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Abstract

The corrosion inhibition effect of Balanites aegyptiaca leaves extracts on carbon steel XC70 in 1 M hydrochloric acid solution has been studied
using gravimetric study and Potentiodynamic polarization method. The plant extracts has proven its ability to stabilize metal corrosion, as FTIR
curves confirm that extracts has compounds rich in oxygen atom and aromatic compounds. The results show that the inhibition efficiency increases
with increase in extract concentration and decreases with rise in temperature. The inhibition efficiency from weight loss studies was found to be
more than 90 % at 50 % volumic concentration while this inhibition efficiency was obtained from Potentiodynamic polarization studies at 150
ppm. We also investigated the effect of temperature on corrosion with and without the optimal concentration in the temperature range of 293 to
373 K and calculated the activation energy, enthalpy, and entropy. The thermodynamic results showed that the plant extract particle’s adsorption
process on the steel’s surface was endothermic and physical in nature. Tafel curve analysis revealed that our green inhibitor worked as a mixed-
type inhibitor, bottled up the corrosion processes of steel X70 in hydrochloric acid, and their adsorption was found to follow the Langmuir and
Temkin models.
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1. Introduction [2], This natural process leads to significant material degra-
dation, causing substantial economic losses across various in-

Corrosion is a pervasive and costly phenomenon that results  qygtries annually [3]. Steel is the basic material for building
from the interaction between metals and their surrounding en-  yarious industries in which strong acids are used as hydrochlo-
vironment [1]. a natural problem that is difficult to get rid of  ric acid and sulfuric acid in various industrial processes such
as crude oil refining and petrochemical fittings, this is what
causes corrosion in metal structures. Carbon steel, particularly

*Corres di thor Tel. No: +213-674-887-389. . . A . . .
O A XC70, is widely used in industrial applications such as oil re-
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fining and petrochemical fittings due to its mechanical proper-
ties. However, its exposure to aggressive acidic environments,
such as hydrochloric acid (HCI), accelerates corrosion, neces-
sitating effective mitigation strategies [2]. To reduce this nat-
ural phenomenon, scientists have resorted to the use of indus-
trial inhibitors that are added in small quantities in the corrosive
medium surrounding the metal.

Traditionally, industrial corrosion inhibitors have been em-
ployed to protect metals by forming protective layers on their
surfaces [S]. While these inhibitors are effective, their toxicity,
non-biodegradability, and environmental hazards have raised
serious concerns [6]. So researchers are working on discov-
ering natural sources from green plants that have high effi-
ciency in preventing metal corrosion in acidic medium Conse-
quently, there is a growing demand for eco-friendly alternatives
derived from natural sources, such as plant extracts, which are
biodegradable, non-toxic, and cost-effective [7].

Numerous plant extracts have demonstrated promising cor-
rosion inhibition properties, including Traganum nudatum [8],
Ginkgo biloba 9], Dillenia suffruticosa [10], Lawsonia iner-
mis [11], and Ambrosia trifida L. [12]. Among these, Balanites
aegyptiaca, a plant native to arid regions of Africa and South
Asia, stands out due to its rich phytochemical composition [13].
This plant has been traditionally used for its medicinal proper-
ties, including anti-cancer, anti-diabetic, and antimicrobial ef-
fects [14, 15], suggesting its potential as a source of bioactive
compounds for corrosion inhibition.

This study investigates the corrosion inhibition efficiency
of (B. aegyptiaca) leaf extracts on carbon steel XC70 in a 1
M HCI solution using gravimetric (weight loss) and electro-
chemical (potentiodynamic polarization) techniques. The re-
search aims to evaluate the extract’s adsorption behavior, ther-
modynamic properties, and inhibition mechanisms, contribut-
ing to the development of sustainable corrosion inhibitors. The
findings align with recent advancements in green corrosion in-
hibitors, emphasizing their role in environmentally conscious
industrial practices [7, 16].

2. Materials and methods

2.1. Sample preparation

In this study X70 carbon steel was used, chemical composi-
tions are noted in Table 1. The carbon steel sample was cut into
two shapes, one which is missing of size of 1.9x1.22x0.67 cm
and was used in the weight loss method and the other was used
as a working electrode in the electrochemical methods and it’s
surface roof tested 1cm?. Before each corrosion test, samples
were manually polished with various grades of emery paper
(400, 600, 800, 1200, 1500, and 2000), rinsed with distilled
water, and dehydrated with acetone at 15 °C.

2.2. Preparation of the test media

To prepare a 1 M HCI solution, we take the mother acidic
solution with analytical reagent grade 36% and a density of 1.18
g/cm? and added distilled water according to the dilution law to
get 1M concentration.
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Figure 1. FTIR spectra of Balanite aegyptiaca HCI extract.
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Figure 2. FTIR spectra of TextitBalanite aegyptiaca butanol extract.
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Figure 3. FTIR spectra of TextitBalanite aegyptiaca aqueous extract.
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Figure 4. Curves: Corrosion rate and efficiency of carbon steel inhibi-
tion in 1M HCI at varied concentrations of B. aegyptiaca extract.

2.3. Preparation of the inhibitor

In southern Algeria (Tamanrasset region), the plant was
picked, dried and ground. In this study, two methods were used
(weight loss and electrochemical). For weight loss method, 100
g of dry powdered plant leaves were soaked in a 1M HCI solu-
tion for 24 hours before being filtered and repeated. The filtrate
is collected and stored until it is utilized. after filtering, dif-
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Table 1. Chemical composition of carbon steel XC70.

Element C Si Mn Cr

Ni

Cu Al Nb V Ti Mo Fe

P S
65 2 1 245

wt. x1073 1685 42

26

10 42 67 14 19 5  Residual

Table 2. Corrosion of steel in 1M HCI with different concentrations of B. aegyptiaca extract.

C/V)% Am(g) Vcorr (mm/y) 0 IE (%)
0 0.0137 2.78 / /

5 0.0113 2.31 0.1691 1691
10 0.0067 1.37 0.5073  50.73
15 0.0062 1.27 0.5441 54.41
20 0.0050 1.02 0.6323  63.23
25 0.0041 0.84 0.6972  69.72
30 0.0037 0.76 0.7267  72.67
35 0.0032 0.66 0.7637  76.37
40 0.0026 0.53 0.8080  80.80
45 0.0017 0.35 0.8744  87.44
50 0.0012 0.25 09110 91.10
55 0.0007 0.14 0.9481 94.81
60 0.0003 0.06 0.9777  97.77
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Figure 5. The effect of different temperatures on carbon steel corrosion
rates in IM HCL

ferent volumetric concentration (ranging from 0 to 60%) were
prepared using 1M HCI solution.

For the Potentiodynamic polarization study, the butanol &
aqueous extracts of B. aegyptiaca plant was used to prepare dif-
ferent concentrations between 30-150 ppm.

2.4. Weight loss measurement

According to Remache et al. [4], the steel sample was puri-
fied, dried, weighed and measured before and after each exper-
iment. It was immersed for 40 minutes in 100 ml of 1M HCl in
the absence and presence of inhibitory solution. Corrosion rate
V.orr» coverage of surface (6), and inhibitory efficiency IE (%)
were determined using equations (1)-(3) respectively:
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Figure 6. Effect of various temperatures on inhibition efficacy of carbon
steel in 1M HCI.
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where: Vo and VO, are corrosion rates in the presence and
absence of the inhibitor, respectively; K = 525600 (constant);
Am: carbon steel weight loss (g); A: metal steel surface area
(cm?); t: exposure period (min); d: steel density (7.8 g-cm™3).
The Arrhenius equation (4) is used to calculate activation
energy E, in the presence and absence of inhibitor, and lin-

earization of equation (4) gives equation (5):

E,
Veorr = Ae RT P (4)
E
InVeor = InA - ==, )]

RT

where: A is Arrhenius Pre-exponential factor, V,,,, is corrosion
rate, R is a universal gas constant and T is absolute temperature
[17].
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Table 3. Temperature effect on corrosion rate and inhibition efficiency of carbon steel in 1 M HClI at 60% (v/v) concentration of B. aegyptiaca extract.

333 353 373

7.29 7.87 11.73
4.01 5.39 8.68

0.6148 0.4500 0.3144 0.2598
61.48

45.00 3144 2598

T (K) 293 313
Veorr (mm/y)  3.80 3.90
Vil (mm/y)  0.94 1.50
0 0.7520
IE (%) 75.20
A A sans inhi
R A with inhi
E """ AT A
5

YT

Figure 7. Arrhenius graphs indicate the rate of carbon steel corrosion in
1M HCI with and without the inhibitor.
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Figure 8. Transition state graphics indicate the corrosion rate of carbon
steel in 1M HCI with and without the inhibitor.

Activation enthalpy (AH®) and activation entropy (AS°) val-
ues were obtained from the linearized transition state theory
equation (6). The free energy (AG®) was determined at different
temperatures by equation (7):

R AS° AH°
ln(ﬁ)zln(—)+ S - —, (6)

T Nh R RT
AG®° = AH° - T AS°, @)

where & is Planck’s constant, and N is Avogadro’s number [18].

2.5. Electrochemical test

Potentiodynamic Polarization Method. Potentiodynamic Po-
larization measurements were analyzed using the Gamry
potentio-stat/galvanostat system controlled by the Gamry
framework software with three electrodes: a working elec-
trode made of carbon steel XC70 with an active surface area
lem?, auxiliary electrode of platinum plate(lcmz), and the ref-
erence electrode was represented by a saturated calomel elec-
trode (SCE). Polarization curves were taken with the scan speed
of 5mV.s™!, in the potential range of -1.5 V to 1.5V. In open cir-
cuit, the immersion time of the XC70 plates without and with
of various concentrations of B.aegyptiaca extracts was 30 min
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Figure 9. OCP plot with the absence and presence of various concen-
trations of aqueous extract in 1M HCI solution.
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Figure 10. OCP plot with the absence and presence of various concen-
trations of butanol extract in 1M HCI solution.

at room temperature [19]. According to equation 8 We got the
inhibition efficiency (IE%) determined by the Tafel curves [20]:

1E(%) = (1 — Lo

) % 100, @®)

lCOlT

where igm and i, are the corrosion current densities in the
absence and presence of the inhibitor, respectively.

2.6. Adsorption isotherm

In corrosion studies, adsorption on the metal surface is the
most crucial topic because it gives information about the elec-
tric double layer. The adsorption isotherm is a basic indicator
of the interaction between organic inhibitors and the metal sur-
face, which has an inhibitory capability [21]. In order to under-
stand the adsorption phenomenon of the plant extracts on the
surface of carbon steel, and to clarify the nature and strength of
the adsorption.

The adsorption of the plant extract was tested with three
models [22]:

Langmuir:

0

Rearrangement gives:
c 1
- ==+
0 K

C. (10)
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Table 4. Activation parameters for the dissolution of carbon steel in 1 M HCI with and without the inhibitor.

C% (v/v) E,(kJjmol) AH° (kJ/mol) AS° (J/mol-K) AG° (kJ/mol)

293K 313K 333K 353K 373K
Blank 13.31 10.58 -198 68.59 72,55 76.51 8047 84.43
60 26.06 23.32 -165 71.67 7497 7827 8157 84.87

Table 5. Electrochemical parameters of carbon steel in 1M HCI solutions including various concentrations of aqueous extract.

C (PPM) Ecorr (mV/cm?) icorr (mAjcm?) Rp (ohm.cm?) S, (mV/Decade) pf.(mV/Decade) Vcorr (mpy) 0 R%
Blank -444.10 0.484 198.01 432.40 449.90 220.90 / /
30 -441.20 0.239 247.06 334.90 228.30 109.00 0.50651 50.65
60 -446.30 0.162 348.35 241.60 282.40 74.17 0.66432 66.43
90 -434.80 0.090 306.09 99.90 174.80 41.20 0.81349 81.35
120 -437.50 0.050 309.90 47.96 141.30 22.93 0.89624  89.62
150 -478.50 0.020 658.37 66.30 57.98 9.32 0.95781 95.78
Table 6. Electrochemical parameters of carbon steel in 1M HCI solutions including various concentrations of butanol extract.
C (PPM) Ecor (mV/cm?)  icon (mA/cm?) R, (ohm.cm®) B, (mV/Decade) pS.(mV/Decade) Vo (mpy) 0 R%
Blank -444.10 0.484 198.01 432.40 449.90 220.90 / /
30 -488.40 0.159 525.66 382.90 385.05 72.51 0.67177 67.18
60 -456.00 0.126 345.33 159.40 268.70 57.51 0.73981 73.98
90 -492.70 0.072 517.18 152.40 195.30 32.84 0.85135 85.14
120 -514.70 0.036 814.28 118.20 155.80 16.38 0.92587 92.59
150 -503.80 0.031 796.01 128.30 99.62 13.98 0.93673 93.67
0 0
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Figure 11. Potentiodynamic polarization curves for carbon steel in 1M
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Frumkin:

(1 ?H)e-g" - KC. (12)

Or in linear form:

0

3. Results and discussion

Characterization of B. aegyptiaca Leaves Extract. Figures 1, 2
and 3 present the FTIR curves of hydrochloric, butanol, and
aqueous extracts of B. aegyptiaca leaves. The three curves
are similar, with a wide peak in the 3300 cm™' range corre-
sponding to O-H stretching vibrations of alcohol or phenol.
The band at 2929 cm™', 2870 cm™!, and 820 cm™' with strong
peaks corresponds to the C—H stretching of alkanes. The re-
gion at 1729 cm™! shows C=0 stretching of acids, the band at
1647 cm™! corresponds to C=0 stretching of aldehydes, and
1617 cm™! indicates C=C stretching. The peaks at 1505 cm™!
and 1215 cm™! are due to N-O asymmetric stretching and C—
O-C stretching, respectively. The bands at 1379 cm™' and
1394 cm™! are due to C—H bending. Other bending vibrations
include 760 cm™! (C-H aromatic) and 663 cm™' (C-H bending
vibration).

According to the results obtained, B.aegyptiaca leaves ex-
tracts has organic components that are oxygen-rich and aro-
matic rings, which fulfill the basic requirements of a good in-
hibitor [23].

3.1. Gravimetric study

Weight loss method used as a first step to evaluate the ef-
fectiveness of B.aegyptiaca extracts in inhibiting carbon steel
corrosion.

3.1.1. Effect of concentration

After dipping carbon steel for 40 minutes into 1M hy-
drochloric acid solution in the absence and presence of plant ex-
tract inhibitor. The various corrosion parameters were obtained
and listed in Table 2 and Figure 4. The results indicated that
the absence of inhibitor led to high corrosion rates. However,
when the inhibitor ratio was increased, there was a decrease in
the corrosion rate with increase in inhibitor effectiveness. Ac-
cording to the findings, 60 % (v/v) is the optimal concentration
for the inhibitor extract, with a maximum inhibition efficiency
of 97.77 % obtained. This indicates that the chemical compo-
nents of this extract was adsorbed on the surface of the metal,
occupying the reaction sites [24].

3.1.2. Effect of temperature

After determining the optimal concentration, corrosion was
studied at different temperatures (from 293 to 373 K). The re-
sults obtained are recorded in Table 3 and Figures 5 and 6. The
results showed an increase in corrosion rate with increasing
temperatures and at lower values in the presence of inhibitor

in the corrosive medium, which resulted in a decrease in inhi-
bition efficiency, where 75% was recorded at 20 degrees. This
decrease is due to the increased disintegration of the protective
layer as a result of the increased solubility of the formed com-
pounds, it mean we have a physical adsorption [25].

3.1.3. Kinetic and thermodynamic parameters for the inhibi-
tion operation

Activation energy (E,), activation enthalpy (AH®), activa-
tion entropy (AS°), and free energy (AG®) were obtained in
both the optimal inhibitory and non-inhibitory media at differ-
ent temperatures. The results are presented in Figures 7— 8 and
Table 4. The high activation energy value indicates an increase
in the adsorption of the inhibitor on the metal surface [26].
Since the activation energy values are generally lower than 80
kJ/mol, this suggests that the adsorption of B. aegyptiaca ex-
tract on the carbon steel surface occurs mainly through physical
adsorption [27]. The activation enthalpy is higher in the pres-
ence of the inhibitor and, being positive, indicates that the dis-
solution process of carbon steel in HCI solution is endothermic
in nature [28]. Negative entropy values in the presence of the
plant extract suggest that the process is characterized by associ-
ation rather than dissociation, implying an increase in disorder-
liness from the initial interaction phase until the active complex
is formed [29]. The free energy reflects the stability of the ac-
tivated complex. In the presence of the inhibitor, a rise in free
energy values with increasing temperature was observed, con-
firming that the B. aegyptiaca extract can adsorb onto the metal
surface and form a protective layer.

3.2. Electrochemical method

Open circuit potential. After 30 min immersion of the working
electrode in the test solutions, the OCP values under non po-
larized conditions were obtained, Figures 9-10 show a change
in OCP plot in term of period of exposure in the absence and
presence of inhibitors. The steady-state values of OCP in the
blank solution were lower than the immersion potential (Eocp
at t = 0). This means that prior to achieving the steady-state
condition, the oxide coating generated by the air must dissolve
on the electrode before immersion. The steady-state potential
of the test electrodes were transformed to higher positive val-
ues by adding inhibitors at varying doses. This represents the
passivation of the alloy [30].

Potentiodynamic polarization. For the aqueous and butanol ex-
tracts, electrochemical corrosion kinetic parameters like corro-
sion potential E,,,, corrosion current i, anodic and cathodic
Tafel slopes (Ba and Pc), corrosion rate V., and percentage
efficiency IE (%) for the corrosion of carbon steel in 1M HCl
in the absence and presence of different concentrations of the
plant extracts are given in Tables 5 and 6 and it correspond-
ing polarization curve is shown in Figures 11 and 12. Results
shows that with increased concentrations of inhibitors there is
a decrease in i, values, even at 150 ppm concentration in the
aqueous and butanol extracts there was a decrease in i, values
from 0.484 mA.cm~2 to 0.020 mA.cm™2 with IE=95.78%, from
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Table 7. Isotherm parameters for the weight loss and polarization resistance techniques used to adsorb B. aegyptiaca extracts on the surface of carbon steel X70 in

IM HCl solution.
Methods Isotherm Equation linear R?
Langmuir C/0 =0.7205C + 0.1881 0.9456
Weight loss Frumkin log[6/(1 —0)C] = 1.17250 + 0.2672  0.6622
Temkin log(6/C) = —0.54696 + 0.7872 0.6774
Langmuir (AQE)  C/6 = 0.7944C + 0.0386 0.9950
Langmuir (BuE) C/6 =0.9315C + 0.0204 0.9942
o . Frumkin (AQE) log[6/(1 — 0)C] = 1.29346 + 0.7621  0.7437
Polarization resistance .
Frumkin (BuE) log[6/(1 — )C] = 0.90776 + 1.116 0.5535
Temkin (AQE) log(6/C) = —0.89276 + 1.6666 0.9874
Temkin (BuE) log(6/C) = —1.77940 + 2.4882 0.9312
0,7 2
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Figure 13. Langmuir, Temkin and Frumkin isotherms for the adsorption of B. aegyptiaca extract on carbon steel X70 in 1M HCl solution by weight

loss method.

0.484 mA.cm~2 to 0.031 mA.cm~2 with IE=93.67% respec-
tively. That proving that the anodic reaction was affected and
therefore delayed. At same time, E,,,, values decreased, sug-
gesting that the Cathodic reaction also was hindered by in-
hibitory molecules [16].

The B. aegyptiaca leaves extracts showed that it could in-
hibit anodic-cathodic type in 1M HCI solution by altering both
anodic current density and cathodic corrosion potentials. It is
certainly a mixed type of HCl 1M acid corrosion inhibitors
[31]. The results of this study are consistent with the findings
of Abubakar et al. [23] and Allaoui et al. [32].

Adsorption isotherm. Table 7 and Figures 13-14 shows the
isotherm parameters used to adsorb the B. aegyptiaca extracts
on carbon steel XC70 surface in1M HCI solution using weight
loss and polarization methods. According to R? coefficients, in
each of these cases, Langmuir isotherm has higher value close
to 1 with a linear relationship compared to Temkin and Frumkin
isotherm, but Temkin isotherm RZ? value for Polarization re-
sistance method approximate to Langmuir isotherm(R>> 0.9).
also, the adsorption layer has repulsion because the slope values
are negative [33]. It means that the inhibitors has been adsorbed
on the metal surface with Langmuir and Temkin method by
forming a monolayer [34], and being deposited onto the most
effective sites [35].
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Figure 14. Langmuir, Temkin and Frumkin isotherms for the adsorption of aqueous and butanol extract of B. aegyptiaca plant on carbon steel X70

in 1M HCI solution by polarization resistance method.

4. Conclusion

This study demonstrates that (Balanites aegyptiaca) leaf ex-
tracts serve as an effective and eco-friendly corrosion inhibitor
for carbon steel XC70 in 1 M hydrochloric acid. Gravimet-
ric and electrochemical analyses revealed inhibition efficien-
cies exceeding 90% at optimal concentrations (50% v/v for
weight loss, 150 ppm for polarization), attributed to the ad-
sorption of oxygen-rich and aromatic compounds onto the steel
surface. Inhibition efficiency increased with extract concentra-
tion but decreased with rising temperature, suggesting phys-
ical adsorption. Thermodynamic parameters (activation en-
ergy, enthalpy, entropy) confirmed the endothermic nature of
the process, while polarization studies identified the extract as
a mixed-type inhibitor. Adsorption followed Langmuir and
Temkin isotherms, indicating monolayer formation and site-
specific interactions. The findings highlight the potential of
(B. aegyptiaca) as a sustainable alternative to toxic industrial
inhibitors, combining high performance with environmental
safety. Future work should isolate active compounds, test ef-
ficacy in other acidic media, and explore industrial scalability.
This research advances green corrosion inhibition strategies,
aligning with global sustainability goals.

Data availability

No additional data was used beyond those presented in the
submitted manuscript.
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