)
1) 1) )
Blank -483 76.29 181.66 0.062 37, -
0.5M 50 -468.9 63.11 94.26 0.031 118.3 50.00
100 -472.14 50.62 56.68 0.024 94.141 61.29
150 -484 29.45 46.90 0.016 59.25 74.19
Blank -486 85.35 120.98 0.483 220.83 -
50 -489.99 77.10 114.93 0.253 115.67 a7
10M 100 -459.81 77.10 114.93 0.197 90.22 59.2
150 -486.86 18.25 42.68 0.126 57.67 73.90
Blank -463 85.95 100.13 0.562 256.48 -
1.5M 50 -452 96.48 173.43 0.309 136.76 45.81
100 -441 95.80 114.52 0.244 111.49 57
150 -474 45.38 65.99 0.181 83.68 67.43

Table 8.2: Data on Electrochemical parameters af steel obtained
from polarisation curvesn 0.5 M, 1 M &1.5 M HCI at 308K

HCI  HMMB  Eg Ba B lcor CR (%IE)
(ppm) (mV) (mv (mVv (mA (mils/yr)
dec-1) dec-1) cm?d
Blank -446.44 104.02 129.2 0.442 19731 -
0.5M 50 -439.00 78.40 118.28 0.245 118.3 445
100 -458.77 104.66 149.45 0.197 94.141 55.40
150 -460.00 71.899 140.23 0.129 59.25 71
Blank -457.70  102.38 144.82 0.500 22855 = -
50 -444.48 85.08 155.57 0.294 134.46 41.20
1.0M 100 -450.97 101.35 182.96 0.241 1104 52
150 -443.01  93.187 166.95 0.164 75.09 68
Blank -519.00 119.06 193.36 0.573 261.67 -
1.5M 50 -465.00 106.93 175.22 0.349 159.48 40.35
100 -456.81  102.53 172.65 0.275 125.58 52.36
150 -439.74 90.63 187.25 0.206 94.26 64
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Table 8. 3: Data on Electrochemical parametersilof steel obtained

from polarisation curves in0.5M, 1M & 1.5 M H&t 313K

HCI  HMMB Ecorr Ba Be lcorr CR (%IE)
(ppm) (mV) (mVv (mVv (mA (milslyr)
dec-1) dec-1) cm?d
Blank -439.28 89.50 93.93 0.480 219.07 -
50 -444.62 82.43 140.22 0.283 129.33 41.66
0.5M 100 -448.00 77.70 125.25 0.243 111.17 50.00
150 -453.00 71.54 107.28 1.90 74.95 66.66
Blank -443.22 63.96 76.21 0.554 25313 -
50 -450.53 99.86 141.78 0.332 151.61 40.00
M 100 -456.08 104.32 180.02 0.303 138.56 45.00
150 -461.78 84.92 166.94 0.223 102.17 60.00
Blank -469.80 57.38 123.31 0.705 3218 -
1.5M 50 -513.00 54.31 62.66 0.476 217.35 32.80
100 -502.00 47.59 67.25 0.447 204.08 37.00
150 -509.00 3.77 51.49 82.75 152.48 52.00

Table 8.4: AC impedance data on mild steel wittMMB in 0.5 M,
1M&1.5MHClat 303K.

HCl HMMB Ry Ca o CR (%IE)

(ppm) (Qcnf)  (UF cnd) (mA cm?) (mils/yr)
Blank 192 67 0.135 6196 -
50 777.5 52 0.035 15.31 75.28
100 1301 32 0.020 9.14 85.24

0.5M 150 1553 40 0.016 7.66 88.00
Blank 204 71 0.136 5982 -
50 623 124 0.041 19.09 67.28
100 1054 46 0.025 11.0 81.61

M 150 1292 59 0.021 9.75 84.55
Blank 197 205 0.132 60.58 -
50 584 82 0.043 20 66.00

1.5M 100 980 77 0.026 12.05 79.80
150 1123 44 0.022 10.51 82.00
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Table 8. 5: AC impedance data on mild steel wihMMB in 0.5 M,
1M, &1.5M HCI at 308K.

HCI HMMB Ret Cal icorr C.R (%IE)
(ppm) (Q cnd) 2(uF cm  (mAcm?)  (mils/yr)
)
Blank 205 69 0.127 57.9 -
50 700 46 0.037 18.0 70.71
100 883 36 0.029 16.9 76.70
0.5M 150 1172 26 0.022 10.1 82.50
Blank 152 126 0.170 788 o
50 399 54 0.060 31.3 62.00
100 543 72 0.050 23.0 72.00
M 150 765 46 0.030 15.8 80.10
Blank 149 120 0.170 791 e
50 365 60 0.070 32.2 59.17
1.5M 100 493 55 0.050 24.3 70.20
150 683 47 0.030 17.0 78.18

Table 8.6: AC impedance data on mild steel withMMB in 0.5 M,
1M, &1.5MHClat 313K.

HCI HMMB Ret Cal icorr C.R (%IE)
(ppm) (Q cn?) (UFcm®)  (mAcm?)  (milslyr)
Blank 195 178 0.133 61
50 575 92 0.453 20 66.0
100 801 55 0.032 14 75.3
0.5M 150 998 41 0.258 11 80.4
Blank 188 168 0.130 81
50 459 40 0.050 34 59.04
100 650 67 0.030 28 71.0
M 150 845 49 0.031 18 77.75
Blank 181 74 0.143 84
50 403 64 0.064 36 55.08
1.5M 100 612 73 0.040 30 69.49
150 745 51 0.034 21 75.70
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Table 8.7: Adsorption parameters of inhibitor (HMM#®r corrosion

of mild steel at various temperatures and concgoira

Temperature

AG%4s(kJ MoiY)& K 44ex 10f(mol™?)

HCI (K) HMMB (ppm)
50 100 150
303 -17.44 18.32 -17.30 17.28 -19.93 49.16
0.5M 308 -17.08 14.20 -16.09 9.67 -19.04 30.51
313 -16.88 11.84 -16.20 19.16 -19.01 26.82
303 -16.46 12.40 -16.58 13.02 -19.09 35.21
1M 308 -16.17 9.95 -15.56 7.84 -18.21 26.82
313 -16.09 8.73 -15.68 7.45 -18.54 22.39
303 -16.34 11.85 -16.27 11.85 -18.74 30.71
1.5M 308 -15.83 8.73 -15.30 17.11 -13.52 23.74
313 -15.68 7.45 -15.56 7.10 -18.40 21.19
CH3
S
H,C—
HOOC CH>
N\
OH

Figure 8.1: Structure of thiibitor
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Figure 8.100ptimized geometry of inhibitor HMM

Figure 8.11 : HOK and LUMO of the inhibitoHMMB
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Fig.8. 12 : SEM images of (a) mild steel, (b) dmsteel in 1M HCI
without inhibitor (c) mild steel in the presenceld0 ppm of HMMB
after 24 Hour
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Chapter

ELECTROCHEMICAL STUDIES ON THE
INTERACTION AND CORROSION
INHIBITION OF MILD STEEL WITH HMIB
IN HYDROCHLORIC ACID

9.1 Results and discussion

9.2 Conclusions.

9.1 Results and Discussion

9.1.1 Weight loss studies

Weight loss under different intervals of time (28, 72 and 96 hours)
in the absence and presence of inhibitor HMIB @iD. were studied.
Results revealed that the inhibition efficiency hggh at 24 hour
interval irrespective of concentrations of the bitdr and subsequently
the efficiency declined. The inhibition efficienegcreased with the
increased concentrations of the inhibitor, howewerth the

advancement of time interval, inhibition efficiencgecreased

irrespective of the inhibitor concentrations.
9.1.2 Potentiodynamic polarization studies

Potentiodynamic polarization behaviour of mild sieeacid medium at

various concentrations (0.5M, 1.0M, & 1.5M) in tledsence and
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presence of HMIB at 303K, 308K & 313K are presénn Table 9.1 to
Table 9.3. Results indicated that the electrochalmp@rameters vary
with the inhibitor as well as acid concentratioigfel polarization

curves for mild steel in 0.5M, 1M, & 1.5M HCI mediuin the absence
and presence of various concentrations of HeiBO03K, 308K & 313K

are presented in Fig. 9.2 to Fig. 9.4. It revedleat both the anodic
metal dissolution and cathodic hydrogen evolutiavuld exhibit Tafel

type behaviour. The result emanating from thesdiassureveals that
HMIB can act as a mixed type inhibitor. The meckaniof corrosion
inhibition involves the blocking of reaction sitbg the inhibitor due to
the adsorption of inhibitor molecule on the metalfaces and the
surface adsorption increases by increase in theeoration of inhibitor
[81-82]. The formation of a coating on the surfafethe metal as a
result of adsorption of the inhibitor molecule giva considerable

protection against corrosion.
9.1.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is@rel technique
extensively used to study organic coatings on thetamas this
technique does not disturb the double layer atrieal / solution
interface [83-84].The electrochemical parametersocated to
impedance study using inhibitor HMIB at303K, 308B13K are
recorded in Table 9.4 to Table 9.6. Results reve#hat ko value
showed decreasing trend with increased concemntrafidhe inhibitor
in all the concentrations of the acid. The samedreas observed in
all the temperature conditions. It is worth to nemtthat in all the

varied acid medium devoid of inhibitor, registetegh values of .
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Nyquist plots of mild steel in 0.5M, 1M, and 1.5MCHsolution at
303K, 308K, & 313K containing various concentrati@f HMIB after
30 minutes of immersion are presented in Figurést89.7. It was
found that as the concentration of the inhibitacréases, efficiency
also increases & efficiency is found to be maximfan 150ppm of
HMIB and its efficiency decreases with acid concaidn which is
presented in Figure 9.8 .1t reveals that in uniit@dsolution, Nyquist
plot yields a slightly depressed semi circles. Tdiearly explains that
the corrosion of the mild steel in the absencenbfhitor are mainly
controlled by a charge transfer process [85-86¢ Simplest circuit fit
for these experimental data was a Randles circhitiwconsists of a
solution resistance,fn series to a parallel combination of resistqf, R
and a double layer capacitorg.(R; representing the charge transfer
resistance and fcrepresenting the electrode capacitance. It may be
noted from Nyquist plots that (Rvalues increased with inhibitor
concentration, which can be attributed to the fdromaof a protective
layer at the metal surface and this layer acts laaraer for the mass

and the charge transfers.
9.1.4 Adsorption studies

The adsorption isotherm provides information peitej to the
interaction of inhibitor with metal surface [87-88JAdsorption
behaviour of HMIB on mild steel is presented in Table. 9.8. The
surface coverage value®) for different concentrations of inhibitor in
0.5M, 1M, and 15M HCI| obtained from electrochenica
measurements were used in adsorption isotherm.gUsiase data

different graphs have been constructed to find that most suitable
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adsorption isotherm. The plot & Vs C gives a straight line,
providing that the adsorption of HMIB on mild stemirface obeys
Langmuir adsorption isotherm and the same for stéel in 0.5M, 1M
&1.5M HCI in the absence and presence of HMIB &K shown in
Fig. 9.9. The values of s and4G%qs of HMIB is given in Table
9.7.The negative value &fG’,¢sensures the spontaneity of adsorption
process and stability of the adsorbed layer onntild steel surface.
Generally the value ofAG%gs around -20 kJ mdi or lower are
consistent with physisorption, while those arouikJdmol* or higher
value involve chemisorptions [89]. Based on thecwdaked AG%qs

values, it could be concluded that adsorption im&dlis physisorption.
9.1.5 Computational studies

Quantum chemical parameters like energy of highestupied
molecular orbital Enomo), energy of the lowest unoccupied molecular
orbital ELumo), energy gap AE) i.e. EpomoELumo, i0nization
potential, | which is -Eyomo, electron affinity, A which is —E uwmo,
electro negativityy which is (+A)/2 and hardnesg, which is (-A)/2
were calculated and optimized the geometry of theeaule using
Gaussian 09 program package.. The calculated valfieguantum
chemical parameters are listed in Table 9.8. Thieniged geometry of
the inhibitor HMIB is given in Fig. 9.10 .HOMO andUMO of
HMIB are given in Fig. 9.11.1t is generally saltht the efficiency of
inhibitors increase with decrease in energy gif,increase irEyomo
and decrease iB ymo. HigherEnomo value enhances the adsorption of
inhibitors thereby increasing the inhibition ef@ocy. Smaller the

EL.umo value greater will be the probability of moleculs accept
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electrons. Higher the ionization energy, easief lagl the removal of

electrons from the molecule.
9.1.6 Scanning electron microscopy

SEM studies were carried out to understand thecieié inhibitor
molecules on the surface of mild steel. The SEMgesaof a bare
polished mild steel, mild steel after immersionliM HCI medium
without inhibitor & with HMIB for a period of 24 durs were given in
Fig. 9.12. SEM studies revealed that the metabserivas smooth and
free from depressions in the case of mild steelensed in HCIl which
contains the inhibitor HMIB where as the surfacad@maged in the
case of mild steel which is immersed in HCI whishkept free from
the inhibitor.

9.2. Conclusions.

1) The schiff base acts as an effective inhibitorthe corrosion
protection of mild steel in HCI and the efficienaycreased
with the increase in inhibitor concentration. High@hibition
efficiency is obtained at 150ppm concentrationhef inhibitor.

2) Potentiodynamic polarization study indicatest tthe inhibitors
act as mixed type. Quantum chemical parameterssaigport

the inhibition efficiency of the inhibitor.

3) The adsorption of the inhibitor obeys Langmadsorption

isotherm model.
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4) The charge transfer resistance increasedttandiouble layer
capacitance decreased with the increase in inhibito

concentration.
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Table 9.1: Data on Electrochemical parameters d¢d steel obtained
from polarisation curvesn 0.5 M, 1 M & 1.5 M HCI at 303K

HCl HMIB Ecorr Ba Be Icorr CR (%IE)
(ppm) (mV) (mV dec- (mV dec- (mAZ\ cm  (mils/yr)
1) 1) )
Blank -470.58 192.90 231.08 0.059 6154 -
50 -496.98 79.65 172.93 0.030 25.88 49.15
0.5M 100 -517.48 85.45 190.30 0.022 21.77 62.71
150 -511.43 111.09 241.54 0.015 16.14 74.57
Blank -466.61 88.68 90.18 1.015 63.63 -
50 -466.66 40.44 44.35 0.530 27.20 47.78
1M 100 -480.88 33.42 54.52 0.460 22.89 54.67
150 -485.71 41.11 48.24 0.375 18.68 62.12
Blank -450.38 43.02 50.05 1.017 75.00
15M 50 -471.27 27.82 38.44 0.559 35.16 45.03
100 -472.12 27.72 36.36 0.480 32.23 52.80
150 -476.49 28.48 41.31 0.496 30.25 60.12

Table 9.2: Data on Electrochemical parameters ¢d steel obtained
from polarisation curvesn 0.5 M, 1 M & 1.5 M HCI at 308K

HCI HMIB Ecorr Ba Be Icorr CR (%IE)
(ppm) (mV) (mV dec- (mV dec- (mAZ\ cm  (mils/yr)
1) 1) )
Blank -470.58 192.90 231.08 0.065 298.34 -
50 -496.98 79.65 172.93 0.035 135.46 46.15
0.5M 100 -517.48 85.45 190.30 0.028 112.36 56.92
150 -511.43 111.09 241.54 0.060 99.17 69.23
Blank -466.61 88.68 90.18 1.020 567.64  -——--
50 -466.66 40.44 44.35 0.565 228.98 44.60
1M 100 -480.88 33.42 5452 0.486 221.81 52.35
150 -485.71 41.11 48.24 0.400 142.65 60.78
Blank -450.38 43.02 50.05 1.025 576.79
15M 50 -471.27 27.82 38.44 0.590 238.86 42.43
100 -472.12 27.72 36.36 0.550 231.44 46.34
150 -476.49 28.48 41.31 0.475 226.36 53.65

144



Table 9.3: Data on Electrochemical parameters af steel obtained
from polarisation curves in 0.5 M, 1 M & 1.5 M H&l 313K

Ba Be Icorr
HCl '(*M'n?) ('rf;g;f) mv (mv (MA (mgf ) (IE)
PP dec-1) dec-1) cm?) y
Blank -498.16 48.274 74.659 0.080 769.49 -
50 -501.41 52.126 65.740 0.045 291.24 43.75
05 M 100 -488.36 61.796 152.43 0.037 243.93 53.75
150 -500.95 58.891 181.74 0.030 230.59 62.50
Blank -471.27 70.689 164.78 1.027 908.46  ---—-----
50 -475.47 35.739 58.992 0.590 317.47 41.86
1M 100 -472.12 28.66 42.205 0.550 251.35 46.44
150 -450.72 25.33 29.435 0.540 248.17 47.03
Blank -475.88 80.477 101.83 1.030 927.47 -
15M 50 -451.89 62.866 125.22 0.650 393.61 36.89
100 -430.46 51.588 45.011 0.630 280.58 38.83
150 -370.18 92.013 167.12 0.600 286.50 41.74

Table 9.4:AC impedance data on mild steel with 1BNh 0.5 M, 1 M
& 1.5 M HCl at 303K

HCI HMIB Rt Ca icorr CR (%IE)
(ppm) (Q cmd) (UF cnd) (MA cm?) (mils/yr)
Blank 218 36 0.119 5400 -
50 823 77 0.031 14.45 73.00
100 1186 60 0.022 10.04 82.00
0.5M 150 1550 43 0.016 7.68 85.93
Blank 164.2 47 0.15 7270 -
50 447.2 57 0.05 26.80 63.17
100 629.6 111 0.04 19.40 74.13
M 150 981 54 0.023 10.68 83.20
Blank 155.2 89 0.16 76.70 -
50 402 62 0.06 29.61 61.42
1.5M 100 592 66 0.05 19.21 73.00
150 711 45 0.03 16.74 78.19
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Table 9.5: AC impedance data on mild steel withMIBl in 0.5 M,
1M&1.5M HCI at 308K.

Rct Cdl icorr CR
HCl HMIB @Qcnd)  uFen®  (mAcmi?d)  (milsyr) (%IE)
(ppm)
Blank 153 93 0.170 64.00 7
0.5M 50 415 48 0.060 20.00 63.00
100 588 47 0.040 14.00 74.00
150 788 36 0.030 11.00 80.50
Blank 129 108 0.201 9213 e
™ 50 262 57 0.099 45.33 50.76
100 390 55 0.066 30.51 67.00
150 639 2 0.040 18.62 79.84
Blank 122 88 0.213 97.33 e
Lo 50 239 45 0.100 45.93 48.90
: 100 361 46 0.067 31.01 66.20
150 544 48 0.043 19.71 77.50

Table 9.6: AC impedance data on mild steel withMIBl in 0.5 M,
1M &1.5MHClat 313K

HMIB Rcl CdI “ icorr - CR
HCI (ppm) (Qcnf)  (UF cmd) (mA cm”) (milslyr)  (%IE)
Blank 195 62 0.13 60.83 -
50 510 62 0.04 20.00 61.76
100 713 50 0.031 14.19 72.65
0.5M 150 927 52 0.025 11.62 78.96
Blank 121 101 0.214 97 -
50 214 50 0.127 55 43.00
100 379 42 0.068 31 68.00
1M 150 512 46 0.046 21 76.36
Blank 51 118 0.511 233 ----
50 77 92 0.337 153 33.76
1.5M 100 108 95 0.240 109 52.70
150 153 72 0.169 77 66.60
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Table 9.7: Adsorption parameters of inhibitor (HMHBr corrosion of

mild steel at various temperatures and concentratio

AG%4s(kJ molh)& K 4qex 10°(mol™?)

Hel Temperature HMIB (ppm)
(K)
50 100 150
303 -17.32 17.46 -16.89 14.71 -12.05 12.22
0.5M 308 -16.42 10.99 -15.96 9.18 -15.80 8.62
313 -16.47 10.09 -15.96 8.31 -15.74 7.63
303 -16.16 10.99 -15.70 9.18 -16.04 10.21
1M 308 -15.06 2.15 -15.10 6.56 -15.64 8.10
313 -14.56 4.85 -14.40 4.57 -15.44 6.81
303 -15.94 10.09 -15.57 8.73 -15.24 7.63
1.5M 308 -15.85 5.95 -14.99 6.72 -15.34 7.20
313 -13.46 3.18 -13.70 3.49 -14.17 4.18

Table 9.8: Calculated quantum chemical properteshibitor

Inhibitor  Ejomo (€V)  Elumo(eV) AE(eV) 1(eV) AV) yEV) n(eVv)

HMIB -5.91 -2.00 3.91 591 2.00 3.95 1.91
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Chapter

ELECTROCHEMICAL AND
THEORETICAL STUDIES ON THE
INTERACTION OF
DL-METHIONINE WITH MILD
STEEL IN SULPHURIC ACID

10 .1 Results and discussion

10.2 Conclusions

10.1. Results and Discussion
10.1.1. Weight loss studies

Weight loss under different time intervals (24, 48,and 96 hours) at
varying concentrations ddL- methionine (0.5 M, 1.0 M, 1.5M) were
studied. Analysis of the results revealed thatlitha concentrations of
DL - methionine the inhibition efficiency was higip to 24 hour and
thereafter efficiency declined gradually. The intidn efficiency
increased in accordance with the inhibitor con@ain. However,
with the advancement of time, inhibition efficiencgeclined

irrespective of the concentrations of the acid.
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10.1.2. Potentiodynamic polarization studies

Potentiodynamic polarization behaviour of the mdtkel in 0.5M,
1.0M &1.5M acid with and without inhibitor at 303B08K and 313K
are presented in Table 10.1 to Table 10.3. Resulfisated that the
electrochemical parameterg,fe& lcorr Vary with the inhibitor and acid
concentration. With the variation in temperaturee potentiodynamic
polarization behaviour also varied. Tafel polaii@atcurves for mild
steel in 0.5M, 1M, & 1.5M of sulphuric acid in thebsence and
presence of various concentrations of DL - metmerat 303K, 308K
and 313 K are presented in Fig. 10.2 to Fig. 1@.Aeveals that both
the anodic metal dissolution and cathodic hydrogeolution would
exhibit Tafel type behaviour. The results emergexinfthese studies
revealed that DL — methionine can act as mixed fipbéoitor. The
mechanism behind the corrosion inhibition invoiN®ecking of the
reaction sites by the inhibitor due to the adsorptf its molecule on
the metal surface. The increase in the inhibitanceatration paves
way to increase the surface adsorption. The foonadf coatings on

the metal surface provides considerable protectgainst corrosion.
10.1.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) isrted to be novel
technique to study organic coatings on the metahastechnology
does not react with the double layer coatings ef ritetal / solution
interface [101]. The electrochemical parametershsas R; Cqy

observed in the impedance studies are given i dide 10.4 to Table

10.6. Results revealed that value showed decreasing trend with
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increased concentrations of the inhibitor and ttesd was observed in
all the concentrations of the acid. Similar resulese also observed in
all the temperature conditions. It is worth to memtthat in all the
different concentrations of the acid devoid of bitdr registered high
values of §or. Nyquist plots of mild steel in sulphuric acid\atrious
concentrations of DL - methionine after 30 minutdsmmersion at
different temperatures are presented in the Figh 1® Fig. 10.7. It
clearly reveals that in uninhibited medium, Nyqu#it turned out to
be slightly depressed semi circles. This findingplaks that the
corrosion of the mild steel in the absence of inbibare mainly
controlled by a charge transfer process [85-86¢ Simplest circuit fit
for results obtained from these experiments wasRhgrdles circuit
which consists of a solution resistance, IR series to a parallel
combination of resistor, ) and a double layer capacitorq.CR
representing the charge transfer resistance apdefresenting the
electrode capacitance. It is evidenced from theusgcplots that R
values show an increasing trend with inhibitor encation, which
can be attributed to the formation of a protectiavger at the metal
surface and this layer acts as a barrier for thesnand the charge

transfers.
10.1.4. Adsor ption studies

The adsorption isotherm provides information on timhibitor

interaction with metal surface [87-88]. Data on #usorption of DL —
methionine on mild steel are presented in the T&bke Results
revealed that corrosion behaviour varies with irtbibconcentrations

under varied temperature in the acid medium. Théase coverage
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values @) for different inhibitor concentrations obtainedorh
electrochemical measurements were used in adsorpsotherm.
Different graphs have been constructed using tbgeatata to find out
the most suitable adsorption isotherm. The pldbgf®/1-0) Vs log C
draws a straight line, highlighting the fact thHa¢ adsorption of the DL
- methionine on mild steel obeys Langmuir adsorpigotherm and
the same is presented in the Fig.10.8. The coioalapefficient (K)
was employed to select the isotherm that fit thet breaccordance with
the experimental results. The valueKg§s and4G%qs are given in the
Table 10.8.The negative values £6%gs ensure the spontaneity of
adsorption process and stability of the adsorbgerlan the mild steel
surface. Generally, the value 86%gs around -20kJ mdi or lower
are consistent with physisorption, while those atbu40kJmof or
higher value involve chemisorptions [89Based on the calculated
AG’,gsvalues, it could be concluded that adsorption imedlis mixed
adsorption.

10.1.5. Computational studies

Computational studies enabled to bring about ousri quantum
chemical parameters like energy of highest occupietecular orbital
(Enomo), energy of the lowest unoccupied molecular ofiEaymo),
energy gapAE) i.e. Epomo -ELumo, i0nization potential] which is-
Enomo, electron affinity, A which is—-E uyuo, electro negativityy
which is (+A)/2 and hardnesg; which is (-A)/2 and all these were
calculated and optimized the geometry of the maéeasing Gaussian
09 program package. The values of quantum chenpaekmeters

calculated are listed in Table 10.8 and optimizedngetry of the
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inhibitor molecule is presented in Fig.10.9. HOM@J LUMO of the
inhibitor molecule is given in Fig. 10.10 & 10.1l. is generally
believed that the efficiency of inhibitor increaggth decrease in
energy gapdE, increase inEjomo and decrease ik ymwo. Higher
Enowmo value enhances the adsorption of inhibitor theratytributing
to increased inhibition efficiency. Smaller thgyuo value, greater will
be the probability of molecules to accept electrokisgher the
ionization energy, removal of electrons from thelenale will become

very easy.
10.1.6 Scanning electron microscopy

SEM studies was carried out to understand the tetddnhibitor
molecule on the surface of mild steel. The SEM iesagf a bare
polished mild steel, mild steel after immersionlid sulphuric acid
without inhibitor & with inhibitor for a period 024 hours were given
in Figure 10.12. SEM studies revealed that the msigface was
smooth and free from depressions in the case af stélel immersed in
sulphuric acid which contains the inhibitor where the surface is
damaged in the case of mild steel which is immemsexilphuric acid
which is kept free from the inhibitor.

10.2. Conclusions.

Electrochemical techniques like EIS and polarizastudies were used
to carry out the corrosion inhibition effect of Direthionine on mild

steel in sulphuric acid. Based on the studiesnthmconcluded that
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1)

2)

3)

The corrosion of mild steel decreased with the dase in
concentration of DL- Methionine. However thei@éncy
decreased with the increase in temperature and acid
concentration. The maximum efficiency of the intobiis
observed at 303K.

With the increase in the inhibitor concentratiorgrrosion
inhibition efficiency and charge transfer resis&rnocreased
but double layer capacitance decreased due to atm@ ption
of the inhibitor.

Inhibitor molecule affects both the anodicdacathodic
processes and this prompted the inhibitor to asts anixed
type one. The adsorption behaviour of the inhibitdreys

Langmuir adsorption isotherm model.
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Table 10.1:Data on Electrochemical parameters of mild stb&ioed
from polarisation curvesin 0.5 M, 1 M & 1.5 M HSO, at 303K .

Sulphuric DL - Ecorr Ba Be Icorr CR (%IE)
acid methionine (mV) (mVdec- (mVdec- (mAcm  (mils/yr)
(ppm) 1) 1) )
Blank -470.58 192.90 231.08 1.686 61.54 -
50 -496.98 79.65 172.93 0.638 25.88 62.15
0.5M 100 -517.48 85.45 190.30 0.600 21.77 64.79
150 -511.43 111.09 241.54 0.410 16.14 75.68
Blank -466.61 88.68 90.18 1.244 63.63 -
50 -466.66 40.44 44.35 0.501 27.20 59.72
1M 100 -480.88 33.42 54.52 0.486 22.89 60.86
150 -485.71 41.11 48.24 0.312 18.68 74.90
Blank -450.38 43.02 50.05 1.220 75.00
15M 50 -471.27 27.82 38.44 0.523 35.16 57.13
100 -472.12 27.72 36.36 0.507 32.23 58.42
150 -476.49 28.48 41.31 0.496 30.25 60.12

Table 10.2: Data on Electrochemical parametersikof steel obtained
from polarization curves in 0.5M,1 M & 1.5 M,8IO, at 308K

Sulphuric DL - Ecorr Ba Be Icorr CR (%IE)
acid methionine (mV) (mVdec- (mVdec- (mAcm  (mils/yr)
(ppm) 1) 1) )
Blank -470.58 192.90 231.08 1.686 298.34 -
50 -496.98 79.65 172.93 0.638 135.46 62.15
0.5M 100 -517.48 85.45 190.30 0.600 112.36 64.79
150 -511.43 111.09 241.54 0.410 99.17 75.68
Blank -466.61 88.68 90.18 1.244 567.64 -
50 -466.66 40.44 44.35 0.501 228.98 59.72
1M 100 -480.88 33.42 54.52 0.486 221.81 60.86
150 -485.71 41.11 48.24 0.312 142.65 74.90
Blank -450.38 43.02 50.05 1.220 556.79
15M 50 -471.27 27.82 38.44 0.523 238.86 57.13
100 -472.12 27.72 36.36 0.507 231.44 58.42
150 -476.49 28.48 41.31 0.496 226.36 60.12
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Table 10.3: Data on Electrochemical parametersilof steel obtained
from polarisation curves in 0.5 M, 1 M & 1.5 \,8IO, at 313K.

Sulphuric DL - Ba Be Icorr
acid methionine Ecorr (mVdec- (mVdec- (mAcm . (%IE)
(ppm) (mV) 1) 1) 2 (mils/yr)
Blank -498.16 48.274 74.659 0.653 769.49 -
50 -501.41 52.126 65.740 0.296 291.24 54.67
05M 100 -488.36 61.796 152.43 0.246 273.93 62.34
150 -500.95 58.891 181.74 0.217 270.59 66.72
Blank -471.27 70.689 164.78 1.50 908.46 --------
50 -475.47 35.739 58.992 0.720 317.47 52
1M 100 -472.12 28.66 42.205 0.580 251.35 61.30
150 -450.72 25.33 29.435 0.543 248.17 63.80
Blank -475.88 80.477 101.83 1.375 627.47 -
15M 50 -451.89 62.866 125.22 0.643 293.61 50.50
100 -430.46 51.588 45.011 0.614 280.58 53.07
150 -370.18 92.013 167.12 0.627 286.50 51.70

Table 10.4:AC impedance data amild steelwith DL — methionine
in0.5M,1M&15M HSO,at 303K.

Sulphuric DL -methionine Rt Cal leorr C.R (%IE)
acid (ppm) (Qcmd)  (UFcmd) gmA cm  (milsfyr)
)
Blank 28.55 254 0.91 416.90 = -----
50 64.47 107 0.42 199.36 55.71
0.5M 100 118 63 0.24 110.90 75.80
150 156 23 0.16 74.68 81.69
Blank 20.82 274 1.25 501.0 = ------
50 4474 149 0.58 220.35 53.46
1M 100 66.00 89 0.36 138.20 68.45
150 108 87 0.20 94.50 80.74
Blank 18.57 1063 1.40 571.3 -
50 39.60 322 0.65 266.1 53.10
1.5M 100 55.90 156 0.57 179.80 66.77
150 90 117 0.25 114.80 79.36
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Table 10.5: AC impedance data on mild steigh DL — methionine
in0.5M,1M &1.5M HSQO, at 308K.

Sulphuric DL — methionine Ret Ca leorr C.R (%IE)
acid (ppm) Qcmd)  (UFcmd  (mAcm?  (mils/yr)
Blank 20.7 117 1.14 52250 -
50 46.07 107 0.56 258.40 55.06
0.5M 100 74.00 104 0.38 174.20 72.02
150 105.0 100 0.27 123.90 80.28
Blank 19.32 363 1.26 576.70 -
50 40.00 176 0.70 300.60 51.70
1M 100 60.00 172 0.393 178.50 67.80
150 94.65 126 0.278 125.60 79.58
Blank 18 678 1.09 6410 -
50 34.01 298 0.50 321.20 47.07
1.5M 100 66.20 189 0.391 234.4 64.10
150 85 139 0.274 141.80 78.82

Table 10.6: AC impedance data on mild steel wibh. — methionine
in0.5M,1M, &L.5M HSQO, at 313K.

Sulphuric DL — methionine Rt (of lcorr C.R (%IE)
acid (ppm) (Qecm?)  (UFem®  (mAcm?)  (milslyr)
Blank 17.92 193 1.45 750.2 -
50 38.49 155 0.67 309.3 53.44
0.5M 100 47.14 142 0.55 252.5 61.98
150 79.06 133 0.33 150.6 77.33
Blank 15.31 632 1.70 775.00 -
50 30.06 172 0.83 350.40 49.50
M 100 34.89 168 0.74 341.20 56.11
150 67 161 0.511 233.40 77.14
Blank 15.00 757 1.966 897.7 -
50 29.00 406 0.739 357.40 48.27
1.5M 100 33.00 345 0.531 351.1 54.54
150 65.01 212 0.253 251.56 76.92
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Table 10.7: Adsorption parameters of inhibitor (Blmethionine) for

corrosion of mild steel at various temperatures @ncentration

AG45(kd Mol)& K ,gex 10°(mol?)

Sulphuric  Temperature DL - methionine (ppm)

acid (K)
50 100 150
303 -14.10 4.86 -12.57 2.65 -12.87 2.98
0.5M 308 -13.76 3.88 -12.77 2.64 -12.81 2.68
313 -13.34 3.30 -12.56 2.43 -12.16 1.93
303 -13.77 4.26 -12.14 2.23 -12.73 2.82
M 308 -13.64 3.71 -12.77 2.64 -12.43 2.31
313 -13.13 3.04 -12.45 2.32 -11.63 1.69
303 -13.57 3.94 -11.93 2.05 -11.12 1.49
1.5M 308 -25.61 3.15 -26.93 1.74 -30.96 1.23
313 -25.29 3.94 -26.21 2.05 -28.79 1.49

Table 10.8Calculated quantum chemical properties for DL —

methionine
|nhibit0r EHOMO ELUMO AE | (eV) A (eV) X (eV) n (eV)
(eV) (eV) (eV)
DL - methionine -6.24 -0.55 5.68 6.24 0.55 3.39 2.84
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Figure. 10.90ptimized geometry of DL — methionine.
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Figure. 10.10HOMO of DL — methionine.
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Figure. 10.11. LUMO of DL — methionine.
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SUMMARY

In recent past, research efforts oriented in caroshemistry are
mainly to identify green corrosion inhibitors whielne cost effective
and capable of reducing the intensity of environtalepollution. With
an objective to identify the efficient green caim inhibitors, studies
were undertaken to find out the corrosion inhdriteffect of different
amino acids such as L- cysteine, DL - methionima anewly
synthesized schiff bases namely HDMMA, HMIB, HMMBHDMP,
MOAB derived from the amino acids on corrosionvaflely used
metals in the industryiz. copper and mild steel. Acids like sulphuric
acid and hydrochloric acid at various concentraiare employed as
the medium. The standard techniques such as Welgbs,
Electrochemical impedance spectroscopy (EIS), Raldon studies,
Adsorption studies, Scanning electron microscopEM}f Atomic

force microscope (AFM) are employed in the studies.

The thesis is divided into ten chapters contairting parts Part — A
and Part — B. First two chapters include introducind materials and
methods. Part — A deals with corrosion inhibitioh copper using
amino acid schiff bases and Part — B deals withosarn inhibition of

mild steel using amino acid schiff bases.

The sulphur containing amino acid L - cysteineused to study the
corrosion inhibition behaviour in copper at diffnt concentrations
( 0.5M, 1M & 1.5M ) of sulphuric acid under varigdmperature
conditions such 303K,308K and 313K. The studiegeated the
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inhibition efficiency varied depending on the comications of
inhibitor as well as acid medium concentrationsxivfaum inhibition
effect is recorded at 150ppm of the inhibitor &NM.H,SO,, It is
evident from the adsorption studies that the adsormf L - cysteine

on copper surface obeyed Langmuir adsorption isothe

The corrosion inhibition effect of amino acid d€tbase HHDMP
synthesized from amino acid serine on copper inHJ80, was also
studied at various temperature conditions. Theltesughlight that
HHDMP is an ideal inhibitor for corrosion of coppes showed fairly
good inhibition efficiency at room temperature aaldo at high
temperature. The studies clearly indicated thatroston rate and
double layer capacitance decreased due to incremissption of the
inhibitor.

HDMMA is another schiff base synthesized from thelpbur
containing amino acid L — cysteine used for studséscorrosion
inhibition in copper. The hydrochloric acid (1M HGlas used as the
medium. In this study, polarization technique bsirgpout that the
molecule can inhibit both cathodic and anodic ieastand behave in
accordance with that of a mixed type inhibitorislalso clear that the
inhibitor molecule adsorbs on the copper surfacd hlocked the
reaction sites. The surface area available foattexk of the corrosive
species decreased in accordance with the incredséanhdbitor

concentration.

The synergistic effect of amino acids L- cysteimel alanine is also

subjected to studies on the corrosion of coppdMnH,SO, at 303K,
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308K and 313 KThe results showed corrosion inhibition efficiency
increased to a great extent when two inhibitor wules are
simultaneously used to check corrosion. Higherhnioin efficiency
was manifested by a combination of 150 ppm cysteiné 50 ppm
alanine. It also pointed out that synergism is mprenounced at

higher temperature.

Schiff base MOAB synthesized from the amino acidinea is
employed to study corrosion of copper in 1M HCI \&rious
temperature conditions such as 303K, 308K & 31R&sults showed
MOAB inhibit corrosion effectively with good inhiton efficiency.
The inhibition efficiency increased with increaseconcentration and
decreases with exposure time and temperature.SERNFEI image
reveals that the surface of the metal is protebiethe adsorption of

the inhibitor and thereby cracks on the surfacithefmetal is reduced.

Schiff base HMMB synthesized from amino acid Dimethionine is
used to study the corrosion of mild steel in HEAND 1M & 1.5M) at
303K, 308K and 313K. Results showed that efficieatyhe inhibitor
increased with concentration and the maximum camosfficiency is
registered at a concentration of 150 ppm. Poteytiachic polarization
study indicates that the inhibitor acts as a mixgde. Quantum
chemical parameters also support the inhibitioricieficy of the
inhibitor.

Schiff base HMIB is employed to study corrosiomafd steel in HCI
(0.5M, 1M & 1.5M) at 303K, 308K and 313K. Studie=vealed that

the data on adsorption of inhibitor obeys Langmauasorption
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isotherm model and the charge transfer resistamoesased, double
layer capacitance decreased with the increase @ itthibitor

concentration.

Amino acid DL — methionine used to study the asion of mild steel
in HCI (0.5M, 1M & 1.5M ) at 303K, 308K and 313kveals that
corrosion of mild steel decreased with the increassncentration of
DL — methionine. However, the efficiency decreastth the increase
in temperature and acid concentration. The maxiretfraiency of the
inhibitor is observed at 303K.

I Cysteine
90 4 [ MoAB
1 I HHDMP

Efficiency (%)

Concentration (ppm)

Variation of inhibition of cysteine, MOAB, HHDMP in 1M
H,SO, at 303K .
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In the present studies, the corrosion inhition beha of amino acids
such as cysteine and methionine on most widely usetils in the
industry viz mild steel and copper were carried out. In addition
amino acids, schiff bases namely HDMMA, HMIB, HMMBHDMP,
MOAB were synthesized and subjected to corrosiodiss. Studies
shows that the amino acids as well as schiff basescapable of
reducing corrosion level in the metals under swdiespective of the
medium and temperature conditions. However thecieffcy of
corrosion inhibition depends on the inhibitor camication and
temperature conditions. The studies also brougditduta that the
synergism of the amino acids are also effective @medent corrosion
in metal. Based on the results, these inhibitordccbe considered as

efficient and ideal ones.
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