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ABSTRACT

The decarbonization of European industry will require large-scale underground CO: storage. To ensure the long-
term safety of storage sites, it is essential to maintain the integrity of both the geological formation and the
surface infrastructure. A critical component exposed to elevated risk are production pipelines and tubing, which
operate under highly corrosive conditions — typically involving CO2-saturated brine at elevated temperatures con-
stitute critical components exposed to elevated risk. To mitigate corrosion, chemical inhibitors are commonly in-
jected into the system. In line with sustainability goals, the use of environmentally friendly, or “green,” corrosion
inhibitors is recommended. Among many green inhibitors, citrus extracts are particularly popular. In this study,
the effect of an alcoholic extract from mandarin peels on the surface of N60 steel was investigated in a 3.5% NaCl
environment saturated with CO: at 60 °C. Infrared spectroscopy (IR) was used to identify active compounds in
the extract and assess the chemical interactions between the steel and the brine, while surface morphology was
evaluated using scanning electron microscopy (SEM). The results showed that the inhibitor remained present on
the steel surface even at elevated temperatures, whereas the steel surface exhibited less degradation and was more
homogeneous. The elemental composition of steel determined by SEM-EDS confirms the presence of a protec-
tive layer: the Fe content increases from 66.66% (sample without inhibitor) to 82.50% (with inhibitor), which
indicates that the Fe dissolution rate decreases in the presence of the inhibitor.

Keywords: corrosion, inhibitor, CO,-saturated brine, mandarin peel extract.

INTRODUCTION

In the face of a deepening climate crisis, the
European Union is pursuing an increasingly ambi-
tious climate policy aimed at reducing greenhouse
gas emissions and achieving climate neutrality
by 2050 (Bouckaert et al., 2021). A key instru-
ment of this strategy is the EU Emissions Trad-
ing System (EU ETS), the importance of which
continues to grow alongside the tightening of en-
vironmental standards. In recent years, a dynamic
increase in carbon emission allowance prices has
been witnessed, which carries significant conse-
quences for both industry and consumers (Wu,
2025). Emission allowance prices have become
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not only an indicator of climate policy but also a
major economic factor, influencing energy costs,
production expenses, and the competitiveness of
the European economy. The EU ETS has proven
to be an effective tool in reducing GHG emis-
sions — between 2005 and 2022, it contributed to
a 42.8% decrease in CO: emissions (Klimko and
Hasprova, 2025). However, it also raises signifi-
cant concerns in certain sectors of the economy,
particularly regarding rising operational costs and
the potential relocation of business activities to
countries with less stringent environmental regu-
lations (Btazejowska et al., 2024; Vaca-Cabrero
et al., 2024). Companies are adopting various
decarbonization strategies in response to climate
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policies and stakeholder expectations. These in-
clude improving energy efficiency, switching to
renewable energy sources and renewable fuels
(Litvak and Litvak, 2020; Lukomska et al., 2024),
electrifying industrial processes (Masuku et al.,
2024), development of hydrogen economy (Stob-
nicki and Gallas, 2022), redesigning products and
supply chains. In the sectors where emissions are
unavoidable, such as in gas-fired power plants,
the implementation of carbon capture and stor-
age (CCS) technology is essential. The Net-Zero
Industry Act sets a minimum target of 50 million
tonnes of CO: injection capacity per year by 2030
in Europe (Talus and Maddahi, 2024) and now
every European country is carefully assessing its
CO, storage capacity. The available options for
underground CO: storage include deep saline
aquifers, depleted oil and gas reservoirs, and un-
mineable coal seams (Bashir et al., 2024). Poland,
the third-largest greenhouse gas emitter in the EU,
releases around 380 Mt CO: annually, making
CCS a particularly cost-effective mitigation op-
tion (Climate Action Progress Report 2023, 2023;
Kopacz et al., 2024). With an estimated storage
capacity of about 15 Gt in saline aquifers and de-
pleted reservoirs (Dziadzio, 2023) — Poland could
theoretically store several centuries’ worth of its
industrial CO- emissions. Croatia is actively pur-
suing a strategy to become a leader in CCS within
the Adriatic region with the storage potential of
about 4 Gt (Safti¢ et al., 2024; Vulin et al., 2023).

CCS raises concerns regarding the safety and
integrity of storage sites (Shuter et al., 2011), espe-
cially considering the demanding operating condi-
tions: elevated temperatures of around 60°C, high
pressures reaching several tens of MPa, and signif-
icant water salinity. Table 1 presents the operating
conditions of typical CO: storage sites.

Such conditions promote the corrosive deg-
radation of casing pipes and cement. Carbon di-
oxide, when dissolved in water, forms carbonic
acid, H2COs (Al-Janabi, 2020). The general reac-
tion equation with iron can be written as:

Fe + 2H,CO; — Fe?* +
+2HCO3 + H, (1

The mechanism of anodic dissolution de-
pends on the pH value and is typically written as:

Fe — Fe?" + 2e~ ()

The cathodic process involves the direct re-
duction of bicarbonate ions and oxygen:

2HCO3 + 2e~ — 2C0%3~ + H, 3)

0, + 2H,0 + 4e~ - 40H"™ 4)

The solubility of carbon dioxide in wa-
ter generally follows Henry’s law: the high-
er the pressure in the system, the greater the
solubility of CO.. Temperature has an even
more significant effect on the process - its de-
crease leads to an increase in gas solubility.
The influence of these parameters on the corro-
sion rate is described by equation:

logR =7.96 2320
0gR=796 — ————=—
T+ 273
2L | 0671 v

where: R — the corrosion rate (mm/yr), 7 — tem-
perature (°C), p_, — the partial pressure of
CO,.

The corrosion rate in carbonate solutions is
accelerated by the presence of dissolved HaS.
At low concentrations of hydrogen sulfide, a
protective sulfide layer may form; however, its
overall presence lowers the pH of the environ-
ment, which in turn accelerates anodic reactions.
On the basis of the partial pressures of CO. and
H-S in the system, corrosion severity classes have
been established for oil and gas wells (Stachow-
icz, 2010) (Table 2).

To mitigate corrosion, it is necessary to reg-
ularly inject corrosion inhibitors, especially in
the cases where processes like EOR-WAG (En-
hanced Oil Recovery — Water-Alternating-Gas)
are implemented, involving the alternating injec-
tion of CO: and water into the reservoir. To re-
duce the use of chemicals (usually amines, im-
idazolines and Schiff bases), there is a growing
trend toward the application of green corrosion
inhibitors (Shang and Zhu, 2021). So far, various
naturally derived substances, usually oils and ex-
tracts obtained from agro-industrial waste, have
been tested as corrosion inhibitors including cof-
fee bagasse oil (Gomez-Guzman et al., 2019),
dandelion-root extract (Zbulj et al., 2022), passion
fruit seed oil microemulsion (Souza et al., 2020),
olive leaf extract (Pustaj et al., 2016), citrus peels
extracts (Zhang and Zhao, 2018), extracts from
pomegranate, lemon balm leaves, grape pom-
ace, burdock root and liquorice root (Zbulj et al.,
2021). Among the tested inhibitors, citrus extracts
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Table 1. Water chemistry in typical CCS projects (Ivanowa, 2013; Prinet et al., 2013; Weijermars, 2024;

Zhang et al., 2022)

CCS project Water type Totsac:“ddi:sgll\lied Reservc')\i/lrpzessure, ten}?r?:rzx?g, c Depth, m
Sleipner, Norway NaCl 35 10 32 800-1000
Rousse (Lacq), France NaCl 2-40 currently about 9 up to 150 4500
Gorgon, Australia NaCl 10-35 up to 20 70 about 2000
Ketzin, Germany NaCl 200 6-7 34-38 620-650

Table 2. Effect of partial pressures of CO, and H,S on
corrosion rate

Expected Conditions

corrosion rate pH,S[MPa] pCO,[MPa]
Very high >25

v 20.2
High <25
Medium >25

<0.2

Below average <25
Low Other

(oranges, tangerines, lemons) deserve special at-
tention, as these fruits are widely cultivated and
easily accessible worldwide. Citrus peels con-
tain pectin, alkaloids, monoterpenes, carotenoids
(B-cryptoxanthin and lutein), hesperidin, poly-
phenols, and vitamin C (Sanli et al., 2025) and
most heterocyclic compounds with lone pairs
of electrons on sulfur (S), nitrogen (N), as well
as oxygen (O) atoms have a tendency to adsorb
onto and interact with metal surfaces. Numerous
electrochemical and gravimetric studies confirm
the effectiveness of citrus extracts. The study by
Zhang and Zhao (2018) shows that an orange
peel extract exhibits high inhibition efficiencies
of 97.6% and 73.1% at a concentration of 1000
mg/L in CO2 and CO2/H:S brine solutions, re-
spectively. The work of (Elazabawy et al., 2023)
reported that an orange peel extract functions as
a mixed-type corrosion inhibitor for carbon steel
in real formation water, with a recorded inhibition
rate of 90.13% at a dosage of 2.5% and ambient
temperature (25 °C). Wang et al. (2017) studied
the inhibition properties of tangerine peel extract
on J55 steel in CO,-saturated 3.5 wt. % NaCl so-
lution. Their electrochemical measurements show
that the extract at a concentration of 4% vol. has
the inhibition efficiency of about 83%, but it de-
creases with temperature.

Although electrochemical and gravimet-
ric measurements provide a good quantitative
description of corrosion, an in-depth surface
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analysis is necessary to explain the mechanism of
the process. In this study, attention was focused
on the surface aspects, specifically a detailed ex-
amination of the composition and morphology of
steel surfaces corroded in CO:-saturated brine in
the presence of mandarin peel extract. Detailed
SEM-EDS analyses enabled the identification of
corrosion products and confirmed the good ad-
sorption properties of the active components of
the extract on the steel surface.

MATERIAL AND METHODS

Materials

Mandarins were purchased at a local market
in Zagreb. The fruit pulp was mechanically sepa-
rated from the peels, which were then dried at 40
°C for seven days. The dried peels were ground
using a blender and sieved through a 0.1 mm
mesh. The resulting powder was extracted with
ethanol under the following conditions: 10 g of
powder per 50 mL of ethanol at 40 °C in an ultra-
sonic bath. The mixture was filtered using a paper
filter, and the obtained extract was used in subse-
quent experiments as a corrosion inhibitor.

A synthetic brine was used as the corrosive
medium, prepared by dissolving 30.0 g of NaCl,
0.1 g of NaHCOs, and 0.1 g of CaCOs in 1 L of
distilled water. During the corrosion tests, the
brine was saturated with CO: gas (99.5% purity)
supplied by Air Liquide.

Methods

A steel sample, circular in cross section, with
an area of 1 ¢m? made of N8O steel, was thor-
oughly polished with sandpaper, washed with
distilled water and degreased with ethanol. It was
then placed in a closed glass container filled with
brine (or brine containing 1 wt.% mandarin peel
extract), saturated with CO- at a constant gas flow
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rate of approximately 100 mL/min, and main-
tained for 24 hours at 60 °C. After exposure to the
corrosive medium, the plate was rinsed several
times with distilled water and dried in an oven for
30 minutes at 40 °C temperature. The total dura-
tion of corrosion testing is typically determined
based on the specific objectives of the study, the
nature of the tested material, the applied method-
ology, and the evaluation criteria for corrosion-re-
lated changes. In the literature, different research-
ers adopt various exposure times, including 24,
72, 96, 240, 480, and 720 hours, depending on
the context and aims of their investigations (Sur-
owska, 2002). For example, Okafor et al. (2010)
examined the surface morphology of N8O car-
bon steel specimens immersed in CO:-saturated
3% NaCl solutions containing imidazoline-based
inhibitors after just 2 hours of exposure. Zhang
and Zhao (2018) on the other hand, tested the ef-
fectiveness of orange peel extract at 60 °C for 24
hours, while Wang et al. (2017) investigated a
gemini corrosion inhibitor on N8O steel at 70 °C
for 72 hours. Since there is no universally accept-
ed testing methodology, a standard exposure time
of 24 hours was selected in the conducted study.
The functional groups present in the extracts
were identified using Fourier transform infrared
(FTIR) spectroscopy with an Avatar 360 FT-IR
spectrometer (Thermo Nicolet, Thermo Fisher
Scientific, Waltham, MA, USA). Spectra were
acquired in transmission mode using KBr pel-
lets in the range of 500—4000 cm™'. The chemi-
cal composition of the products deposited on the
surface of steel plates after 24 hours of exposure
to the corrosive medium (with and without the
corrosion inhibitor) was evaluated based on the
IR spectra recorded using a Nicolet iS5 FTIR

& D
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Transmitance, %
[\®]
S
1
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spectrometer equipped with an iD7 attenuated
total reflection (ATR) accessory (Thermo Fisher
Scientific, Waltham, MA, USA). All measure-
ments were performed in triplicate, with 32
scans per spectrum.

The surface morphology of steel samples
was evaluated with Apreo 2S low vac high-reso-
lution scanning electron microscope from Ther-
moFisher Scientific (Waltham, MA, USA) oper-
ating at the accelerating voltage of 15 kV with
the ETD detector. The elemental composition of
surface deposits was assessed with the Octane
Elite EDX detector operated with APEX™ Ad-
vanced 2022 software.

RESULTS AND DISCUSSION

IR spectra of pure mandarin peel extract and
steel surface after corrosion tests

From the point of view of corrosion inhibition
it is important to identify the functional groups
able to interact with the steel surface and form a
protective layer. Figure 1 shows the IR spectra of
the ethanolic extracts from mandarin peels. The
IR spectrum of mandarin peel extract is typical
for all citrus-based extracts. All major absorption
bands were identified in Table 3.

IR spectra provide an insight into the surface
chemistry during the corrosion process. Figure 2
shows the IR spectra of the N80 carbon steel sur-
face after 24 h of exposure to brine solution satu-
rated with CO, in the presence and absence of the
inhibitor at 60 °C.

The spectra of pure steel surface is smooth,
without any strong absorption bands. The

4000 3500 3000

2500

2000 1500 1000 500

Wavelength, cm!

Figure 1. IR spectra of the extract obtained from mandarin peels dried at 40 °C
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Table 3. Characteristic absorption bands in the IR spectra of the mandarin peel extract (Elazabawy et al., 2023;
Palumbo et al., 2019)

Wavelength, cm- Assignment
3600-3200 O-H stretching (carbohydrates, alcohols, phenols and water)
2915 C—H stretching (aliphatic chains (-CH,— and —CH,))
1730 C=0 (carbonyl group in ketones and esters)
1640 C=C (alkenes and aromatic rings)
1517 —NH- (imino group)
1440 C-H bending (aliphatic chains)
1370 C—-H rocking (in methyl group)
1270 C-O stretching in carboxylic acids
1143, 1050, 1015 symmetrical and asymmetrical ring breathing vibrations of C-C-O and C-O-C
912, 837,772 associated with the glucoside (1-4) linkage and the (1-6) linkage
90 -
—pure steel ——with inhibitor
85 A
X
g
§ 80 A
g
[=|
S
=75 1
70 1 1 L 1 1 J
4000 3500 3000 2500 2000 1500 1000 500

Wavelength, cm’!

Figure 2. IR spectra of the N80 carbon steel surface after 24 h of exposure to brine solution saturated with CO,
in the presence and absence of the inhibitor at 60 °C

metal-oxygen bond peaks related to the cor-
rosion products appear usually in the range of
800-400 cm! (Pasieczna-Patkowska et al.,
2025) and are not strong. The IR spectra of the
steel surface after 24 h of exposure to brine so-
lution saturated with CO, in the presence of the
inhibitor confirms the presence of organic func-
tional groups on the steel surface. What is more,
these are quite intense bands, which indicates
that even at elevated temperatures the organics
are permanently bound to the metal surface. The
visible peaks at 2918 and 2850 are a result of
C-H stretching and any hydrocarbon chains are
beneficial for corrosion inhibition. Although the
carbon skeleton itself does not react with steel,
it acts as a protective shield. The absorption
bands characteristic of oxygen-based organic
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compounds in the range of 1700-1100 cm™' sug-
gest interactions between the steel surface and
lone electron pairs on oxygen atoms.

Surface morphology

The surface morphologies of the steel sam-
ples immersed in CO:-saturated brine, with and
without of 1 vol.% mandarin peel extract, at 60 °C
after 24 h of exposure to tested electrolytes are
shown in Figure 3. The SEM images of pure steel
(Figure 3a—b) reveal a specimen with a smooth
surface morphology. No visible inclusions are de-
tected. However, numerous linear scratches can
be observed across the surface, which are attrib-
uted to the mechanical polishing process. These
polishing marks are randomly oriented and vary
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Figure 3. SEM micrograph for the N80 steel coupon a-b) before experiments, c-d) after corrosion test in brine at
60 °C, e-f) after corrosion test in brine with 1 % vol. of the MP extract at 60 °C

in length and intensity, confirming that the sur- significant surface degradation (Figure 3c—d).
face was prepared prior to further analysis. At low magnification (Figure 3d), the surface

The SEM image of the steel surface exposed  appears highly heterogeneous, characterized by
to COq-saturated brine without inhibitor reveals clusters of dark patches randomly distributed
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across the sample. Higher magnification (Figure
3c) reveals a severely damaged surface with an
irregular and rough morphology. Numerous deep
grooves and cracks are visible, along with sharp,
bushy corrosion products lacking a distinct crys-
talline structure. These features indicate intensive
localized corrosion and surface breakdown due
to the absence of protective inhibitor action. The
steel surface in the presence of the corrosion in-
hibitor (Figure 3 e-f) exhibits a relatively smooth
and protected morphology. Although some de-
pressions are visible, they are wide and shallow,
corresponding to polishing scratches rather than
corrosion pits. The surface appears mostly uni-
form, with local irregularities that may indicate
the adsorption or accumulation of inhibitor mol-
ecules on the steel substrate.

N8O steel is one of the most commonly used
types of steel in the oil industry. Since casing and
production pipes operate under extreme condi-
tions — such as brines, acid gases, and high pres-
sures and temperatures — their corrosion resis-
tance has been extensively tested. The reported
corrosion rate determined from weight loss mea-
surements in CO:-saturated brine at atmospheric
pressure and 60 °C was 0.076 mm/year, and it be-
gan to increase with rising temperature, exceed-
ing 0.22 mm/year at 95 °C (Ma and Gu, 2024). A
further increase in temperature (and consequently
pressure up to 0.2 MPa in the test setup) within
the range of 110 to 160 °C resulted in a rapid
escalation of the corrosion rate from approxi-
mately 0.25 to 0.85 mm/year. Adding a tangerine
(mandarin) peel extract to CO--saturated brine at

inhibitor concentrations ranging from 100 to 800
mg/L reduces the corrosion rate by 47.1-86.4%
(Wang et al., 2017). The efficiency of the MP
extract is slightly better than that of other green
inhibitors and comparable to some commercial
products, as illustrated in Table 4.

Surface elemental composition

The elemental composition at the locations
marked with colored dots in Figure 3b, d, and f
was determined using the SEM-EDS method. The
obtained spectra are shown in Figure 4 a-b and
results are summarized in Table 5.

The EDS spectrum of steel after corrosion
tests without inhibitor shows more peaks and a
greater variety of elements exposed on the sur-
face, indicating a heterogeneous composition of
corrosion products. In contrast, the spectrum of
the steel coated with a corrosion inhibitor re-
veals mainly iron peaks — high Fe content on
the steel surface means that the metal remains
largely undissolved.

The points for SEM-EDS analysis, marked
with colored dots in Figure 3b, d, and f, were se-
lected from different regions of the sample (both
bright and dark areas) to evaluate the degree of
surface heterogeneity. A comparison of the el-
emental composition measured at spots 2 and 3
for steel without corrosion inhibitor reveals sig-
nificant differences — the carbon content is 3.44%
and 19.12%, respectively — indicating a non-
uniform distribution of corrosion products on
the surface. The average carbon content on steel

Table 4. Comparison of the efficiency of selected green and commercial corrosion inhibitors for N80 steel

in CO:-saturated brine

Corrosion inhibitor Experimental details Inh'b'tlono Reference
efficiency, %

Tangerine (mandarin) peel extract | At optimal concentration of 600 mg/L 86.9 (Wang et al., 2017)
At concentration of 500 mg/L and 45 °C in CO,-

Guar gum saturated 0.5 M KClI, obtained from weight loss 40.74 (Palumbo et al., 2019)
measurements

. 300 ppm of extract, obtained from polarization .

Olive leaf extract method, at 65 °C 90.1 (Pustaj et al., 2017)

Pomelo peel extract 400 mg/L, at 60 °C 75 (Sun et al., 2017)

B-N-butyl amino propionic acid With 100 ppm of inhibitor at 60 °C 93.90% (Wang et al., 2024)

Furfuryl mercaptan (food flavor) With 10 ppm of inhibitor at 60 °C 96.9 (Wang et al., 2023)

Difurfuryl disulfide (food flavor) With 10 ppm of inhibitor at 60 °C 99.1 (Wang et al., 2023)

Imidazoline-based salt At 25 °C, inhibitor concentration of 400 mg/L., 93.8 (Okafor et al., 2010)
using polarization method

Mannich base (MBT) At 70 °C and 400 mg/L of MBT 90.4 (Tang et al., 2019)

CX-1 Chinese commercial product | With 60 ppm of inhibitor at 80 °C ca. 67 (Ma and Gu, 2024)
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Figure 4. EDS spectra of corrosion products on the
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N8O steel sample a) without corrosion inhibitor,

b) in the presence of the mandarin peel extract

Table 5. Elemental composition of corrosion products

Elemental composition by weight, %
Element After corrosion at 60 °C without the MP extract After corrosion at 60 °C with the MP extract
Spot 1 Spot 2 Spot 3 Spot 1 Spot 2 Spot 3
Fe 53.04 78.94 67.99 81.94 78.22 87.34
C 8.16 3.44 19.12 13.73 15.92 7.48
o} 34.58 11.39 9.79 2.61 3.6 3.24
Si 1.76 1.03 0.46 0.16 0.18 0.33
Cr 0.45 0.98 0.51 0.28 0.23 0.23
Mn 1.02 2.58 1.88 1.23 1.08 1.23
Mo 0.85 0.01 0.13 0.06 0.07 0.16
Cl 0.04 0.01 0.04 nd nd nd
Others 0.1 1.62 0.08 0 0.69 0

without and with the inhibitor is 10.24% and
12.38%, respectively, which confirms the pres-
ence of organic compounds on the steel surface.
At the same time, the iron content is higher in the
inhibited sample (82.5% vs. 66.66%), indicating
that iron dissolution is hindered on the protected
surface. The areas with high iron content may be
attributed to cementite (FesC), which becomes
exposed after the preferential dissolution of
ferrite in the steel microstructure (Lopez et al.,

2003). Reaction products between Fe and COz in
an aqueous environment depend on multiple fac-
tors, including pH, temperature, exposure time,
and the presence of other ions or compounds in
the solution. Figure 5 illustrates the changes in
the phase composition of corrosion products de-
pending on the Fe-to-CO: ratio.

Under conditions where Fe** coexists with hy-
droxide (OH") and bicarbonate/carbonate species
( HCO3 /C03%7), coordination complexes of the
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Figure 5. Potential mechanisms for the formation of corrosion products on steel in brine environments rich
in carbonates and bicarbonates (adapted from (Savoye et al., 2001))

general formula Fe**(OH) (HCO3 / CO%‘)y are
formed (Savoye et al., 2001). As the bicarbon-
ate concentration decreases, the hydroxide con-
tent in the complex increases. At elevated bicar-
bonate levels, transient aqueous species such as
FeHCOZ%, Fe(HCOs)3 and Fe(HCOs): tend to
precipitate as crystalline siderite (FeCOs). When
the HCO3 concentration falls below approxi-
mately 0.1 M, precipitation instead results in a
gelatinous amorphous phase. In highly aerated
environments, this phase gradually transforms
into amorphous ferric hydroxide (Fe(OH),),
which incorporates adsorbed CO3~ and HCOj3
ions. Elevated concentrations of dissolved oxy-
gen combined with low bicarbonate levels favor
the formation of magnetite (Fe,0,). This phase
may result from both oxidative pathways and the
disproportionation of Fe*'(OH) ( HCO3 / CO%‘)y
complexes. Under the conditions of very low ion
concentrations, corrosion products may include
green, insoluble Fe(Il)-complexes, which, in neu-
tral to mildly alkaline media, can transform into
lepidocrocite (y-FeOOH) and magnetite (FesOs).
Over time, some of these corrosion phases may
undergo further transformation: lepidocrocite
can convert to goethite (a-FeOOH); goethite and
akaganeite (B-FeOOH) can further oxidize to he-
matite (0-Fe20s); and magnetite may transition to
maghemite (y-Fe20s) (Gluszko, M, 2008).
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Under the experimental conditions in this
work the concentration of HCO3 is at level of few
mmol/L with severely limited oxygen availability
which leads to the formation of black rust. Visu-
ally, black rust appears as a thin, dark film or stain
on steel components (Saji, 2019). These darkened
regions often become initiation points for local-
ized corrosion, such as pitting, which can further
accelerate the degradation process. This form of
rust is composed of a dense, compact layer of
magnetite (FesO4) and maghemite (y-Fe:0s) (Kle-
nam et al., 2021). In COz-saturated brine, where
oxygen levels are low or completely depleted, wa-
ter functions as the oxidizing agent, facilitating the
formation of magnetite while releasing hydrogen
gas as a by-product. Due to its thermodynamic
stability, black rust can act as a partially protective
layer over prolonged exposure periods.

CONCLUSIONS

The present study bridged a knowledge gap
concerning the surface chemistry of carbon
steel exposed to CO:-saturated brine at elevated
temperature (60 °C) in the presence of a plant-
derived corrosion inhibitor. The inhibitor, ex-
tracted from mandarin peels, comprises multiple
organic constituents bearing hydroxyl, carboxyl,
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and ester functionalities, which facilitate physi-
cochemical interactions with the steel surface.
Importantly, these compounds remain thermally
stable at 60 °C and persist at the metal-solution
interface. Scanning electron microscopy (SEM)
revealed extensive surface degradation in un-
inhibited systems after 24 hours of exposure,
with the formation of dark corrosion spots and
irregular crystallites indicative of localized cor-
rosion processes. Conversely, in the inhibited
system, the steel surface exhibited significantly
reduced deterioration, with the formation of a
uniform, thin, organic layer suggestive of effec-
tive surface passivation. EDS analyses enabled
qualitative assessment of the corrosion product
composition, supporting the proposed inhibition
mechanism. On the unprotected surface, the av-
erage concentrations of Fe and C were 66.66%,
and 10.24%, respectively. In contrast, on the in-
hibitor-treated surface, these values were 82.5%
and 12.38% respectively. The data collectively
confirm the efficacy of mandarin peel extract
as a thermally stable, eco-friendly corrosion in-
hibitor capable of mitigating steel degradation in
CO.-rich saline environments.
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