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ABSTRACT

The electrochemical effect of NaCl concentrations (1-5 wt.%) on the corrosion, pitting potential
and passivation characteristics of type 439LL ferritic stainless steels was studied in 1 Mand 3MH,SO,
solutions under the inhibiting action of Rosmarinus officinalis through potentiodynamic polarization
resistance technique and IR spectroscopy. Results showed that the pitting potential decreased
with significant increase in corrosion rates as the concentration of NaCl increased in the absence
of Rosmarinus officinalis. Increase in pitting potential, passivation characteristics with significant
decrease in corrosion rate was observed with increase in Rosmarinus officinalis concentrations.
The average inhibition efficiency of 85 % was obtained. IR spectroscopy showed the presence of
alkenes, amines, carboxylic acids, aromatics, alkanes, alkynes and alkyl halides functional groups
responsible for the formation of stable complex with the iron constituents. The results obtained
establish the dynamic relationship between Rosmarinus officinalis concentrations and the corrosion
behavior of the ferritic stainless steel.
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INTRODUCTION

Pitting corrosion is an insidious and
destructive form of localized corrosion of stainless
steel alloys, and generally exists in a wide variety
of corrosive environments, while the chloride ion
is the most common corrosive species present
therein'. Pitting is occurs mostly on small area of
steel surface leading to failure by perforation, and
or initiation and propagation of stress corrosion

cracks?3. Flaws, scratches, breakages and cracks on
the passive film lead to pit formation on the surface
especially in regions or sites of inclusions, impurities
etc*5. These sites become anodic while an unknown
but potentially vast area becomes cathodic. The
corrosion propagates autocatalytically penetrating
the metal insidiously®. Pits initiates microscopically
and tends to be shielded by the products of the
redox corrosion process, making pitting corrosion
one of the more hazarduous forms of corrosion of
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metallic alloys” 8. Resistance to pitting corrosion is
subject to the chloride ion concentration, period
exposure, temperature and presence of oxygen.
The aggressiveness and ability of ions to initiate
pitting are well known®"'. Ferritic stainless steels
can be categorized into metallic alloys with magnetic
properties and a metallurgical structure consisting of
the martensite phase. Their elemental composition
consist of 11% chromium and 1% manganese.
They They exhibit exceptional corrosion resistance
characteristics, which include resistance to chloride
induced stress-corrosion cracking, corrosion in
acidified solutions, high temperatures scaling and
surface deterioration, and localized corrosion in
chloride solutions. The strong corrosion resistance
of the ferritic steel is due to the presence of thin
and invisible passive film characterized by stability,
durability, adherence, and self-repairing, but they can
suffer pitting corrosion in chloride environments, They
are prone to general corrosion in harsh conditions
where the rate of repassivation of the protective film
is lower than the rate of destruction of the anionic
species responsible for corrosion'>'. The onset of
pit initiation in chloride solution tends to be short,
averagely a few hours. In this study, the pitting
corrosion behavior and inhibition of Type 439LL
stainless steel in dilute sulphuric acid at specific
concentrations of sodium chloride and Rosmarinus
officinalis has been investigated. The mechanism
of pitting corrosion of in these solutions has been
discussed on the basis of these results.

MATERIALS AND METHODS

Material

Type 440 ferritic stainless steel obtained
from McMaster University, Hamilton, Ontario,
Canadahas anof 0.014% C, 1% Si, 1% Mn, 0.040%
P, 0.030% S, 17%Cr and 0.50% Ni, the rest being
Iron and other trace elements. The material is of
rectangular dimension with an exposed surface area
of 1.5cm2.

Inhibitor

Rosmarinus officinalis (ROS) a golden,
translucent, oily liquid is the inhibiting compound
used. lts major compositions are p-cymene (44.02%),
linalool (20.5%), gamma-terpinene (16.62%),
thymol (1.81%), beta-pinene (3.61%), alpha-
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pinene (2.83%) and eucalyptol (2.64%). It is
also composed of monoterpenic hydrocarbons,
oxygenated monoterpenes and sesquiterpene
hydrocarbons'®. The main chemical composition of
rosemary oil is a phenolic compound'. ROS was
prepared in volumetric concentrations of 2.5%, 5%,
7.5%, 10%, 12.5% and 15% respectively per 200 ml
of the acid media at 2% NaCl concentration.

Test Media

1M and 3M H,SO, with 1-5% recrystallized
NaCl of standard specification without ROS was used
as the control study to evaluate the effect of increase
in NaCl concentrations while 1M and 3M H,SO, with
2.5-15% ROS addition at 2% NaCl concentration was
also studied to assess the electrochemical influence
of ROS.

Preparation of Steel Samples

The ferritic stainless steels alloys were
machined into predetermined number of samples
with a mean dimension of 1cm by 1.5cm. The
exposed surfaces of each of the samples were
metallographically prepared with silicon carbide
abrasive papers of 80, 320, 600 and 1000 grits,
washed in distilled water and acetone, distilled water,
acetone, dried and desiccator for linear voltammetry
test.

Linear Voltammetry Test

Linear voltammetry test was done on a
rectangular steel sample immersed in resin plastic
mounts with an exposed surface area of 1.5cm? at
mean temperature of 25°C with the aid of DIGI-IVY
DN 2311 potentiostat consisting of an electrode
cell with 200 ml of the prepared corrosive media, in
the presence and absence of ROS compound. The
counter electrode is a platinum rod, while Ag/Ag/
Cl electrode was used as the reference electrode.
The potentiostat was cursorily examined from -1.5V
to +1.5V versus at a scan rate of 0.002V/s. The
corrosion current (j,) density (J_), pitting potential
(Epn), passivation potential (Epp), passivation range,
nucleation resistance (NR) and the corrosion
potential (E_) were determined from the Tafel plots of
potential versus log current. The corrosion rate (C),
the degree of surface coverage (6) and the inhibition
efficiency (r) were calculated as follows
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0.00327 % Jor XBq

C= D (1)

Where J_, is the current density in uA/cm?, D
is the density in g/cm?; Eq is the specimen equivalent
weight in grams.

The inhibition efficiency (n) was determined
from corrosion rate data with equation 2 below.

C
n=1- [—?] =100
Ca (2)
where C,and C, are the corrosion rates in
absence and presence of inhibitors, respectively.

IR Spectroscopy

The ROS liquid compound was exposed
to a range of infrared ray beams. The transmittance
and reflectance of the infrared rays at different
frequencies was translated into an IR absorption plot
consisting of spectra peaks. The spectral pattern was
analyzed and matched according to IR absorption
table to identify the functional group contained in the
compound.

RESULTS AND DISCUSSION

Polarization studies

The polarization plots of the ferritic
steel in 1M and 3 M H,SO, solutions at specific
concentrations NaCl and ROS are shown on
Figs. (1-4). Results from the polarization plots are
presented in Tables (1-4). The corrosion rates in
Tables 1 & 2 increased progressively with increase in
NaCl concentration due to the action of the chloride
and sulphate ions in destroying the passive film of
the steel and accelerating the rate of corrosion.
Observation of the corrosion rates in both Tables
show the severe deteriorating effect of the acid
chloride solution. The corrosion rate increased from
0.452mm/yr to 0.978mm/yr in 1M H,SO, compared
to 3M H,S0O, solution whose corrosion rate increase
from 0.232 to 0.416 at 1-3% NaCl, from 4% NaCl
they are comparable in value. The increase in
corrosion rate is accompanied by a progressive
decrease in polarization resistance and increase
in corrosion current density in both solutions. The
corrosion rates depict severe active deterioration of
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the steel specimens in the test media. The intensity
of deterioration increases with increase in chloride
ion concentration.

The combined electrochemical action of
chloride and sulphate ions undoubtedly resulted
in anodic dissolution of the ferritic steel'”. The
capacity of the steel’s passive film to heal itself was
significantly minimized, the consequence of which
results in the initiation and propagation of corrosion
pits through autocatalytic mechanism. Previous
research suggests that deterioration of stainless
steel is as a result of the selective dissolution of the
chromium metal and accumulation of Cr,O, without
the passive film'8. The potentiodynamic polarization
plot in Figs. 1 and 2 displays a differential passive
film i.e the passive film varies with respect to
concentration of the ionic species. Breakdown occurs
at higher potentials causing the growth of stable pits
in the transpassive region of the polarization plots.
This observation is accompanied by a significant
increase in corrosion current. The increase in current
is due to the breakdown of protective layer on the
steel surface and initiation of pitting corrosion.
Breakdown of the protective layer on the steel
causes the electrolytic transport of CI- and SO >
anions through the passive layer to the oxide—metal
interface; this is accompanied by an increase in the
migration of metal cations from the passive film to the
acid chloride solution. The rate of growth of corrosion
pits is subject to the diffusion of the dissolving metal
cations from within the pit interior®.

The corrosion rate values in Tables 3 &
4 decreased with increase in ROS concentrations
due to its influence on the electrochemical reactions
between the ferritic steel and the acid solutions.
Decrease in corrosion rate is accompanied by
a decrease in corrosion current. The corrosion
inhibition behavior of ROS is directly proportional
to the value of its concentrations, acting through
adsorption onto the steel surface as shown in the
Tables. Increased ROS concentration results in
progressive increase in inhibition efficiency due to
the presence of more ROS molecules to inhibit the
actions of the corrosive species and block the active
sites on the alloy surface. The inhibition action is due
to the presence of active organic components such
as carnosol, carnosic acid, rosmadial, rosmanol,
epirosmanol, and methyl carnosate®. Organic



2816

compounds with O, S, or N or their combination have
been proven as efficient corrosion inhibitor for metals
in acidic media by adsorption?'23, The adsorption of
these compounds on the metal surface reduces the
available area for the attack of aggressive ions such
as SO, or CI. Results obtained shows that ROS
retarded the electrochemical process responsible for
corrosion. The anodic and cathodic potentials were
significantly influenced in the presence of ROS.

The adsorbed protective film prevents
the diffusion of the aggressive anions causing
a significant decrease in corrosion rate. The
major composition of ROS contains polyphenolic
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compounds which readily form complexes with
di- and trivalent metal ions2*. The presence of
significant number of active centers in the chemical
structure of ROS increases the surface coverage and
consequently the inhibition efficiency. The corrosion
potential values in Table 1 & 2 shifted towards more
negative potentials as the concentration of NaCl
concentration increases, depicting greater cathodic
activity of hydrogen evolution and oxygen reduction
reactions with increase in corrosion rate. In Table
3 the corrosion potential shifted to more negative
potentials with increase in ROS concentration
showing cathodic inhibition in 1M H,SO, solution
however the cathodic and anodic potentials shows

Table 1: Data obtained from polarization resistance measurements
for ferritic stainless steel in 1M H,SO, at (1-5%) NaCl without ROS

Solution Corrosion Corrosion Corrosion bc ba Polarization Corrosion
Concentration Potential Current Current Resistance Rate

(E,,.) (i,,) density (/) (Rp) (mm/year)
1M H,SO, + -0.154 6.34E-05  4.23E-05 -8.907 8.700 786.5 0.451
1% NaCl
1M H,SO, + -0.155 7.63E-05  5.65E-05 -8.873 8.689 201.3 0.603
2% NaCl
1M HZSO4 + -0.167 7.71E-05 7.34E-05 -9.223  9.071 234.6 0.783
3% NaCl
1M H,SO, + -0.161 1.26E-04  8.39E-05 -8.802  8.561 172.0 0.896
4% NaCl
1M HZSO4 + -0.172 1.37E-04 9.17E-05 -9.296 9.115 99.9 0.978
5% NaCl

Table 2: Data obtained from polarization resistance measurements
for ferritic stainless steel in 3M H,SO, at (1-5%) NaCl without ROS

Solution Corrosion Corrosion Corrosion bc ba Polarization Corrosion
Concentration Potential Current Current Resistance Rate

(E,,.) (. density (/) (Rp) (mml/year)
3MH,SO, + -0.156 3.26E-05 2.17E-05 -9.298 9.150 275.2 0.232
1% NaCl
3MH,SO, + -0.202 3.93E-05 2.91E-05 -10.46 10.309 124.8 0.310
2% NaCl
3MH,SO, + -0.205 4.09E-05 3.90E-05 -6.808 6.470 106.9 0.416
3% NaCl
3M H,SO, + -0.208 1.26E-04 8.37E-05  -8.587 8.368 54.5 0.893
4% NacCl
3MH,SO, + -0.227 1.70E-04 1.13E-04 -10.07 9.973 24.9 1.211

5% NaCl
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general redox electrochemical process. This
mechanism is also can be attributed to deposition
of ROS ionized molecules on the alloy as a result
of interaction between the inhibitor and the oxidized
metal surface which effectively seals the surface
against further reaction; however the cathodic
process predominates over the anodic.

Corrosion potentials in Table 4 generally
shifted to less negative values indicating anodic
inhibition which involves surface coverage and
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inhibition of the alloy dissolution process. In 1M
H,SO, the maximum displacement in E_ value is
-45 mV in the cathodic direction, thus it is a mixed
type inhibitor with greater tendency for inhibition of
the hydrogen evolution process in the acid solution,
however in 3M H,SO, the maximum displacement
in E_ value is 199mV in the anodic direction thus it
is an anodic type inhibitor?-26, Deviation in corrosion
potentials is most probably due to competition
between the anodic and the cathodic inhibiting
reactions.

Table 3: Data obtained from polarization resistance measurements
for ferritic stainless steel in 1M H,SO, + 2% NaCl at (2.5-10%) ROS

Solution Corrosion Corrosion Corrosion b, b, Polarization Corrosion Inhibition
Concen. Potential Current Current Resistance Rate Efficiency

(E,,.) (. density (Rp) (mml/year) (%)

(or)
1iMH,SO,+ -0.153 9.03E-05 6.02E-05 -8.873 8.699 201.32 0.643 0
0% Ros
1M H,S0O,+ -0.189 3.46E-05 2.56E-05 -7.440 7.106 84.76 0.274 57.4
2.5% Ros
1MH,S0O,+ -0.192 2.27E-05 2.16E-05 -7.115 6.481 80.78 0.231 64.1
5% Ros
1M H,S0O,+ -0.193 1.77E-05 1.18E-05 -6.808 5.752 38.57 0.126 80.4
7.5% Ros
1MH,SO,+ -0.199 1.35E-05 9.02E-06 -7.377 7.149  31.40 0.096 85.0
10% Ros
Table 4: Data obtained from polarization resistance measurements
for ferritic stainless steel in 3M H,SO, + 2% NaCl at (2.5-10%) ROS

Solution  Corrosion Corrosion Corrosion bc ba Polarization Corrosion Inhibition
Concen. Potential Current Current Resistance Rate Efficiency

(E,..) (. density (Rp) (mmlyear) (%)

(o)

3MH,SO,+ -0.202 3.93E-05 2.62E-05 -10.46 10.24 261.0 0.310 0
0% Ros
3MH,SO,+ -0.191 1.50E-05 1.11E-05 -8.091 7.500 308.8 0.119 61.6
2.5% Ros
3MH,SO,+ -0.131 8.26E-06  7.87E-06 -8.548 8.010 395.2 0.084 72.9
5% Ros
3MH,SO,+ -0.103 8.91E-06 5.94E-06 -9.388 9.288 425.6 0.063 79.6
7.5% Ros
3MH,SO,+ -0.153 6.18E-06 4.12E-06 -8.104 7.662 492.1 0.044 85.8

10% Ros
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Pitting corrosion evaluation

Observation of Table 5 & Fig. 5 shows
the linear relationship between the pitting potential
values and NaCl concentration. The pitting potential
is the potential at which pitting corrosion stabilizes
and grows leading to failure of the metallic alloy. The
lower the pitting potential, the greater the corrosion
resistance of the material to localized corrosion®"2,
Increase in NaCl concentration leads to a decrease
in pitting potential value thus less resistance and
greater susceptibility of the steel to corrosion attack.
The passivation range value also reduces; the
greater the passivation range, the greater the ability
of the passive protective film of chromium oxide to
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reform and protect the steel surface in the presence
of the chloride ions, thus the ability of the stainless
steel to repair its film when partially destroyed.
Passive metals are susceptible to localized attack
by pitting when polarized above a certain potential in
the electrolyte solution. The chloride ions destroy the
passive layer by preferential adsorption. These ions
are attracted to the metal, and compete with oxygen
and any other passivating agent, for adsorption
on the metal surface® 3°. This process results in
substitution of adsorbed oxygen.

Chlorides being anions with high diffusivity
and very reactive penetrates easily through the

Table 5: Potentiostatic values of ferritic Stainless Steel in 1 & 3M
H,SO, at specific concentrations of NaCl without ROS

Sample Solution Pitting Passivation Passivation Current at
Concentration  Potential (V) Potential (V) Range (V) Pitting Potential
Al 1M+ 1% 0.978 0.111 0.867 5.87E-05
A2 1M + 2% 0.970 0.108 0.862 6.12E-05
A3 1M + 3% 0.941 0.101 0.840 1.07E-04
A4 1M + 4% 0.932 0.093 0.839 5.58E-05
A5 1M + 5% 0.943 0.119 0.824 7.12E-05
B1 3M + 1% 1.030 0.124 0.906 7.32E-05
B2 3M + 2% 0.985 0.140 0.845 9.81E-05
B3 3M + 3% 0.977 0.162 0.815 1.07E-04
B4 3M + 4% 0.821 0.386 0.435 6.64E-05
B5 3M + 5% 0 0 0 0
Table 6: Potentiostatic values of ferritic Stainless
Steel in 1 & 3M H,SO, + 2% NaCl at specific concentrations of ROS
Sample Solution Pitting Passivation Passivation Current at
Concentration Potential Potential Range Pitting
with 2% NaCl (V) (V) V) Potential
A1l 1M+ 0% ROS 0.97 0.108 0.862 6.12E-05
A2 1M + 2.5% ROS 1.02 0.099 0.925 9.24E-05
A3 1M +5% ROS 1.06 0.043 1.017 1.86E-04
A4 1M + 7.5% ROS 1.05 0.003 1.047 1.46E-04
A5 1M+ 10% ROS 1.04 -0.093 1.133 1.18E-04
B1 3M + 0% ROS 1.00 0.123 0.872 9.40E-05
B2 3M + 2.5% ROS 1.04 0.062 0.978 1.10E-04
B3 3M +5% ROS 1.10 0.107 0.993 1.60E-04
B4 3M + 7.5% ROS 1.11 0.127 0.983 7.10E-05
B5 3M + 10% ROS 1.07 0.156 0.904 1.45E-04
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Fig. 1: Polarization Curve of ferritic stainless steel (a) 1M H,SO, + 1% NaCl, (b) 1M H,SO, + 2%
NaCl, (c) 1M H,SO, + 3%NaCl, (d) 1M H,SO, + 4%NacCl, (¢) 1M H,SO, + 5% NaCl
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Fig. 2: Polarization Curve of ferritic stainless steel (a) 3M H,SO, + 1% NaCl, (b) 3M H_SO, +
2% NaCl, (c) 3M H,SO, + 3%NaCl, (d) 3M H,SO, + 4%NaCl, (e) 3M H,SO, + 5% NaCl




Log | (Acm~2)

LOTO & OGHENERUKEWE, Orient. J. Chem., Vol. 32(5), 2813-2832 (2016) 2821
0%ROS + 1M H,50, 2.5% ROS + 3M H,50,
2 2
1.5 15
1 — 1
[w] (&
g 0.5 g 0.5
- I 0
g0 <
= 05
205 ; 1
§ -1 o -15
1.5 -2
2 0.0000001 0.00001  0.001 0.1
0.0000001 0.00001  0.001 0.1
Log | (AcmA"2 Log | (Acm~2)
5% ROS + 1M H,S0, 7.5% ROS + 1M H,S0,
2
1.5 2
' 15
1
- - 1
(W]
% 05 } 0.5
20 3 0
2 05 g 05
2 1 s 1
L 15 w  -1.5
1. >
-2 0.000001  0.0001 0.01 1
1E-08 0.00001 0.01
LOg I (Acm;\z) LOg I (Acm"Z)
10% ROS + 1M H,S0,
2
15
— 1
(W)
» 05
l;:a 0
g -0.5
s 1
[T
2
1E-08 0.0000001 0.000001 0.00001 0.0001  0.001 0.01 0.1 1
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Fig. 4: Polarization Curve of FSS (a) 3M H,SO, + 0% ROS, (b) 3M H,SO, + 2.5%
ROS, (c) 3M H,SO, + 5%R0S, (d) 3M H,SO, + 7.5% ROS, (e) 3M H,SO, + 10% ROS
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protective films of stainless steels when induced
through applied potentials. The electrolytic transport
of the chlorides into the nucleated and rapidly
growing pits is to maintain electrical neutrality and
hydrolysis of the corrosion products within the pits
leading to acidification. This inhibits the formation
of the protective passive layer on steels®'. The
reaction process is self-propagating due to corrosion
of the metal alloys within the pits resulting in the
accumulation of metal cations within the pit®2. The
corrosion in the pits facilitates the reaction of the
metallic ions with water to form a hydroxides and
hydrogen ions which accelerates the corrosion
reactions.
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The pitting potential and passivation
range continues to decrease until sample B5 (Table
5) where the sample exhibits no passivation but
completely fails. The pitting potential values and
passivation range in Table 6 contrasts the values
in Table 5 due to the presence of ROS inhibitor.
Increase in inhibitor concentration causes a
significant increase in pitting potential as shown in
Fig. 6 and passivation range of the steel in 1M & 3M
H,SO, solution. The inhibitor delays the formation of
pits hence reduces the susceptibility of the steel to
corrosion through adsorption onto the steel surface.
Sample B5 in Table 6 shows a remarkable difference
from the same sample in Table 5, the presence of

Pitting Potential (V)
(=)
[=a]

—— 1M H2504
——3M H2504

NaCl Concentration (%)
Fig. 5: Plot of pitting potential vs NaCl concentration (a) 1M H,SO,, (b) 3M H,SO,
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Fig. 6: Plot of pitting potential vs ROS concentration (a) 1M H,SO,, (b) 3M H,SO,
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passivation range attests to the capacity of ROS to
enhance the pitting corrosion resistance and service
life of ferritic steel.

The polarization curves in Figs. (1-4)
shows a spontaneously passive material. Pit
creation is occurs at preferential sites associated
with flaws or inclusion on the alloy surface in two
phases (nucleation of pits and collapse of passivity)
leading to metastable pitting which ceases when the
alloy repassivates at the onset of the passivation
potential. In the case of the polarization plots in Fig.
2(e) metastable pitting develops and the process
moves almost immediately to the stage of stable pit
growth i.e. pit propagation. During upward scanning,
breakdown occurs, and a stable pit starts to grow
at the pitting potential in the transpassive region
of the polarization curve. At this point the current
increases sharply from the passivation current
values. Comparison of the plots in Fig. 5 and Fig. 6
shows the difference in pitting potential values with
respect to NaCl and ROS concentration. In Fig. 5(a)
the pitting potential decreased sharply with increase
in NaCl concentration, this contrasts the plot in Fig.
5(b) where there was a negligible decrease in pitting
potential up to 4% NaCl concentration, after which
the pitting potential declined sharply. Addition of
ROS compound as shown in Fig. 6(a & b) caused
an increase in the pitting potential up till 3% ROS
concentration after which ROS had no positive
impact on the pitting corrosion resistance of the
steel.

Adsorption isotherm

The mechanism of the corrosion inhibition
process can be further understood from the organo-
metallic interaction of ROS molecules on the metal
surface due to the formation of bonds between
the inhibitor molecule and the metal®. An organic
compound with a high surface coverage on the metal
has a strong chemical bond between its molecules
and the metal atom which is quite stronger than the
one for water molecules/corrosive anions which can
either be electrostatic or covalent bonding. Langmuir,
Frumkin and Freundlich adsorption isotherms were
applied to describe the adsorption mechanism for
the inhibiting compounds in acid solutions, as they
best fit the experimental results.
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The isotherms have the general formula
shown below;
f (0, x) exp(-2a0) = K ...(3)

where (0, x) is the conformation factor
which is subject to the physical model and premise
fundamental to the derivative of the isotherm, &
is the surface coverage, C is the concentration of
the organic compound, x is the size ration, ‘a’ is
the molecular interaction parameter and K is the
adsorption equilibrium constant.

The general form of the Langmuir equation is,

=]
1-61 _kc (4)
and rearranging gives

;=]

g 6l,¢c ..(5)

where 0 is the degree of coverage on
the metal surface, C is ROS concentration in the
electrolyte, and K__ is the equilibrium constant of
the adsorption process.

Langmuir isotherm suggests the following;

a) The interaction between inhibitor molecules
on the metal surface is fixed.

b) The Gibbs free energy is independent of the
surface coverage values.

c) The effect of lateral interaction between
the inhibitor molecules on the Gibbs free
energy is negligible.

Frumkin isotherm assumes unit coverage at
high inhibitor concentrations and that the electrode
surface is inhomogeneous i.e. the lateral interaction
effect is not negligible. In this way, only the active
surface of the electrode, on which adsorption occurs,
is taken into account. Frumkin adsorption isotherm
can be expressed according to equation 6. K is
the adsorption-desorption constant and o is the
lateral interaction term describing the interaction in
adsorbed layer

g
Log {C x (ﬁ)} =2.303 log K + 200
...(6)
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Freundlich isotherm states the quantitative
relationship of the inhibiting compound and the
molecular concentration of inhibitor molecules
absorbed onto the steel varies at specific
concentrations®*, according to equation 7 and 8.

0=K O . (7)

ads

log 6 = nlog C+log K, ...(8)

n is a constant subject to the properties
of the adsorbed molecule, where 0 < n< 1, K

ads

is the adsorption-desorption equilibrium constant
connoting the interaction strength within the
adsorbed layer. Absolute and higher results of K__
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suggest strong interaction between the organic
molecule and the metal surface. The results of
the Gibbs free energy (AG,,) for the adsorption
mechanism can be calculated from the equilibrium
constant of adsorption with the following below.

AG,,=-2.303 RT log [55.5K,,] -(9)

55.5 is the molar concentration of water
in the solution, R is the universal gas constant, Tis
the absolute temperature and K__ is the adsorption
equilibrium constant. K _is related to surface
coverage (0) according to equation 10.

R?=0.9774

0.000 \ T
0 0.02 0.04

0.06 0.08 0.1 0.12

ROS Concentration (%)
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y=1.0141x+ 0.0166
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Fig. 7: Langmuir isotherm model of ROS concentrations (a) in 1M H,SO, (b) in 3M H,SO,
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o la

ads

..(10)

Fig. 7-9 shows the isotherm models of
the molecular interaction of ROS interaction on the
ferritic stainless steel surface in 1M & 3M H,SO,
acid chloride solution in the presence of ROS
concentrations. The deviation of the slopes from
unity in the figures is due to the molecular interaction
between ROS molecules on the metal surface and
changes in the values of the Gibbs free energy
relative to the surface coverage.

The deviation of the slopes from unity in
Figure 10 is attributed to the molecular interaction
among the ROS molecules on the metal surface

100 -
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80 -
70 -

60 -
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40 ~
30 A
20 ~
10 +

ROS Inhibition Efficiency (5)
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and changes in the values of the Gibbs free energy
relative to the surface coverage.

Thermodynamics of the corrosion process

The values of Gibbs free energy (AG, ) for

the adsorption process can be evaluated from the

equilibrium constant of adsorption using the following
equation as shown in Table 6.

AG, =-2.303RTlog [55.5K ]

. (11)

The data shown in Table 7 confirms minimal

divergence from ideal condition of the Langmuir

model for values of Free energy of Adsorption (AG, )

as the surface coverage (0) values increases. This is

due to the heterogeneous surface property (presence

of dislocations, vacancies, micro-distortions of crystal

y =396.4x+ 46.95
RZ=0.9538

U T T
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Fig. 8: Freunlich isotherm model of ROS concentrations (a) in 1M H,SO, (b) in 3M H,SO,
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Fig. 9: Frumkin isotherm model of ROS concentrations (a) in 1M H,SO, (b) in 3M H,SO,

Table 7: Results of Gibbs free energy, Surface coverage and equilibrium
constant of adsorption at specific concentrations of ROS in 1M & 3M H,SO,

ROS Surface Equilibrium Constant Gibbs Free
Concentration (%) Coverage (6) of Adsorption (K) Energy (AG)
1M+ 0% ROS 0 0 0

1M + 2.5% ROS 0.574 362671.0 -41.67
1M+ 5% ROS 0.641 240294.7 -40.65
1M + 7.5% ROS 0.804 368035.1 -41.71
1M + 10% ROS 0.85 381310.0 -41.80
3M + 0% ROS 0 0 0

3M + 2.5% ROS 0.616 431777.5 -42.11
3M + 5% ROS 0.729 362025.2 -41.67
3M + 7.5% ROS 0.796 350083.9 -41.59

3M + 10% ROS 0.858 406583.2 -41.96
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lattice, etc) of the steel surface. Not all sites on the
surface are equivalent thus the varying energy of
adsorption.

The AG, data shows the ability of ROS
to strongly adsorb to the steel in the acid chloride
media. The negative sign on AG,, data shows
that the adsorption is spontaneous. The values
of AG, determined varied from between 40.65 kJ
mol ™ to 4.80 kJ mol'in 1M H,SO, solution while in

LOTO & OGHENERUKEWE, Orient. J. Chem., Vol. 32(5), 2813-2832 (2016)

3M H,SO, solution it varies between 41.67 kJ mol”
to 42.11 kJ mol. Values of AG, of about -20 kJ/
mol or below depicts with weak molecular interaction
whereas values of AG, ,_ of about -40 kJ/mol or above
involve the formation of a covalent type of bond®:
%, The value of AG, calculated in the present
study shows that the adsorption mechanism of
ROS compound on ferritic stainless steel is through

chemisorption mechanism.
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Fig. 10(a-c): IR spectra of ROS inhibiting compound

IR spectroscopy

IR spectroscopy was used to investigate
functional species of ROS compound and its nature
of adsorption. Observation of the spectra peaks
and comparing it to the Table of characteristic IR
absorptions®, the extracts are shown in Table 8.
The peaks at 2957, 2921 and 2878 cm™' shows the
presence of C-H single bond groups referring to
alkanes. Peaks at 1745, 1685 corresponds to C=0
stretch of the carbonyl group. Peaks at 1447, 1417,
1375 and 1363 corresponds also C-H single bond
groups referring to alkanes. The peaks at 1323 and
1305 refer to N-O symmetric stretch consisting of
nitro compounds. 1274, 1234, 1215, 1166, 1125,
1079, 1051 and 1017 refers to C—N and C-O single
bonds which consists of aromatic amines, alcohols,
carboxylic acids, esters and ethers. 670, 749,
787, 814, 843, 876, 921, 952, 985 refers to peaks
associated with =C—H bend, N-H wag, =C—-H bend,
O-H bend, C-H “oop”, C-CI stretch, C—H rock,
—C(triple bond)C—H: C—H bend and C-Br stretch
single and double bonds which refers to alkenes,
primary, secondary amines, alkenes, carboxylic
acids, aromatics, alkyl halides, alkanes, alkynes and
alkyl halides functional groups.

These groups are responsible for the
formation of stable complex between the iron

constituents and functional groups present in the
ROS extract forming covalent or coordinate bonds
between the anionic components of ROS extracts and
vacant Fe d-orbital. The metal-inhibitor bond usually
leads to corrosion inhibition through adsorption?.
The corrosion retarding mechanism through stable
complex formation dominates with increase in ROS
concentration. The corrosion retarding mechanism is
due to strong adsorption resulting from the donation
of lone pair of electrons on oxygen and nitrogen
to vacant d orbital of the metal which leads to the
formation of metal complexes.

The ROS constituents have antioxidant
properties especially bonds consisting of N and
oxygen. These are responsible for the possible
mechanism for chemisorptions reactions. The
cathodic reaction consists of hydrogen evolution
and oxygen reduction while the anodic reaction
consists of oxidation resulting in the dissolution of
the alloy as the metal cations go into the solution. As
shown earlier in the potentiodynamic studies, ROS
displays greater cathodic inhibition in comparison to
anodic inhibition thus the functional groups in ROS
inhibits the corrosion of the ferritic steel samples by
increasing the surface impedance of the steel thereby
stifling the redox reaction process responsible for
corrosion.
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Table 8: Table of extracted IR absorptions for ROS compound®
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Wavenumber, cm™’ Bond Functional Group
3100-3000 (m) =C—H stretch alkenes

3000-2850 (m) C—H stretch alkanes

1760-1665 (s C=0 stretch carbonyls (general)
1760-1690 (s) C=0 stretch carboxylic acids

1750-1735 (s) C=0 stretch esters, saturated aliphatic
1740-1720 (s) C=0 stretch aldehydes, saturated aliphatic
1730-1715 (s) C=0 stretch alpha,beta—unsaturated esters
1715 (s) C=0 stretch ketones, saturated aliphatic
1710-1665 (s) C=0 stretch alpha,beta—unsaturated aldehydes, ketones
1680-1640 (m) —C=C- stretch alkenes

1650-1580 (m) N-H bend primary amines

1600-1585 (m) C—C stretch (in—ring) aromatics

1550-1475 (s) N—-O asymmetric stretch nitro compounds

1500-1400 (m) C—C stretch (in—ring) aromatics

1470-1450 (m) C-H bend alkanes

1370-1350 (m) C—H rock alkanes

1360-1290 (m) N-O symmetric stretch nitro compounds

1335-1250 (s) C—N stretch aromatic amines

1320-1000 (s) C—-0 stretch alcohols, carboxylic acids, esters, ethers
1300-1150 (m) C-H wag (—CH2X) alkyl halides

1300-1150 (m) C-H wag (—CH2X) alkyl halides

1250-1020 (m) C—N stretch aliphatic amines

1000-650 (s) =C-H bend alkenes

950-910 (m) O-H bend carboxylic acids

910-665 (s, b) N-H wag primary, secondary amines
900-675 (s) C-H "oop" aromatics

850-550 (m) C—Cl stretch alkyl halides

725-720 (m) C—H rock alkanes

700-610 (b, s) —C(triple bond)C—H: C-H bend  alkynes

690-515 (m) C—Br stretch alkyl halides

[Courtesy from: George, S. Infrared and Raman Characteristic Group Frequencies: Tables and Charts. John

Wiley & Sons, New York, 2004]

CONCLUSION

The presence of specific concentrations
NaCl on Type 439LL ferritic stainless steel in dilute
sulphuric acid significantly influenced its pitting
corrosion behaviour. Increase in NaCl reduced
the potential at which pitting occurs and hence the
passivity and resistance of the steel to pit formation.
The presence of Rosmarinus officinalis altered
the electrochemical equilibrium with significant
increase in pitting potential and passivation
range which invariable increased the resistance
of the steel to pitting corrosion. IR spectroscopy

showed Rosmarinus officinalis constituents have
antioxidant properties especially bonds consisting
of N and oxygen responsible for corrosion retarding
chemisorption mechanism through stable complex
formations.
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