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why does corrosion occur?

Steel
Alloying (Fe+C, Si etc) Corrosion
process process
Corrosion Process
Metal Extractionin Reverse Fe**
Energy
released
Energy
Added Fe203

(Hametite Iron ore)

start




EXERGONIC REACTION: AG< O

ENDERGONIC REACTION: AG>0

Reaction is spontaneous

Reaction is not spontaneous

Gibbs Free Energy

Energy is released

reactants +

Gibbs Free Energy

Energy is added

* pmducts-




AG,. = AH — T AS

Here, AG 15 Gibbs free energy change, AS Is entropy change and is AH enthalpy change.
Calculate entropy change for a reaction (system) by using the following formula.

AS® tion = 221,8" (products) — 3n,S°, (reactants)

Enthalpy change for a reaction can be calculated by using the following formula.

AH" = 2n,AH" (products) — > n AH® (reactants)

reaciion
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TABLE 1.1 Timeline of Developments in Corrosion Science

L.J. Thénard
Sir H. Davy
A. de la Rive

M. Faraday

S. Arrhenius

W.R. Whitney
A.S. Cushman

W. Walker

A. Cederholm
L. Bent, W. Tilden

E. Heyn and O. Bauer

R. Corey
T. Finnegan
M. de Kay Thompson

A. Thiel
Luckmann

W. Whitman, R. Russell

U. Evans
G.V. Akimov

1819
1829
1830

1834-1840

1901
1903
1907

1907

1908
1908

1939
1940

1928
1924

1928
1935

Enunciated electrochemical nature of corrosion

Principle of cathodic protection

Established best quality of zinc for galvanic
batteries

Established relations between chemical action and
generation of electric currents based on what
were later called “Faraday's laws”

Postulated the formation of microcells

Confirmed the theory of microcells

Established the role of oxygen in corrosion as a
cathodic simulation

Corrosion studies of iron and steel, both alone and
in contact with other metals, leading to the
concept that iron in contact with a nobler metal
increased corrosion rate, while its contact witha
base metal resulted in partial or complete
protection

Investigated attack of iron

Investigated the attack of iron by dilute alkali with
liberation of hydrogen

Observed increased corrosion rate when a small
anode is connected to a large cathode




TABLE 1.11 Morphological Classification of Corrosion

1.

General corrosion

. Localized corrosion
. Metallurgically influenced

corrosion

4. Microbiological corrosion

N

. Mechanically assisted corrosion
. Environmentally induced

cracking

Uniform, quasi-uniform, and nonuniform corrosion,
galvanic corrosion

Pitting corrosion, crevice corrosion, filiform corrosion

Intergranular corrosion, sensitization, exfoliation,
dealloying

Wear corrosion, erosion corrosion, corrosion fatigue

Stress-corrosion cracking, hydrogen damage,
embrittlement, hydrogen-induced cracking, high-
temperature hydrogen attack, hot-cracking, hydride
formation, liquid metal embrittlement, solid metal-
induced embrittlement




Localized attack

Pitting Crevice corrosion

FIGURE 1.3 Forms of localized corrosion.



Erosion Cavitation ,

—— _Bubbles

Fretting

Corrosion fatigue

Dynamic
stress

FIGURE 1.5 Forms of mechanically assisted corrosion.












Corrosion protection methods

|
! ! ! ! |

Design Change Change of Potential Coating
Improvement of metal Environment change of metal
|
Chnng'e _of l l
composition
Anodic Cathodic
Change of Protection protection
microstructure stress <
Sacrificial anode
Elimination of Impressed current
Tensile stress <
W W
1 Inorganic Organic
Surface compressive | Coating Coating
stress
\" Vo
Removal of corrosive Corrosion Inhibitors Change of operative
constituents Parameters
1. Passivator corrosion inhibitors
1. Removal of oxygen = e 1. Temperature
2. Adsorption corrosion inhibitors 2. Velocity

BN B Rt 3. Vapor phase corrosion inhibitors 3. pH



CORROSION INHIBITORS



Definition of corrosion inhibitor by NACE (National Association of Corrosion Engineering)

A substance which is retarded corrosion when adds to an environment in small concentration

Inhibitor function:

1- by adsorption as a thin film on the surface of a corroding material.

2- by inducing or forming of thick corrosion product.

3- by changing characteristics of environment either by protective precipitation or lowering the

activity of aggressive constituents.



Corrosive environment

Substrate
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ELECTROCHEMICAL PRINCIPLES
AND CORROSION MONITORING



Consider the general reaction:

A Transition
v state
k ree
ky G '

Kinetic

Al Thermodynamic

Products
C+D

Y

Reaction coordinate
FIGURE 2.1 Energy profile of a reaction.



Rate of forward reaction = k¢[A][B],
Rate of backward reaction = k,|[C][D].

At equilibrium k¢ A][B] = k,[C][D], and the equilibrium constant K is given as

_k _[C][D]

_l\'b_W[Bl'

The value of K is large when k> ki, and small when k¢ < ky,
The Arrhenius equation for the temperature dependence of the forward reaction
may be written as

ke = Ae™AGY/RT,



AG” = —RTInK = —2.303RT log K.

AG° = — nFE°

[products| 0.059

[reactants] n

O

E=E°—RTIn

log

[products]

~ [reactants]



Zn(s,||2n2+(l M)|[H™ (1 M)||H2(1 atm)|Pt,.
Zinc is the anode

Zn( —Zn(, +2e" oxidation E, =0.76V.

n/Zn**
At the platinum electrode,

2H

(aq) T2¢~ — Hyg reduction Ey. y =0.0V.

WhenZn>" is IM,H " is | M, and Ho g is at 1 atm (i.e., standard state conditions),
the EMF of the cell is 0.76 V at 25°C.

Voltmeter

Pt electrode



Inhibitor
Effect of inhibitor on free energy diagram
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> Activation Energy With Inhibitor

pm R,
Yo

Reactants } Activation Energy Without Inhibitor

Energy —

Products

Progress of reaction ——
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A concave meniscus occurs when the particles of the liquid are more strongly attracted to the
container (adhesion) than to each other (cohesion), causing the liquid to climb the walls of the
container. Container A



(b) (c) (d)

' F.sin6 » F,
The forces are Fesing < Fy ‘ “

1.weight mg of the molecule, acting vertically downward
2 force of adhesion Fa acting along OA and

3.force of cohesion Fc acting along OC, as shown in (a).
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Ascend or descend of liquid
2nrycosf = mg

- /?""’ + ) 2mrycosf = pVg
eniscus

15[ 2mrycosd = mr?hpg
[ Water “

2 7]
- ycos
rpg
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(_y Low Surface Energy, non-wetting

-
A\

High Surface Energy, good /_\_
wettability and adhesion

Surface Energy of Test Surface
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Surface tension

4| ofthe liquid
Surface energy
of the solid
liquid

solid
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particle

[diffuse} electrical dowhle layer - EDL
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Excess negative charge
4 ,

Excess positive charge
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Potential in solution

FIGURE 2.15 Guoy-Chapman model of the double layer.



Zeta potential

Stationary layer

/— Shear plane Diffuse layer

@ Water dipole

©

() é@ Hydrated cation

g - . - 9 Hydrated anion

Hydrated (negative)
surface charge

Electric potential / mV

Yo

Distance / nm ——
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Solvated ions

Outer Helmholtz
plane
First-row water

Potential

Vo 1

Linear variation

FIGURE 2.14 A layer of hydrated positive ions whose hydration sheath cannot be stripped,
on the first layer of water molecules. The locus of the centers of these ions define the outer

Helmholtz plane.
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! ‘Stuck’ ions

(a) % ? 8@ Scattered ions
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6 =

dxn

&

x U x300x300x1000

¢ = Zeta Potential (m )
n = Viscosity of Solution

£ = Dielectrnic Constant

U=

!
/L
v = Speed of Particle (cm/ sec)

" = Voltage (V)

L = The distance of Electorode
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Inhibitors coat the surface and prevent corrosion

Metal Surface
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Adsorption type
1- Physical adsorption (physisorption)
2- Chemical adsorption (chemisorption)

@ INH molecule @ INH molecule
. Electrolyte molecule . Electrolyte molecule
Physical Adsorption Chemical Adsorption
Metal and inhibitor are Metal and inhibitor are

separated by electrolyte in direct contact

Metal surface




Table 12.2 Comparison of chemical adsorption (chemisorption) and physical adsorption (physisorption) [8]

Physisorption

Chemisorption

Type of electronic
interaction
Reversibility

Energetics

Kinetics
Specificity

Van der Waals or
electrostatic forces

Adsorbed species readily
removed by solvent
washing

Low heat of adsorption,
<10 kcal/mol
(40 kJ/mol)

Rapid adsorption

Adsorbed species
relatively indifferent to
identity of surface

Charge transfer or charge sharing

Adsorption is irreversible, more
persistent

Higher heat of adsorption,
>10 kcal/mol (40 kJ/mol)

Slow adsorption

Specific interaction, strong
dependence on identity of
surface




Physical adsorption

Chemical adsorption

AN o

The forces operating in this case are
weak Vander wall's forces.

The heat of adsorption is low about 20-
40 Kj mol-!

The process is reversible, desorption can
be occur by increasing tem. Or

dEE FE'EIEfI'Ig pFE'EE!_ll‘E'.

It does not require any activation energy.

It takes place at the low temperature and
decreases with increase in the
temperature.

It is not specific in nature all gases
adsorbes on all solids to same extent.

It increases with the increase insurface
area of the adsorbent.

It forms multimolecular layer.

The Forces operating are chemical bonds
(ionic or covalent bond).

The heat of absorption are high about 40-
400 K] mol*

The process is irreversible. Efforts to free
the adsorbed gas give different
Compounds.

It requires activation chergy.

This type of adsorption first increases
with increase in temperature

It is highly specific in nature occurs only
by the possibility of formation of chemical
bond.

It also increases with the increases with
the increase in surface area of adsorbent.
It forms unimolecular layer.
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History

In early times, protection of iron by bitumen and tar was practiced by the Romans.
At the turn of the nineteenth century, some of the fundamentals of the corrosion
phenomena were understood (3, 4) soon after the discovery of the galvanic cell and the
relationship between electricity and chemical changes (20). The basic electrochem-
ical theory of corrosion accepted today is due to Wollaston (21). The use of corrosion
inhibitors for the protection of metals can be traced to the last half of the nineteenth
century. Marangoni and Stefanelli (22) used extracts of glue, gelatin, and bran to
inhibit the corrosion of iron in acids. This and subsequent discoveries of effective
inhibitors for metals were the result of empirical studies. The first patent given to
Baldwin (British Patent 2327) consisted of the use of molasses and vegetable oils for

pickling sheet steel in acids.




History

Roman civilization

Marangoni, Stefanelli

Friend

Forrest, Roetheli, Brown

Herzog

1872

1920

1930

1936

Inhibitors

Protection of iron by bitumen, tar, extracts of
glue, gelatin, and bran were used to inhibit
corrosion of iron in acid

Distinction between inhibitive paints and
mechanically excluding paints made, based
on laboratory and field tests
Development of paints containing zinc
dust

Colloidal solution of ferric hydroxide acts as an
oxygen carrier, passing between ferrous and
ferric states

Protective property of coating varied and
depended on the rate of supply of oxygen to
the surface

Postulated that iron, on long exposure to water,
becomes covered by magnetite overlaid by
ferric hydroxide. Magnetite layer acts as
cathode and ferric hydroxide is converted to
hydrated magnetite. Hydrated magnetite may
lose water and reinforce the preexisting
magnetite or absorb oxygen from air to give
ferric hydroxide.



Chyzewski

V.S. Sastri

V.S. Sastri

K. Juttner, W.J. Lorenz,

F. Mansfeld
V.S. Sastri, J.R.

Perumareddi,

M. Elboujdaini

V.S. Sastri, J.R.
Perumareddi,
M. Elboujdaini

V.S. Sastri, J.R.
Perumareddi, M.

Elboujdaini, M. Lashgari

V.S. Sastri, J.R.
Perumareddi,
M. Elboujdaini

1938

1988

1990

1993

1994

2005

2008

2008

Classified inhibitors as cathodic and anodic
inhibitors

Classification of corrosion inhibition
mechanisms as interface inhibition,
intraphase inhibition, interphase inhibition,
and precipitation coating (Corrosion '88,
paper no. 155)

Modern classification of inhibitors as hard, soft,
and borderline inhibitors (30)

Reviews on corrosion inhibitor science and
technology, 1993

Novel theoretical method of selection of
inhibitors (Corrosion, 50, 432, 1994)

Sastri equation relating percent inhibition to the
fractional electronic charge on the donor
atom in the inhibitor (6)

Application of ligand field theory in corrosion
inhibition (Corrosion, 64, 283, 2008)

Photochemical corrosion inhibition (Corrosion,
64, 657, 2008)
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S 2097 Cas pu § 25 0133l s g
1-Weight loss
2-Polarization test
3-EIS
4- XPS (X- ray photoelectric spectroscopy)
5- AES (Auger electron spectroscopy)
6-SIMS ( secondary ion mass spectroscopy)
7- Ellipsometry
8-Thin layer activation
9- PH meter
10- Harmonic acoustic analysis
11- Electrochemical noise measurements

12- Thermogravimetry (TG)

13- Eddy current and Magnetic test



Determining the composition of the surface layers of metals is facilitated by modern
surface analytical techniques, such as X-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy (AES), secondary ion mass spectrometry (SIMS),
reflectance spectroscopy (RS), and electron microprobe analysis (EMPA). The roles
of these modern surface analytical techniques are discussed with respect to
elucidating the interfacial inhibition of copper by mercaptobenzothiazole,
interphase inhibition of mild steel AISI 1010 by oxyanions such as chromate,
molybdate, and tungstate, and precipitation coating of AISI 1010 steel by oxalate in
acid mine water.
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Tafel polarization test

°('u

=
E ¢(t‘llﬂ')
[=]
[
|
|
|
|
: °Zn
|
CuSO ' ZnSO h fma
uSOy | NV Current

FIGURE 2.18 Polarized copper—zinc cell. FIGURE 2.19 Polarization diagram for copper-zinc cell.



Tafel polarization test

Potential relative to E_,,, (mV)
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FIGURE 2.20 Experimentally measured Tafel plot.
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linear polarization technique

+20 Oxidation
S
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Ai - 2-3(’.corr)(BA + BC) L FIGURE 2.21 Experimentally measured polarization resistance.



ELECTROCHEMICAL IMPEDANCE SPECTROSCOPRPY
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Data Presentation
Nyquist Plot with Impedance Vector
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The Bode and phase angle plots
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ro= corrosion rate without the presence of inhibitor

r= corrosion rate with the presence of inhibitor

: 0
y=retardation factory = ’"7

Z= protective power Z= ro;r><100

r

S W10 30 wo 4o e



mass g g

Weight loss = -
g area X time h.m? h.cm?

mpy: mils per year



Inhibitor efficiency, P, is given as

P = (wo — w/w,) x 100 (1)

where w,, is the corrosion rate in the absence of inhibitor, and w is the corrosion rate in the same
environment with the inhibitor added.



The surface coverage (6) on the metal surface and the percentage
inhibition efficiency (% IE) are calculated using Eqs. (2), (3), respectively
(Shahin et al., 2003).

g — leormeorrtint) (2)

IlCG""P

where icorr and icom(inn) Tepresent the corrosion current densities in the

presence of uninhibited and inhibited solutions, respectively.

% IE = 0 x 100 (3)



Corrosion and inhibitor system test

1- Lab test
WS 0B85 Bl Gl Boads @ s (505
2- Pilot test
el s 3 s Ll ) oS s ] 25 sl
3- Filed test

4- Service test
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Standard Coupon Specifications

P/N CO100 7Y o

&

S/ = APPROXINATE
,"‘/ STENCILINDG
LOCATION
0F REQUIREL)

<
e
1/16" THICK COUPON

Shape: Rectanguiar
Finish: Double disc or glass bead
Stencilled-alloy, heat no sequence

Identification:
Surface Area: 3.38in”

P/N CO146

INSTER!AL
SERIAL NO

0.265
CENTERED

r__/ 16

1716" THICK COUPON

Shape: Rectangular
Finish: Glass bead or mill
Stenalled—alloy heat no sequence

Identification:
Surface Area: 4.26in°

P/N CO131 - :‘QTE“"‘L
f 5 ’Ia i :ENTERED
/- T
118" THICK COUPON
Shape: Rectangular
Finish: 120 grit, glass bead or mill

Identification: Stencilled-alloy heat no sequence
Surface Area: 3.47in’

PIN CO220 -
THRU
114" CENTERED
1/8" THICK COUPON
Shape: Circular
Finish: 120 grit, glass bead or mill

Identification:
Surface Area: 2.72in’

Stencilled-alloy, heat no sequence

bJ|_\_'Jti.|.u| USAJP wss é|9.1|
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1018 Carbon Steel



Corrosion Coupons

Accurate monitoring of corrosion rates in any environment is critical when
viewed in terms of the maintenance and repair costs associated with corrosion
and material failure. Test coupons provide an inexpensive means of on-line
monitoring that will allow you to effectively measure the corrosivity within your
system. By observing the mils-per-year corrosion rate of an exposed coupon,
valuable information can be provided regarding the material's life expectancy.

Metal Samples can make coupons in any size, shape, or material you need.



Introduction to corrosion inhibitors

A corrosion inhibitor 1s a chemical substance which, when added in small

concentrations to an environment, minimizes or prevents the rate of corrosion.

Concentrations of corrosion inhibitors can change from | to 15,000 ppm (0.0001 to 1.5 wt

%). Corrosion inhibitors can be solids, liquids and gases, and can be used in solid, liquid

and gaseous media. Solid media can be concrete. coal slurries or organic coatings (paints).

Liquids may be water, aqueous solutions or organic solvents. A gaseous medium is an

atmosphere or water vapor. Corrosion inhibitors are selected on the basis of solubility or

dispersibility in the fluids which are to be inhibited. For instance, in a hydrocarbon system,

a corrosion inhibitor soluble in hydrocarbon is used. Two phase system composed of both

hydrocarbons and water is utilized as oil soluble water-dispersible inhibitors.



. Introduction to corrosion inhibitors

Inhibitors find major use in closed environmental systems that have good circulation

so that an adequate and controlled concentration of inhibitor is ensured. Such conditions

can be met, for instance in cooling water recirculating systems, oil production, oil refining

and acid pickling of steel components. Inhibitors can be organic or inorganic compounds

and they are usually dissolved in aqueous environments. The organic inhibitors include

amines, heterocyclic nitrogen compounds, and sulfur compounds such as thioethers,

thioalcohols, thioamides, thiourea and hydrazine. Many inorganic inhibitors are nowadays

largely replaced by organic inhibitors due to their toxicity. Thus practical criteria for the

selection of corrosion inhibitors from the great variety of inorganic and organic substances

with inhibiting properties are not only their protection efficiency but also safety of use,

economic constrants and compatibility with _other chemicals 1n the system and

environmental concerns [25].



According to a standard definition, a corrosion inhibitor is a “chemical substance
that when present in the corrosion system at a suitable concentration decreases the
corrosion rate, without significantly changing the concentration of any corrosive
agent.”

It is generally effective in small concentrations. This excludes any chemical that
reduces the corrosion rate by substantial pH variation, or oxygen and hydrogen

sulfide scavengers, causing removal of aggressive species from the solution.
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Fig. 12.2 (a) Chemisorption of amines at a metal surface. The solid black dots denote electrons belonging to the N
atom, whereas the Xs refer to electrons from H or C atoms. (The size of the nitrogen atom is exaggerated relative to
the rest of the molecule.) (b) Formation of a close-packed monolayer on the metal surface
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FIGURE 3.7 Protection from corrosion by organic inhibitors.
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Chemisorption-type inhibitors usually contain N, S, or O atoms; and chemisorption occurs
through the donation of electrons from these atoms to the metal surface, as shown in Fig. 12.2
for a primary amine. In a homologous series differing in the identity of the donor atom, the order of
corrosion inhibition is

-Se>-S>-N>-0

-t Increasing inhibition

» Increasing electronegativity



Classification of corrosion inhibitors

A common classification of inhibitors is based on their effects on the electrochemical

reactions involved in the corrosion process [35-40].



Classification of inhibitors

a) Organic and Inorganic inhibitors
b) Safe and Dangerous inhibitors
¢) Oxidizing and non-oxidizing inhibitors

D) Cathodic, Anodic, and Mixed inhibitors

E) Environmental (deactivator) and metallic (interface) inhibitors
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TABLE 3. Some Anchoring (Functional) Groups in Organic Inhibitors

Structure Name Structure Name

-OH hydroxy —-CONH, Amide
-C=C- -yne -SH Thiol
-C-0-C- epoxy ~S- Sulfide
-COOH carboxy -5=0 Sulfoxide
-C-N-C- amine -C=S8- Thio

-NH; amino -P=0 Phosphonium
-NH imino -P- Phospho
-NO; nitro -~AS~ Arsano

—N=N-N- triazole —Se— Seleno




Classification of inhibitors
a) Organic and Inorganic inhibitors
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Organic inhibitors create their inhibition by adsorbing their molecules on the metal or alloy

surface to form a protective layer.

Alternatively, inorganic inhibitors act as anodic inhibitors and their metallic atoms are enclosed

in the film to improve their corrosion resistance.



The organic inhibitors used have reactive functional groups, which are the
sites for the chemisorption process.

The strength of the adsorption bond depends upon

* The electron density on the donor atom present in the functional

* group its polarizability



Chemisorbed layer of organic molecules
Protection by physical blocking

Barrier to dissolution Barrier to O, reduction




Corrosion rate

Classification of inhibitors

b) Safe and Dangerous inhibitors
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Classification of inhibitors
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Anodic inhibitors are, for the most part, dangerous inhibitors, especially if their
concentrations are too less. But cathodic inhibitors are generally safe. Mixed inhibitors

are less dangerous than pure anodic inhibitors, and in number of cases they may not

increase the corrosion intensity.
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Classification of inhibitors

c¢) Oxidizing and non-oxidizing inhibitors
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Classification of inhibitors

¢) Oxidizing and non-oxidizing inhibitors
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Passivating inhibitors

Passivating inhibitors cause a large anodic shift of the corrosion potential and forcing
the metallic surface into the passivation range. There are two types of passivating

inhibitors.

a) The oxidizing anions such as chromates, nitrites and nitrates that can passivate steel in
the absence of oxygen.
b) The non-oxidizing ions such as phosphates, tungstates and molybdates that require the
presence of oxygen to passivate steel.
In general, passivation inhibitors can actually cause pitting and accelerate corrosion
when concentrations fall below minimum limits. For this reason, it is essential to monitor

the inhibitor concentration.



Classification of inhibitors

D) Cathodic, Anodic, and Mixed inhibitors
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Cathodic inhibitors

Cathodic inhibitors act by either slowing the cathodic reaction itself or selectively

precipitating on cathodic areas to limit the diffusion of reducing species to the surface. The

rates of the cathodic reactions can be reduced by the use of cathodic poisons. Cathodic
inhibitors reduce corrosion by slowing the reduction reaction rate of the electrochemical

corrosion cell. For example, calcium, magnesium and zinc i1ons will precipitate as

hydroxides on cathodic sites as the local environment becomes more alkaline due to the
reduction reaction at these sites. Cathodic inhibitors are effective when they slow down the

cathodic reaction rate. Arsenic, bismuth and antimony are referred to as cathodic poisons,

which reduce the hydrogen reduction reaction rate and thus lower the overall corrosion

rate. Other cathodic inhibitors remove reducible species from the environment.



Cathodic inhibitors inhibit
1) The hydrogen evolution in acidic solutions

2) The reduction of oxygen in neutral or alkaline solutions



Classification of inhibitors

D) Cathodic and Anodic inhibitors
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Anodic inhibitors

Anodic inhibitors usually act by forming a protective oxide film on the surface of
the metal causing a large anodic shift of the corrosion potential. This shift forces the
metallic_ surface into the passivation region. They are also sometimes referred to as
passivators. Chromates, nitrates, tungstate, molybdates are some examples of anodic
inhibitors. Although, this type of control is affected, yet it may be dangerous since severe

local attack can occur, if certain areas are left unprotected by depletion of the inhibitors.



Mixed inhibitors

Some substances inhibit corrosion by reducing simultaneously the rate of the anodic
and cathodic reactions involved in the corrosion process and are therefore called mixed
inhibitors. They are typically film forming compounds that cause the formation of
precipitates on the surface blocking both anodic and cathodic sites indirectly. Anodic
inhibitors are, for the most part, dangerous inhibitors, especially if its concentration is too
less. But cathodic inhibitors are generally safe. Mixed inhibitors are less dangerous than
pure anodic inhibitors, and in number of cases they may not increase the corrosion

intensity. The most common inhibitors of this category are the silicates and the phosphates.
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FIGURE 3.5 Polarization curve in the presence of cathodic inhibitor (2).

Cathodic inhibitorsinhibit the hydrogen evolutionin acidic solutions or
the reduction of oxygen in neutral or alkaline solutions.



Anodic inhibitors are generally effective in the pH range of 6.5-10.5 (near neutral
to basic). Oxyanions such as chromates, molybdates, tungstates, and also sodium
nitrite are quite effective anodic inhibitors. These oxyanions are thought to play a role

in repairing the defects in the passive iron oxide film on the metallic iron surface.



Corrosion Inhibitors

« Corrosioninhibitors are classified on how they affect the corrosion cell
and are placed into three categories;

— Anodic Inhibitors
— Cathodic Inhibitors
— Combination inhibitors/organic inhibitors

Common Corrosion Inhibitors

Principally Anodic Principally Cathodic Both Anodic and
Inhibitors Inhibitors Cathodic Inhibitors
Chromate Carbonate Soluble Oils
Nitrite Polyphosphate Mercaptobenzothiaz
Orthophosphate Phosphonates ole (MBT)
Bicarbonate Zinc Benzotriazole (BZT)
Silicate Tolytriazole (TTZ)

Molybdate



Orthophosphates exist as three free ions, H2POs — , HPO4 2-, and POs4 3-, and
have a tendency to make ion pairs with bivalent metals such as Ca2+, Mg2, ...
Polyphosphates are salts or esters of polymeric oxyanions formed

from tetrahedral PO, (phosphate) structural units linked together by sharing

oxygen atomes.

Phosphonates are organophosphorus compounds containing C-PO(OH), or

I
R'O~P~

C-PO(OR), groups (where R = alkyl). R0



Corrosion Control

Corrosion control by modifying the environment

Corrosion Inhibitors:
Substance which on addition in small quantities to the corrosive
environment reduces the corrosion of metal is called inhibitors.

Types of Inhibitors: 1. Anodic inhibitors
2. Cathodic inhibitors

Anodic inhibitors:

Chemicals like chromates, phosphates, tungstates, when added to
corrosive environment produces sparingly soluble compounds by
reacting with metal ions (produced because of corrosion).

The sparingly soluble compounds get absorbed on the metal surface
forms a protective film and thereby reduces corrosion rate.

This type of corrosion control is not fully reliable because, certain
areas of metal are not covered by the film and this leads to severe
corrosion.



Classification of inhibitors

E) Environmental (deactivator) and metallic (interface) inhibitors

DS o Y5 S pine Juad 590 L M8 slme o (59, &S (2 835,15 L
S o B 0392 b o 1 1) bauze 45 o 535 )15 5L



| Classification of Inhibitors

i

Interface Inhibitors

v

v

t

Environmental Conditioners

|

| Vapour Phase Liquid Phase
Anodic Cathodic Mixed
(Passivator)* (adsorption)
- l l - . i _ h 4
Poison ﬂ || Precipitators Physical [ chemicar

Film Forming*




examples of removal of corrosion constituents

1-oxygen scavengers
N2H4+02=N2+2H20
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1. Environmental Conditioners (Scavengers)

Corrosion can be controlled by removing the corrosive species in the medium. Inhibitors that
decrease corrosivity of the medium by scavenging the aggressive substances are called
environmental conditioners or scavengers. In near-neutral and alkaline solutions, oxygen reduction
is a common cathodic reaction. In such situations, corrosion can be controlled by decreasing the
oxygen content using scavengers (e.g., hydrazine [2]).



1. Environmental Conditioners (Scavengers)

In near-neutral solutions, the common cathodic reaction is oxygen reduction:
0; +2H;0+4e = 40H (2)

Scavengers deplete the oxygen by chemical reaction; for example, hydrazine removes oxygen by the
following reaction [2]:



examples of removal of corrosion constituents

2- Alkalization of acids

H2CO3+Ca(OH)2=CaC03+2H20
H3PO4+Ca(OH)2=Ca3(P0O4)2+H20
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Examples of removal of corrosion constituents

3-lon exchanger
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Examples of removal of corrosion constituents

4-Dehumidization
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Examples of removal of corrosion constituents

5-Filtration
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2. Interface Inhibitors

Interface inhibitors control corrosion by forming a film at the metal/environment interface. Interface
inhibitors can be classified into liquid- and vapor-phase inhibitors.
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Hexamethylenetetramine or methenamine, also known as hexamine or urotropin, is

a heterocyclic organic compound with the formula (CH2)sNa.




Sodium benzoate is a substance which has the chemical
formula C;H;COONa.

Ammonium benzoate

)

O NH,'

Sodium benzoate

O _O° NS




Volatile inhibitors

Volatile corrosion inhibitors (VClIs) also called vapor phase inhibitors (VPIs) are

compounds transferred in a closed environment to the site of corrosion by volatilization

from a source. In boilers, volatile basic compounds such as morpholine or hydrazine are

transported with steam to prevent corrosion in condenser tubes by neutralizing the acidic
carbon dioxide or by shifting the surface pH towards less acidic. If the corrosion product is
volatile, it volatilizes as soon as it is formed, thereby leaving the underlying metal surface
exposed for further attack. This causes rapid and continuous corrosion leading to excessive
corrosion. For example, molybdenum oxide (MoOs), the oxidation corrosion product of
molybdenum is volatile. In closed vapor process (shipping containers), volatile solids such
as salts of dicyclohexylamine, cyclohexylamine and hexamethylene amine are used as

volatile corrosion inhibitors.



Green corrosion inhibitors

There is no clear and accepted definition of “environmentally friendly” or “green”
corrosion inhibitors. In practice, corrosion inhibition studies have become oriented towards
human health and safety considerations. For this purpose, recently the researchers have
been focused on the use of eco-friendly compounds such as plant extracts which contain
many organic compounds. Amino acids, alkaloids, pigments and tannins are used as green
alternatives for the toxic and hazardous compounds. Due to biodegradability, eco-
friendliness, low cost and easy availability, the extracts of some common plants and plant
products have been studied as corrosion inhibitors for various metals and alloys under

different environment [41].



Russian classification of corrosion inhibitors
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Precipitation inhibitors

Precipitation inhibitors are compounds that cause the formation of precipitates on
the surface of the metal, thereby providing a protective film. Hard water that is high in
calcium and magnesium is less corrosive than soft water because of the tendency of the
salts in the hard water to precipitate on the surface of the metal and form a protective film.
The most common inhibitors of this category are the silicates and the phosphates. Sodium
silicate, for example, is used in many domestic water softeners to prevent the occurrence

of rust. In aerated hot water systems, sodium silicate protects steel, copper and brass.
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Russian classification of corrosion inhibitors
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Type A divided in A1, A2, A3
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Factors affecting corrosion inhibitors:

1- inhibitor concentration,

2- mixing of inhibitor

3- mixture of inhibitors and corrosion accelerator
4-Temprature

5- speed of motion

6- nature of metal surface

7- nature of the environment

8- pH of the system

9O- effect of micro-organism

10- stability of inhibitors



Inhibitor concentration:

In general, the efficiency of an inhibitor increases with an increase
in inhibitor concentration (e.g., a typically good inhibitor would give
95% inhibition at a concentration of 0.008% and 90% at a concentra-
tion of 0.004%).



Inhibitor concentration:
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FIGURE 3.3 Corrosion rate as a function of inhibitor concentration
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Inhibitor concentration:
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Inhibitor concentration:
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Inhibitor concentration:
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Inhibitor concentration:
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Log C inhibitor

Inhibitor concentration:

safe

Dangerous

Log C aggressive

log Cinnipitor = nlogcaggresive + logk
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TABLE 2. Adsorption Isotherms”

Name Isotherm® Verification Plot
Langmuir 0/(1 —8)=P-c 8/(1 —8) vs. log ¢
Frumkin [6/(1—0)e’®=p-c 0 vs. log ¢
Bockris—Swinkels 0/(1—0Y-[0+n(l—0)]" /n"=ce” '3/55.4 0/(1-9) vs. log ¢
Temkin 0=(1/f)In K-c 0 vs. log ¢

Virial Parson 0-¢*7 = B-c 0 vs. log(6/c}

% See [10-13).

b 8, %P/100, surface coverage; B,AG/2.303RT;AG, free energy of adsorption; R, gas constant; 7, temperature; ¢, bulk inhibitor
concentration; n, number of water molecules replaced per inhibitor molecule; f, inhibitor interaction parameter (0, no
interaction; +, attraction; and —, repulsion); X, constant; and %P = l-inhibited corrosion rate/uninhibited corrosion rate.



Mixing of inhibitors:
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Mixing of inhibitors:
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Mixing of inhibitors:

1- Additive: s ol,ss
2- Synergetic suis
3- Antagonistic caess

4- Poisoning ( J:l&) sgeu










Retardation coefficient

additive

100 Narcotin

100 Morphin

C17H19NO3
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Y
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Antagonistic
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100 Thiourea
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Synergistic inhibitors

It is very rare that a single inhibitor is used in systems such as cooling water
systems. More often, a combination of inhibitors (anodic and cathodic) 1s used to obtain
better corrosion protection properties. The blends which are produced by mixing of multi-
inhibitors are called synergistic blends. Examples include chromate-phosphates,

polyphosphate-silicate, zinc-tannins, zinc-phosphates.



Corrosion rate

mixture of inhibitors and corrosion accelerator
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Corrosion rate

mixture of inhibitors and corrosion accelerator
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Temperature
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Temperature
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81,5 6l az 0 A =Ye sogame jo Ol 31 50 bl dtas jus (s ;0 098 50,95 (glp ala,
lograte = a + b6O A and b Constant, 8= temperature

A 3,5 ol ax o A=V e sngase jo Ol 31 50 ail 5w (dase j0 oVg8 58,95 (sl alal,
lograte =T+B

rate = Aexp (ﬁ)
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corrosion rate

Speed of motion

_/

speed

(1): activation polarization (Fe in dilute HCI)
(2): erosion corrosion (Pb in dilute HCI)

(3) Activation polarization

(4) Time and speed for passivation

(5) Fast passivation (Ti in HCl and Cu+2)



Speed of motion
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Corrosion rate
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Corrosion rate
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Nature of metal surface
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Nature of the environment
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Nature of the environment
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pH of the system

Inhibitor pH Range

Nitrites 5.5-6.0 No inhibition in pH<5
Polyphosphates 6.5-7.5

Chromates &5

Silicates Wide pH range




Effect of micro-organism
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Effect of micro-organism
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Stability of inhibitors
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Corrosion rate

HCI

Acid concentration

Corrosion rate
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HNOs3
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Acid concentration

Corrosion rate

CH3COOH

Acid concentration



H2504+Fe = H2 + FeSO4

ok sla cdale o
H2S04= H20 +S02 +0O
Fe + O=FeO
H2S04+FeO =FeSOs+ H20

2H2S04+ Fe = 2H20 +FeSO4 + SO2
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HCI
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Corrosion rate

Acid concentration
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Corrosion rate
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The interplay of these three factors is illustrated in a study on the corrosion inhibition of primary,
secondary, and tertiary amines (RNH;, RoNH, and R3N, respectively) in sulfuric acid [14]. Their

results are shown in Fig. 12.8 for a fixed concentration of inhibitor (0.1 mol%). These results show
the following:

(1) The inhibitor efficiency follows the order
R3;N > R,NH > RNH;

(2) Within a given series (primary or secondary or tertiary amines), the inhibition efficiency

increases with increasing chain length. .

Tertiary Amines
80

L Secondary Amines
60

Percent Inhibition (%I)

20

o] 1 2 3 4 B 6
Number of Carbons in R

Fig. 12.8 The corrosion inhibition of primary (RNH3), secondary (R;NH), and tertiary amines (R3N) in IN sulfuric
acid. (The numbers on the figure refer to pK, values)



Selected values of Taft induction constants are given in Table 12.3. Electron-withdrawing groups
have positive values of o™, and electron-donating groups have negative values of o*. Taft constants
apply to aliphatic compounds only (linear or cyclic).

Table 12.3 Values of some

Taft substituent constants o™* Substituent Taft o*

£ NO; +4.0
Cl +2.96
COOH +2.08
CONH; +1.68
SH +1.68
CH;CO +1.65
OH +1.34
NH» +0.62
CgHs +0.60
H +0.49
CICH,CH> +0.38
CeHsCHa +0.22
CH3 0.00
C2Hs —0.10
n-C3Hy -0.12
n-C4Hy —0.13
Cyclohexyl -0.15
n-CsHyy -0.25

(CH3):C —0.30




Example 12.1: Use the Taft induction constants in Table 12.3 to compare the electron-donating
properties of C;HsNH», (CaHs)2NH, and (C;Hs)3N

Solution: For CoHsNH»:

Xo* = 0*(CyHs) + 20" (H)
To* = =0.10+ 2(0.49) = 0.88

For (C2Hs5)2NH:

Yo* =20%(CyHs) + o*(H)
Yo*=2(—0.1004+ 049 = 0.29

For (C2Hs)3N:

Yo* = 30*(C2H;s)
Yo* =3(—=0.10) = =0.30

Thus, the electron-donating ability increases in the order

(C2Hs)3N > (C2Hs5)2NH > C2HsNH:z
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Acid concentration (%) corrosion corrosion
Rate (g/h) in HCI Rate (g/h) in H2SO4

5 0.035 0.035
10 0.29 0.0335
15 1.51 0.056
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Water

Wetting agent (surfactant)
Inhibitor (hexamine)
Sulphuric acid

phosphoric acid
Hydrochloric acid

Sulphite cellulose lye

Infusorial earth

170 kg for 1 ton of paste
5 kg
5 kg
77 kg
24 kg
213 kg
146 kg
360 kg
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PICKLING INHIBITORS

Most pickling inhibitors function by forming an adsorbed layer on the
metal surface, probably no more than a monolayer in thickness,
which essentially blocks discharge of H+ and dissolution of metal
ions. For example, both iodide and quinoline are reported to inhibit

corrosion of iron in hydrochloric acid by this mechanism.




Pickling inhibitors used in practice are seldom pure compounds. They
are usually mixtures, which may be a byproduct, for example, of
some industrial chemical process for which the active constituent is
unknown. They are added to a pickling acid in small concentration,

usually on the order of 0.01 — 0.1%.
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. . L
Corrosion inhibitor compounds vaporize from the paper or Metal Surfuce &,

film. They are attracted to the charged surface of the metal by

virtue of their polar orientation.

3

8

. VCT Molecules g
The VCI molecules align on the surface of the metal to a depth

g

of 3 to 5 molecules. This layer of molecules passivates the °

. . . VCI carrier --
charged surface and creates a barrier that prevents oxidation. paper or film
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The VCI molecules migrate into recesses and hard to reach

areas on even the most complex shapes. L®

Metal Surface G
The molecules build up on the metal surface until a continuous é N
barrier has formed on the metal part. 8 ©
When metals are wrapped or packaged in VCI, the chemicals VCT Molecules §0 z
volatilize in the packaging environment, forming a protective € o
molecular layer on the surface of the metal. This protective VLI carrier -~

paper or film 9 ©
layer serves as a barrier, preventing moisture, salt, dirt, oxygen, \ °

and other corrosion causing materials from depositing directly

on the metal and causing rust and corrosion.
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4. Shape of Volatile Corrosion Inhibi-
tors

Products that use volatile corrosion inhibitors are as
follows:

(1) Powder (6) Device
(2) Tablet (7) Emitter
(3) Rust-inhibiting oil (8) Tape

(4) Water-soluble rust inhibitor ~ (9) Film

(5) Rust-inhibiting paper (10) Others
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Containing a closed ring structure made of only one kind of atom. Benzene, for example,
is @ homocyclic compound, having a ring consisting of six carbon atoms.

When one or more heteroatoms such as oxygen, nitrogen, sulphur, boron, silicon etc, are
present in the ring such compounds are known as heterocyclic compounds.






5. Type of Volatile Corrosion Inhibi-
tors

(1) Volatile Corrosion Inhibitors for Steel

- Nitrite of amines

Carboxylate of amines

- Chromate of amines

Ester of carboxylic acid

These mixture

It often wuses a quick volatile benzoic acid
monoethanolamine salt together for steel.

(2) Volatile Rust Inhibitor for Coppers and Copper
Alloys

- Hetero cyclic compounds
Triazole ring
Pyrole ring
Pyrazole ring
Thiazole ring
Compounds with imidazole ring
- Thiourea ring

- Compounds with mercapto group
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10. Corrosion Inhibition Effect of VVola-
tile Corrosion Inhibitors

(1) Effect in Solution

A solution that volatile corrosion inhibitors are dissolved
obtains rust prevention effects. Results that steel test
pieces grinded as shown in Figure 6 are examined in each
concentration are shown in Table 2. From this result.
valid threshold concentration in distilled water of
DICHAN 1s found as 0.01 wt%o or so.

A A

&
C
B2
5 B
A

Condition Test piece: SAE-1020
Temperature: 37.8°C
Time: 500h

Figure 6. Corrosion prevention capability test
equipment for solutions



Table 2. Corrosion prevention effects in DICHAN
distilled water solution

Test piece B

Concentration(wt% A B1 B2 ¢
0 X X X X

0.01 A A * X

0.10 O O X s

1.00 O &) X X

2.00 @) O O O

3.00 @ O O O

x : Rusting A : Slightly Rusting
O : Complete Corrosion Prevented




Table 3. Initial effect in the typical volatile corrosion
inhibitors (20+1°C)

(2) Effect in Gas Phase Time (h) DICHAN DIPAN CHC
1/4 X O ©
It is clear that volatile corrosion inhibitors should show 1/2 x © ©
rust prevention effects in gas phase, but every corrosion 1 5 © ©
prevention materials don't show the effects immediately. 2 A © ©
Initial effect variation is great due to steam pressure and 3 O . .
the like, and the typical examples are shown in Table 3. 4 © . .
5 © _ _
16 © _ _
20 © _ _

(Criteria in volatile corrosion inhibitors)

Criteria Indication| Result

No rusting; Passed in

specified codes completely © Passed

Some rusting; Rejected in
specified codes, but effects @) Rejected
are recognized definitely

Rusting but a little effects are
recognized compared with A Rejected
blank tests

Rusting same as blank tests;

no effects are recognized X Rejected
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Zn + 2 NaOH + H20 =Na2Zn02.2H20



Corrosion rate
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Corrosion rate
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Na2S concentration
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Inhibitor to Reduce Tarnishing of Copper

Benzotriazole (BTA), CsHsNs, is a corrosion inhibitor widely used for
copper and its alloys. Typical protective films formed on copper are
reported to consist of various multilayers. Film thickness is normally
controlled by the pH of the solution, ranging from less than 0.01 um in
near - neutral and mildly basic solutions. For a wide variety of
conditions, this inhibitor is reported to form a Cu. surface complex
following its adsorption on Cu.O that is present on copper surfaces.
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Combinations of chromates with olyphosphates or other inhibitors may permit the
concentration of chromates to fall below the critical level. This reduction in
chromate concentration results in some sacrifice of inhibiting efficiency, but there
may be adequate protection against pitting for the treatment of very large volumes
of water employing cooling towers
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Table 12.1 Some industrial applications of corrosion inhibitors [1-4]

Application

Inhibitors

Potable (drinking) water

Recirculating cooling water

Automotive engine coolant systems
(ethylene glycol/water)

High-chloride solutions (seawater,
refrigerating brines)

Acid pickling (cleaning mixtures)

Oil recovery

Steel-reinforced concrete

Surface treatment of metals

Aluminum aircraft components and
galvanized steel

Autobody steel sheet

CaCOj3 deposition

Silicates

Polyphosphates

Chromates

Nitrates

Polyphosphates

Silicates

Zinc salts

Benzotriazole (for copper)
Borax—nitrite mixtures
Sodium mercaptobenzothiazole
Benzotriazole

Chromates

Sodium nitrite
Chromate—phosphate mixtures
Various amines

Pyridine

Quinoline

Mercaptans

Phenylthiourea

Primary, secondary, tertiary amines
Diamines

Amides

Polyethoxylated amines
Calcium nitrite

Sodium benzoate

Chromates

Phosphates
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In general, aliphatic amines are better inhibitors than are aromatic amines. Heterocyclic amines,
such as pyridine, are better inhibitors than are aromatic amines. The order of effectiveness for six-

membered rings is [11]
4
- - <
N

NH, NH,
aniline pyridine cyclohexylamine

The important factor here is that the base strength (i.e., the electron-donating ability) also
increases in this order. (These three compounds have similar molecular areas and solubilities).
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