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A B S T R A C T   

The corrosion resistance of mild steel (MS) in 0.5 M H2SO4 and HCl solution with specific concentrations of the 
intermixture of rosemary and cinanamon cassia essential oil extracts (RCC) was studied by potentiodynamic 
polarization method, open circuit potential analysis (OCP) and optical macroscopy. Information obtained 
showed RCC effectively inhibited MS corrosion from the lowest to the highest concentrations in both acids with 
lowest inhibition result of 95.30% and 94.19%, and highest inhibition efficiency of 99.21% and 97.69%. RCC 
exhibited dominant cathodic inhibition effect in H2SO4 due to suppression of the reduction reactions while in HCl 
RCC displayed mixed inhibition properties due to surface coverage effect in the presence of Cl− anions. OCP 
showed RCC increased the thermodynamic tendency of MS to corrosion in H2SO4 solution despite effective in
hibition performance with significant electronegative shift in corrosion potential. In HCl significant electro
positive potential displacement was observed relative to the potential of the control MS due to adsorbed 
protonated RCC molecules unto the steel. Adsorption of RCC molecules on MS aligned with Langmuir, Frumkin 
and Freundlich isotherm models through chemisorption mechanism in both acids with average correlation co
efficient value above 0.9. Optical images of MS in both acids without RCC showed severe surface degradation 
with the degree of degradation being higher from H2SO4 solution. Optical images from RCC inhibited steel depict 
effective surface protection.   

1. Introduction 

Carbon steels is a metal alloy consisting majorly of Fe and C. Other 
elements in very small quantities are Mn, Si and Cu. The relatively low 
cost of carbon steels compared to stainless steels is the major factor for 
their universal application. Other important factors; such as availability, 
desirable mechanical properties, recyclability and ease of production 
(micro-alloying and heat treatment) significantly contributes to their 
marketability and applications. Their properties provide a good 
threshold for which other tool steels are compared (Novotny and 
Banerjee, 2016). The extensive applications of carbon steels ranges from 
oil and gas, to marine, construction, industrial plants, machineries and 
equipment’s, desalination plants, automobile, fertilizer production and 
process industries (Zarras and Stenger-Smith, 2014). The useful lifespan 
of carbon steels is limited by their weak corrosion resistance in aqueous 
environments especially high humidity or saline-industrial conditions 
which creates operational problems for equipment and plants. Carbon 
steel piping and tubing are vulnerable to degradation from mechanical 
action by particle infested moving solution. In oxidizing environment, 

the steels are susceptible to pitting corrosion (Mutahhar et al., 2017; 
Ahn, 2013). Other factors responsible for carbon steel corrosion are 
aqueous O2, material factors, solution pH, temperature, alkalis, CO2, 
presence of geothermal fluids, H2 effect (Ahmad, 2006). However, they 
are most often prone general corrosion which manifest in rust form and 
formation of surface oxides. Despite the huge advancement in corrosion 
prevention and control, the corrosion problem is prevalent in most in
dustries which is estimated to be about US$2.2 trillion annually 
worldwide (Saji, 2012). Prevention of carbon steel corrosion is often 
more practical and achievable than its total elimination. Corrosion 
prevention and control methods for carbon steels includes, appropriate 
system design, alloy modification, surface modification, materials se
lection, non-destructive testing and inspections, coatings, cathodic 
protection, anodic protection repairs, and other maintenance operations 
etc. (Schleider, 2009). Despite the numerous corrosion pre
vention/protection techniques, versatility, applicability and cost limit 
their application. Chemical compounds known as corrosion inhibitors 
combines’ excellent performance with low cost and versatility in most 
industrial environments. These compounds significantly reduce the 
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electrochemical deterioration of carbon steels through formation of a 
protective coating on the steels, alteration of the astringent media and 
distinctive deposition on the steel surface. Most of the conventional 
inhibitors such as phosphates, chromates, nitrites, nitrates etc. are of 
inorganic origin, toxic and costly. Organic inhibitor compounds are less 
toxic but unsustainable on the long term due to cost and environmental 
concerns (Geethamani et al., 2019; Lai et al., 2017; Soltani et al., 2010; 
Chugh et al., 2019, 2020; Singh et al., 2019). Previous investigations on 
the inhibition performance of biodegradable compounds have produced 
mixed but promising results (Li et al., 2005; Quartarone et al., 2012; 
Ashassi-Sorkhabi et al., 2004; ÖZcan, 2008; Olivares et al., 2006; Fu 
et al., 2010). Inhibition performance of extracts of essential oils have 
been studied in past with results showing their performance varies 
substantially with extract concentration (Bouoidina et al., 2017; El 
Ouariachi et al., 2015; Umoren et al., 2016; Salghi et al., 2015). Inhi
bition performance of Atlas cedar essential oil on carbon steel in HCl 
electrolyte was studied by Idouhli et al. (2017). Results obtained showed 
the essential oil performance exceeded 88% with respect to concentra
tion and increases as concentration increases by chemical adsorption on 
the surface. El-Ouadi (El ouadi et al., 2014) evaluated Salvia oficinalis as 
corrosion inhibitor for carbon steel in HCl. The oil extract exhibited 
mixed type inhibition performance with optimal inhibition result of 
88.11%. The extract performed poorly at low concentrations. Orange 
zest essential oil was researched into for its corrosion inhibition prop
erties on mild steel in 1 M HCl medium. Maximum inhibition efficiency 
of 75.64% at 2.5 g L− 1 concentration of the extract was observed. In
hibition occurred through chemisorption adsorption mechanism (Ben
souda et al., 2019). Thymus satureioides oil was analyzed a green 
inhibitor for tinplate in dilute HCl solution. Results showed the oil dis
played mixed type inhibition performance. The data revealed that the oil 
exhibit good inhibition even at moderate to high temperatures. The oil 
generally performed poorly at most concentrations. However at optimal 
concentration the inhibition performance exceeded 80% (Bammou 
et al., 2010). Lahhit et al. (2011) studied the corrosion inhibition effect 
of Foeniculum vulgare essential oil on carbon steel in HCl solution and 
observed the oil displayed mixed type inhibition performance with 
optimal inhibition efficiency of 76%. The extracts show that inhibition 
performance strongly varies with oil extract concentration. This is 
disadvantageous in field applications. There is need for inhibitor com
pounds with generally constant inhibition result with respect to con
centration. Further research is necessary to formulate biodegradable 
compounds with optimal inhibition effect at minimal concentrations. 
This research studies the synergistic combination effect of rosemary and 
cinnamon cassia essential oil extracts on mild steel in weak H2SO4 and 
HCl electrolyte. Results from previous investigation of the individual 
inhibition effect of both essentials oils are impressive but significantly 
concentration dependent (El Ouariachi et al., 2010; Dahmani et al., 
2017). 

2. Experimental procedure 

2.1. Material 

Mild steel (MS) rod whose elemental content is shown in Table 1 
after analysis at the Physical Metallurgy Laboratory, Department of 
Mechanical Engineering, Covenant University, Ota, Ogun State, Nigeria 
was acquired in Lagos, Nigeria with diameter of 6 mm. The steel was cut 
into 6 separate samples with mean length of 6 mm. Rosemary and cin
namon cassia essential oil extracts (RCC) procured from NOW Foods, 
USA were admixed together in ratio 1:3 to study their combined 

corrosion inhibition properties on MS. The extracts have a combined 
molar mass of 1414.67 g/cm3 (Prabodh et al., 2017; Cassia oil. 
https://pubch). RCC was prepared in percentage concentrations of 1%, 
1.5%, 2%, 2.5% and 3% per 200 ml of 0.5 M of standard grade H2SO4 
(98%) and HCl solution (37%). 

Potentiodynamic polarization was done with triple cord electrode 
wire (Pt counter electrode, MS electrode and Ag/AgCl reference elec
trode) inside an acid solution, joined to electrochemical workstation 
(Digi-Ivy potentiostat). MS electrode was nested in pre-solidified resin 
paste with visible surface of 1.13 cm2. MS surface was grinded with 
abrasive sheets (80, 120, 220,800 and 1000 grits) and brightened with 6 
μm diamond fluid. Digi-ivy potentiostat was joined to the computer for 
real-time corrosion monitoring from − 1.5 V to +1.5 mV at sweep rate of 
0.0015 V s− 1. Corrosion current density (JCD) and corrosion potential 
(ECP) were determined from the Tafel plots. Corrosion rate (CR) was 
gotten from the mathematical relationship in equation (1); 

CR = 0.00327 × JCD × QWT/D (1)  

D (g/cm3) represents density and QWT (g) represents equivalent. Inhi
bition efficiency (ŋ) was obtained from equation (2); 

η= 1 −
[

C2

C1

]

× 100 (2)  

C1 and C2 indicates corrosion rate of MS with and without RCC inhibitor 
compound. Open circuit potential study of MS within the acid-inhibitor 
solution was done at step potential of 0.1 V s− 1 for 3600 s with Digi-ivy 
potentiostatic device. Optical macroscopic studies of MS surface prior to 
corrosion test and subsequently after corrosion was studied through 
Omax trinocular metallurgical microscope. 

3. Results and discussion 

3.1. Potentiodynamic polarization studies 

Potentiodynamic polarization plots of MS corrosion and inhibition in 
H2SO4 and HCl solution at specific RCC concentration are displayed in 
Fig. 1(a) and (b). Results from the polarization experiment are displayed 
in Table 2. Inspection of Table 2 shows substantial difference between 
MS corrosion rate in H2SO4 and HCl solution at 0% RCC concentration 
compared to the acid solution at higher RCC concentrations. This results 
from significant oxidation of MS surface in the acid media leading to 
accelerated discharge of Fe2+ ions into the acid solution. This mecha
nism degrades the steel resulting in loss of mechanical, physical and 
aesthetic properties of the steel. Inspection of the plots exhibited in 
Fig. 1(a) and (b) at 0% RCC concentration shows the slopes of the 
anodic-cathodic polarization are significantly higher than the slopes of 
the polarization plots at specific RCC concentrations. MS corrosion rate 
(0% RCC concentration) in H2SO4 at 13.52 mm/y is visibly greater than 
the figure obtained in HCl solution at 4.12 mm/y due to the greater 
dissociation of H2SO4 in H2O compared to HCl. At 0% RCC concentra
tion, the corresponding corrosion current density and polarization 
resistance in both acids are 1.18 × 10− 3 A/cm2 and 3.61 × 10-4 A/cm2, 
and 19.19 Ω and 62.91 Ω. In H2SO4 solution, RCC at 1% concentration 
significantly reduced the corrosion rate to 0.64 mm/y relating to inhi
bition result of 95.30% and polarization resistance of 408.40 Ω. Further 
increase in corrosion rate results in minimal but progressive reduction in 
corrosion rate and increment in inhibition efficiency with peaked at 3% 
RCC concentration with corrosion rate of 0.11 mm/y and inhibition 
result of 99.21 mm/y. The polarization plots of MS at 1%–3% RCC 

Table 1 
Elemental composition (wt. %) of MS.  

Element C Si Mn P S Cu Ni Al Fe 

Composition 0.40% 0.17% 0.44% 0.01% 0.01% 0.08% 0.01% 0.03% Balance  
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concentration in Fig. 1(a) shows significant cathodic shift with respect to 
the plot at 0% RCC concentration. The cathodic shift varies with respect 
to RCC concentration with maximum potential shift of 124 mV signi
fying cathodic inhibition mechanism on MS in H2SO4 solution. The 
extensive cathodic polarization plot which significantly decreased with 
increase in RCC concentration proves this assertion. The observation 
shows RCC compound inhibits MS corrosion by suppressing the H2 
evolution and O2 reduction reactions through selective precipitation 
onto MS, increase in its surface impedance and modification of the 
corrosive medium through formation of complex precipitates with the 

corrosive species. 
RCC compound significantly decreased MS corrosion rate in HCl 

solution. Observation of Table 2 shows that generally the corrosion rate 
obtained at specific RCC concentration in HCl solution are slightly lower 
than the values obtained in H2SO4 concentration. At 1% RCC concen
tration, MS corrosion rate is 0.24 mm/y while at 3% RCC concentration, 
corrosion rate value of 0.10 mm/y was obtained. However, the related 
inhibition efficiency values obtained are between 94.19% and 97.69% 
which are below the results obtained in H2SO4 solution for reasons 
earlier explained and the fact that MS corrosion rate 0% is 4.12 mm/y 

Fig. 1. Plots obtained from the potentiodynamic polarization of Ms at specific RCC concentration in (a) H2SO4 solution and (b) HCl solution.  

Table 2 
Results from potentiodynamic polarization of MS in H2SO4 and HCl solution at specific RCC concentration.  

H2SO4 

Sample RCC Conc. (%) LCS CR (mm/y) RCC ξF (%) CI (A) CJ (A/cm2) CP (V) Rp (Ω) Bc (V/dec) Ba (V/dec) 

A 0 13.52 0 1.34E-03 1.18E-03 − 0.385 19.19 − 8.560 8.233 
B 1 0.64 95.30 6.29E-05 5.57E-05 − 0.452 408.40 − 4.057 25.320 
C 1.5 0.51 96.20 5.09E-05 4.50E-05 − 0.469 582.70 − 3.569 33.710 
D 2 0.35 97.42 3.45E-05 3.05E-05 − 0.502 745.30 − 9.018 41.670 
E 2.5 0.20 98.51 2.00E-05 1.77E-05 − 0.509 1284.00 − 6.705 32.790 
F 3 0.11 99.21 1.06E-05 9.41E-06 − 0.479 2417.00 − 5.778 22.070 

HCl 
Sample RCC Conc. (%) LCS CR (mm/y) RCC ξF (%) CI (A) CJ (A/cm2) CP (V) Rp (Ω) Bc (V/dec) Ba (V/dec) 

A 0 4.12 0 4.08E-04 3.61E-04 − 0.483 62.91 − 6.792 15.340 
B 1 0.24 94.19 2.37E-05 2.10E-05 − 0.472 1184.00 − 5.839 9.192 
C 1.5 0.21 94.95 2.06E-05 1.82E-05 − 0.454 1247.00 − 6.655 9.060 
D 2 0.20 95.09 2.00E-05 1.77E-05 − 0.480 1416.00 − 5.946 8.059 
E 2.5 0.15 96.25 1.53E-05 1.35E-05 − 0.440 1680.00 − 6.606 8.120 
F 3 0.10 97.69 9.41E-06 1.16E-05 − 0.434 1902.00 − 5.813 9.375  
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compared to 13.52 mm/y in H2SO4 solution. The polarization resistance 
values obtained in HCl solution confirms the lower corrosion rate results 
which are roughly greater than the results obtained in H2SO4 solution. 
The slopes of the anodic-cathodic in Fig. 1(b) at specific RCC concen
tration show significant anodic and cathodic inhibition effect. The near 
similarity of the slopes shows RCC inhibition performance is under 
activation control. The maximum corrosion potential variation of the 
slopes with respect to the potential of the slope at 0% RCC concentration 
shows a maximum corrosion potential difference of 49 mV indicating 
mixed type inhibition performance. This proves inhibition approach of 
RCC compound is through the mechanism earlier mentioned for RCC in 
H2SO4 solution and secondly by surface coverage whereby RCC adsorb 
onto the steel through electrostatic attraction and covalent bonding 
whereby the redox reaction processes are suppressed and corrosive an
ions in the acid solution are inhibited from getting to the steel surface. 
Contrary to the observation from previous research on essential oils 
(Idouhli et al., 2017; El ouadi et al., 2014; Bensouda et al., 2019; 
Bammou et al., 2010; Lahhit et al., 2011), RCC performed effectively at 
all concentrations studied. Its performance is not subject to its concen
tration. Hence it is reliable in field applications where determinant 
factors are variable. 

3.2. Open circuit potential analysis 

Open circuit potential (OCP) curves of MS corrosion potential against 
time of exposure in H2SO4 and HCl media at 0%, 1% and 3% RCC 
concentration are displayed in Fig. 2(a) and (b). The OCP curves in Fig. 2 
(a) at 0% RCC concentration shifted to electropositive potentials 
compared to the curves at 1% and 3% RCC concentration. The curve 
originated at − 0.464 V (0 s) and increased sequentially to − 0.407 V at 
3600 s due to growth of pseudo protective oxide. The potential tran
sients are due to instability of the porous oxide on the steel surface. The 
OCP curves at 1% and 3% RCC concentration initiated at potentials of 
− 0.416 V and − 0.419 V (0 s), and sequentially underwent cathodic 
displacement. The curve at 3% RCC shifted sharply before attaining 
relative thermodynamic stability from 400 s (− 0.444 V) to 3208.53 s at 
− 0.466 V. Beyond this potential, a sharp shift in potential was observed 
to electropositive values. It must be noted that the general electroneg
ative values observed at 1% and 3% RCC concentration shows RCC 
despite it effective inhibition performance from potentiodynamic po
larization, increases the thermodynamic tendency of MS to corrode i.e. 
the protective film by RCC compound is unstable. The curves in Fig. 2(b) 
differ from the plot in Fig. 2(a), at 0% RCC concentration the OCP curve 
is most electronegative. The plot originated at − 0.485 V (0 s) and 
sequentially displaced to electropositive potentials. Relative thermody
namic stability was attained at 1131.81 s (− 0.455 V) till 3600 s (− 0.444 
V). The OCP curves at 1% and 3% RCC concentration were relatively 

electropositive compared to the plot at 0% RCC. However, they slightly 
shifted to electronegative values. These curves originated at − 0.389 V 
and − 0.383 V (0 s) and culminated at − 0.470 V and − 0.430 V (3600 s). 
Their plot configuration and relative electropositive values shows RCC 
compound reduced the thermodynamic propensity of MS to corrode in 
HCl solution in comparison to the observation in H2SO4 solution. This 
shows RCC protective film in HCl solution is more stable in addition to 
the effective inhibition performance from potentiodynamic polarization 
test. 

3.3. Corrosion thermodynamics 

Corrosion inhibition of the redox electrochemical process by RCC on 
MS surface in H2SO4 and HCl solution was studied through mathemat
ical models and plots depicting the deviation of the aggregate RCC 
ionized molecular species attracted to and adsorbed on the steel surface 
at stable temperature (Bockris and Swinkels, 1964). Results from 
potentiodynamic polarization shows RCC performed effectively in 
H2SO4 and HCl solution. Open circuit potential studies show the 
corrosion inhibition of RCC on MS in H2SO4 solution is thermodynam
ically unstable. RCC in the acid media protonates and attached them
selves to the steel especially the reactive sites stifling the corrosion 
reaction process responsible to surface degradation. However, forces 
responsible for this are either strong covalent forces or weak van der 
waals forces which occur through adsorption whereby aggregation of 
RCC molecules from the aqueous phase occurs on the charged metal 
surface. Potentiodynamic polarization data were evaluated with four 
adsorption isotherms. The most applicable isotherms were identified 
from their correlation coefficient values. The correlation coefficients of 
Langmuir, Frumkin and Frundlich adsorption isotherms are displayed in 
Table 3 below. 

The Langmuir plots from H2SO4 and HCl solutions are depicted Fig. 3 
(a) and (b). Langmuir isotherm states that the adsorbate protonated 
inhibitor molecule are strongly attracted to specific number of sites on 
the adsorbent steel surface through molecular attraction wherewith the 
chemical activity of the inhibitor molecules is proportional to the frac
tion of occupied steel surface sites on the assumption that the surface is 
non-heterogeneous without any lateral interaction effect between the 

Fig. 2. OCP plots of MS at 0%, 1% and 3% RCC concentration in (a) H2SO4 solution and (b) HCl solution.  

Table 3 
Correlation coefficient data of applicable adsorption isotherms from H2SO4 and 
HCl solution.  

Isotherms Model H2SO4 HCl 

Langmuir 0.9999 0.9996 
Frumkin 0.7755 0.9704 
Frundlich 0.9777 0.8381  
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inhibitor molecules adsorbed with respect to the following mathemat
ical expression; 

θ=
[

KadsCRCC

1 + KadsCRCC

]

(3)  

Kads represents the equilibrium constant of adsorption. CRCC represents 
the molar concentration of H2O. Frumkin isotherm assumes the molec
ular coverage on heterogeneous metallic surfaces is the same at high 
molecular concentrations with respect to the potential of the surface. 
Lateral interaction effect among the inhibitor molecules is significant 
and quantitative with respect to the following equation;  

Log [CRCC * (θ/1-θ)] = 2.303 log Kads + 2αθ                                      (4) 

α is the lateral interaction parameter. The Frumkin isotherm plots from 
H2SO4 and HCl solution are shown in Fig. 4(a) and (b). Freundlich 
isotherm exhibits a mathematical model for the adsorption equilibrium 
between adsorbate inhibitor molecule and adsorbent steel surface, and 
the lateral interaction effect between them. The Freundlich equation 
expresses the isothermal differentiation of adsorption of a fluid onto an 
adsorbent surface. Freundlich isotherm focuses on adsorbed molecular 
interaction on adsorbent surfaces and the lateral interaction effect 
amidst the RCC molecules (Zeldowitsch, 1934; Aharoni and Ungarish, 
1977). Freundlich equation is expressed as shown below;  

θ = KCn                                                                                        (5)  

log θ = nlog C + log Kads                                                                (6) 

n represents the constant for the properties of adsorbed RCC molecule. 
The Freundlich isotherm plots from H2SO4 and HCl solution are depicted 
in Fig. 5(a) and (b). 

Data for the adsorption energy [Gibbs free energy (ΔG)] for RCC 
onto MS surface in H2SO4 and HCl solution are presented in Table 4. The 
data was calculated from the equation below. The equilibrium constant 
of adsorption (Kads) in H2SO4 and HCl solution was calculated from 
Langmuir isotherm equation due to their high correlation coefficient 
value.  

ΔGads = - 2.303RT log [55.5Kads]                                                      (7) 

55.5 represents molar concentration of H2O in the acid/inhibitor 
solution, R represents universal gas constant and T represents absolute 
temperature. The ΔG values from both acids shows the adsorption mode 
by RCC is through chemisorption mechanism whereby protonated RCC 
molecules are strongly drawn to the steel surface through covalent in
teractions (Loto et al., 2016; Loto, 2016; Loto et al., 2014). ΔG values 
show H2O molecules was effectively substituted from the aqueous 
electrolyte by RCC molecules. The ΔG values in both solutions ranges 
from (lowest - highest) − 47.32 kJ mol-1 to − 50.30 kJ mol-1 signifying 
strong energy attractions. The higher value of ΔG in H2SO4 solution is 
due to the strong ionization potential of H2SO4 in H2O compared to HCl. 
The ΔG values also show the lateral interaction reaction between 
ionized molecules in negligible. 

3.4. Optical image analysis 

Optical images of MS (mag. ×20) prior to corrosion and subsequently 

Fig. 3. Langmuir adsorption isotherm plot from (a) H2SO4 solution and (b) HCl solution.  

Fig. 4. Frumkin adsorption isotherm plots from (a) H2SO4 solution and (b) HCl solution.  
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after corrosion from H2SO4 and HCl solution without RCC, and after 
corrosion from both acids in the presence of RCC are shown from 
Figs. 6–8(b). Fig. 3 shows the optical image of MS before corrosion. The 
lines and serrated edges is due to cutting/machining of the steel surface. 
Fig. 7(a) and (b) exhibits the optical image of MS after corrosion from 
H2SO4 and HCl solution. Both images show severe surface degradation 
oxidation effect of SO4

2− and Cl− anions within the acid media resulting 

in oxidation. The degree of degradation is much higher in Fig. 7(a) due 
the aggressive nature of SO4

2− anion compare to Cl− . This was confirmed 
from the polarization test where the corrosion rate of MS at 0% RCC 
concentration from H2SO4 solution was substantially greater than the 
results gotten from HCl. While the degree of degradation shown in Fig. 7 
(b) is significant, the deterioration tends to be localized due to the 
electrochemical action of Cl− ions. Addition of RCC compound signifi
cantly improved the optical images of MS in both acids as depicted in 
Fig. 8(a) and (b). The images show the surface coated with RCC oil after 
drying. The protective covering by RCC inhibition hindered the elec
trochemical action of the corrosive species, which in effect suppressed 
the reduction-oxidation reaction mechanism on the steel. 

4. Conclusion 

Admixture of rosemary and cinnamon cassia essential oil extracts 
substantially suppressed the degradation of mild steel in weak H2SO4 
and HCl electrolytes with optimal inhibition result above 90% at all 
concentrations. The combined oil extracts displayed mixed type inhi
bition performance in HCl and cathodic inhibition in H2SO4 solution. 
The extracts inhibited the steel by adsorption through chemisorption 
mechanism from calculated Gibbs free energy values and correlation 
with convention isotherm models. In H2SO4, the extracts increased the 
thermodynamic instability and tendency of the steel to corrode 
compared to its performance in HCl solution here the extracts passivate 
the steel and significantly decreases its tendency to corrode. Surface 
representations of mild steel subsequently after corrosion test in acid 
media without the extracts severely degraded compared to the 
morphology of the steel from the acid-extract solution. 

Fig. 5. Freundlich adsorption isotherm plots from (a) H2SO4 solution and (b) HCl solution.  

Table 4 
Thermodynamic data of the inhibition mechanism on MS in H2SO4 and HCl solution.  

MS Samples RCC Concentration (M) Surface Coverage (θ) Equilibrium Constant of adsorption (K) Gibbs Free Energy, ΔG (Kjmol− 1) 

A 0 0 0 0 
B 0.003534 0.952999 5736815 − 48.52 
C 0.005302 0.961978 4772250 − 48.06 
D 0.007069 0.974244 5351030 − 48.34 
E 0.008836 0.985053 7458293 − 49.17 
F 0.010603 0.992059 11782848 − 50.30 

MS Samples RCC Concentration (M) Surface Coverage (θ) Equilibrium Constant of adsorption (K) Gibbs Free Energy, ΔG (Kjmol¡1) 

A 0 0 0 0 
B 0.003534 0.941904 4587182 − 47.96 
C 0.005302 0.949503 3546709 − 47.32 
D 0.007069 0.9509 2739755 − 46.69 
E 0.008836 0.96252 2906362 − 46.83 
F 0.010603 0.976933 3994309 − 47.62  

Fig. 6. Morphology of MS prior to corrosion test.  
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