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Abstract: One of the most successful ways for maximizing profit and lowering costs is to use mild steel
over other corrosion-resistant alloys. As a result, mild steel is the most commonly used metallic material
in many industries, and its corrosion resistance has received a lot of attention. The mild steel corrosion
inhibition using compounds derived from plants is the most practicable and preferable technique
because of their linked low cost and green chemistry credentials. This study reports on the kinetics and
thermodynamics of mild steel corrosion inhibition in sulphuric acid media utilizing Tetradenia riparia
leaves aqueous extract as a potential green inhibitor. The investigations were carried out using the
gasometric technique. The findings indicated that the corrosion inhibition efficiency (IE) increased with
increasing inhibitor concentration with an optimal value of 90.6% at 500-ppm. The increase in
temperature 298 to 338 K lowered the corrosion inhibition efficiency by only 4%. The adsorption
kinetics of the extract on the mild steel fit into Langmuir, Temkin, EL-awady, and Freundlich models,
but the Langmuir was the best. The results of this investigation show that adsorption of the extracted
chemicals on mild steel in a sulphuric acid solution is feasible and most likely involves a combination
of physical and chemical adsorption.

Keywords: mild steel, corrosion kinetics, corrosion thermodynamics, Tetradenia Riparia, sulphuric
acid.
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1. Introduction

Corrosion is a prevalent problem that affects applications of metallic substances in
various industries, including construction and manufacturing. Corrosion is a naturally
occurring electrochemical process that causes characteristics of metallic materials to
deteriorate. As a result, substantial damage to bridges, buildings, pipelines, and other
infrastructures may occur, resulting in financial costs associated with the repair, replacement,
product losses, safety, and environmental contamination. The cost resulting from the
maintenance and replacement of corroded materials alone is estimated to amount to about 3-
4% of national growth product (GNP) [1].

Mild steel is one of the metallic materials used for a wide range of applications such as
manufacturing reactors, storage vessels, gathering pipelines, drilling equipment, and other
apparatuses due to superior mechanical properties and thermal conductivity. However, mild
steel corrosion has been a serious global problem for many decades, causing massive economic
losses in a vast number of fields. Particularly, the impacts of MS corrosion in acidic media are
https://biointerfaceresearch.com/ 10of 13
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considerable due to industrial processes such as acid pickling, acid descaling, industrial
cleaning, and oil well acidizing [2,3]. Therefore, the protection of MS against corrosion in
acidic conditions is attracting significant recent attention.

The use of inhibitors is one of the most practical and cost-effective methods of
minimizing/controlling corrosion rates and extends a lifetime of metallic materials [4]. The
inhibitor can be defined as a chemical substance added in small amounts to reduce the extent
to which the metallic materials are exposed to corrosive environments. Both organic and
synthetic compounds have shown acceptable efficacy in corrosion inhibition [5]. However,
most conventional compounds such as chromates and phosphates are reported to cause harm
to organisms and the environment due to their toxic nature, consequently, are regarded as
environmentally unfriendly [5,6]. Therefore, the use of green compounds that are
biodegradable and not causing harm to the environment and organisms is of practical
importance.

Natural products such as plant extracts, proteins, and natural polymers are known for
effective corrosion inhibition [7,8]. Among these, plants have been recognized as a good source
of many extractable organic compounds that are inexpensive, biodegradable, eco-friendly, and
non-toxic [9]. Consequently, there is a recent increasing trend of using compounds from plants
and biomass wastes as potential green corrosion inhibitors [5,10]. Most organic compounds
containing heteroatoms such as nitrogen, sulfur, phosphorous, and oxygen are reported to
contain corrosion inhibition properties due to their ability to chemically interact with metal
surfaces and form a passive thin film [11-14]. Therefore, the compounds such as tannins,
flavonoids, phenols, steroids, and triterpenoids have shown an acceptable efficacy in metal
corrosion inhibition [5,15]. Tetradenia riparia (Tr) leaves contain numerous compounds
containing lipophilic and polar functional groups such as OH [16], which is an important
feature for corrosion inhibitors. To my knowledge, no result on the efficacy of Tr extracts in
metal corrosion inhibition has been documented in the literature. In this study, the aqueous
extract of Tr leaves as a source of environmentally friendly organic compounds for the mild
steel corrosion inhibition in an acidic solution was investigated using a gasometric method.

2. Materials and Methods

2.1. Inhibitor preparation.

Tetradenia reparia (Hochst.) plant, also known as the ginger bush, belongs to a
Lamiaceae (Labiate) family. The plant parts, such as leaf and stem, are useful for medicinal
purposes because they contain broad-spectrum antibacterial compounds [17]. The leaves of this
plant were collected from a garden at the Sokoine University of Agriculture (SUA), Morogoro,
Tanzania. They were then rinsed in distilled water to remove any adsorbed particles before
being dried in the shade. The dried leaves were ground into a powder, and 10 g of it was
refluxed for 4 hours in 100 mL of distilled water at the temperature of 60 °C. The resultant
solution was filtered to remove undissolved materials, and the filtrate was dried overnight in
the oven. The resultant solid brown substance was dissolved in 50 mL of 2 M H>SO4 to prepare
a stock solution from which working solutions with extract concentrations ranging from 0 to
500 ppm were made.
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2.2. Gasometric method.

The gasometric technique was carried out according to procedures previously published
[18]. Mild steel specimens with the known chemical composition [19] measuring 2 cm x 1 cm
and 0.0920 cm were physically abraded with sandpapers of different grit 100, 800, and 2400
before being washed with distilled water and acetone. The specimens were then immersed for
60 minutes in a glass tube containing 10 mL of a 2 M H2SO4 solution as a corrosive medium.
The hydrogen gas liberated was collected in a burette with a delivery tube, and the volume of
displaced water was measured every 2 minutes. The corrosion inhibition efficiency (IE%) was
determined using corrosion rate using Eqn. 1&2.

crR= VY (1)
t —t.
0 _ rpi
IE% = uxloo (2)
CR

where Viand Vi are volume of hydrogen at time t and i and CR® and CR' are corrosion rates
before and after addition of inhibitors, respectively.

2.3. Determination of activation energy (Ea)

The activation energy (Ea) is determined using the Arrhenius equation presented in Eqgn.
3 [20]. The plot of Ln (CR) versus the reciprocal of temperature (1/T) in Egn. 3 gives a slope
from which the activation energy is calculated.

Ln(CR) = :T +Ln(A) (3)

where R is the gas constant (8.3144621 J.K 1.mol ™), Ea is the activation energy, T is the
temperature in Kelvin, and A is the exponential factor.

2.4. Determination of enthalpy change

The change in enthalpy was evaluated using an alternate formula for the Arrhenius
equation in the transition state (Eqn. 4).

CR= Hexp(gjexp(—A—Hj 4)

Nh R RT

Eqgn. 4 can be linearized to form Eqgn 4a, which can be further modified to produce

Eqn. 5.
Ln R Lni+Ln{exp(£j}+Ln{(—A—Hj} (4a)
T Nh R RT

Ln % = —ATHG} [Ln%{%ﬂ (5)

where h is Planck’s constant (6.626176 x 10734 J.s), N is the Avogadro’s number (6.02252 x
10722 mol™); AS is the entropy change and AH the enthalpy change.
The enthalpy change was determined from the slope of the plot of CR/T against 1/T.
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3. Results and Discussion

3.1. Fourier transform Infrared spectroscopy (FT-IR).

The functional groups present in a compound play critical roles in determining the
chemical interactions between the inhibitor molecules and the metal surface. The
phytochemicals containing heteroatoms or unsaturated bonds can be adsorbed on the metal
surface to produce a corrosion protective layer. The adsorption process can be facilitated by
coordination between the lone pairs/ t-electrons and empty orbital of metals. Thus, the analysis
of functional groups contained in the aqueous crude extract of Tr leaf was performed using the
FT-IR spectrometer in the wavelength range of 500- 4000 cm™. The findings shown in Figure
1 indicated the presence of OH (3224), CH (2920), C-O (1562), C=C (1399), and C-O (1021)
functional groups. This suggests that the Tr leaf extract contains compounds capable of
chemically interacting with a metal surface through the lone pair on oxygen heteroatom or =-
electrons (double bond) to produce a corrosion protective layer. The identified functional
groups were consistent with reported corrosion inhibitors [5,21]. Thus, the extract was used for
subsequent corrosion inhibition experiments.
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Figure 1. FT-IR spectrum of crude aqueous extract of Tr leaf.
3.2. Influence of inhibitor concentration.

The concentration of chemical molecules adsorbed on the surface of mild steel affects
the performance of the inhibitor because it determines the extent to which the metal surface is
isolated from a corrosive solution through the formation of protective films. Thus, the effect of
the concentration of Tr leaves aqueous extract in the range of 0 to 500 ppm on the mild steel
corrosion inhibition was studied. The results in Figures 2 & Table 1 showed that corrosion rate
decreased, and inhibition efficiency (IE) increased with increasing inhibitor concentrations.
The inhibition efficiency of 60% was observed with just 100-ppm of the extract. This
observation indicates that the extract contains high corrosion inhibition ability chemical
compounds. The increase of inhibitor concentration increases the number of inhibitor
molecules adsorbed on a metal surface (surface coverage, @), producing a passive film (barrier)
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that prevents a direct attack of acid. This is a possible explanation for decreasing corrosion rate
and increasing IE% with inhibitor concentrations. The lowest corrosion rate (12 x 10~ mL/min)
and highest corrosion inhibition efficiency (90.6%) were observed at the Tr concentration of
500-ppm. The performance of the Tr inhibitor was similar to other reported plant extracts, as
presented in Table 2. Therefore, the Tr concentration of 500-ppm was regarded as the optimal
inhibitor concentration for the subsequent corrosion experiments.

Table 1. Effect of Tr leaf aqueous extract concentration on mild steel corrosion in 2 M H,SO, at 298 K.

[Tr] ppm CR (mL/min) 10°° IE% Coverage (2) 10°
0 138 0 0
100 54 60.5 605
200 28 80.4 804
300 23 84.1 841
400 21 86.3 863
500 12 90.6 906
100 + - 0.16
3 _@----- o--"7 © Lo
80 {* o~ .
\ -7 <
704N 012 F
’\5\ \\ /, _
604 v 9 L . L 01 E
> N - -G - Inhibition efficiency =
g 01 : L 008 &
S "\ - 4+ - Corrosion rate <
5o FE - 0.06 2
- . 2
217 L 004 5
20 7 [I \\\EE U
B~ ___ e . I
10 1 II @ ~-- 0.02
1
0 & . : , , . 0
0 100 200 300 400 500
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Figure 2. Effect of Tr inhibitor concentration in the range of 100 — 500 ppm on mild steel corrosion rate and
efficiency in 2 M H,SO, solution at 298 K.

Table 2. The inhibition efficiency of Tr aqueous extract on the corrosion of mild steel in sulphuric acid solution
compared with the performance of other plant leaf extracts. The molarity in brackets indicates the concentration
of sulphuric acid solutions.

Plant name Optimal concentration IE% Reference
Eriobotrya japonica (Lindl.) leaves (0.5 M) 100 % viv 96 [22]
Citrus aurantium leaves (1 M) 10 ml/L 89 [23]
Acacia nilotica leaves (0.5 M) 50 ppm 89 [24]
Athyrium filix-femina leaf extract (1 M) 1.0g/L 85.5 [25]
Raphinus sativus Linn. (Cruciferae) (0.5 M) 300 ppm 93 [26]
Africa parquetina leaves extract (2 M) 0.59/L 87.8 [27]
Tephrosia Purpurea (T. purpurea) (1 N) 300 ppm 93 [28]
Medicago sativa leaf (1 M) 500 ppm 92 [29]
Tetradenia riparia leaves (2 M) 500 ppm 90.06 This study

3.3. Kinetics and thermodynamics parameters.

The chemical kinetics of a metal corrosion process in the presence of various extract
concentrations can be explored using equation 6 [30], which can be modified further to Eqn.

7131,32].

https://biointerfaceresearch.com/
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CR = k[Tr]"® (6)
log CR = log k + nlog[Tr] (7

where n is the order of reaction, k specific rate constant in the present work conditions, CR
corrosion rate.

The plot of log CR and log [Tr] shown in Figure 3 shows good linearity with the
correlation coefficient close to 1 (0.983). This indicates the reaction for the corrosion process
in the present study obeys first-order kinetics.

2.8 1
271 DO
26 - SO
= 25 A O
% 2.4
E 23 1 (I
& 22 -
2 2.1 1 y =-1.1096x + 0.6013 \\\\
= 9. R2 = 0.9839
1.9 A
1.8 . . . .
-2 -1.8 -1.6 -1.4 -1.2
log [Tr]

Figure 3. log CR vs. log [Tr] plot for the corrosion of mild steel in 2 M H,SO4 at 298 K.

The influence of temperature has a significant role in understanding corrosion inhibition
mechanisms. Thus, the effect of temperature in the range of 298-338 K on the performance of
the extract was investigated using the blank and optimal inhibitor concentration of 500-ppm.
The results displayed in Figure 4 & Table 3 show that the corrosion rate increased with the
increase in temperature for both uninhibited and inhibited solutions. The observation is a
possible indicator of the effect of temperature on increasing Kinetics of corrosion chemical
reaction.

1 -
0.9 A .
0.8 - /
0.7 A /

0.6 - --©--unhibited solution jo

05 A ~-B--inhibited solution

0.4

0.3 A 9

0.2 1 5o

0.1 - -
0 Or——= Ebs . . .

290 300 310 320 330 340

Temperature (K)

Corrosion rate (mL/min)

Figure 4. Influence of temperature on the performance of Tr leaf aqueous extract in the presence and absence of
500 ppm in 2 M H,SQO4 and temperature range 298-338 K.
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It was further noted that the increase in corrosion rates was lower for the inhibited
solution compared to the uninhibited solution. This suggests that even at high temperatures,
the film formed by adsorbed molecules effectively prevented metal corrosion. The increase in
the corrosion rate for the uninhibited solution was initially slow (298-318 K), and the rapid
increase was observable in the temperature range of 318-338 K. This is attributed to the
deposition of corrosion products on the mild steel surface, such as Fe-oxides and Fe-hydroxide,
which produces a coating that protects the mild steel from a direct attack of the corrosive acidic
solution and slows the corrosion process [33,34]. However, as the temperature rises, the
corrosion products dissolve, exposing more metal surfaces to the corrosive solution, resulting
in greater metal corrosion.

Table 3. Influence of temperature (298-338 K) on the mild steel corrosion inhibition in the presence and
absence of 500 ppm Tr leaf aqueous extract in 2 M H,SOa.

T (K) CR° CR' IE% @x10°
298 0.136 0.012 90.6 906
308 0.192 0.018 89.1 891
318 0.327 0.054 86.0 860
328 0.615 0.064 87.1 871
338 0.939 0.135 86.3 863

The performance of the extract at elevated temperature can be further evaluated by IE%,
as shown in Figure 5 and Table 3. The results show that the IE% decreased with increasing
temperature. This is a likely consequence of the partial desorption of the inhibitor molecules at
the elevated temperature due to the increased kinetic energy of molecules that increases the
metal surface area exposed to the corrosive solution. The decrease in IE% with increasing
temperature has been previously associated with the physical adsorption process [35,36].

91

90 AN

89 Q

IE%

88

o}

o

87 N

86

290 300 310 320 330 340

Temperature (K)

Figure 5. Influence of temperature (298 - 338 K) on the performance of Tr leaf aqueous extract (500 ppm) for
mild steel corrosion inhibition in 2 M H,SO..

However, the presence of chemical adsorption in the current study cannot be completely
ruled out due to the complex nature of the Tr leaf extract. The extract contains molecules with
diversified chemical properties capable of producing both types of adsorptions [16]. The
observation that only a small decrease in IE (4.3%) as temperature decreased from 298 to 338 K
could be a possible indicator of the presence of the desorption to a small extent. In
chemisorption, increasing temperature increases the collision between the molecules and the
https://biointerfaceresearch.com/ 7 of 13
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metal surface, leading to increased adsorption strength. This is a possible explanation for the
small decrease in the IE%. It can be concluded that the mild steel corrosion inhibition by Tr
leaf extract is characterized by mixed adsorption processes of chemisorption and physisorption.
The findings indicate that the extract effectively inhibits mild steel corrosion even at elevated
temperatures.

The adsorption mechanism can be further examined based on the activation energy (Ea)
determined using the Arrhenius Equation (Egn. 3). A plot of log corrosion rate against the
reciprocal of absolute temperature (Figure 6) indicates good linearity for both inhibited and
uninhibited solutions with the linear regression coefficients (R2) very close to 1, 0.987, and
0.964, respectively. This observation confirms that the corrosion of mild steel in the sulphuric
acid solution in the absence and presence of the inhibitor could be elucidated by the Arrhenius
kinetic model [37]. The determined values of activation energy and pre-exponential factor are
presented in Table 4. The results show that the apparent activation energy was higher for the
inhibited solution compared to the uninhibited solution. Similarly, the value of the pre-
exponential factor is higher for inhibited than uninhibited solutions. The decrease in the
corrosion rates for the inhibited solutions can be explained based on the increased activation
energy for the corrosion reaction [38]. Thus, the corrosion inhibition is a likely outcome of
increased activation energy in the presence of Tr aqueous leaf extract.

Ea — AHa = RT (8)
0.5 -
y =-5049.3x + 14.849

-0.5 - R2=0.9869

-1.5 4
S
< -2.5 A

-3.5 -

y =-6064.8x + 15.906
2 _
4s R2=0.9636
'5.5 T T T T 1
0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1/T

Figure 6. Transition-state plot for mild steel corrosion rate (CR) in 2 M H,SO; in the presence and absence of
500-ppm Tr leaf aqueous extract.

The change in enthalpy determined from a plot (Figure 7) is positive, indicating that
the mild steel corrosion process is endothermic. This observation indicates that Tr molecules
adsorb on the metal surface through chemisorption [35,39]. The activation enthalpy increased
by about 8 kJ/mol for the inhibited solution compared to the uninhibited solution. The average
value of the difference between activation energy and change in the activation enthalpy
(Ea-AHga) is 2.64 kd/mol, which is the exact value of the product of gas constant
(R=8.314 J/mol.K) and average temperature (T= 318 K). The obtained value is in agreement
with previously reported results [30,31]. Thus, the corrosion process in this study is likely to
involve a unimolecular gas-phase reaction described by Eqn. 8 [31].

https://biointerfaceresearch.com/ 8 of 13
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Table 4. Thermodynamical influence of Tr inhibitor concentrations on the mild steel corrosion inhibition in 2 M

H>SO..
[Tr] ppm Fig.6 Fig.7 slope Ea (kJ/mol) A (mL/mol) AH (kJ/mol)
slope
0 ppm (Blank) 5049.3 4732.3 41.98 2.81x 108 39.34
500 ppm 6064.8 5747.7 50.42 8.09 x 108 47.79
-2 -
-4 1 y = -4732.3x + 8.0884
R?=0.9853
—~ -6 T
S G\B\E\E\g
S 81
=
— -10 -
y =-5747.7x + 9.1458
-12 - R2 = 0.9597
'14 T T T T 1
0.0029 0.003 0.0031 0.0032 0.0033 0.0034

T

Figure 7. Transition-state plot for mild steel corrosion rate (CR) in 2 M H,SO; in the presence and absence of
500-ppm Tr aqueous extract.

3.4. Adsorption isotherm.

Adsorption isotherms are important to describe interactions existing between inhibitor
molecules and metal surfaces. Thus, the selected adsorption isotherm models, namely:
Langmuir, Temkin, EL-awady’s, and Freundlich, were used to assess the inhibition
performance of the Tr extract. The determined values of the linearity regression coefficient
(R?) in Figure 8 were used to determine the most appropriate model to describe the adsorption
process occurring in this study. The findings indicate that the experimental data fit into
Langmuir, Temkin, EL-awady’s, and Freundlich's adsorption isotherm models. Among these,
the Langmuir isotherm model gives the best fit with the R? very close to 1 (0.99). This model
signifies that the extract adsorbs on the metal surface, forming a monolayer film with no
interactions between the adsorbed molecules [40].

The model was used to determine the equilibrium constant (Kags) and Gibb’s free energy
(AG %as) using equations 9 and 10, respectively. The value of the equilibrium constant (Table 5)
is similar to a previous study on the corrosion inhibition of low carbon steel using Eucalyptus
globulus [36]. The value of the equilibrium constant indicates the presence of strong adsorption
of Tr molecules on the mild steel surface. The value of the determined Gibb’s free energy is
negative, indicating that the adsorption of the Tr extract on the mild steel is stable and
spontaneous. The value of AG%ss was between 20 and 40 kJ/mol, suggesting that the
adsorption of the extract involves a complex process of physical (electrostatic interaction) and
chemical adsorption [41]. The mixed adsorption processes can be associated with the
complexity of the plant extract containing numerous chemical compounds with various
chemical properties [16]. Thus, the chemicals contained in the extract are likely to adsorb on
the metal surface through physical and chemical interactions to produce the corrosion-resistant
film, as previously mentioned in the current study.

https://biointerfaceresearch.com/ 9of 13
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C 1
— =C+ 9)
¢ Kads
AG, = -RTIn(1000K,,) (10)
where C is the concentration of the inhibitor in (g/L) and Kags is the adsorption-desorption

equilibrium constant. The constant value 1000 is the water concentration in solution in g/L.

0.6 - 1 -
054 4 094 Db
0.4 A 0.8 4
8 0.3 - e 0.7 - y=0.1777x + 1.043
R?=0.9327
0.2 - y = 0.9882x + 0.0607 0.6 -
R2=0.998
01 i 05 1
O 0.4 1 1 T 1
0 01 02 03 04 05 06 25 2 -5 -1 <05
C(9/L) InC
1.2 - 0 -
1{ C 0054 d
) J
o 08 s -0.1 -
S 0.6 A =
@04 2.0.15 -
o 0. _
- y =0.239x + 0.0407
0.2 - y =1.0637x + 1.2829 -0.2 A R2 = 0.9107
’ R? = 0.9693 '
O ! ! ! ! ! '025 T T T 1
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Figure 8. Isotherm plots for the adsorption of Tr aqueous extract on mild steel in 2 M H,SO, at 298 K; (a)
Langmuir; (b)Temkin; (c) EL-awady’s; (d) Freundlich.

Table 5. Thermodynamic parameters for Tr aqueous extract on mild steel in 2 M H,SO4 at 298 K.
Inhibitor | Slope | Kaas (L/g) | R? | AG s (kJ/mol)
Tr | 0.988 | 16.471 | 0.998 | -24

4. Conclusions

The aqueous extract from Tetradenia riparia leaves was successfully used for the
corrosion inhibition of mild steel in the sulphuric acid solution. The corrosion inhibition
efficiency increased with the extract concentration up to 90.6% at 500-ppm. The inhibition
efficiency decreased by 4.3% as temperature increased from 298 to 338 K. The adsorption of
the Tr inhibitor molecules on the metal surface followed the Langmuir isotherm model
indicating the inhibitor forms a monolayer protective film there is no interaction existing
between adsorbed molecules. The positive sign for the change in activation enthalpy indicated
that the adsorption of the inhibitor involved the chemisorption process. In contrast, the small
decrease in the IE% with increasing temperature indicated that the adsorption involved physical
interactions. The magnitude of Gibb’s free energy indicated that the adsorption is a
combination of chemical and physical interactions. Thus, the adsorption of the Tr inhibitor
molecules on the mild steel likely involved a combination of chemical and physical
interactions. The findings from this study suggest that the Tr aqueous extract can form a
corrosion-resistant film on a mild steel surface and serve as a potential green corrosion inhibitor
in the acidic solution.

https://biointerfaceresearch.com/ 10 of 13



https://doi.org/10.33263/BRIAC131.032

Funding

This research was supported by the Sokoine University of Agriculture through the SUA
Research and Innovation Fund (SUARIF).

Acknowledgments

The author would like to thank Mr. Ruvubu Bisaba for assisting with FTIR analysis.

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14,

15.

Koch, G. 1 - Cost of corrosion. In Trends in Oil and Gas Corrosion Research and Technologies, EI-Sherik,
A.M.,, Ed.; Woodhead Publishing: Boston, 2017; pp. 3-30.

Rahimi, A.; Abdouss, M.; Farhadian, A.; Guo, L.; Neshati, J. Development of a Novel Thermally Stable
Inhibitor Based on Furfuryl Alcohol for Mild Steel Corrosion in a 15% HCI Medium for Acidizing
Application.  Industrial &  Engineering  Chemistry  Research 2021, 60, 11030-11044,
https://doi.org/10.1021/acs.iecr.1c01946.

Tuovinen, T.; Vielma, T.; Lassi, U. Laboratory-scale simulation of industrial neutral electrolytic pickling as
a bipolar system—~Parameters affecting indirect polarization pickling of annealed stainless steel. Engineering
Reports 2020, 2, 12245, https://doi.org/10.1002/eng2.12245.

Kadhum, A.; Al-Amiery, A.; Al-Azawi, R.; Abbas, R. Corrosion inhibitors. A review. International Journal
of Corrosion and Scale Inhibition 2021, 10, 54-67, https://doi.org/10.17675/2305-6894-2021-10-1-3.

Reza, N.A.; Akhmal, N.H.; Fadil, N.A.; Taib, M.F.M. A Review on Plants and Biomass Wastes as Organic
Green Corrosion Inhibitors for Mild Steel in Acidic Environment. Metals 2021, 11, 1062.

Sodiya, E.F.; Dawodu, F.A. Leaf extracts as green substitute to toxic zinc chromate and zinc phosphate
additives in Polyurethane primers for corrosion inhibition of steel. International Review of Applied Sciences
and Engineering 2021, 13, 80-87, https://doi.org/10.1556/1848.2021.00310.

Bhardwaj, N.; Sharma, P.; Kumar, V. Phytochemicals as steel corrosion inhibitor: an insight into mechanism.
Corrosion Reviews 2021, 39, 27-41, https://doi.org/10.1515/corrrev-2020-0046.

Miralrio, A.; Espinoza VVazquez, A. Plant Extracts as Green Corrosion Inhibitors for Different Metal Surfaces
and Corrosive Media: A Review. Processes 2020, 8, https://doi.org/10.3390/pr8080942.

Lukmanul Hakim, S.; Usman Sumo Friend, T. Biopesticides as Promising Alternatives to Chemical
Pesticides: A Review of Their Current and Future Status. OnLine Journal of Biological Sciences 2020, 20,
https://doi.org/10.3844/0jbsci.2020.66.76.

Tamalmani, K.; Husin, H. Review on Corrosion Inhibitors for Oil and Gas Corrosion Issues. Applied Sciences
2020, 10, 3389.

Verma, D.K.; Dewangan, Y.; Dewangan, A.K.; Asatkar, A. Heteroatom-Based Compounds as Sustainable
Corrosion Inhibitors: An Overview. Journal of Bio- and Tribo-Corrosion 2020, 7, 15,
https://doi.org/10.1007/s40735-020-00447-7.

Chauhan, D.S.; Verma, C.; Quraishi, M.A. Molecular structural aspects of organic corrosion inhibitors:
Experimental and computational insights. Journal of Molecular Structure 2021, 1227, 129374,
doi:https://doi.org/10.1016/j.molstruc.2020.129374.

Huong, D.Q.; Lan Huong, N.T.; Anh Nguyet, T.T.; Duong, T.; Tuan, D.; Thong, N.M.; Nam, P.C. Pivotal
Role of Heteroatoms in Improving the Corrosion Inhibition Ability of Thiourea Derivatives. ACS Omega
2020, 5, 27655-27666, https://doi.org/10.1021/acsomega.0c04241.

Mishra, A.; Aslam, J.; Verma, C.; Quraishi, M.A.; Ebenso, E.E. Imidazoles as highly effective heterocyclic
corrosion inhibitors for metals and alloys in aqueous electrolytes: A review. Journal of the Taiwan Institute
of Chemical Engineers 2020, 114, 341-358, https://doi.org/10.1016/j.jtice.2020.08.034.

Miralrio, A.; Vazquez, A. Plant Extracts as Green Corrosion Inhibitors for Different Metal Surfaces and
Corrosive Media: A Review. Processes 2020, 8, 942, https://doi.org/10.3390/pr8080942.

https://biointerfaceresearch.com/ 11 of 13



https://doi.org/10.33263/BRIAC131.032

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

Fernandez, A.; Rosa, M.; Fernandez, C.; Bortolucci, W.; Melo, U.; Siqueira, V.; Cortez, D.; Gongalves, J.;
Linde, G.; Gazim, Z. Antimicrobial and Antioxidant Activities of the Extract and Fractions of Tetradenia
riparia (Hochst.) Codd (Lamiaceae) Leaves from Brazil. Current Microbiology 2017, 74, 1-8,
https://doi.org/10.1007/s00284-017-1340-9.

Njau, E.-F.; Ndakidemi, P. The Genus Tetradenia (Lamiaceae): A Review of Its Ethnomedicinal, Botanical,
Chemical and Pharmacological Activities. International Journal of Biology 2017, 9, 35,
https://doi.org/10.5539/ijb.vIn4p35.

Umoren, S.A.; Eduok, U.M.; Solomon, M.M.; Udoh, A.P. Corrosion inhibition by leaves and stem extracts
of Sida acuta for mild steel in 1M H2SO4 solutions investigated by chemical and spectroscopic techniques.
Arabian Journal of Chemistry 2016, 9, S209-S224, https://doi.org/10.1016/j.arabjc.2011.03.008.

Joseph Yoeza Naimani Philip, J.B., Alinanuswe Mwakalesi. Corrosion Inhibition of Amino
Pentadecylphenols (APPs) Derived from Cashew Nut Shell Liquid on Mild Steel in Acidic Medium.
Materials Sciences and Applications 2016, 7, 396-402, https://doi.org/10.4236/msa.2016.78036

Solomon, M.M.; Umoren, S.A.; Udosoro, l.I.; Udoh, A.P. Inhibitive and adsorption behaviour of
carboxymethy| cellulose on mild steel corrosion in sulphuric acid solution. Corrosion Science 2010, 52, 1317-
1325, https://doi.org/10.1016/j.corsci.2009.11.041.

Haldhar, R.; Prasad, D. Corrosion Resistance and Surface Protective Performance of Waste Material of
Eucalyptus globulus for Low Carbon Steel. Journal of Bio- and Tribo-Corrosion 2020, 6, 48,
https://doi.org/10.1007/s40735-020-00340-3.

Zheng, X.; Gong, M.; Li, Q.; Guo, L. Corrosion inhibition of mild steel in sulfuric acid solution by loquat
(Eriobotrya japonica Lindl.) leaves extract. Scientific Reports 2018, 8, 9140, https://doi.org/10.1038/s41598-
018-27257-9.

Hassan, K.; Khadom, A.; Kurshed, N. Citrus aurantium leaves extracts as a sustainable corrosion inhibitor of
mild steel in sulfuric acid. South African Journal of Chemical Engineering 2016, 22, 1-5,
https://doi.org/10.1016/j.sajce.2016.07.002.

Mahgoub, F.M.; Hefnawy, A.; Abd Alrazzag, E.H. Corrosion inhibition of mild steel in acidic solution by
leaves and stem extract of Acacia nilotica. DESALINATION AND WATER TREATMENT 2019.

Tomilawo, B.; Olasehinde, E.; Ani, J.; Obagboye, F.; N, A.; Obi, I.; Aneke, L. Corrosion Control of Mild
Steel in Sulphuric Acid by Athyrium filix-femina Leaf Extract Green Inhibitor. 2020,
https://doi.org/10.37273/chesci.CS0320510701.

Li, D.; Zhang, P.; Guo, X.; Zhao, X.; Xu, Y. The inhibition of mild steel corrosion in 0.5 M H2S04 solution
by radish leaf extract. RSC Advances 2019, 9, 40997-41009, https://doi.org/10.1039/C9RA04218K.

Ganiyu, K.A.; Kobe, I.H.; Caroline, A.l. The Corrosion Inhibition of Mild Steel in Sulphuric Acid Solution
by Adsorption of African Perquetina Leaves Extract. 2015.

Thirumangalam Karunanithi, B.; Chellappa, J. Adsorption and inhibition properties of Tephrosia Purpurea as
corrosion inhibitor for mild steel in sulphuric acid solution. Journal of Dispersion Science and Technology
2019, 40, 1441-1450, https://doi.org/10.1080/01932691.2018.1516150.

Ugi, B.U.; Mbang, O. Medicago sativa EXTRACTS AS EFFECTIVE CORROSION INHIBITORS OF
STAINLESS STEEL IN ACIDIC ENVIRONMENT. Journal of Basic and Applied Research International
2019, 20, 233-243.

Noor, E.A. The inhibition of mild steel corrosion in phosphoric acid solutions by some N-heterocyclic
compounds in the salt form. Corrosion Science 2005, 47, 33-55, https://doi.org/10.1016/j.corsci.2004.05.026.
Ben Aoun, S. On the corrosion inhibition of carbon steel in 1 M HCI with a pyridinium-ionic liquid: chemical,
thermodynamic, Kkinetic and electrochemical studies. RSC Advances 2017, 7, 36688-36696,
https://doi.org/10.1039/C7RA04084A.

Aoun, S.B. Highly Efficient Corrosion Inhibition of Carbon Steel in Aggressive Acidic Media with a
Pyridazinium-based lonic Liquid. 2013.

Yue, X.; Zhang, L.; Sun, C.; Xu, S.; Wang, C.; Lu, M.; Neville, A.; Hua, Y. A thermodynamic and kinetic
study of the formation and evolution of corrosion product scales on 13Cr stainless steel in a geothermal
environment. Corrosion Science 2020, 169, 108640, https://doi.org/10.1016/j.corsci.2020.108640.

Cai, Y.; Xu, Y.; Zhao, Y.; Zhang, W.; Yao, J.; Wei, M.; Zhou, K.; Ma, X. Quantitative Understanding of the
Environmental Effect on B10 Copper Alloy Corrosion in Seawater. Metals 2021, 11, 1080.

Go, L.C.; Depan, D.; Holmes, W.; Gallo, A.; Knierim, K.; Bertrand, T.; Hernandez, R. Kinetic and
thermodynamic analyses of the corrosion inhibition of synthetic extracellular polymeric substances. PeerJ
Materials Science 2020, 2, e4, https://doi.org/10.7717/peerj-matsci.4.

https://biointerfaceresearch.com/ 12 of 13



https://doi.org/10.33263/BRIAC131.032

36.

37.

38.

39.

40.

41.

Aralu, C.C.; Chukwuemeka-Okorie, H.O.; Akpomie, K.G. Inhibition and adsorption potentials of mild steel
corrosion using methanol extract of Gongronema latifoliuim. Applied Water Science 2021, 11, 22,
https://doi.org/10.1007/s13201-020-01351-8.

Muthamma, K.; Kumari, P.; Lavanya, M.; Rao, S.A. Corrosion Inhibition of Mild Steel in Acidic Media by
N-[(3,4-Dimethoxyphenyl)Methyleneamino]-4-Hydroxy-Benzamide. Journal of Bio- and Tribo-Corrosion
2020, 7, 10, https://doi.org/10.1007/s40735-020-00439-7.

Lai, C.; Xie, B.; Zou, L.; Zheng, X.; Ma, X.; Zhu, S. Adsorption and corrosion inhibition of mild steel in
hydrochloric acid solution by S-allyl-O,0’-dialkyldithiophosphates. Results in Physics 2017, 7, 3434-3443,
https://doi.org/10.1016/j.rinp.2017.09.012.

Kagatikar, S.; Sunil, D.; Kumari, P.; Shetty, P. Investigation of Anticorrosive Property of
Carbazolecarbaldehyde Azine on Mild Steel Using Electrochemical, Morphological and Theoretical Studies.
Journal of Bio- and Tribo-Corrosion 2020, 6, 136, https://doi.org/10.1007/s40735-020-00433-z.

Lgaz, H.; Chung, 1.-M.; Albayati, M.R.; Chaouiki, A.; Salghi, R.; Mohamed, S.K. Improved corrosion
resistance of mild steel in acidic solution by hydrazone derivatives: An experimental and computational study.
Arabian Journal of Chemistry 2020, 13, 2934-2954, https://doi.org/10.1016/j.arabjc.2018.08.004.

Cui, M.; Yu, Y.; Zheng, Y. Effective Corrosion Inhibition of Carbon Steel in Hydrochloric Acid by
Dopamine-Produced Carbon Dots. Polymers (Basel) 2021, 13, 1923,
https://doi.org/10.3390/polym13121923.

https://biointerfaceresearch.com/ 13 of 13


https://www.researchgate.net/publication/360236641

