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ARTICLE INFO ABSTRACT

Keywords: Research effort is being intensified on the establishment of organic substances that can actively perform the role
Citrus _lim"““m peels of metal inhibition. Investigation on corrosion inhibition of A36 mild steel in 0.5 M H2SO4 medium using waste
Corrosion citrus limonum peels as inhibitor was carried out. Gravimetric tests (weight loss, corrosion rate and inhibition
Inhibitor _ . . s . . s s . . .

Mild steel efficiency) involving the variation of citrus limonum peels inhibitor concentration (0-4 w/v%), corrosion time

(0-12 h) and reaction temperature (28 °C and 45 °C) were conducted. Langmuir and Freundlich adsorption
isotherms were considered in the establishment of the adsorption behavior of citrus limonum peels inhibitor on
A36 mild steel surface. The thermodynamic parameters (adsorption equilibrium constant k,gs, change in Gibbs
free energy AG,gs, change in heat of adsorption AH,gs and entropy change AS,qs) of the adsorbed inhibitor on
mild steel surface were determined. The results of the study showed that 0.4 w/v% citrus limonum concentration
gave highest inhibition efficiency of 94% and 92% on A36 mild steel at 28 °C and 45 °C respectively. And the
surface adsorption of citrus limonum inhibitor on A36 mild steel was described by both the Langmuir and
Freundlich adsorption isotherms. The negative values of AS, AG,gs, AHags indicated that the inhibitor adsorption
is exothermic and spontaneous (physical adsorption). SEM/EDX analysis showed that inhibitor adsorption of
citrus limonum was better at 28 °C compare to 45 °C, by giving a more evenly distributed particles at 0.4 w/v%

Weight loss

inhibitor concentration.

1. Introduction

Due to its wide range of applications, mild steel is one of the most
extensively used metals in metallurgical, food processing, electricity,
chemicals, and building industries. It exhibits high mechanical strength,
strong resiliency and toughness, and its high demand contributes to its
production (manufacturing) in large quantity [1,2]. It is a commodity
that is readily available and cost effective. Hence, finding lasting solu-
tions to the deterioration of mild steel due to its susceptibility to
corrosion demands a serious attention. A lot of efforts have been made in
addressing the problem of the mild steel corrosion.

The use of corrosion inhibitor is one of the effective ways of con-
trolling mild steel corrosion. A corrosion inhibitor is a chemical sub-
stance which, when introduced in little quantity to metal surface or
corrosive environment of the metal, slows down the corrosion rate of
such metal [3,4]. Basically, corrosion inhibitors can be grouped into
two: organic and inorganic inhibitors depending on their chemical
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compositions [4-6].

Recent studies have shown that the use of organic corrosion in-
hibitors in combating metal corrosion is an effective and sustainable
way of ensuring adequate provision of the environmentally friendly
inhibitor. That is, organic corrosion inhibitors are not hazardous to the
environment [5-8].

Organic inhibitors in corrosive environment retard the corrosion of
metal in such environment through the formation of adsorption layer(s)
on the metal surface, resulting in the blockage of active sites of the anode
and cathode of the metal thereby causing high protection of metal
against dissolution [9-11]. And the adsorption of these inhibitors on
metal surface is made possible through the present of the hetero atoms,
such as O, H, N and S that prevent the anodic dissolution of the metals
[9,12,13]. The chemical constituents and the inhibitive nature of the
organic corrosion inhibitors are responsible for the classification of these
inhibitors as anodic, cathodic, or both (mixed typed) inhibitors [14,15].
These chemical compounds, which are heterocyclic in nature, are good
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Fig. 1. Block-flow diagram of the experimental setup.

Table 1
A36 mild steel composition.

Element % Composition
C 0.25
Si 0.28
Mn 1.03
Fe 98.0
S 0.05
P 0.40
Cu 0.20
Table 2
Phytochemical analysis of the inhibitor.
Parameter Inference
Alkaloids i
Tannins i
Saponins
Steroids
Highly present = ***, Moderately present = **,
Slightly present = *.
0.7
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Fig. 2. Weight loss against contact time at 28 °C.

antioxidants. They can be obtained from the waste parts of some plants
(such as orange and mango peels) and they include alkaloids, steroids,
tannins and flavonoids [16-19].

Study on the use of citrus peels as inhibitor in 1.0 M corrosive media
of mild steel have been extensively carried out by many researchers.
Najem et al. [20] obtained 90.3% inhibitor efficiency from the use of

1.6
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Fig. 3. Weight loss against contact time at 45 °C.

Table 3
Corrosion rate obtained from different inhibitor concentrations at 28 °C.

Concentration (%w/v) Corrosion rate (mm/yr)

3h 6h 9h 12h
Cco 0.0 41.52 34.01 40.45 46.68
C1 0.1 22.48 11.71 14.67 17.36
Cc2 0.2 15.55 7.71 8.31 10.47
Cc3 0.3 7.382 6.43 6.31 9.15
C4 0.4 5.37 3.62 3.79 2.24

Table 4
Corrosion rate obtained from different inhibitor concentration at 45 °C.

Concentration (%w/v) Corrosion Rate (mm/yr)

3h 6h 9h 12h
Cco 0.0 274.51 171.08 144.68 113.68
C1 0.1 102.72 102.13 83.02 83.16
Cc2 0.2 54.55 62.56 54.77 50.21
Cc3 0.3 22.34 43.21 45.72 37.13
C4 0.4 10.06 24.26 31.57 21.97

citrus peels inhibitor concentration of 900 ppm for mild steel in 1 M HCl
medium, by considering both the experimental and theoretical ap-
proaches. The novelty of this study is in the consideration of waste citrus
limonum peels as inhibitor for A36 mild steel in 0.5 M HSO4 medium.

The spontaneous nature of the inhibitor adsorption on metal surface
is a function of the values of certain thermodynamic parameters (change
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Fig. 4. Inhibition efficiency against inhibitor concentration at 28 °C.
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Fig. 5. Inhibition efficiency against inhibitor concentration at 45 °C.
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Fig. 6. Langmuir plots of the adsorbed inhibitor on mild steel in 0.5 M H2SO4
at 28 °C.

in Gibbs free energy, AG,q4s, and adsorption equilibrium constant, K,gs).
At high inhibitor adsorption rate, AG,qgs is negative, resulting into
spontaneous adsorption process. The inhibitor adsorption on mild steel
surface can also be explained in terms of adsorption isotherms (such as
Langmuir, Temkin and Freundlich adsorption isotherms). In their study,
Manimegalai and Manjula [21] reported that the adsorption of
Sargassum swartzii on mild steel in aqueous medium obeys Langmuir,
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Fig. 7. Langmuir plots of the adsorbed inhibitor on mild steel in 0.5 M H,SO4
at 45 °C.
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Fig. 8. In K against 1/T for the Langmuir adsorption of the inhibitor on
mild steel.

Table 5
Langmuir adsorption parameters for the adsorption of the inhibitor on mild
steel.

Temperature Time R? Kads In Kags AG,gs (kJ/mol)
28 °C (301.15K) 3 hrs 0.9915 16.18 2.78 —17.02

6 hrs 0.9965 15.64 2.75 —-16.94

9 hrs 0.9964 15.01 2.70 —16.83

12 hrs 0.9964 14.84 2.67 —12.51
45°C (318.15K) 3 hrs 0.9999 6.36 1.85 —15.52

6 hrs 0.9946 6.03 1.79 —15.37

9 hrs 0.9760 5.65 1.73 —15.20

12 hrs 0.9827 5.00 1.60 —14.88

Temkin and Freundlich adsorption isotherms. In this study, the appro-
priate adsorption isotherm(s) of the waste citrus limonum peels inhibi-
tor for the corrosion inhibition process would be established.

Hence, the aim of this research work is to establish the corrosion
inhibition performance of waste citrus limonum peels (as inhibitor) and
to establish the appropriate adsorption isotherms for the corrosion in-
hibition process of A36 mild steel in 0.5 M HSOj4.
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Fig. 9. Freundlich plots of the adsorbed inhibitor on mild steel surface at 28 °C.
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Fig. 10. Freundlich plots of the adsorbed inhibitor on mild steel surface
at 45 °C.

Table 6
Thermodynamic parameters for inhibitor adsorption.

Exposure time (hrs) AH,g, (kJ mol ™) ASqgs (Jmol 1 K1)

3 —43.72 —122.05
6 —44.68 —125.52
9 —45.75 —129.42
12 —49.85 —143.30

2. Methodology
2.1. Materials, reagents and equipment

The materials utilised during the course of this research work include
A36 mild steel, waste citrus limonum peels (inhibitor), emery papers
(150, 320, 600 and 800 grades). The reagents include 0.1 M HCI (98%,
Pharma. Tech, Mayer’s reagent (99%, Quali-Tech), FeCls (99%, Anron
Chemicals Co.), Chloroform (98%, Spectrum Chemicals), 0.5 M HSO4
(98%, Palvi Power Tech Ltd.). And the equipment used include XRF
spectrometer and JEOL JSM 7600 F field emission scanning electron
microscope. The block flow diagram of the experimental setup is shown
in Fig. 1.

2.2. Mild steel samples preparation

A36 mild steel was cut into small pieces with each sample having a
dimension of 2.5 cm by 2.5 cm. To ensure a smooth surface free of
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impurity, each sample was abraded using emery papers of different
grades (150, 320, 600, 800) and then washed with acetone and distilled
water before being dried. The samples were then covered with dustin
powder to prevent metal samples corrosion before being used.

2.3. Preparation of citrus limonum peels inhibitor

Waste citrus limonum peels were severally rinsed in water and then
sun dried for days before being oven dried for 4 h at 105 °C. The dried
sample was grounded into fine particle size of <60 pm and the sample
was then kept in an air tight container. The concentration of the in-
hibitor used was determined using Equation (1) [14].

weight of inhibitor

Inhibit trati =—————x%100 1
nhibitor concentration 100mL of solution* (@)

2.4. Phytochemical analysis of citrus limonum peels inhibitor

2.4.1. Test for alkaloids

0.5 g aqueous extract was mixed with 4 ml of 1% dilute hydrochloric
acid. Before being filtered, it was boiled. 1 mL of the filtrate was mixed
with Mayer’s reagent. Turbidity or precipitation indicated the presence
of alkaloids.

2.4.2. Test for tannins

3 g of the inhibitor was mixed with 6 mL distilled water and a few
drops of 10% FeCls solution was added to the mixture. A blue green
colour showed that tannins were present.

2.4.3. Test for saponins

10 ml distilled water was added to 2.5 mL ethanolic extract and
shaken for several minutes. Frothing and appearance of honeycomb
showed that saponins are present.

2.4.4. Test for steroids

3 ml chloroform was added to 0.5 ml extract. After that, the solution
was filtered, and a small amount of concentrated Sulphuric acid was
added. A reddish brown colour ring with slight green fluorescence
indicated the presence of steroids.

2.5. Gravimetric tests on mild steel samples

Gravimetric test involved both the weight loss and corrosion rate
determinations, both at 28 °C and 45 °C. The prepared mild steel sam-
ples were subjected to weight loss in 100 ml of 0.5 M HySO4, at varied
concentration of the inhibitor (0-0.4 %w/v). Change in weight of the
samples were noted for a period of 12 h (in every 3 h) in order to
determine the rate of corrosion and inhibition efficiency. The weight
loss of each of the samples was determined and the corrosion rate was
calculated using Equation (2). And the Inhibition efficiency (IE) was
calculated using Equation (3) [16].

K x Am
CR=—— 2
DxSxt 2
Wcorr7W,-4
IE(%) = —%——<2 % 100 3)

corr

where Am is weight loss in g, t is the immersion time in hours, K is a
constant (8.76 x 10%), D is density of the metal in gcm’g, S is the total
surface area of the mild steel, W, is weight loss of sample with in-
hibitor and W,,,, is the weight loss of sample without inhibitor.

2.6. Adsorption isotherms

Langmuir and Freundlich adsorption isotherms (Equations (4) and
(5)) were considered in the establishment of the adsorption behavior of
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HFW Pressure

Fig. 11. SEM analysis of A36 mild steel surface at 28 °C (i) 0 w/v%
(ii) 0.2 w/v% (iii) 0.3 w/v% (iv) 0.4 w/v%.

citrus limonum peels inhibitor on A36 mild steel surface [16].

Clink) 1
B C in 4
0 K(ads) + (i ( )
1
log 0= ;log Cinpy + 108 K(asa ®)

where K,gs is equilibrium constant for adsorption process, 6 is the in-
hibitor coverage, and Cy is the inhibitor concentration. And the Kags
obtained was used in the determination of the change in Gibbs free
energy (AGyqs) of the adsorption process, using Equation (6) [16].

AGadx = — RTln(SSSkadx) (6)
where R is the universal gas constant and T is absolute temperature.
Change in enthalpy (AH,gs) and entropy change (AS,q4s) of the inhi-

bition adsorption process were obtained from the slope and intercept of
a plot of In Kags vs VT using Equation (7) [16].

_AHuads ASQadx
In kygs = 7
b= () o+ (2524) )

2.7. Surface (SEM) analysis of the samples

The surface structures of A36 mild steel samples (before and after
corrosion) were examined by means of a JEOL JSM 7600 F field emission
scanning electron microscope equipped with energy dispersive
spectroscopy.
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3. Results and discussion
3.1. A36 mild steel composition

Table 1 shows the chemical composition of A36, as revealed by XRF
analysis. The iron content was 98%, manganese content of 1.03%, car-
bon content was found to be 0.25% and the other elements noticed, in
minute quantities, are as shown in Table 1. The wide areas of application
of A36 mild steel is due to the high content of iron which made the
material susceptible to corrosion process.

3.2. Results of the phytochemical tests

The results of the phytochemical tests carried out on citrus limonum
peels inhibitor is as shown in Table 2. The four phytochemicals identi-
fied in the citrus limonum peels inhibitor are active anti-oxidants which
could slow down the oxidation reaction of the corrosion process [14].

3.3. wt loss results

The loss in weight of mild steel in corrosive environment of 0.5 M
H2S04 (with and without concentrations of citrus limonum peels for 3 h,
6 h, 9 hand 12 h) was determined at 28 °C and 45 °C. Figs. 2 and 3 show
the plot of weight loss with exposure time for mild steel in the acidic
medium both at 28 °C and 45 °C respectively. Considering the two fig-
ures, an increase in mild steel weight loss was noticed, as the exposure
time increased. That is, the trends showed that the mild steel continu-
ously suffered corrosion with time. It was also observed that the weight
loss increased with increased corrosion temperature. That is, the weight



A.A. Ayoola et al.

MM 13

e

HFW . 0 s
3 7 U0um

L

Fig. 12. SEM analysis of A36 mild steel surface at 45 °C (i) 0 w/v%
(ii) 0.2 w/v% (iii) 0.3 w/v% (iv) 0.4 w/v%.

loss experienced by mild steel was higher at 45 °C compared to the result
obtained at 28 °C, at any specified inhibitor concentration. This result
corroborates the findings of [4] that says that corrosion process in-
creases with increased corrosion temperature, as justified by the
Arrhenius equation (Equation (8)).

%)
k= koe (8)

where k is kinetic reaction rate, kg is rate constant, E is activation en-
ergy, R is universal gas constant and T is absolute temperature.

It could also be observed from Figs. 2 and 3 that the weight loss
increased drastically when no inhibitor was considered, but the loss
reduced with an increase in the concentration of citrus limonum in-
hibitor, for any of the corrosion temperature or exposure time consid-
ered. That is, A36 mild steel suffered the least weight loss at the highest
inhibitor concentration but experienced serious corrosion when no in-
hibitor was considered. This proved that citrus limonum is an effective
corrosion inhibitor, especially at 0.4 %w/v inhibitor concentration.

Tables 3 and 4 showed the corrosion rate obtained from the different
inhibitor concentrations at 28 °C and 45 °C respectively. The corrosion
rate results depicted a similar trend with the weight loss results.
Comparatively, corrosion rate increased with increased temperature but
decreased with increased inhibitor concentration. This is because, the
increased quantity of the phytochemicals in the inhibitor reduced the
corrosion process on A36 mild steel surface [4,14].
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3.4. Citrus limonum peel inhibitor efficiency

Figs. 4 and 5 show the effects of variation in the inhibitor concen-
tration on inhibition efficiency at 28 °C and 45 °C respectively. In
general, inhibition efficiency increased with reduced temperature and
reduced mild steel exposure time, while the efficiency increased with
increased inhibitor concentration for both temperatures. Hence, highest
inhibition efficiency of 94% was obtained at 28 °C, 3 h exposure time
and 0.4 %w/v inhibitor concentration. But for 45 °C corrosion temper-
ature, the highest inhibition efficiency recorded was 92% at 3 h expo-
sure time and 0.4% w/v inhibitor concentration. The potency of 0.4 %
w/v of citrus limonum as active inhibitor can be explained in terms of
the increased quantity of the four phytochemicals identified that acted
as antioxidants by impeding the oxidation behaviour of the corrosion
process.

3.5. Inhibition adsorption performance

Figs. 6-8 show Langmuir plots of the adsorbed inhibitor on A36 mild
steel surface at 28 °C and 45 °C respectively. Table 5 revealed Langmuir
adsorption parameters obtained (adsorption constant, kags, and change
in Gibbs free energy, AGags) from the adsorption of the inhibitor on mild
steel. The fitness of the Langmuir isotherm (Equation (4)) in the pre-
diction of the adsorption behavior of the inhibitor was justified by the
approximate values of one (1) obtained for each of the coefficient of
determination (R?), as shown in Figs. 6-7 and Table 5. And higher values
of the adsorption constant (k,gs) obtained at 28 °C implied that the in-
hibitor was firmly adsorbed at this temperature compared to the results
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Fig. 13. EDX analysis of A36 mild steel surface at 28 °C (i) 0 w/v%
(ii) 0.2 w/v% (iii) 0.3 w/v% (iv) 0.4 w/v%.

obtained at 45 °C. While the negative values of the change in Gibbs free
energy, which are within —20 and 0 kJ/mol, indicated that the
adsorption process involved was a physical adsorption process [22,23].

Figs. 9 and 10 show Freundlich plots of the adsorbed inhibitor on
mild steel surface at 28 °C and 45 °C respectively. The fitness of the
Freundlich isotherm (Equation (5)) in the prediction of the adsorption
behavior of the inhibitor was justified by the approximate values of one
(1) obtained for each of the coefficient of determination (RZ), at the two
corrosion temperature considered.

3.6. Thermodynamic parameters for the adsorption of the inhibitor on
mild steel corrosion

Table 6 shows the values of the thermodynamic parameters obtained
(AHgygs and AS,gs) from the adsorption of the inhibitor on the mild steel.
Change in heat of adsorption (AHygs) is the heat released during the
inhibitor adsorption process. That is, the molecules of the inhibitor are
released from the solution to the surface of the metal thereby resulting in
the release of energy of adsorption, an exothermic reaction. And the
more the energy released the better the adsorption of the inhibitor on
the surface. The effect of entropy change (AS,gs, the degree of the
disorderliness of the molecules during adsorption) as indicated by the
values obtained, was similar to that recorded for AHyqs. These implied
that the least corrosion rate, as well as the most promising effective
metal surface coating, occurred at corrosion exposure time of 3 h.

3.7. SEM/EDX results of the mild steel surfaces

Figs. 11 and 12 revealed SEM analysis of the mild steel surface (at

Results in Engineering 15 (2022) 100490

40.20

1.30
0.98

varied inhibitor concentrations) for 28 °C and 45 °C corrosion reaction
temperatures respectively. At 28 °C corrosion reaction temperature, the
distribution of the inhibitor on the surfaces become more compact (with
lesser gaps) as the inhibitor concentration increased from 0 to 4 w/v%,
thereby causing a more uniform inhibitor distribution on metal surfaces.
That is, increase in citrus limonum inhibitor concentration reduced the
corrosion rate on the metal surfaces. And this finding supports the re-
sults obtained from the gravimetric tests. Similar trend of results was
observed at 45 °C reaction temperature, However, more gaps were
notice on the metal surface at 45 °C. This is an indication that the
corrosion resistance of the inhibitor was better at 28 °C compare to the
results at 45 °C.

Figs. 13 and 14 showed the Energy-Dispersive X ray (EDX) analysis of
the elements existing on surface of the metal samples at 28 °C and 45 °C
temperature respectively. The results obtained could be analyzed in
terms of the oxygen content, a good element that accounts for the pre-
sent of organic compounds in the inhibitor. EDX analysis showed that
the oxygen content increased with an increase in inhibitor concentration
for a particular temperature. That is, increase in inhibitor concentration
increased the spread of the inhibitor on metal surface, as reflected by the
oxygen content. Thereby resulting in better coating performance, as
justified by the SEM analysis.

Also, the EDX results revealed that the oxygen contents decreased
with increase in reaction temperature (at any specified inhibitor con-
centration). Thereby supporting the fact that coating performance of the
inhibitor was preferred at reaction temperature of 28 °C.
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Fig. 14. EDX analysis of A36 mild steel surface at 45 °C (i) 0 w/v%
(ii) 0.2 w/v% (iii) 0.3 w/v% (iv) 0.4 w/v%.

4. Conclusion
The following conclusion can be made from this research work:

i. Citrus limonum peel was found to be a good corrosion inhibitor
for A36 mild steel in 0.5 M HySO4 medium.

ii. 0.4 w/v% citrus limonum concentration gave highest inhibition
efficiency of 94% and 92% on A36 mild steel at 28 °C and 45 °C
respectively.

iii. The surface adsorption of citrus limonum inhibitor on the surface
of A36 mild steel could be described by both the Langmuir and
Freundlich adsorption isotherms.

iv. The thermodynamic properties (AS, AGags, AHags) with negative
values indicated that the inhibitor adsorption is both exothermic
and spontaneous (physical adsorption).

v. SEM/EDX analysis showed that inhibitor adsorption of citrus
limonum was better at 28 °C compare to 45 °C, by giving a more
evenly distributed particles at 0.4 w/v% inhibitor concentration.

Credit author statement

Ayoola A.A: Conceptualization, Investigation, Resources, Method-
ology, Project administration, Supervision, Roles/Writing — original
draft. Babalola R. Validation, Visualization, Writing — review & edit-
ing. Durodola B.M. Project administration, Supervision, Validation;
Visualization. Alagbe E.E. Supervision, Writing — review & editing.
Agboola O. Supervision, Writing — review & editing. Adegbile E.O.

Results in Engineering 15 (2022) 100490

C245C

Fe Element Wt (%)

Mn 078
C 045
Fe  98.64
S 0047
P 0038

C445C

Element Wt (%)
Si 0.18
Mn  0.50
C 0.32
B 0.09
Cr 0.97
Fe 97.51
S 0.04
Mo 0.17

Investigation, Formal analysis, Resources, Methodology, Writing — re-
view & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

CUCRID Covenant University is greatly acknowledged for its finan-
cial commitment towards the success of the publication of the research
work.

References

[1] S.K. Sisodia, Paniala (Flacourtia Jangnomas) plant extract as eco friendly inhibitor
on the corrosion of mild steel in acidic media, RASAYAN J. Chem 4 (3) (2011)
548-553.

[2] A. Dutta, S.K. Saha, P. Banerjee, D. Sukul, Correlating electronic structure with
corrosion inhibition potentiality of some bis-benzimidazole derivatives for mild
steel in hydrochloric acid: combined experimental and theoretical studies,
Corrosion Sci. 47 (15) (2015) 541-550.

[3] C.P. Mohana, Phytochemical screening and corrosion inhibitive behavior of
Pterolobium hexapetalum and Celosia argentea plant extracts on mild steel in
industrial water medium, Egyptian Journal of Petroleum (2014), https://doi.org/
10.1016/j.ejpe.2014.05.007.


http://refhub.elsevier.com/S2590-1230(22)00160-8/sref1
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref1
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref1
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref2
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref2
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref2
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref2
https://doi.org/10.1016/j.ejpe.2014.05.007
https://doi.org/10.1016/j.ejpe.2014.05.007

A.A. Ayoola et al.

[4]

[5]

[6

—

[7]

[8

—

[91

[10]

[11]

[12]

A.A. Ayoola, N. Auta-Joshua, B.M. Durodola, O.J. Omodara, E.A. Oyeniyi,
Combating A36 mild steel corrosion in 1M H»SO4 medium using watermelon seed
oil inhibitor, AIMS Materials Science 8 (1) (2021) 130-143.

P. Parthipan, P. Elumalai, J. Narenkumar, L. Machuca, K. Murugan,

O. Karthikeyan, Rajasekar, A.Allium sativum (garlic extract) as a green corrosion
inhibitor with biocidal properties for the control of MIC, Int. Biodeterior.
Biodegrad. 132 (2018) 66-73.

J. Rocha, J.C. Gomes, E. D’Elia, Corrosion inhibition of carbon steel in hydrochloric
acid solution by fruit peel aqueous extracts, Corrosion Sci. 52 (7) (2010)
2341-2348.

A. Ayoola, B. Durodola, S. Fayomi, O. Agboola, E. Alagbe, O. Olagoke, D. Nnabuko,
Corrosion inhibitive performance of the waste orange peels (citrus sinensis) on A36
mild steel in 1M HCI, Int. J. Electrochem. Sci. 17 (2022), 22011, https://doi.org/
10.20964/2022.01.36.

C. Verma, E. Ebenso, 1. Bahadur, M. Quraishi, An overview on plant extracts as
environmental sustainable and green corrosion inhibitors for metals and alloys in
aggressive corrosive media 256 (1) (2018) 577-590, https://doi.org/10.1016/j.
molliq.2018.06.110.

S.S. Divakara, S. Nagaraja, Inhibition of mild steel corrosion in acid medium,
International Journal of Technology 5 (2017) 909-919.

C. Karim, A. Karim, E. Hicham, E. Brahim, K.S. Nada, A. El Hassane,

B. Mohammed, E. Souad, E. El Mokhtar, Corrosion inhibition potential of 2-[(5-
methylpyrazol-3-yl) methyl] benzimidazole against carbon steel corrosion in 1 M
HClI solution: combining experimental and theoretical studies, J. Mol. Liq. 321
(2021), 114750.

D. Dhaybia, E. Hicham, A. El Hassane, G. Lei, H. Baraa, T. Burak, E. Ahmed,

B. Khalid, K. Khalid, H. Banacer, Anti-corrosion performance of 8-hydroxyquino-
line derivatives for mild steel in acidic medium: gravimetric, electrochemical, DFT
and molecular dynamics simulation investigations, J. Mol. Liq. 308 (2020),
113042.

A. Chaouiki, H. Lgaz, I. Chung, I.H. Ali, S.L. Gaonkar, K.S. Bhat, R. Salghi,

H. Oudda, M.I. Khan, Understanding corrosion inhibition of mild steel in acid
medium by new benzonitriles: insights from experimental and computational
studies, J. Mol. Liq. 266 (2018) 603-616.

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Results in Engineering 15 (2022) 100490

Z. Zuliantoni, S. Wahyono, H.S. Putu, G. Femiana, Extraction and characterization
of snail shell waste hydroxyapatite, Results in Engineering 14 (2022), 100390.
D.A. Winkler, Predicting the performance of organic corrosion inhibitors, Metals 7
(2017) 553-568.

S. Ambrish, E. Ebenso, M. Quraishi, Boerhavia diffusa (Punarnava) root extract as
green corrosion inhibitor for mild steel in hydrochloric acid solution: theoretical
and electrochemical studies, Int. J. Electrochem. Sci. 7 (1) (2012) 8659-8675.

0. Omotosho, O. Ajayi, Investigating the acid failure of aluminium alloy in 2 M
hydrochloric acid using vernonia amygdalina, ITB J. Eng. Sci. 44 (1) (2012) 1-4.
B. Hafez, M. Mokhtari, H. Elmsellem, H. Steli, Environmentally friendly inhibitor of
the corrosion of mild steel: commercial oil of Eucalyptus, International Journal of
Corrosion Scale Inhibition 8 (3) (2019) 573-585.

E. Hicham, E. Yassir, M. Majda, B. Hajar, S. Hanae, A. Abdelouahed, M.A. Ahmed,
A. Tbrahim, S.K. Heri, H. Belkheir, A natural antioxidant and an environmentally
friendly inhibitor of mild steel corrosion: a commercial oil of basil (ocimum
basilicum 1.), Journal of Chemical Technology and Metallurgy 54 (4) (2019) 1-8.
G.P. Gargi, Corrosion inhibition by Aloe Barbadensis(Aloe vera) extract as green
inhibitor for mild steel in HNO3, International Journal of Scientific Research and
Reviews 3 (4) (2014) 72-83.

A. Najem, M. Sabiha, M. Laourayed, New green anti-corrosion inhibitor of citrus
peels for mild steel in 1M HCI: experimental and theoretical approaches, Chemistry
Africa (2022), https://doi.org/10.1007/s42250-022-00366-9.

S. Manimegalai, P. Manjula, Thermodynamic and adsorption studies for corrosion
inhibition of mild steel in aqueous media by Sargasam swartzii (brown algae),

J. Mater. Environ. Sci. 6 (2015) 1629-1637.

A.A. Ayoola, 0.S.1. Fayomi, O. Agboola, B.M. Durodola, A.O. Adegbite, A.

A. Etoroma, Thermodynamics and adsorption influence on the corrosion inhibitive
performance of pawpaw seed on A36 mild steel in 1M H2SO4 medium, Journal of
bio- and tribo- corrosion 7 (2021). Article number 128, https://link.springer.
com/article/10.1007/s40735-021-00555-y.

K. Foo, F. Hameed, Insights into the modelling of adsorption isotherm systems,
Chem. Eng. J. 156 (2) (2013) 2-10.


http://refhub.elsevier.com/S2590-1230(22)00160-8/sref4
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref4
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref4
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref5
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref5
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref5
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref5
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref6
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref6
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref6
https://doi.org/10.20964/2022.01.36
https://doi.org/10.20964/2022.01.36
https://doi.org/10.1016/j.molliq.2018.06.110
https://doi.org/10.1016/j.molliq.2018.06.110
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref9
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref9
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref10
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref10
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref10
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref10
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref10
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref11
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref11
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref11
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref11
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref11
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref12
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref12
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref12
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref12
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref13
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref13
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref14
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref14
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref15
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref15
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref15
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref16
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref16
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref17
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref17
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref17
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref18
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref18
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref18
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref18
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref19
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref19
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref19
https://doi.org/10.1007/s42250-022-00366-9
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref21
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref21
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref21
https://link.springer.com/article/10.1007/s40735-021-00555-y
https://link.springer.com/article/10.1007/s40735-021-00555-y
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref23
http://refhub.elsevier.com/S2590-1230(22)00160-8/sref23

	Corrosion inhibition of A36 mild steel in 0.5 ​M acid medium using waste citrus limonum peels
	1 Introduction
	2 Methodology
	2.1 Materials, reagents and equipment
	2.2 Mild steel samples preparation
	2.3 Preparation of citrus limonum peels inhibitor
	2.4 Phytochemical analysis of citrus limonum peels inhibitor
	2.4.1 Test for alkaloids
	2.4.2 Test for tannins
	2.4.3 Test for saponins
	2.4.4 Test for steroids

	2.5 Gravimetric tests on mild steel samples
	2.6 Adsorption isotherms
	2.7 Surface (SEM) analysis of the samples

	3 Results and discussion
	3.1 A36 mild steel composition
	3.2 Results of the phytochemical tests
	3.3 wt loss results
	3.4 Citrus limonum peel inhibitor efficiency
	3.5 Inhibition adsorption performance
	3.6 Thermodynamic parameters for the adsorption of the inhibitor on mild steel corrosion
	3.7 SEM/EDX results of the mild steel surfaces

	4 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgement
	References


