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Corrosion inhibitionefficiency of the Myrrh Gum on API 5CTP110

tubing in hydrochloric acid
ABSTRACT

The corrosion inhibition properties of Myrrh Gum (MG) on APl 5CTP110 tubing in a 0.5 M HCI
solution were investigated using electrochemical techniques, including electrochemical impedance
spectroscopy and potentiodynamic polarization. The study demonstrated that MG exhibits
exceptional inhibitory performance, achieving an efficiency of 92% at an optimal concentration of 3
g/L. The analysis revealed that the adsorption of MG molecules onto the steel surface follows the
Langmuir isotherm model, indicating a process dominated by physical adsorption. Additionally,
MG acts as a mixed-type inhibitor, effectively mitigating both anodic and cathodic reactions. These
findings highlight the potential of Myrrh Gum as a cost-effective and environmentally friendly
corrosion inhibitor for industrial applications, particularly in acidic environments. The use of MG
aligns with sustainable practices, providing a viable alternative to traditional synthetic inhibitors
and contributing to the development of green corrosion prevention strategies.
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1. INTRODUCTION

Carbon steels play a pivotal role in the
petroleum industry, serving as the primary material
for constructing vital oil and gas pipelines that
facilitate exploration, extraction, and transportation
processes within petroleum fields[1, 2]. Despite
their widespread use driven by economic factors,
carbon steel pipelines may encounter corrosion
resistance challenges compared to alternative steel
types [3]. While carbon steel is cost-effective and
boasts  properties essential for industrial
applications, its susceptibility to corrosion in acidic
environments is notable [4].This vulnerability
becomes particularly significant during industrial
procedures such as acid descaling, oil well
acidification, and acid pickling, which often involve
handling mineral acids in elevated concentrations
[5], leading to substantial damage to the carbon
steel infrastructure.

Acidizing in petroleum oil wells is a critical
technique for enhancing oil production, involving
the injection of high-temperature acidic solutions
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into the wellbore to create channels in rock
formations, allowing for improved oil and gas flow.
This process also serves to dissolve debris within
ageing wells, restoring and maximizing productivity.
Various acids, including hydrofluoric acid (HF),
acetic acid (CHsCOOH), chloroacetic acid
(CICH3COOH), formic acid (HCOOH), and sulfamic
acid (H2NSOsH), are utilized in acidizing
treatments, with hydrochloric acid (HCI) being the
most commonly employed acid, typically ranging
from 5% to 28% concentration by weight. The
acidizing method exposes the carbon steel
pipelines of oil wells to a highly aggressive and
corrosive environment [6].

Corrosion control in oil wells typically relies on
four main methods: employing corrosion-resistant
materials, implementing cathodic protection,
applying coatings, and utilizing corrosion inhibitors.
Among these approaches, corrosion inhibitors are
particularly favoured for their practicality, cost-
effectiveness, and efficiency in safeguarding oil
wells against corrosion [7].

Inhibitors are added to the acid solution during
the acidizing process to reduce the aggressive
attack of the acid on oil wells. The effective
acidizing inhibitors that are usually found in
commercial formulations [1] are acetylenic alcohols
[8], alkenylphenones [9], aromatic aldehydes [10],
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nitrogen-containing  heterocyclics  [11], and
condensation products of carbonyls and amines
[12]. Although effective at elevated concentrations,
these inhibitors pose toxicity risks and are not
environmentally friendly[13]. Consequently, the
utilization of inorganic inhibitors is discouraged due
to their detrimental impacts on human health and
the environment [14]. In the 21st Century, the
exploration of "green" or environmentally friendly
corrosion inhibitors has become a focal point,
aiming to deploy cost-effective molecules with
minimal or zero environmental footprint. As of now,
numerous alternative eco-friendly organic and
inorganic inhibitors have been identified and
explored [15, 16].

In the present study, the researchers aimed to
investigate Myrrh Gum extract (MG) [17] as an eco-
friendly corrosion inhibitor [18] which possesses
several advantages such as low cost [19],
environmental safety, and high inhibition efficiency
[17].

2. EXPERIMENTAL

2.1. Material

The API 5CTP110 tubing served as the study's
working electrode. Every sample intended for use
in electrochemical tests was divided into squares of
3 x 3 x 1 cm. The supplier guaranteed the chemical
composition of the steel under study, which
included the following: C 0.24, Mn 1.37, Si 0.2, P
0.011, S 0.027, Cr 0.11, Ni 0.08, Mo 0.03, Al 0.01,
Cu 0.1 and the remaining Fe. Every working
electrode in contact with the electrolyte had a
surface area of 2.85 cm? Before every
examination, the surface was ready by a wet
polishing process using silicon carbide abrasive
sheets (grades 320 up to 800), followed by a
distiled water rinse, and lastly with acetone
degreasing.

2.2. Medium

Hydrochloric acid of analytical reagent grade
37% and distilled water were utilized to make the
electrolyte solutions (0.5 mol/L).

2.3. Inhibitor

Myrrh Gum is a solid substance extracted from
a small tree in the Commiphora genus. It is
commonly used to produce perfumes, incense, and
medicinal products due to its content of volatile oils,
alcohol-soluble resins, and water-soluble gums.
The primary natural components of Myrrh Gum are
L-arabinose, 4-methyl D-glucuronic acid, and D-
galactose acid, in a ratio of 1:3:4[20].Glucuronic
acid, which is one of its key constituents, contains
a carboxyl group (-COOH)[21, 22]attached to the
first carbon (C1l) in its structure, a defining
characteristic of wuronic acids.The molecular
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structure of glucuronic acid is presented in Fig.1
[23].
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Figure 1. Molecular structure of Glucuronicaci

2.4. Electrochemical Techniques

Potentiodynamic  polarization (PDP) and
electrochemical impedance spectroscopy (EIS)
were used to investigate the inhibitory impact of
Myrrh for APl 5CTP110 tubing in 0.5 mol/L M
hydrochloric acid at 20°C. The Para Caell
Electrochemical Cell Kit was used for all testing. It
was made to accommodate a working, reference
(Ag/AgCl), and counter (graphite) electrode. The
working electrode and the graphite counter
electrode were positioned in opposition to one
another. The Gamry Instruments Potentiostat/
Galvanostat/ZRA (Reference 3000) was linked to
the electrochemical cell. The Gamry system
incorporated specific software components, namely
the GamryEchem Analyst software for data
processing and the Gamry Instruments Framework
for hardware control. All  electrochemical
assessments of the API 5CTP110 tubing were
conducted in a 0.5 mol/L hydrochloric acid medium,
both in the absence (blank) and presence of the
inhibitor (Myrrh  Gum), following a 30 minutes
immersion at 20°C. Tafel curves were generated by
automatically varying the working electrode
potential within the range of -0.25 to +0.25 V
versus the open-circuit potential (OCP) at a scan
rate of 0.5 mV/s. The anodic (ba) and cathodic (bc)
Tafel slopes were extrapolated to determine the
corrosion current (lcorr). The inhibition efficiency
(npot) was computed using (Eg. 1)

Icorr —Icorr(inh)

x100
lcorr 1)

Where Icorr(inh)and Icorr denote the corrosion
current values in the presence and absence of the
inhibitor, respectively. Electrochemical impedance
spectroscopy (EIS) experiments were executed
under potentiostatic conditions spanning a
frequency spectrum from 20 kHz to 50 mHz, with a
10mV peak-to-peak amplitude. The inhibition
efficiency (neis) was determined by contrasting the
charge transfer resistance values in the presence
(Rt) and absence (Rf) of Myrrh Gum, according to
the following formula (Eq.2):

Rt — Rt
—X

Mol %=

77E|s% - 100

)
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Surface Study by Scanning Electron Microscopy
(SEM-EDX)

The surfaces of APl 5CTP110 tubing
specimens subjected to analysis included exposure
to 0.5 mol/L hydrochloric acid both in the absence
and presence of Myrrh Gum at 20°C. Utilizing the
TESCANVEGAS scanning electron microscope, we
obtained images through scanning electron
microscopy (SEM) and conducted energy-
dispersive X-ray spectroscopic analysis (EDX).

3. RESULTS AND DISCUSSION

3.1. FT-IR spectroscopic analysis of MG

From Fig.2, a broad peak recorded at 3358cm™
presented the stretching vibration of O—H (hydroxyl
105

group). An absorption band around 2926 cm~ was
attributed to asymmetric and symmetric stretching
vibrations of —-CH2- groups (-CH group). In
addition, the peak absorption recorded at 2103 cm~
! indicated the existence of stretching of carboxylic
groups[24]. The peaks at 1732 cm~ and 1633 cm™
characterizes the C=0 group and the C=C group
respectively (which confirmed the presence of both
ester and carboxyl groups). The peak located at
1424 cm™ is attributed to -COO- symmetric
stretching. The peak at 1370 cm™ signifies the -CN
group. Two peaks appeared 1235 cm™ and 1017
cm~? that are attributed to the vibration of the -CO

group.
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Figure 2. FTIR spectra of the Myrrh Gum (MG)

3.2. Inhibition effect of Myrrh Gum (MG)

Impedance measurements

Impedance tests were conducted to understand
the properties and dynamics of the electrochemical
reactions at the interface between APl 5CTP110
tubing and HCI, both with and without MG. Fig.3
shows the Nyquist, Bode modulus, and Bode
phase diagrams from the EIS data gathered during
the corrosion of API 5CTP110 tubing in a 0.5 M
HCI solution, considering both scenarios where MG
is absent and present in varying concentrations.

The Nyquist plot (Fig.3.a) reveals depressed
semicircles in both scenarios, with and without MG,
indicating that the corrosion reactions are
dominated by charge transfer processes[25, 26].
Regardless of the presence of MG, all Nyquist plots
maintain a similar configuration featuring a single
capacitive loop, pointing to the geometric blocking
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effect as MG's mode of inhibition[27]. An increase
in the diameter of the Nyquist plots with rising MG
concentrations shows MG's effectiveness in
reducing the corrosion of APl 5CTP110 tubing.
However, careful estimation of the Rt (charge
transfer resistance) is necessary as the centers of
these depressed semicircles are positioned below
Zi = 0. The consistent shape of the Nyquist plots,
whether MG is present or not, indicates that the
inhibitor does not alter the dissolution mechanism
of the steel but significantly affects the electrical
properties of the double layer. Using the
Impedance Model Editor from GamryEchem
Analyst, an attempt was made to fit these results
with an equivalent circuit model (Fig.4). The circuit
consists of the solution resistance Rs, the constant
phase element that represents the double-layer
capacitance (CPE), and the charge transfer
resistance Rt. The corresponding EIS data derived
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APl 5CTP110 tubing immersed in 05 M

from this equivalent circuit model are displayed in
hydrochloric acid solution with 3.00 g/L of MG.

Tablel. Also, Fig.4 presents both the simulated
and experimentally derived impedance curve for
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Figure 3. EIS plots for API 5CTP110 tubing in 0.5 M HCI medium without and with different concentrations
of MG at 20°C, (a) Nyquist, (b) Bode modulus and Bode phase angle representations

Tablel.EIS parameters for APl 5CTP110 tubing in 0.5 M HCI without and with different concentrations of

MG at 20°C
System/concentration Rs, (Q cm?) Yo, (MQ S" cm?) n Rt, (Qcm?) | Cdl, (uF cm?) | nes%
Blank 27 686 0.90 020.25 423 -

0.10g/L 25 752 0.88 023.15 421 12
0.50 g/L 24 454 0.87 060.54 265 66
1.00 g/L 22 342 0.86 128.8 204 84
2.00 g/L 24 292 0.87 157.5 170 87
3.00 g/L 22 214 0.90 250.1 154 92
5.00 g/L 22 225 0.87 317.8 152 93
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Figure 4.Nyquist plot of simulated data and experimental data, together with the equivalent circuit used to
fit the impedance data, recorded for API 5CTP110 tubing in 0.5 M HCI containing 3 g/L MG

As the concentration of MG increased, there
was a notable rise in the charge transfer resistance
(Rt) of API 5CTP110 tubing. Specifically, the Rt
value increased from 20.25Qcm2 without MG to
250.1 Q cm2 at a MG concentration of 3.00 g/L. It
is important to note that at this concentration of
3.00 g/L, the Rt value reached a plateau and
showed little further change. At a MG concentration
of 3.00 g/L, the neis exceeded 92%, demonstrating
MG's efficacy as a corrosion inhibitor for API
5CTP110 tubing in an HCI solution. For more
accurate fitting results, constant phase elements
(CPE) were utilized in place of capacitors. The
impedance of the CPE depends on the frequency,
but its phase angle remains constant across
frequencies (Eq.3)[28].

-n

ZcpPE =Y0_l(jw)
3)
Here, ZcPE denotes the impedance of a CPE,
Yo is a scale factor indicative of the combined
characteristics of the surface and electroactive
species, independent of frequency, j represents the
imaginary unit, w is the angular frequency, and w
equals 2mf, where f is the frequency. The
parameter n represents a phase shift and relates to
the slope of the log |Z| versus log f curve, typically
ranging from 0.5 to 1. Eq.4 was used to compute

the double layer capacitance Cdi[29].

Ca=Y, (Zﬂfmax)n_l @
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In this equation, fmax is the frequency at which
the imaginary component of the impedance is at its
maximum. Conversely, an increase in inhibition
effectiveness is associated with a reduction in the
metal’'s capacitance, as evidenced by the marked
decrease in Cd values from 423 pyFcm2 in the
solution without MG to 152 yFcm™ in the solution
containing the highest MG concentration (3.00 g/L)
at a temperature of 20°C.

3.3. Potentiodynamic polarization measurements

Fig.5 depicts the outcomes of potentiodynamic
polarization tests conducted at 20°C on the surface
of APl 5CTP110 tubing in 0.5MHCI solutions, both
with and without various concentrations of MG. The
summarized results in Table2 include parameters
such as corrosion current density, corrosion
potential, anodic Tafel slope, and cathodicTafel
slope, with the inhibition efficiency of MG
calculated using Eqg.1.Analysis of Fig.5 reveals a
decrease in both cathodic and anodic current
densities with increasing concentrations of MG,
while the corrosion potential (Ecorr) remains
unchanged, suggesting that MG acts as a mixed
inhibitor[30].Further analysis of Fig.5 shows that
the cathodic branches in both inhibited and
uninhibited solutions of APl 5CTP110 tubing
display parallel Tafel lines, indicating that the
corrosion reaction mechanism remains consistent
and is governed by charge transfer processes,
including hydrogen evolution and reduction of H*
ions. However, the data in Table2 also shows a
significant reduction in Icorr values as MG
concentration increases, attributing to decreased
hydrogen evolution and steel dissolution in the
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cathodic and anodic reactions, respectively, due to
the inhibitor[31]. The effectiveness of an inhibitor in
reducing corrosion can be influenced by two
mechanisms: reducing the available reaction
surface through geometric blocking and altering the
activation energy of redox reactions. It is difficult to
ascertain which mechanism predominates. If the
geometric blocking effect is more significant, there
would be no notable change in Ecorr after adding

the inhibitor. The lack of substantial variation in
Ecorr supports the dominance of the geometric
blocking effect over activation energy
changes[32].As the concentration of MG increases,
the efficacy of the inhibitor peaks at 91% at 3.00
g/L, as shown in Table2, demonstrating a strong
correlation between the data from EIS and
potentiodynamic polarization tests.
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Figure 5.Potentiodynamic polarization curves for APl 5CTP110 tubing in 0.5 M HCI without and with
different concentrations of MG at 20°C

Table 2.Potentiodynamic polarization parameters for APl 5CTP110 tubing in 0.5 M HCI without and with

different concentrations of MG at 20°C

System/Concentration Ecorr, (mV) Icorr, (MA) - bc, (mV dec?) Ba,(mV dec?) Npol, %
Blank -426 948 142 101 -

0.10 g/L -419 844 141 99 71
0.50 g/L -407 367 127 75 617
1.00 g/L -390 190 129 70 80
2.00g/L -400 144 124 75 84
3.00 g/L -396 87 116 64 91
5.00 g/L -389 71 116 68 92

3.4. Adsorption isotherm and standard free energy c _ 1 ‘C

of adsorption 0 Kads )

The present study assessed various adsorption
isotherms and identified the Langmuir adsorption
isotherm as the most appropriate model to describe
the adsorption behaviour of the investigated
inhibitor, as depicted in Fig.6. This isotherm
establishes a relationship between the surface
coverage (0 = nes%/100) and the inhibitor
concentration (C) in the electrolyte[33].
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The adsorption process is characterized by the
adsorption constant Kads, which can be derived
from the linear plots of C/6 against C, yielding
slopes close to unity. Additionally, the standard free
energy of adsorptionAG;ds is calculated using

Kads through Eq.6 [33, 34].
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AG., =-RT In(1x10°Kads) ©

where 1 x 10° represents the concentration of
water molecules in mg/L, R is the universal gas
constant, and T is the absolute temperature. The
values of AGagsand Kads are presented in Table3.
The value of Kads serves as an indicator of the
strength of the adsorption forces between the
inhibitor molecules and the metal surface[28].

Table 3. Langmuir adsorption isotherm parameters
for APl 5CTP110 tubing in 0.5 M HCI
solution containing MG at 20°C

Linear °
Is%tgstrem correlation | Slope lajdj A Gads
coefficient 9 (kJmol™)
Langmuir 0.99673 0.98592 | 2.7993 -19.67

In general, if the AG,, value is up to -20
kJ/mol, it indicates physical adsorption between
charged molecules and a charged metal due to
electrostatic interaction. On the other hand, if the
AG,, value is below -40 kJ/mol, it shows

chemisorption, which involves charge sharing or
transfers from the inhibitor to the metal surface to

3.5. Surface analysis by SEM-EDX

Fig.6 presents microscope images and
corresponding chemical analysis for the polished
metal surfaces, both with and without the inhibitor
(MG), to demonstrate the effectiveness of MG as
confirmed by EIS and polarization curve methods.
When the pipeline steel was immersed in 0.5 M
HCI, a corrosion product formed on its surface, as
shown in Fig.6.a, due to the ongoing corrosion
process. In contrast, the microscopy image of the
specimen treated with the inhibitor (Fig.7.b) shows
no visible corrosion product.

To identify the surface components of API
5CTP110 tubing after 72 hours of exposure to 0.5
M HCI, Energy Dispersive X-ray Spectroscopy
(EDX) analysis was performed (Table4). In the
absence of the inhibitor, the EDX spectra revealed
prominent peaks for oxygen and chloride elements.
However, for the API 5CTP110tubing exposed to
0.5 M HCI containing 3 g/L of MG, the spectra
indicated a reduction in the oxygen and chloride
ratios, likely due to the adsorption of MG on the
tubing surface.

Table 4.Content of elements obtained from EDX
spectra for API 5CTP110 tubing

form a coordinate bond[35].In this investigation, the Weight %
value of AG;dsis 9.99 kJ/mol demonstrating that Element | Steel + 0.5 M Steel + 0.5 M HCI + 3
the adsorption of MG on APl 5CTP110 tubing HCI g/L GM
surface includes physical adsorption. This Iron 77.17 90.78
conclusion is supported by similar findings from the Oxygen 16.14 6.41
study of Ebenso et all.[36]. Chlorine 6.69 281
8
Equation y=a+bx
Weight No Weighting
Residual Sum 0,10766 n
of Squares
5 —{ |Pearson's r 099673
Adj. R-Square 099183
B Slope 0,98592 0,03929
4 -
&)
=~ .
23
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@)
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Figure 6.Langmuir isotherm adsorption mode of MG on the API 5CTP110 tubing in 0.5 M HCI at 20°C
(from EIS measurements).
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Figure 7.SEM images of API 5CTP110 tubing in 0.5 M HCI at 20°C before and after 72 h immersion: (a) in
0.5 M HCl without and (b) in 0.5 M HCI with 2 g/L MG

3.6. Mechanism of Corrosion Inhibition

Dominant component of MG is polysaccharides
with a carboxyl functional group (glucuronic
acid)[20]. The free energy of adsorption of MG is —
19.67 kJ mol/L, which indicates that the adsorption
mechanism of the MG on APl 5CTP110 steel
surface is a physical absorption. Glucuronic acid
molecules can be adsorbed on the steel surface via
electrostatic interaction between the protonated
glucuronic acid molecules and the charged metal
surface. The API 5CTP110 steel surface has a
positive charge in the hydrochloric acid[37], so due
to the electrostatic repulsion, the protonated
glucuronic acid molecules cannot get close to the
steel surface. Since the anions of CI- could be
specifically adsorbed on the APl 5CTP110 steel
surface, the latter becomes negatively charged and
therefore increases the tendency of adsorption of
the protonated glucuronic acid chains on API
5CTP110 steel surface by electrostatic interaction
(physisorption).

4. CONCLUSIONS

This study on the corrosion inhibition properties
of Myrrh Gum (MG) for APl 5CTP110 tubing in
hydrochloric acid (HCI) solution vyielded the
following key findings:

MG is an effective inhibitor for APl 5CTP110
tubing in 0.5 M HCI, with inhibition efficiency
increasing with concentration and reaching a
maximum of 92% at 3 g/L.
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The adsorption behaviour of MG on the tubing
surface aligns with the Langmuir adsorption
isotherm.

The calculated AG,,

adsorption of MG on the steel surface occurs
predominantly  through  physical adsorption
mechanisms.

Potentiostatic polarization data indicate that
MG functions as a mixed-type inhibitor, affecting
both anodic and cathodic reactions.

Electrochemical impedance spectroscopy (EIS)
and polarization studies suggest that the inhibition
mechanism of MG primarily involves a geometric
blocking effect, reducing the active surface area
exposed to the corrosive medium.

o

value confirms that the
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EFIKASNOST INHIBITORA KOROZIJE GUME MIRTE NA CEVIMA API 5CTP110 U

HLOROVODONICNOJ KISELINI

Ispitivana su svojstva inhibicije korozije gume mirte (MG) na cevima APl 5CTP110 u rastvoru HCI
od 0,5 M. Studija je pokazala da MG pokazuje izuzetne inhibitorne performanse, postiZuci
efikasnost od 92% pri optimalnoj koncentraciji od 3 g/L. Analiza je otkrila da adsorpcija molekula
MG na povrSinu Celika prati model Langmirove izoterme, Sto ukazuje na proces kojim dominira
fizicka adsorpcija. Pored toga, MG deluje kao inhibitor meSovitog tipa, efikasno ublaZavajuci i
anodne i katodne reakcije. Ovi nalazi isticu potencijal gume mirte kao isplativog i ekoloSki
prihvatljivog inhibitora korozije za industrijske primene, posebno u kiselim sredinama. Upotreba
MG je u skladu sa odrzivim praksama, pruZajuci odrZivu alternativu tradicionalnim sintetickim
inhibitorima i doprinoseci razvoju zelenih strategija za spreCavanje korozije.

Kljucne reci: Ekoloski inhibitor korozije, APl 5CTP110 cevi, guma mirte, hlorovodonicna kiselina,

EIS
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