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Background: Corrosion is a widespread issue affecting metals and alloys across various industries. The use of
corrosion inhibitors remains one of the most effective protection methods. Due to growing environmental and
health concerns, the focus has shifted toward eco-friendly alternatives.Olibanum has emerged as a promising

0 tanum green corrosion inhibitor with potential applications in industrial environments.
Inhibitor s . . . . . . .
Corrosion Methods: Temperature effect, Inhibition efficiency, corrosion behaviour and corrosion mechanism of the in-

hibitors on carbon steel are evaluated using gravimetry and electrochemical techniques (potentiodynamic po-
larization curves (PDP), electrochemical impedance spectroscopy (EIS), and open circuit potential). Scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) examined the surface morphology.
Furthermore, Infrared Spectroscopy (IR) is employed to characterize the inhibitor.

Significant findings: The results show that this natural substance is a mixed-type inhibitor with anodic behavior
dominating, with a maximum efficiency of 85% obtained at a concentration of 4 g/L. The inhibition efficiency of
Olibanum increased with inhibitor concentration and temperature. The dynamic behavior of Olibanum shows
that its adsorption isotherm on steel follows the Temkin type with both physicochemical adsorption processes.
The low Ea, moderate AHact, and AS act values provide that the adsorption appears to be predominantly
physical, but there may also be some chemical adsorption. SEM micrographs confirm the presence of a protective
layer on the steel surface.

and traditional inorganic corrosion inhibitors such as chromates and
lead are known to be subject to restrictive environmental regulations. As

1. Introduction

Corrosion is a silent enemy, a spontaneous and costly degradation
process, similar to natural disasters such as earthquakes, floods, and
volcanic eruptions, with one crucial difference: while natural disasters
are beyond our control, corrosion can be prevented or at least managed
[1]. Several effective techniques exist for controlling corrosion, with
corrosion inhibitors being the most widely used method for protecting
metals and alloys [2]. Corrosion inhibitors play a critical role in mini-
mising or preventing corrosion when added at low concentrations to a
corrosive environment. They work by forming a protective film on the
metal surface, effectively blocking direct contact between the metal and
corrosive agents. These inhibitors are classified based on their origin as
either organic or inorganic and their method of production as either
synthetic or naturally occurring. Synthetic organic corrosion inhibitors

a result, researchers are increasingly looking for green alternatives with
high corrosion inhibition efficiency and lower costs [3-7]. Examples of
these inhibitors include Trifolium repens, Pisum Sativum L. leaves,
jasmine flower extract, wood hibiscus leaf extract, Capsicum annuum L.
leaf extract, Vang tea water extract, Fatsia japonica leaf extract, Bar-
ringtonia acutangula flower water extract, Chinese mahonia leaves,
Glebionis coronaria L. flower extract, Dillenia suffruticosa leaves, Arum
dioscoridis plant leaf extract, Gum Arabic, Justicia brandegeeana [8-21]
and many others. These inhibitors offer numerous benefits, including
environmental sustainability and human health safety. Derived from
natural sources, they are biodegradable and pose minimal environ-
mental risks compared to traditional synthetic inhibitors. In addition,
they are highly effective in preventing metal corrosion, making them a
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Fig. 1. Example of some structures isolated from Olibanum [28].

promising solution for industrial applications seeking environmentally
friendly corrosion protection strategies.

In this study, Olibanum, a natural resin known for its rich compo-
sition of bioactive compounds, was investigated as a green corrosion
inhibitor for API 5L X60 carbon steel in 0.5M sulphuric acid solution.
Compared to other green inhibitors, Olibanum contains a unique blend
of terpenoids, resin acids and essential oils, which contribute to its
strong adsorption on the metal surface and enhance its inhibition per-
formance. Corrosion performance was evaluated using Tafel polar-
isation curves, electrochemical impedance spectroscopy (EIS) and open
circuit potential (OCP) measurements. In addition, surface morphology
was characterised using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS). The infrared spectroscopy (IR)
characterize the functional group in Olibanum. The effect of tempera-
ture was also investigated to assess its influence on the adsorption
behaviour and inhibition efficiency, providing deeper insights into the
stability and effectiveness of Olibanum as a sustainable corrosion
inhibitor.

Olibanum, also called Frankinsence, is an aromatic resin obtained
from trees of the genus Boswellia. Boswellia is a genus of trees known for
their fragrant resin. Olibanum is an extract from the resin of the tree.
There are four main following species of Boswellia which produce true
Olibanum and resin is available in various grades. The grades depend on
the time of harvesting. Moreover, it is in hand sorted for quality.

As shown in Fig. 1, it is composed of Olibanum gum, resin acids, and
volatile oils, with key chemical components including Boswellia acid, 3-
acetyl-béta-boswellic acid, alpha-boswellic acid, 4-O-methyl-glucuronic
acid, and incensole acetate. Historically, Olibanum has been widely used
in various traditional medical systems, especially in Ayurveda, where it

has been employed to aid digestion, promote skin health, and treat
arthritis. It is particularly valued for its anti-inflammatory properties,
making it effective in managing conditions like rheumatoid arthritis,
asthma, and other inflammatory disorders.

Beyond its medicinal benefits, Olibanum is highly regarded in per-
fumery, aromatherapy, and religious ceremonies for its pleasant aro-
matic smoke. The extraction process involves using ether to isolate the
resin, followed by drying and size reduction. Additionally, Olibanum has
significant pharmacological applications, serving as an anti-
inflammatory agent for gastrointestinal treatments and as a material
for developing microcapsules for controlled drug delivery [22-27].

This study is the first to investigate the use of Olibanum as a green
corrosion inhibitor for APISLX60 carbon steel in 0.5M sulfuric acid. It
investigates the ability of the plant to provide protection under acidic
conditions, with the aim of demonstrating its effectiveness as a sus-
tainable alternative to traditional inhibitors and promoting the wide-
spread adoption of green corrosion protection strategies for industrial
applications.

2. Experimental details

Electrochemical measurements were performed using a PGZ301
potentiostat (controlled by VoltaMaster 40 software) in a standard
three-electrode configuration, employing potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS). The working elec-
trode (WE) was the API 5L X60 sample. Its chemical composition (in
weight percent) includes maximum 0.102% carbon, 1.06% manganese,
0.34% minimum silicon, 0.018% maximum phosphorus, 0.17%
maximum sulfur, 0.18% maximum nickel, 0.019% maximum niobium,
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Fig. 3. Variation of Inhibition Efficiency (IE%) with immersion Time.

Table 1

Characteristics of the relationship between immersion time and IE%.
Time(h) Am (g) Vcorr (g.cm’z.h) 1E (%)
24 0 0 100
72 0 0 100
120 1.317 x 10° 4.457 x 107" 99.91
168 1.469 x 107* 2.849 x 1071® 99.01

and 0.023% maximum titanium, with the rest being iron, while the
counter electrode (CE) was platinum and the reference electrode was
Ag/AgCl. Following the impedance study, polarisation measurements
were carried out on the same test coupon without any further surface
preparation.

EIS was carried out in the frequency range 100 kHz to 10 mHz using a
10 mV AC signal. The open circuit potential (OCP) was monitored for 30
min to ensure stability. Potentiodynamic polarisation measurements
were performed by scanning the electrode potential from -700 mV to
-300 mV relative to the Ag/AgCl reference at a scan rate of 0.5 mV/s, this
slow scan rate allowed for testing in quasi-stationary conditions. The
tests were conducted in the acidic solution both with and without
various concentrations of the Olibanum inhibitor (1-5 g/L), where the
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Fig. 4. Open circuit potential (OCP) curves for API5L X60 steel in 0.5 HySO4
solutions with different concentration of inhibitor at 25°C.
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Fig. 5. Potentiodynamic polarization curves for APISLX60 steel in 0.5 M HySO4
in the absence and presence of various concentrations of the inhibitor.

Table 2
Electrochemical parameters for APISLX60 steel in 0.5 M H,SO4 solutions in the
absence and presence of Olibanum obtained from PDP experiments.

C Ecor  leorr (MA RP (Q. pa B c(mv/ 1E%
(g/ (mV)  /cm?) cm?) (mV/ dec)

L) dec)

0 570  0.7139 16.5 77.9 151.0 /

1 530  0.3081 38.5 56.3 147.8 56.84
2 516  0.2593 51.2 62.4 167.6 63.68
3 -493  0.1567 81.7 57.6 142.9 78.05
4 -468  0.1045 107 52.4 135.3 85.36
5 501 0.2082 53.2 56.4 129.3 70.84

inhibitor solutions were prepared directly by dissolving its powdered
form in the 0.5 M sulfuric acid solution. The inhibition efficiency (IE %)
was calculated from polarization data using the corrosion current den-
sity (icorr) with the following equation:

Icorr — —Icorr(inh)

IEy, =
Icorr

x 100 (@)

Where Icorr (inh) and Icorr are the inhibited and the uninhibited
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Fig. 6. Nyquist plots for APISLX60 steel in 0.5 M H,SO,4 solutions in the
absence and presence of Olibanum.

corrosion current densities, respectively.
Inhibition efficiency IE % is calculated from impedance data on the
basis of the equation:

Rtc — Rs
— X

100 2
Rtc 2

IE% =
Where Rtc and Rs are the charge transfer resistance values in the pres-
ence and the absence of the inhibitor, respectively.

The Gravimetric method consists of measuring the mass loss (Aw) of
a surface sample (S) during a period (t) of immersion in a corrosive
solution at a constant temperature [2].

The corrosion rates calculated using the following formula:

Aw

Vcorr = ﬁ (3)

AW : is the weight loss (g), S : is the specimen surface area in (cmz),
and t represent the immersion time (h). Vcorr is the corrosion rate
expressed in (g.cm’z.h).

25
* Blank

0’0 1 1 1 1 1 1

-2 -1 0 1 2 3 4 5

Frequency(Hz)
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To determine the inhibition efficiency (IE%), we used Equation (4) :

Vcorr — Vinh

corr

IE% = x 100 (€)]

IR spectra were acquired using a PerkinElmer Spectrum Series FTIR
Fourier Transform instrument. The sample was prepared as a KBr pellet,
in which the product was dispersed at a 3% concentration in 150 mg of
pre-dried KBr and pressed under 80 tons/cm? to characterize the func-
tional groups present in Olibanum. The analysis was conducted to
identify and analyze the molecular vibrations associated with specific
functional groups, providing insights into the chemical composition and
structural properties of the sample. The instrument was calibrated prior
to measurements to ensure accuracy, and the spectra were recorded in
the range of 4000 to 400 cm™'. This high-resolution analysis enabled the
detailed identification of key functional groups.

The surface morphology was examined using a Thermo Fisher Sci-
entific Quattro scanning electron microscope (SEM) equipped with an

Rs

—_—NN

Fig. 8. Electric circuit used to simulate EIS data.

Table 3
Impedance data forAPISL X60 steel in 0.5 M H,SO4 solutions in the absence and
presence of Olibanum.

C(g/ Rs(Q. RP (Q.cm?)  CPEg(mF. n x> 1E(%)
L) cm?) Cm?)
x 1073

0 3.779 27.22 0.580 0.887 0.061 /

1 3.599 64.17 0.489 0.903 0.055 57.58
2 3.562 85.17 0.484 0.907 0212  68.04
3 2.967 140.5 0.463 0.803  0.320 80.63
4 2.353 170.8 0.432 0.796  0.222  84.06
5 2.380 107 0.452 0.891 0281  74.56

Phase(Degree)

Frequency(Hz)

Fig. 7. EIS plots for APISLX60 in 0.5M H2SO, solution without and with different concentrations of Olibanum in Bode modulus.
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Fig. 9. Temkin isotherm for the degree of surface coverage versus concentra-
tion of inhibitor in 0.5M H,SOj4.

EDAX energy-dispersive X-ray spectroscopy (EDS) system, enabling
high-resolution imaging and elemental analysis of the sample.

3. Result and discussions
3.1. Inhibitor characterization

a. Characterization of Olibanum by infrared spectroscopy IR

IR spectroscopy can quickly identify various functional groups, such
as hydroxyl, Amino, and carbonyl. This technique is also valuable for
analyzing reactions involving the transformation of functional groups in
polymers [29]. Fig. 2 displays the infrared (IR) spectrum of Olibanum.

The IR spectrum analysis of Olibanum reveals the presence of several
functional groups, indicating its complex chemical composition. The
broad absorption band observed between 3400-3200 cm™ corresponds
to O-H stretching, likely due to hydrogen bonding. The peak around
2925 cm™ is associated with aliphatic C-H stretching, while the ab-
sorption near 1740 cm™! indicates C=0 stretching, characteristic of
carboxylic acids or esters. A peak around 1600 cm™ suggests C=C
stretching, typical of alkenes. Further, C-H bending vibrations are
evident around 1450 ¢cm™ for methylene groups and approximately
1375 cm™ for methyl groups. The presence of C-O stretching is identified
near 1220 cm™!, corresponding to ether or alcohol functional groups,
while the range of 1160-1020 cm™ also reflects C-O stretching, specif-
ically related to esters.

3.2. Gravimetric measurements

Fig. 3 and Table 1 show the results obtained by the gravimetric
method in 0.5 M H2SOa, with and without the addition of Olibanum at a
concentration of 4 g/L.

The inhibition efficiency values show a stability that is accompanied
by an increase in immersion time. This stability indicates that the for-
mation of the protective film remains constant over time.

3.3. Electrochemicals studies

3.3.1. Open circuit potential (OCP)

Samples of API 5L X60 steel were immersed in a sulphuric acid so-
lution for 30 minutes. These experiments were carried out with and
without the inclusion of Olibanum. Observations were made of the
variations in open circuit potential (OCP) values compared to uninhib-
ited solutions at different inhibitor concentrations. The results obtained
are described in Fig. 4.

Examination of the OCP curves in Fig. 4 shows that the potential is
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stable from the first few seconds. It is clear that the potential shifts to-
wards more positive values compared to the uninhibited medium, con-
firming the formation of a protective film [30]. It was also observed that
the potential remained stable for the duration of the immersion at 4 g/L,
indicating that the protection at this concentration was very high. The
stability of the potential in the sulfuric acid medium is related to the
formation of oxide or hydroxide layers on the surface, which provide
temporary stability of the potential.

3.3.2. Potentiodynamic polarization

Fig. 5 depicts potentiodynamic polarization curves for APISLX60
steel immersed in 0.5 M HSO4 at room temperature, both with and
without the addition of different concentrations of Olibanum.

Polarization curves were generated to visualise the effect of the
adsorbed components of Olibanum on the anodic and cathodic branches
of the polarisation curve. The main polarisation parameters obtained
using the Tafel extrapolation method, including corrosion current den-
sity (icorr), corrosion potential (Ecorr), cathodic Tafel slope (pfc) and
anodic Tafel slope (fa) are summarized in Table 2. In addition, the in-
hibition efficiency (IE%) at different Olibanum concentrations, derived
from the icorr values, is shown in Table 2.

The results show that increasing the concentration of Olibanum from
1 g/L to 4 g/L progressively reduces icorr, indicating suppression of X60
steel dissolution in the presence of the inhibitor. A simultaneous in-
crease in IE% reveals an inverse relationship between icorr and IE%
[31]. However, the variations in fa and pc suggest that the addition of
Olibanum affects the kinetics of both anodic and cathodic reactions,
indicating that Olibanum acts as a mixed-type inhibitor. Furthermore, a
positive (more anodic) shift in Ecorr was observed at different Olibanum
concentrations, and the shifts in Ecorr values are less than 85 mV
compared to the sulphuric acid solution, indicating mixed-type inhibi-
tion with a more predominant effect on the anodic behavior [32-34].

3.3.3. Electrochemical impedance spectroscopy (EIS)

To complete the comprehension of the corrosion and inhibition
mechanisms of steel APISLX60 in 0.5 M HySO4 in the absence and
presence of Olibanum inhibitor, electrochemical impedance measure-
ments were performed.

The results obtained from Nyquist plots, Bode plots, and the equiv-
alent circuit model used to fit the impedance data for carbon steel in 0.5
M H2S04, both without and with different concentrations of Olibanum,
are shown in Figs. 6-8. Table 3 summarizes the key parameters,
including the inhibition efficiency (IE%) derived from the polarization
resistance (Rp) values.

The Nyquist plots show individual capacitive loops that deviate from
perfect semicircles and appear slightly depressed below the real axis.
This is attributed to frequency dispersion and surface irregularities or
heterogeneities. As the Olibanum concentration increases, the diameter
of these loops increases, indicating greater inhibition of the charge
transfer process at the steel surface.

The corrosion behavior of carbon steel can be modeled using an
equivalent circuit consisting of Rp (charge transfer resistance) and Cdl
(double layer capacitance) in parallel with Rs (solution resistance). For a
more accurate fit, a constant phase element (ZCPE) replaces the tradi-
tional Cdl to account for deviations from ideal capacitive behavior.

Zcpr = 71 5
CPE — YO (_](1))” ( )

Where, Y, = proportional factor, j = imaginary unit (value is equal
tO\/ -1), ® = angular frequency in rad s-1 (w = 2I1 f max) and n = phase
shift and tells the extent of deviation from ideal behavior. For n = 0,
ZCPE represents a resistance with R = Y -1, for n = 1 a capacitance with
C-Yg and for n = -1 an inductance with L = Y0-1. The Cdl can be
calculated by the following equation:

Ca = Yo(@mae)"" (6)
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Fig. 10. SEM micrographs of APISLX60 steel electrodes after 3 days, (a, b) steel without immersion;(c, d) in 0.5M H,SO4;(e, f) in 0.5M H,SO4 solution with inhibitor
at 4g/L.

Where emax = 2nfmax (fmax = maximum frequency of imaginary packed, resulting in an increase in Rp and a decrease in Cdl, thus
component of impedance) [33]. The values of Rp and Cdl are influenced providing improved corrosion protection.In addition, Rp increases at
by the density of the monolayer formed by the inhibitor molecules. A higher Olibanum concentrations due to improved surface coverage by
larger semicircle diameter is observed when the monolayer is densely inhibitor molecules. At the same time, Cdl decreases as water molecules
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Fig. 11. The SEM- EDX spectra after 72h immersion (a) blank (b) with inhibitor 4g/L.

Table 4
Content of elements obtained from EDS spectra for API 5L X60 carbon steel.

Element Inhibitor (W %) Blank (W %)
C 18.78 8.34

(0] 43.64 26.91

Fe 34.33 62.42

at the X60/electrolyte interface are replaced by inhibitor molecules,
resulting in a lower local dielectric constant and a thicker electrical
double layer [35,36].The y? value, which reflects the quality of the
equivalent circuit fit, confirms that the proposed circuit is well fitted

[371. Bode plots indicate that the corrosion process proceeds through a
single step corresponding to a single time constant. This implies that
although the inhibitor does not exhibit ideal capacitive behaviour, it
tends towards ideality despite surface deviations along its path [38].

3.4. Adsorption isotherm

Fig. 9 illustrates the Temkin isotherm, which shows the relationship
between the degree of surface covering and the concentration of the
inhibitor in a 0.5 M H3SOy4 solution. The Temkin isotherm is employed to
examine the adsorption behavior of an inhibitor molecule on the surface
of APISLX60 steel. The following equation (7) gives it:
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Fig. 12. Polarization curves of API5L X60 carbon steel;(a) APISL X60 carbon 1
steel in 0.5 M HySO4 + 4 g/L inhibitor at different temperatures;(b) in 0.5 M 400 500

H,SO4 without inhibitor at different temperatures.

Table 5

Effect of temperature on the electrochemical parameters of APISLX60 carbon
steel in 0.5 M H,SO, in the absence of inhibitor.

Fig. 13. Nyquist diagrams of APISL X60 carbon steel;(a) in 0.5 M H3SO4
without inhibitor at different temperatures;(b) Nyquist diagram of APISL X60
carbon steel in 0.5 M H2SO4 + 4 g/L inhibitor at different temperatures.

Medium/conc Ecorr(V)  ILop(mA Rp (ohm. Ba (m B (m Table 7
/em?) em?) V) V) Electrochemical imped. for th i f carb 1 i
pedance parameters for the corrosion of carbon steel X 60 in
H,S0, 25C° -0.570 0.713 16.5 77.6 151.0 0.5 M H,SO, at different temperatures.
0o o4 dod 776 n7 426 HSOLOSM)  Re@an)  Rp@emd)  CPla(mRem)
50C° -0.477 7.816 5.43 75.8 186.2 x 10
60C° -0.467 8.753 4.79 95.8 177.4 25C° 3.779 27.22 0.580
70C° -0.458 9.666 2.83 83.1 195.3 30C° 2.809 17.55 0.781
40¢C° 2.443 14.89 0.876
50C° 2.857 9.28 0.939
60C° 3.809 7.89 0.980
Table 6 70C° 4.585 6.92 1.364
Temperature influence on electrochemical parameters of carbon steel APISLX60
in 0.5 M H2SO, in the presence of an inhibitor (4g/L).
Medium/ Ecorl(V)  Ieorr 2(mA Rp gQ Ba(mV/ -Be(mV/ 1E% Table 8
conc /em’) cm’) deq) deq) Electrochemical impedance parameters for the corrosion of APISL X 60 carbon
4g/  25C°  -0.468 0.104 107 52.4 135.3 85.41 steel in 0.5 M H,SO4+4g/L inhibitor at different temperatures.
oxe s oo amoome B0 2E T veed weed  ommetod
50C® -0.486 0.435 108 66.5 129.8 94.43 25C° 2.353 170.8 0.432 84.06
60C° -0.496 0.855 68 62.7 126.7 90.23 30C° 2.429 228.9 0.407 92.33
70C° -0.515 1.202 35 68.2 141.5 87.56 40C° 2.261 409.6 0.356 96.36
50C° 2.341 168.2 0.668 94.48
60C° 2.854 83.9 0.707 90.60
70C° 3.100 64.9 0.735 89.34
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Table 9
Activation parameters for adsorption of Olibanum on X60 carbon steel surface at
different Temperatures.

Medium E act (J.mol %) AH act (J.mol™!) AS act (J.K 'mol 1)
H,SO4 M 19.640 63.701 -187.949
4g/L 18.884 58.398 -198.432

(7)

Where Cinh signifies the inhibitor concentration (g/L) and Kads
denotes the adsorption/desorption equilibrium constant and e is the
surface coverage.

The linear plots have a slope of 0.567 and a regression coefficient
(R?) of 0.98. The plot’s y intercept yields the Kads value where is equal:

Intercept
Kgags = € Sope and their value is 17.27 L. g%,

The conventional Gibbs free energy of adsorption (AG° ads) is
calculated using Kads, as illustrated below:

0 = In Cpp, + Kougs

AG'ads = —RTIn (Kus X Cuoo) (8)

- R is the universal gas constant,
- T is the temperature in K (kelvin),
- Choo is equal 1000g.L’1.

Gibbs free energy indicates a process of spontaneous and stable
adsorption. The presence of physisorption, involves a minor electrostatic
interaction between charged inhibitor molecules and the charged metal,
is indicated if the AG°ads value drops below -20 kJ/mol.

When the AG°ads value drops below -40 kJ/mol, chemisorption has
occurred, in which the inhibitor molecule forms a coordination bond
with the metal surface. The coexistence of physisorption and chemi-
sorption is confirmed when the AG°ads value is between -20 and -40 kJ/
mol.

The obtained AG °ads value, derived from the Temkin isotherm, is
-24,191kJ/mol, providing a both indication of physicochemical
adsorption.

3.5. Surface morphology

The scanning electron microscopy (SEM) images of APISL X60
pipeline steel specimens submerged in 0.5 M HSO4, both with and
without Olibanum at a concentration of 4 g/L for a duration of 3 days,
are depicted in Fig. 10
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The SEM images reveal significant surface damage in the absence of
an inhibitor (active corrosion) (Fig. 10.c, d). However, in the presence of
the Olibanum inhibitor, the micrographs show a reduction in corrosion
sites and pitting on the APISL X60 steel surface. This is attributed to the
formation of a protective inhibitor layer on the metal surface (Fig. 10.e,
f). These observations, supports the results obtained through the pre-
vious techniques.

3.6. Chemical analysis with (EDS)

EDS analysis was used to assess the components present on the sur-
face of API 5LX60 steel after 72 hours in contact with 0.5M sulfuric acid
with and without 4g/L Olibanum. Fig. 11 exhibits the microscope im-
ages and chemical analysis for the metal in the presence and absence of
the inhibitor.

The results obtained in (Table 4) after introducing the metal into the
sulfuric acid show a high quantity of iron (62.42%) and oxygen
(26.91%) and carbon present only (8.34%). These results confirm iron
dissolution (Fig. 11a). In the presence of Olibanum, it is clearly noticed
that the increase in oxygene and carbon (43.64%,18.78%) respectively,
while iron decrease up to (34.33%), which means that the inhibitor
reduced the corrosion phenomenon, as can be seen in the microscope
image (Fig. 11Db).

3.7. Effect of temperature

3.7.1. Polarization curves

Fig. 12 show the polarization curve with and without inhibitors at
different temperatures with a fixed concentration 4g/L.

Tables 5 and 6 shows the electrochemical parameters at different
temperature such as Ecorr, Icorr, pa, fc, IE %.

As shown in Table 6, the value of i.qrr increases from 0.713 mA cm2
to 9.666 mA cm™ in the absence of a corrosion inhibitor as the tem-
perature rises. This demonstrates that higher temperatures, along with
sulfuric acid and other corrosive agents significantly accelerate the
corrosion of X60 steel. After addition of 4g/L of Olibanum, it clearly seen
that at lower temperatures ranging from 25 to 40°C, the inhibition ef-
ficiency improved, due to occurrence of Olibanum adsorption on the
surface of metal. These results show that temperature increases the
inhibitory efficiency [39-41]. Hence, Increase in temperature increased
the inhibition efficiencies of the Olibanum suggesting chemisorption of
Olibanum components on the surface of the metals at the range 25-50°C
[42-53].

In the acid solution containing 4g. L™! of Olibanum, the corrosion
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Fig. 14. a) Arrhenius plots of X60 carbon steel in 0.5 M H,SO,4 and containing 4g/L of Olibanum at the temperature range of (298.15-343.15 K).b) Traces of the
transition states in the absence and presence of 4g/L of Olibanum in 0.5M H,SO, at different temperatures.
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currents of X60 steel increase with temperature from 50°C to 70°C. This
means that the number of adsorbed molecules decreases and the inhi-
bition efficiency of the Olibanum decreases. Despite this behaviour,
Olibanum exhibits satisfactory inhibition efficiencies even at higher
temperatures (87% at 70°C) (Table 6). The increase in inhibition effi-
ciency with increasing temperature can be explained by the solubility of
the inhibitor, which increases at higher temperatures.

3.7.2. Electrochemical impedance (EIS)

Nyquist plots of APISLX60 steel in uninhibited and inhibited acidic
solutions containing 0.5 M of sulfuric acid and Frankincence (4g/L) at
temperatures of 25°C, 40°C,50°C, 60°C and 70°C are given in Fig. 13a
and b, respectively.

Tables 7 and 8 lists the impedance parameters from the EIS method,
including the double-layer capacitance CPEq, charge transfer resistance
RP, and inhibition efficiency with and without inhibitor.

The analysis reveals that the Rp decreases while the CPEq) rises as the
temperature of the sulfuric acid medium rises; these findings indicate
the presence of metallic dissolution. The decrease in charge transfer
resistance is less in the inhibited medium, supporting the findings of the
potentiodynamic polarization curve.

3.7.3. Temperature and activation experiments

The thermodynamic parameters for the corrosion reaction, such as
activation energy (AEact), activation entropy (ASact), and activation
enthalpy (AHact) (Table 9) ,were evaluated using the Arrhenius equa-
tion (Eq. 5) and the transition state equation (Eq. 6).

To obtain these parameters, corrosion current densities were
measured from polarization curves across a temperature range of 298.15
to 343.15 K in a 0.5 M sulfuric acid solution, both without and with the
Olibanum inhibitor. The Arrhenius plots, showing the relationship be-
tween log (icorr) and the inverse of temperature, were used to calculate
the activation energies, revealing the influence of temperature and in-
hibitor concentration on the corrosion process (Fig. 14).

Absolute temperature in reciprocal terms:

E

(ol = 1084 = 5 303RT ®
While the transition state equation can be defined as:
RT AS act AH act
Icorr _mexp< R >exp(f RT ) (10)

Where T is the absolute temperature, R = 8.32mol~ . K~ ! is the
universal gas constant, h = 6.626x103%].s is Plank’s fundamental
constant, and N = 6.02214076 x 1023 is Avogadro’s number. The slope
represents (-Ea /R) and the intercept (Ln R/Nh + ASa /R).

If the activation energy (Ea) of a corrosive solution increases after the
addition of an inhibitor compared to an uninhibited solution, it signifies
that the inhibitor is effective in mitigating metal corrosion. From a
thermodynamic point of view, positive enthalpy changes (AH) reflect
the endothermic nature of the steel dissolution process, with an increase
in activation enthalpy (AH) corresponding to a decrease in metal
dissolution, which is confirmed by the enthalpy value obtained.
Furthermore, the high and negative entropy changes (AS) indicate a
decrease in disorder during the conversion of the reactants into an
activated iron molecular complex in solution.

In addition, the activation energy (Ea) without the inhibitor is
19.640 J/mol, while with the inhibitor it decreases slightly to 18.884 J/
mol. This small decrease is explained by the inhibitor formation of a
protective layer on the metal surface, suggesting a mechanism largely
associated with physical adsorption, as chemical adsorption generally
involves a more significant increase in Ea. The enthalpy of activation
(AHact) is 63.701 J/mol for the corrosive solution and 58.398 J/mol for
the inhibited solution. The activation entropy (ASact) is -187.949 J/K.
mol for the corrosive medium and -198.423 J/K.mol for the inhibited
solution. These negative values indicate a decrease in heterogeneity at
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the metal/solution interface, consistent with the formation of a more
ordered adsorbed layer. In more detail, the free energy of adsorption
(AGrads) derived from the Temkin isotherm is -24.191 kJ/mol. This
value falls within the range of -20 to -40 kJ/mol, which typically in-
dicates mixed adsorption behaviour. In conclusion, the adsorption pro-
cess in this system appears to be predominantly physical, characterised
by the formation of a protective surface layer, with possible contribu-
tions from weak chemical binding interactions [54-56].

4. Conclusion

This study demonstrates the effectiveness of Olibanum as a green
corrosion inhibitor for APISLX60 steel in 0.5M H2SOa. The key findings
are as follows:

e Olibanum significantly reduces corrosion, with an inhibition effi-

ciency of up to 84% at 4 g/L.

Gravimetric analysis, Tafel polarization,

impedance spectroscopy (EIS) confirm

properties.

e Adsorption on the steel surface follows the Temkin isotherm, indi-
cating a mixed physicochemical interaction.

e SEM-EDS analysis reveals the formation of a protective layer, sup-

porting its corrosion inhibition mechanism.

Temperature enhances Olibanum’s solubility, improving its inhibi-

tory effect.

e As a non-toxic and sustainable inhibitor, Olibanum is a promising
alternative for corrosion protection in acidic environments.

and electrochemical
its strong protective
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