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ARTICLE INFO ABSTRACT

Keywords: The combined admixture of essential oil extracts, salvia officinalis and simmondsia chinensis was studied at low
Corrosion concentrations to assess their corrosion inhibition performance on mild steel in 1M H,SO, solution.
Mild steel Electrochemical studies were performed with potentiodynamic polarization test and weight loss analysis while
K‘;i:risgsn open circuit potential measurement was employed to assess the thermodynamic stability of the corrosion

properties of the compound with respect to time. Results obtained showed optimal inhibition efficiency of
86.58% and 83.29% at 6% and 5% volumetric concentration from the electrochemical test. The corrosion po-
tential of the inhibited steel displaced significantly in the positive direction compared to the significant negative
displacement of corroded steel due to surface coverage from the inhibitor molecules on the inhibited steel.
Thermodynamic calculations showed chemisorption adsorption mechanism according to Langmuir, Frumkin and
Freundlich adsorption isotherm models. Optical images of inhibited mild steel surface significantly contrast the
corroded non-inhibited steel which showed the presence of surface oxides, general deterioration and macro pits.

1. Introduction

The problem of corrosion is prevalent in most industries and it ac-
count for a huge portion of revenue spent on maintenance due to cor-
rosion damage (Corrosion Costs and Preve, 2018; Akinyemi et al., 2012;
Jekayinfa et al., 2015). In numerous cases corrosion damage has re-
sulted in attendant environmental problems due to leakage of degraded
metallic components, plant shut down and collapse of structures (The
effects and economic, 2000; K. Elaya, 2014). One of the major factors
that influence the extent of corrosion failures is choice of materials for
equipment, components and structures. Carbon steels are the most
widely used steel due to its relatively low cost compared to the costly
corrosion-resistant stainless steels. It is readily available and provides
desirable material properties such as strength, weldability, ductility and
hardness that make it the attractive choice for most engineering ap-
plications (Deepak et al., 2017). Due to the absence of some alloying
elements such as Cr, Mo, Ni etc. carbon steel have very weak or no
resistance to corrosion prevalent in industrial environment. As a result
they deteriorate rapidly in the presence of corrosive species (S042~,
Cl™ etc.). The most cost-effective means of prolonging the lifespan of
industrial parts constructed from mild steel is the use of chemical
compounds known as corrosion inhibitors (Camila and Alexandre,
2013). The most commonly applied corrosion inhibitors are chemicals
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of organic origin which act by forming a passive protective film on the
steel surface (Kuznetsov, 1996; Sanyal, 1981; Fouda et al., 2017,
Rivera-Grau et al., 2013; David, 2017). Most corrosion inhibitors are
toxic and environmentally destructive hence the need for cost effect and
sustainable replacements (Loto et al., 2013; Singh and Bockris, 1996;
Winkler et al., 2014; CicekChromates, 2017). Chemical compounds
from plant extract have been proven in previous research to be very
promising for effect inhibition of metallic corrosion (Dakeshwar and
Fahmida, 2015; Subhashini et al., 2010; Obot et al., 2010; Loto et al.,
2018; Loto, 2017a; Essential oil). Essential oils are concentrated hy-
drophobic liquid consisting of volatile aroma compounds from plants.
They are the oil of plants from which they were extracted by distilla-
tion, expression, solvent extraction, absolute oil extraction etc. Essential
oils have extensive health benefits and are being explored for the
treatment of a variety of diseases. This research aims to study the
corrosion inhibition performance of salvia officinalis and simmondsia
chinensis in dilute H,SO,4 solution.

2. Experimental methods
Mild steel samples (MS) with a nominal wt. % composition shown in

composition of the test specimen (Table 1) was obtained commercially
from the open market and analyzed at the Materials characterization

Received 9 June 2018; Received in revised form 24 July 2018; Accepted 7 September 2018
1026-9185/ © 2018 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/10269185
https://www.elsevier.com/locate/sajce
https://doi.org/10.1016/j.sajce.2018.09.002
https://doi.org/10.1016/j.sajce.2018.09.002
mailto:tolu.loto@gmail.com
https://doi.org/10.1016/j.sajce.2018.09.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sajce.2018.09.002&domain=pdf

R.T. Loto, O. Olowoyo

Table 1
Percentage nominal composition of MS.
Element Symbol Mn P S C Fe
% Composition (MS) 0.8 0.04 0.05 0.16 98.95

Laboratory, Department of Mechanical Engineering, Covenant Uni-
versity. The steel samples with cylindrical shape were machined to
average dimensions with length of 1.1 cm and diameter of 1.15cm.
Metallographic preparation of the samples were performed with silicon
carbide abrasive papers with grits of 120, 220, 320, 600, 800 and 1000.
They were subsequently polished to 6um for corrosion tests. Salvia
officinalis and simmondsia chinensis essential oils obtained from NOW
Foods, USA with a combined molar mass of 2210.53 g/cm® are the
organic compounds evaluated for their symbiotic corrosion inhibiting
characteristics. The compounds (SASC) were prepared in the acid so-
lution with combined molar concentrations of 4.52 x 102, 9.05 x 10°,
1.36 x 10% 1.81 X 102, 2.26 x 10% and 2.71 x 10* in 400 mL of 1
H,S0,4 acid solutions.

Polarization test was performed at 30 °C ambient temperature with
a three electrode system with a transparent cell containing 200 mL of
the H>S04/SASC solution at specific SASC concentrations with Digi-Ivy
2311 electrochemical workstation. MS embedded in acrylic resin with
exposed surface area of 1.13cm? was the working electrode while
platinum rod was used as the counter electrode and silver chloride
electrode (Ag/AgCl) as the reference electrode. Potentiodynamic po-
larization plots were obtained at a scan rate of 0.0015 V/s between
potentials of —0.7 V and +0.25 V. Corrosion current density C.q (A/
c¢m?) and corrosion potential C, (V) were calculated from the Tafel
extrapolation method. Corrosion rate C, (mm/y) was determined from
the relationship below;

000327 X Ceq X Egy
h D

T
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where Eg,, is the equivalent weight (g) of MS, 0.00327 is a constant for
corrosion rate calculation in mm/y and D is the density (g). The in-
hibition efficiency I. (%) was determined from the corrosion rate values
according to equation (Akinyemi et al., 2012);

L=]1 —(@) *100
Cn

C;1 and C,, are the corrosion rate without and with SASC compound
in the acid solution.

(2)
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Weight loss analysis was performed on MS steel coupons in-
dividually submerged in 200 mL of the H,SO,/SASC test solution for
240h and weighed every 24 h to determine the weight loss, corrosion
rate, surface coverage and inhibition efficiency according to the equa-
tions below;

CR = [87.6&)]

DAt 3

 is the weight loss (g), D is the density (g/cm3), A is the total
exposed surface area of MS and 87.6 is a constant. t is the time (h).
Inhibition efficiency values (I.) were calculated from the formula
below;

,,{u

]*100
@1

()]
w; and w, are the weight loss at specific SASC concentrations.
Surface coverage (0) values were calculated from equation (5):

1
Wy %)

Optical mages of corroded and inhibited MS surface morphology
from optical microscopy were analyzed after weight-loss analysis with
Omax trinocular.

3. Result and discussion
3.1. Electrochemical studies

The corrosion polarization behavior of MS in 1M H,SO, solution at
0%, 1%, 2%, 3%, 4%, 5% and 6% SASC oil extract is shown on the
anodic-cathodic polarization plots in Fig. 1. Data obtained from the
plots are presented in Table 2. The slope of the anodic and cathodic
plots for MS at 0% SASC is much higher than the slopes of MS at other
SASC concentrations due to the corrosive actions of SO4>~ anions
within the acid solution in the absence of SASC molecules. The SO42~
anions react with the MS surface resulting in the oxidation of the Fe
substrate metal which passes into the electrolyte as positive metallic
cations after losing their valence electrons. Oxidation of MS causes the
formation of porous oxides on the carbon steel surface which continues
to grow. Hydrogen evolution and oxygen reduction reaction also occurs
to counterbalance the anodic dissolution reactions. Under this condi-
tion the corrosion rate of the steel is 29.44 mm/y which correspond to a
corrosion current density of 2.54 x 103 A/cm?. Addition of SASC oil
extract from 1% to 6% concentration altered the electrochemical
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Fig. 1. Potentiodynamic polarization plots for MS corrosion in 1 M H,SO,4 solution/0%-6% SASC concentration.
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Table 2
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Potentiodynamic polarization data for MS corrosion in 1 M H,SO,4 solution/0%-6% SASC concentration.

Sample SASC ROTC Corrosion Rate SASC Inhibition  Corrosion Corrosion Corrosion Polarization Cathodic Tafel  Anodic Tafel
Conc. Conc. (M) (mm/y) Efficiency (%) Current (A) Current Density  Potential (V) Resistance, R, (€2)  Slope, B. (V/ Slope B, (V/
(%) (A/em?) dec) dec)
A 0 0 29.44 0 2.63E-03 2.54E-03 —-0.329 9.75 —8.027 1.233
B 1 4.52E-03 5.36 81.78 4.80E-04 4.62E-04 -0.319 53.52 —8.885 3.806
C 2 9.05E-03 4.73 83.95 4.23E-04 4.07E-04 —0.341 60.77 —8.457 9.883
D 3 1.36E-02 5.02 82.95 4.49E-04 4.33E-04 -0.313 57.75 —7.965 6.346
E 4 1.81E-02 4.76 83.85 4.26E-04 4.10E-04 —-0.328 60.39 —-7.783 9.438
F 5 2.26E-02 5.26 82.14 4.70E-04 4.53E-04 —0.325 56.35 —8.909 3.500
G 6 2.71E-02 3.95 86.58 3.54E-04 3.41E-04 —-0.339 72.67 —6.662 6.450
-0.289
0% SASC
-0.294 1% SASC
-0.299 6% SASC
%
< -0.304
P
< -0.309
w
2 0314
s }
' -0.319 W
-0.324
-0.329
0.00 1000.00 2000.00 3000.00 4000.00 5000.00
Exposure Time
Fig. 2. Plot of open circuit corrosion potential (Vag/agc1) versus exposure time (T) for 5400s.
Table 3 differences in anodic Tafel values indicating the inhibition mechanism

Data on weight loss, corrosion rate and inhibition efficiency from weight loss
analysis at 240 h.

MS Samples SASC SASC Weight Corrosion SASC
Conc. Conc. Loss (g) Rate (mm/yr) Inhibition
(%) M) Efficiency (%)

A 0 0 6.234 48.05 0

B 1 0.0045 1.694 13.06 72.83

C 2 0.0090 1.410 10.87 77.38

D 3 0.0136 1.250 9.63 79.96

E 4 0.0181 1.218 9.39 80.46

F 5 0.0226 1.042 8.03 83.29

G 6 0.0271 1.291 9.95 79.29

process occurring on the steel surface. The corrosion rate declined
sharply to 5.36 mm/y at 1% SASC coupled with significant change in
polarization resistance from 9.75 Q (0% SASC) to 53.52 Q at 1% SASC.
The transformation of the ionized metal surface from active dissolution
state to state of surface protection is due to adsorption of SASC mole-
cules onto the metal surface, forming a protective film (Chao et al.,
1981). It must be noted that increase in SASC concentration has limited
influence on the corrosion rate values, hence the inhibition efficiency
values which peaked at 86.58 mm/y at 6% SASC from 81.78 mm/y at
1% SASC. The active-passive behavior of the corrosion potential values
after 0% SASC shows SASC oil extract offers mixed type corrosion in-
hibition characteristics (Loto et al.,, 2014; Loto, 2017b). However,
visible changes in anodic Tafel slope values compared to the cathodic
counterpart show SASC has greater influence on the surface oxidation/
anodic dissolution reactions. The cathodic Tafel slope values vary
slightly depicting that the hydrogen evolution and oxygen reduction
reactions are under activation control. This is further proven from the
cathodic polarization plots from 2% to 5% SASC concentration. The
marked differences in the slopes of the anodic plots align with the
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of SASC is through surface coverage. Surface coverage reduces the
availability of surface metal atoms for corrosion reactions thus sup-
pressing the reaction mechanism (Lowmunkhong et al., 2010; Zhang
et al., 2010; Hosseini and Azimi, 2009).

3.2. Open circuit potential measurement

The thermodynamic equilibrium properties of SASC inhibition on
MS in 1M H,SO, solution was studied at 0%, 1% and 6% SASC con-
centrations respectively. Fig. 2 shows the relationship between varia-
tion in corrosion potential with respect to exposure time for 5400s. At
0% SASC the corrosion potential of MS declined sharply to active values
i.e. from —0.305 Vag/agar (05) to —0.322 Vag/agar at 816.01s due to
active corrosion reaction occurring on MS surface. The corrosion po-
tential beyond this point remained generally stable with a final value of
—0.321Vpg/aga1 at 5400s. At 1% SASC the corrosion potential of MS
initiated at a more active value than 0% SASC probably due to delayed
inhibition action of SASC molecules in the acid solution. This trend
continued with the corrosion potential decreasing to —0.320 Vag/agci
at 584.10s, after which there is a progressive trend to the passive di-
rection due to the inhibiting action of SASC till 5400 sat —0.290s. MS
being a low carbon steel do not passivate in acid solutions because of
the absence of chromium and other alloying elements that induces
passivity. The oxide that forms on carbon steels are porous allowing
corrosive anions to penetrate. This results in the continuous dete-
rioration of the steel. However, in the presence of 1% SASC the visible
transition of the OCP plot is due to the interference of electrochemical
processes responsible for anodic dissolution by SASC molecules which
undergoes certain degree of protonation in the acid solution. Based on
the conclusions from the polarization studies, surface coverage is most
likely the reason for the passivation behavior. Addition of 6% SASC
induces higher electronegativity on the steel surface at the onset of the
OCP test. The potential initiated —0.328 Vag/agc1 (0s) and progressed to
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Fig. 3. Weight loss analysis plot of (a) corrosion rate versus exposure time, and (b) inhibition efficiency versus exposure time.
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Fig. 4. Frumkin plot of SASC surface coverage () vs log c [6/1-8].
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Fig. 5. Langmuir plot of SASC conc. versus SASC conc./6.

relatively passive values at —0.316 Vag/agc (424.75). Beyond this value
the thermodynamic behavior of MS at 6% SASC was relatively stable
though a mild increase in potential occur peaking at —308 Vag/agci
(5400s).
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3.3. Weight loss analysis

Data on weight loss and corrosion rate of MS, and inhibition of SASC
compound at 0%-6% SASC concentration from weight loss analysis in
1 M H,S0, solution after 240 h are shown in Table 3. Fig. 3(a) and (b)
shows the plot of MS corrosion rate and SASC inhibition efficiency
versus exposure time. In the absence of SASC inhibiting compound, MS
corroded rapidly for the first 72 h attaining a corrosion rate value of
65.15 mm/y. Beyond this point a gradual decrease in corrosion rate was
observed till 48.05 mm/y at 240 h. This behavior as earlier explained is
due to anodic dissolution and interfacial deterioration of the surface
properties of the steel. The behavior of MS strakly contrast the plots of
MS upon addition of SASC to the acid media. The corrosion rate re-
duced sharply due to suppression of the electrochemical action of
S042~ by coverage of MS surface. As a result the reactive sites on the
steel and blocked. SASC concentration plays a minor role on the in-
hibition efficiency values of SASC, thus the inhibiting action of SASC is
concentration dependent.
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Fig. 6. Freundlich plot of SASC surface coverage versus SASC log conc.

Table 4
Calculated results of AG.qs, and K,gs.
MS Samples  SASC Surface Equilibrium Gibbs Free
Conc. Coverage (0) Constant of Energy, AG
(%) adsorption (K) (Kjmol 1)
0 0 0 0 0
1 1 0.728 592539.2 —42.89
2 2 0.774 378096.4 —41.78
3 3 0.800 294002.0 —41.15
4 4 0.805 227557.9 —40.52
5 5 0.833 220365.1 —40.44
6 6 0.793 141053.4 —39.33

Fig. 7. Optical image of MS morphology before corrosion.

3.4. Adsorption isotherm and corrosion thermodynamics

Adsorption occurs during the corrosion inhibition process of SASC
on MS in the acid media whereby SASC molecules accumulates at the
metal solution interface. It is a surface phenomenon by which complex
organic compounds is drawn to the surface of MS and adheres through
physical chemical or electrostatic attraction. Adsorption isotherm
models are used to explain adsorption data derived from experimental
analysis. The models and the consequent thermodynamic derivations
provide in depth information into the mechanism of adsorption mode of
attraction and adsorption strength (Emrah et al., 2008; Porkodi and
Kumar, 2007). Due to the admixture of H,SO4—H,0 molecules with the
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cationic molecules of SASC in the interfacial region the adsorption
process is considered a replacement reaction of H,SO4—H>0 molecules
with SASC molecules within the bulk solution (Gerente et al., 2007;
Trasatti, 1974). The Frumkin, Langmuir and Freundlich isotherms
shown in Figs. 4-6 provided the best fits among the isotherms tested
with correlation coefficients of 0.7300, 0.9562 and 0.7696 respectively.
According to Frumkin isotherm the surface coverage is subject to the
potential of the steel surface due to variation in the energy of the
double-layer capacitor. This results from the replacement of H,O mo-
lecules water is replaced by the molecules of the organic derivatives
with lower dielectric constant. The Frumkin equation is as follows;

Log [Csasc * (¥ -e)] = 2.303 log Kaas + 200 )

The Langmuir isotherm suggests the following with respect to the
Langmuir equation below; (i) constant interfacial surface reaction, (ii)
the extent of inhibitor coverage has no effect on Gibbs free energy
values and (iii) the effect of lateral interaction resulting from the mo-
lecular reaction of adsorbates on the value of Gibbs free energy is
negligible (Guidelli et al., 1992).

Kadgs Csasc ]

- [1 + KagsCsasc 7

The Freundlich isotherm delineates the association between ad-
sorbed inhibitor molecules, their intermolecular reaction (repulsion or
attraction) and effect on the mechanism of adsorption (Ashish and
Quraishi, 2011). The Freundlich equation is as follows;

6 = KC" (€)]

)]

n is a constant with respect to the characteristics of adsorbed MTH
molecule, K,q4s is the adsorption-desorption equilibrium constant re-
presenting the intermolecular strength of the adsorbed layer.
Adsorption of protonated molecules of the inhibiting compounds
(SASC) occurs through covalent, physical or electrostatic attraction as
earlier mentioned. However, to determine the nature and possibly the
strength of SASC adsorption onto the steel surface, Gibbs free energy
(AG,g4s) was adopted to provide further insight to the thermodynamics
of the corrosion process. The mathematical representation of AG,4s with
respect to equilibrium constant of adsorption is shown in Table 4 below;

log © = nlog C + log Kags

AGags = - 2.303RT log [55.5Ka4s] (10)

55.5 is the molar concentration of water in the solution, R is the
universal gas constant, T is the absolute temperature and K,q4s is the
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equilibrium constant of adsorption of SASC molecules onto the steel.
The equilibrium constant of adsorption was determined from the
Langmuir adsorption isotherm due to its comparatively higher corre-
lation coefficient value. AG,q4s values depends on metallurgical vari-
ables such as micro-pits, non-metallic impurities, elemental arrange-
ments, microscopic fissures and crevices with respect to grain
orientation on the steel surface. Previous research has proven that AG,q;s
values around —20kJ/mol or below depict physisorption adsorption
characteristics (physical adsorption according to Vander waals forces),
while values around —40kJ/mol or above involve charge sharing or
transfer (covalent or electrostatic attraction) between the SASC mole-
cules and the steel surface due to chemisorption adsorption mechanism.
The AG,.4s values in Table 4 shows chemisorption adsorption me-
chanism. This enabled strong adsorption of SASC molecules resulting in
effective blockage of reactive sites on the steels surface. The negative
values of AG,4s show that SASC adsorption on MS is spontaneous. The
decrease in AG,q4s values with increase in SASC concentration is due to
lateral repulsion among SASC molecules during the adsorption process
(Solmaz, 2010; Doner et al., 2011; Loto et al., 2016).

3.5. Optical microscopic studies

Optical images of MS morphology before corrosion, and after cor-
rosion test in 0% SASC/H,SO,4 and 6% SASC/H,SO, solution are shown
from Fig. 7 to Fig. 8(b). The morphology of MS before corrosion (Fig. 7)
shows lined and serrated edges due to machining and sample pre-
paration. Surface oxide are few, very small and quite negligible. The
morphology of MS in Fig. 8(a) is due to the electrochemical action of
S0,4>~ resulting severe general surface deterioration, rust and corrosion
pits. The SO,>~ anions penetrates through the surface oxide due to its
porosity accelerating the electrochemical reactions afterwards which
destroys the metal substrate. The electrochemical reaction involves
charge transfer between the anodic and cathodic reactions on the steel
in the acid solution. The limited alloy content of carbon steel does not
generally produce any remarkable changes in its general corrosion re-
sistance. In 6% SASC/H,SO, solution, a remarkable change in MS
morphology is clearly visible due to the inhibiting action of SASC.
Previous discussion from electrochemical tests and adsorption studies
shows SASC molecules adheres to MS surface through chemisorption
mechanism whereby the inhibitor forms an impenetrable protective
film on the steel. The limited surface deterioration in comparison to the
morphology in Fig. 7 is probably due to preabsorbed SO,*~ anions
which ionizes the surface of the steel and furthermore favors electro-
static attraction of SASC molecules.

4. Conclusion

The synergistic combination of salvia officinalis and simmondsia
chinensis effectively inhibited the corrosion of mild steel in dilute
H,SO, solution with inhibition efficiency values generally above 80%.
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(b)

Fig. 8. Optical image of MS morphology (a) after corrosion in 0% SASC/1M H,SO,, and (b) after corrosion in 6% SASC/1M H,SOj4.

The organic derivatives formed a protective film on the steel as shown
on the inhibiting micro-analytical image, inhibiting the electrochemical
action of the corrosive species through chemisorption mechanism. The
inhibition performance of compound was observed to be concentration
dependent with mixed inhibition properties though Tafel slope values
showed higher tendency for anodic inhibition.
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