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a b s t r a c t

Corrosion remains a persistent challenge in drilling operations, particularly under high-pressure, high-
temperature (HPHT) conditions, resulting in economic losses and safety risks. While conventional
corrosion inhibitors have been effective to varying extents, their limitations, particularly in terms of
toxicity, biodegradability, and compatibility with drilling fluid properties, necessitate exploring sus-
tainable alternatives. Recent advances have focused on green inhibitors, notably plant-derived extracts,
due to their biodegradability and low toxicity. However, a critical gap remains: few studies holistically
evaluate both corrosion inhibition efficiency and the resultant impact on drilling fluid performance. To
address this, the present review introduces an Integrated Screening and Corrosion Inhibition Modelling
(I-SCIM) framework. This review comprehensively synthesizes recent research on corrosion inhibitors
used in water-based, oil-based, and synthetic-based fluids. It categorizes inhibitors, evaluates their
performance, and discusses their integration into complex mud systems. Key findings highlight that
while conventional inhibitors achieve 70–85% efficiency, emerging green and hybrid formulations often
exceed 90% inhibition. Furthermore, the paper explores the emerging class of smart and responsive
inhibitors that adapt to environmental stimuli such as pH and temperature, highlighting their potential
in dynamic wellbore conditions. By adopting the I-SCIM framework, this paper bridges the fragmented
assessment approaches in current literature and proposes a unified strategy for evaluating corrosion
inhibitors beyond inhibition efficiency alone. The review culminates in future research recommenda-
tions for inhibitors that are sustainable, efficient, and compatible with the evolving demands of HPHT
drilling.

© 2026 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Corrosion, which is the deterioration of a metal, remains a
critical challenge in the oil and gas drilling industry. Corrosion
costs the US industries alone an estimated $170 billion every year
(Brondel et al., 1994; Koch, 2017; Papavinasam, 2013; Popoola
et al., 2013). Considering its complex and demanding production
techniques, the oil industry takes an above-average share of these

costs if any of its components fail. In drilling operations, corrosion
significantly impacts well integrity, operational efficiency, and
overall economics (Al-Shehri, 2019; Asrar, 2010; Bai et al., 2016;
Cron and Marsh, 1983; Fayomi et al., 2019; Khodja et al., 2010;
Popoola et al., 2013; Prasad et al., 2020). Under harsh downhole
environments, drilling strings, casing, and tubulars are exposed to
chemical and physical conditions that promote corrosion. The
presence of dissolved oxygen, chlorine ions, hydrogen sulfide, and
carbon dioxide is the primary cause of corrosion in drilling muds,
which drives electrochemical reactions on metal surfaces (Askari
et al., 2021; Brondel et al., 1994; Chilingar et al., 2008; Zhao
et al., 2011). The reactions are usually cathodic processes, such as
oxygen reduction and anodic dissolution, where iron is oxidized.
The combined effect of these reactions results in the formation of
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corrosion products in the form of iron oxide or hydroxide (Galio
and Dariva, 2014; Kadhim and Ali, 2017; Kadhim et al., 2021;
Pavithra et al., 2012). These oxides either form a protective layer
or result in continuous metal loss if unstable. The consequences of
corrosion in the drilling industry are severe. It can lead to the loss
of structural integrity, the thinning of casings, and the eventual
failure of critical downhole equipment (AlGaiar and Afolabi, 2024;
Brondel et al., 1987; Cirimello et al., 2017; Ibukun et al., 2024;
Popoola et al., 2013; Yousuf et al., 2021). Not only does corrosion
jeopardizes the safety of drilling operations, but it also results in
non-productive time (NPT) and increased operational costs asso-
ciated with repairs and replacements (Kadhim and Ali, 2017;
Kadhim et al., 2021; Tamalmani and Husin, 2020). Additionally,
its environmental impacts are significant, as corrosion-related
failures and leaks can promote the release of hydrocarbons and
drilling fluids into the surrounding ecosystem, potentially causing
damage to humans and marine life (Agarwal et al., 2025; Jaramillo
Clerque, 2022; Mubarak et al., 2023; Odeyemi and Alaba, 2024,
2025; Prasad et al., 2020; Singh and Singh, 2020; Solovyeva
et al., 2023). Drilling fluids play an essential role in mitigating
these corrosion-related challenges.
Drilling fluids account for 15–18% of the total drilling cost and

must meet three important criteria: easy to use, not too expensive,
and environmentally friendly (Al-Hameedi et al., 2020; Allison
et al., 2019; Amanullah, 2007; Burke and Veil, 1995; Hossain and
Al-Majed, 2015; Khodja et al., 2010). They are engineered to pro-
vide multiple functions: they cool the drill bit, stabilize the well-
bore, transport drill cuttings, and, most importantly for corrosion
control, act as a barrier between the corrosion environment and
themetal surfaces (Akpan et al., 2024; Ball et al., 2012; Committee,
2011; Khodja et al., 2010; Lyons, 2009; Safian et al., 2024; Wang
et al., 2013). These functions are performed simultaneously, indi-
cating the sensitivity in designing drilling muds. When drilling
muds are formulated, corrosion inhibitors such as amine-based
compounds are added, and the muds adsorb onto the metal sur-
face, forming a protective film that minimizes the exposure of the
metal to corrosive agents. These corrosion inhibitors not only
reduce the rate of corrosion but also help to maintain a stable pH,
which further protects the steel from aggressive chemical attack
(Chen et al., 2022; Kadhim et al., 2021; Khan et al., 2022; Km et al.,
2024; Raja et al., 2016; Trabanelli, 2020; Yang, 2021). The result of
using corrosion inhibitors is an improved drilling operation. The
economic implications of effective corrosion management are
commendable, as minimizing corrosion extends the life of the
drilling equipment, reduces downtime, and lowers the overall cost
of drilling operations (Bassey, 2017; Dubey, 2018; Galio and Dariva,
2014; Ghasemi et al., 2024; Guangyu, 2013; Ibukun et al., 2024;
Islam and Hossain, 2020; Obot et al., 2023; Zhang, 2019).
This review paper aims to provide a comprehensive and critical

synthesis of recent advances in the development and evaluation of
corrosion inhibitors used in drilling mud systems, with a focus on
both synthetic and green inhibitors published in recent years. A
major gap identified in the current literature is the limited eval-
uation of the interactions between corrosion inhibitors and their
effect on drilling fluid properties. While numerous studies have
emphasized corrosion inhibition efficiency (IE%) in static and or
electrochemical setups, only a few have assessed the inhibitor's
performance in realistic drilling fluid environments, especially
under HPHT conditions. This disconnect presents an opportunity
to evaluate the impact of corrosion inhibitors on drilling fluid
properties, thereby bridging the laboratory evaluation and field
applicability. To address this gap, this paper is organized into
several sections. Section 2 discusses the types of corrosion in-
hibitors used in drilling muds, including organic, inorganic, green,
etc, and their inhibition mechanisms. Section 3 evaluates the

laboratory techniques commonly used to assess corrosion inhibi-
tion performance, including weight loss, electrochemical imped-
ance spectroscopy (EIS), and potentiodynamic polarization.
Section 4 presents recent studies of corrosion inhibitors used in
drilling fluid systems. Section 5 explores the underexplored area of
how corrosion inhibitors affect drilling mud properties, including
rheology, filtration, and stability. Section 6 introduces the
emerging field of smart and responsive inhibitors, nanomaterials,
and green inhibitors, highlighting their adaptive potential in
wellbore conditions. Section 7 presents a comparative discussion
and future outlook, proposing an Integrated Screening and
Compatible Inhibitor Matrix (I-SCIM) for selecting multifunctional
inhibitors based on both corrosion protection and mud perfor-
mance compatibility. Section 8 highlights some challenges faced
by corrosion inhibitors in drillingmud systems and concludes with
recommendations for future research.

2. Classification and mechanism of corrosion inhibitors in
drilling mud

The classification of corrosion inhibitors includes chemical
nature, mechanism of action, environmental compatibility, and
application methods. The choice of which inhibitor to employ
depends on the environment, the material, and the operational
conditions (Galio and Dariva, 2014). Organic inhibitors have been
widely used in industries due to their versatility; however, green
inhibitors are now being taken up as sustainable alternatives. Fig.1
summarizes the classes of corrosion inhibitors.

2.1. Organic corrosion inhibitors

Organic corrosion inhibitors are used to reduce the occurrence
of corrosion on metal surfaces by forming a protective film on the
metal surface. They can either be amine-based, imidazoline-based
or surfactant-based. Amine-based inhibitors contain one or more
amine functional groups. They prevent and reduce corrosion either
through adsorption on the metal surface, formation of protective
complexes, or pH control (Khormali et al., 2025). Based on the
availability of lone pair electrons on the nitrogen atom of the
amine group, the molecules adhere strongly to the metal surface
through the formation of covalent bonds with metal atoms. Such
adsorption leads to the formation of a protective film, effectively
isolating the metal from corrosive species (Loto et al., 2012).
Amine-based inhibitors can form certain complexes with metal
ions released during corrosion. Such complexes could further
stabilize the surface and inhibit corrosion progression (Al-Amiery
et al., 2023). In addition to forming protective films on metal
surfaces, when used in drilling mud, amine-based inhibitors can
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Fig. 1. Summary of the classes of Corrosion inhibitors.
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help in maintaining the pH of the mud (Ahmed et al., 2024). A
steady pH can prevent corrosion reactions, especially those con-
nected with the evolution of hydrogen or dissolution of protective
oxide layers, from occurring too slowly. While amine-based
corrosion inhibitors are effective, they tend to foam excessively
and are inconsistent during drilling operations (Ahmed et al.,
2024). Furthermore, amine-based inhibitors are toxic and can
pose an environmental hazard if not properly managed.
Imidazoline derivative inhibitors are synthesized through the

corresponding reaction of fatty acids with polyamines under
controlled environmental conditions (Ahmed et al., 2024). This
reaction leads to the formation of an imidazoline ring, which can
be substituted with long alkyl chains. These alkyl chains provide
the inhibitors' hydrophobic properties that are useful in forming a
water-repellent barrier on metal surfaces (Kadhim et al., 2021).
The corrosion inhibition mechanism of imidazoline derivatives is
adsorption on the metal surface and creation of a hydrophobic
barrier. The imidazoline ring contains nitrogen atoms with lone
pair electrons that can coordinate with the d-orbitals of metal
atoms, resulting in strong adsorption on the metal surface (Wang
et al., 2013). When adsorbed, the inhibitor molecules develop a
compact hydrophobic barrier that physically occupies the
entrance for corrosive agents to reach the underlying metal. The
long alkyl chains in imidazoline derivatives extend away from the
metal surface to create a hydrophobic barrier. This barrier repels
water and solvent ions, thereby promoting the absence of the
electrolyte necessary for corrosion reactions (R�auț�a et al., 2025).
Imidazoline inhibitors prevent the anodic dissolution of metals
and block cathodic reactions by physically covering the reactive
areas (Kadhim et al., 2021). The long hydrophobic alkyl chain-
based inhibitors exhibit extremely poor solubility in water-based
systems, necessitating the use of emulsifiers or other formula-
tion considerations for ensuring a uniform distribution (Wang
et al., 2013). Although amine-based and imidazoline-based in-
hibitors inhibit corrosion by donating electron pairs from nitrogen
atoms to vacant d-orbitals on iron, forming coordinate bonds and
developing a hydrophobic film that reduces metal contact, the
imidazoline ring structure enhances molecular rigidity and film
compactness, resulting in superior thermal and shear stability
compared to linear amines. Therefore, while the basic adsorption
mechanism is shared, imidazolines exhibit distinct physicochem-
ical advantages relevant to HPHT drilling-fluid applications
(Jiashen and Jingmao, 1993; Osokogwu, 2012). Fig. 2 shows sche-
matics of adsorption and film formation mechanisms for amine-
based and imidazoline-based inhibitors.
Surfactant inhibitors are a unique subclass of organic sub-

stances which mainly inhibit corrosion due to their amphiphilic
capabilities. Molecules belonging to such classes exhibit both hy-
drophilic and hydrophobic chemical functions (Ahmad et al.,
2015). The existence of this unique action and structure leads to
the formation of self-assembled protective films on metal surfaces
to counteract the electrochemical reactions of corrosion
(Abdelsattar et al., 2020; Ravi et al., 2025). The mechanism of in-
hibition for surfactant-based inhibitors is adsorption on the metal
surface and the formation of a protective film (Abdelsattar et al.,
2020; Ravi et al., 2025; Wang et al., 2023). Surfactant-based in-
hibitors feature hydrophilic heads capable of interacting strongly
with metal surfaces (Ahmad et al., 2015). The spread of these in-
hibitors across the metal surface to form a continuous protective
film results in a physical barrier which reduces the diffusion of
corrosive agents to the metal surface (Tamalmani and Husin,
2020). The formed barrier affects local interfacial characteristics,
such as surface energy and wettability, which in turn inhibit the
electrochemical reactions responsible for corrosion by making the
metal surface less accessible to the corrosive environment.

Surfactant-based inhibitors foam excessively within water sys-
tems (Ahmad et al., 2015). These inhibitors are largely non-
biodegradable and have the potential to accumulate and nega-
tively impact environmental health, particularly in sensitive ma-
rine and freshwater ecosystems (Yalman et al., 2022). At elevated
temperature conditions, surfactant-based inhibitors will degrade
and lose their protective properties. Fig. 3 shows a schematic
mechanism of surfactant-based inhibtors.

2.2. Inorganic corrosion inhibitors

Inorganic corrosion inhibitors are usually salts or inorganic
compounds that, when added to drilling muds, contribute towards
forming protective films on metal surfaces or altering the local
electrochemical environment capable of promoting corrosion
rates (Bijapur et al., 2023). They interfere in themetal ion reactions
or precipitate as insoluble films, thereby isolating the metal from

Fig. 2. Comparative schematic of adsorption and film formation mechanisms for
amine-based (A) and imidazoline-based (B) corrosion inhibitors on steel surfaces
under drilling-fluid conditions.

Fig. 3. Schematic mechanism of Surfactant-based inhibitor.
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aggressive species in the drilling environment. They are usually in
the form of chromate, phosphate or molybdate. Chromate in-
hibitors consist of chromium ions. These inhibitors have an action
mechanism based on oxidation, where chromate ions act as
oxidizing agents (Solovyeva et al., 2023). Such an oxidation reac-
tion is centred on the transformation of the metal and results in a
passivating protective film on the metal surface (Ahmed et al.,
2024). Phosphate inhibitors consist of phosphate ions. In a dril-
ling or acidic environment, ferrous ions released from the metal
surface react with phosphate ions to form an insoluble iron
phosphate compound. Molybdate inhibitors stem their corrosion
inhibition from the presence of molybdate ions, which are mostly
supplied by sodium molybdate. Molybdate inhibitors impede
corrosion by forming a thin adherent film over the metal surface
that also prevents the anodic and cathodic reactions (Ahmed et al.,
2024). The molybdate ions react with the metal to produce
insoluble molybdate complexes as a protective film (Bijapur et al.,
2023). Inorganic inhibitors are toxic, non-biodegradable and non-
environmentally friendly; hence, regulatory imposition on their
usage. Fig. 4 shows a schematic mechanism of inorganic-based
inhibitors.

2.3. Green and eco-friendly corrosion inhibitors

Eco-friendly green corrosion inhibitors are a sustainable alter-
native to traditional chemical inhibitors, used to reduce corrosion
on metals while causing minimal environmental impact. These
inhibitors are generally derived from renewable sources and are
biodegradable with minimal toxicity (Shang and Zhu, 2021). Some
organic corrosion inhibitors fall under this category of inhibitors.
The sources of inhibition and biopolymers can be leaves, fruits,
seeds, pericarp or other plant parts (Ahmad et al., 2015; Galio and
Dariva, 2014; Miralrio and Espinoza V�azquez, 2020). The extrac-
tion methods of the bioactive compounds are enzymatic hydro-
lysis, heating reflux, Soxhlet, soaking, and ultrasonic extraction
(Alrefaee et al., 2021; Badawi and Fahim, 2021; Shang and Zhu,
2021). Extraction temperature, drying temperature, extraction
time, liquid-solid ratio, and the solvent used are among the factors
that affect the extraction efficiency of the bioactive compounds
from the plant (Dey and Kiran, 2022; Sheydaei, 2024).
Plant and bio-based extracts contain many active biopolymer

compounds, including flavonoids, alkaloids, tannins, and saponins,
which are rich in functional groups like amino, carboxyl, and hy-
droxyl (Ghehsareh et al., 2025). Such groups can adsorb onto the
metal surface through physical or chemical bonding. The absorbed
inhibition layer can shift the electrochemical potential of the
metal, thereby reducing both anodic and cathodic reactions
(Gonz�alez-Parra and Di Turo, 2024; Kartal et al., 2025). Ahmad

et al. (2015) showed that multiple phenolic hydroxyl groups in
tannins can chelate metal ions, forming a protective film that
prevents further corrosion. In addition, many bio-based inhibitors
create a continuous, adherent film on themetal surface (Al-Amiery
et al., 2023; Palimi et al., 2023). The film functions as a physical
barrier to hinder the access of corrosive species. Therefore, its
integrity must be maintained as even a minor defect can lead to
localized corrosion. Although plant extracts have shownpromising
corrosion inhibition at temperatures up to 120 ◦C, their stability
under HPHT conditions is always compromised (Gonz�alez-Parra
and Di Turo, 2024; Pial and Islam, 2025). At elevated tempera-
tures, their bioactive compounds degrade, reducing their effec-
tiveness and requiring additional stabilization measures. Fig. 5
shows a schematic mechanism of plant-based inhibitors.
As a type of green inhibitor, deep eutectic solvents (DES) are

usually mixtures of two or more components, typically a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA). They
exhibit a phenomenon where their melting point is significantly
lower than that of the individual components (Picchio et al., 2022).
DES has been used in various applications, including extraction,
catalysis, and electrochemistry (Acosta-Vega et al., 2025). When
these components are derived from a natural substance, the
resulting mixture is known as natural deep eutectic solvents
(NADES). In addition to the benefits provided by DES, NADES also
aligns well with sustainability goals due to their origin and
enhanced biodegradability (Acosta-Vega et al., 2025). DES and
NADES offer advantages such as biodegradability, cost-
effectiveness, and low toxicity, making them attractive for use in
harsh drilling environments (Picchio et al., 2022). DES and NADES
prevent corrosion on metal surfaces by adsorption and film for-
mation. DES/NADESmolecules adsorb ontometal surfaces through
hydrogen bonding and van der Waals interactions (Acosta-Vega
et al., 2025). The functional polar groups, such as hydroxyl or
carboxyl of DES/NADES, interact with the metal ions on the sur-
face. When DES/NADES molecules are adsorbed on the metal
surface, they develop an uninterrupted protective film that serves
as a barrier against corrosive species. Studies from Picchio et al.
(2022) have shown that NADES based on chlorine chloride and
organic acids can increase the charge transfer resistance on the
metal surface, thereby inhibiting corrosion processes. Although
DES and NADES have indicated great promise as green corrosion
inhibitors, at elevated temperatures, they tend to degrade, thereby
losing their stability and efficacy in harsh environments. Addi-
tionally, their physical properties, such as viscosity, can influence
their distribution in drilling mud (Acosta-Vega et al., 2025). Fig. 6
shows a schematic mechanism of DES/NADES inhibitors.

2.4. Mechanistic differences between plant-based and
conventional corrosion inhibitors in drilling fluids

The main differences between plant-based and conventional
synthetic corrosion inhibitors lie in their chemical composition,
adsorption mechanisms, and film-forming behavior on metal
surfaces under drilling fluid conditions. Although they both func-
tion primarily by forming an adherent protective layer that isolates
the metal from the corrosive environment, the nature, strength,
and stability of their films differ significantly depending on the
type of inhibitor and its interaction with the drilling-fluid matrix.
Conventional inhibitors, such as amines, imidazolines, and

organic salts, are typically single, ionic species designed for strong
chemical interaction with steel surfaces. They often contain het-
eroatoms with available lone pairs that coordinate with Fe2+ ions
to form chemisorbed films or protective complexes. The resulting
films are usually compact, metallically bonded, and stable at high
temperatures and pressures (Abdelsattar et al., 2020). In contrast,Fig. 4. Schematic mechanism of inorganic-based inhibitors.
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plant-based inhibitors are complex mixtures of organic com-
pounds, such as polyphenols, polysaccharides, flavonoids and
tannins, each containing functional groups like hydroxyl (–OH),
carbonyl (C]O), carboxyl (–COOH), and amino (–NH2) (Nadi et al.,
2019; Valdez-Salas et al., 2021). These molecules adsorb mainly
through physisorption, involving electrostatic attraction between
protonated species and negatively charged steel surfaces, or
through weak coordination with Fe atoms. Due to these extracts
containing multiple constituents, the resulting inhibition is a
synergistic effect of different molecular species rather than a
uniform film produced by a single compound.
Conventional inhibitors predominantly exhibit chemisorption,

where covalent or coordinate bonds are formed between the in-
hibitor molecule and surface metal atoms. This process is typically
endothermic and yields highly stable films that can withstand
mechanical stress and temperature fluctuations common in HPHT
drilling operations (Jiashen and Jingmao, 1993; Osokogwu, 2012).
Plant-based inhibitors, on the other hand, rely on physisorption
and π-electron interaction from aromatic rings, supplemented by
hydrogen bonding. These interactions, unlike conventional in-
hibitors, are exothermic and reversible, leading to less thermally
stable adsorption layers (Ikram et al., 2021). Consequently, under
HPHT or high-shear conditions, plant-derived films may degrade
more rapidly.
Conventional inhibitors are known for their thermal and

chemical robustness, maintaining inhibition efficiencies above
90% even at temperatures beyond 150 ◦C. However, they often pose
toxicity and environmental persistence concerns, particularly in
offshore discharges (Mainier et al., 2016). Conversely, plant-based
inhibitors are biodegradable and environmentally friendly, but

their thermal degradation temperature is typically lower than
130 ◦C. Polyphenolic compounds such as flavonoids can poly-
merize under high-temperature drilling conditions, resulting in
diminished film integrity (Ghaderi et al., 2020). Therefore, their
use in HPHT drilling requires stabilization through chemical
modification or integration into hybrid systems to retain func-
tionality. Table 1 summarizes themechanistic differences between
conventional inhibitors and plant-based inhibitors.

2.5. Nanoparticle-enhanced inhibition

Nanoparticles such as zinc, titanium, and cerium oxides can be
dispersed within the inhibitor matrix to enhance the formation of
a compact, adherent film on metal surfaces. The nanoscale di-
mensions of these particles allow them to fill micro-pores in the
protective layer, reducing the permeability of corrosive species
(Etsuyankpa et al., 2024). These nanoparticles can act synergisti-
cally with the different types of inhibitors. Polymer-nanoparticle
composite, for instance, can exhibit improved thermal stability,
mechanical strength, and corrosion inhibition efficiency compared
to the polymer alone (Labouche and Parrott, 2013). Nano-
composites involve embedding nanoparticles within a polymer
matrix, which is often derived from green sources. This kind of
combination results in a material that possesses the desirable
properties of both constituents, i.e. it possesses the flexibility and
environmental compatibility of the polymer and the barrier
properties of the nanoparticles. Etsunyankpa (Etsuyankpa et al.,

Fig. 5. Schematic representation of the mechanism for plant-based inhibition.

Fig. 6. Schematic representation of DES/NADES corrosion mechanism.

Table 1
Mechanistic difference between conventional synthetic and plant-based Inhibitors.

Mechanistic
Feature

Conventional
Inhibitors

Plant-based (Green)
Inhibitors

Composition Pure, well-defined
compounds (amines,
imidazolines,
chromates)

Complex mixtures of
organics (tannins,
flavonoids, alkaloids)

Adsorption
type

Predominantly
chemisorption (Fe–N,
Fe–S, Fe–O bonds)

Mainly physisorption with
weak hydrogen bonding
and π-electron interactions

Film
characteristics

Uniform, dense,
thermally stable
monolayers

Multicomponent, less
compact films; can degrade
at HPHT

Thermal stability Greater than 150 ◦C Typically, less than 130 ◦C
(Unless modified or
crosslinked)

Environmental
impact

Often toxic, non-
biodegradable

Biodegradable, eco-
friendly, but less durable
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2024) demonstrated that a composite of chitosan with graphene
oxide can enhance film formation and improve charge transfer
resistance on steel surfaces. Although nanomaterials promise to be
an improved technique for corrosion inhibition, achieving uniform
dispersion of nanoparticles within the inhibitor matrix is critical.
The Cluster of these particles can reduce the effective surface area
and impede performance (Ahmad et al., 2015). In addition, the
formulation of nanoparticles and nanocomposites is expensive,
and scaling up these systems for industrial applications remains a
huge challenge (Etsuyankpa et al., 2024). Fig. 7 summarizes the
inhibition mechanisms of different inhibitors on metal surfaces.
Table 2 presents a comparison of various types of corrosion

inhibitors, their inhibition mechanisms, and their limitations. We
can observe from the table that synthetic corrosion inhibitors have
technical limitations, such as pH sensitivity, the formation of
foams in drilling muds, and compatibility issues with other mud
additives. Moreover, they are toxic, non-biodegradable, and envi-
ronmentally harmful, resulting in regulatory restrictions on their
usage. On the other hand, green inhibitors, especially plant-based
ones, although regarded as sustainable alternatives to synthetic
inhibitors, are not thermally stable at high-temperatures and high-
pressure conditions. Hence, limiting their use in these kinds of
environments, which is predominant in recent offshore drilling
operations.

3. Corrosion evaluation techniques

Evaluating corrosion inhibitors in laboratory settings is essen-
tial to determining their effectiveness, mechanisms, and suitability
for specific environments. The selection and evaluation of corro-
sion inhibitors depend on the type of metal, the corrosive envi-
ronment, and the desired level of protection (Arthur et al., 2013;
Fateh et al., 2020; Ma et al., 2022). The assessment of corrosion
inhibitors involves a combination of experimental and analytical
techniques to assess their efficiency and mechanisms. The most
used techniques include potentiodynamic polarization studies,
electrochemical impedance spectroscopy (EIS), and weight loss
measurements combined with surface characterization methods
such as scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and atomic force microscopy (AFM). These
methods either help quantify inhibition efficiency, analyze the
protective film, or understand the electrochemical behavior of the
inhibited systems (Yasakau, 2020).
Potentiodynamic polarization as an electrochemical technique

is widely used to assess the performance of corrosion inhibitors
and the corrosion behavior of metals. In this technique, the elec-
trode potential is swept over a range of both cathodic and anodic
regions, recording the resultant current density. Data obtained
through this method provides insights into the kinetics of both

anodic and cathodic reactions. These allow researchers to deter-
mine important parameters such as corrosion current density
(Ecorr), Tafel slopes, and corrosion potential (Icorr). The shape of the
Tafel plot provides a mechanistic insight, revealing whether the
inhibitor is predominantly anodic, cathodic, or mixed type, which
is key for tailoring inhibition formulations. The potentiodynamic
polarization method is particularly useful in drilling systems for
evaluating how various inhibitors reduce corrosion by altering the
electrochemical behavior at the metal-solution interface (R�auț�a
et al., 2025). The results of potentiodynamic polarization are
plotted as current density (log I) versus electrode potential (E) to
generate a Tafel plot. The Tafel equation relates the overpotential
(η) to the current density (I) in both anodic and cathodic regions.

η= a+ blog I (1)

Where, η is the difference between the applied and the corrosion
potential, Ecorr , a is the constant related to the exchange current
density, b is the Tafel slope, which is the difference between anodic
and cathodic reactions, and I is the current density. Fig. 8 repre-
sents Tafel plots for mild steel in the absence and presence of
different concentrations of 2-chloro-3-formyl quinoline in 1MHCl
solution at temperatures 303 K and 313 K.
Electrochemical impedance spectroscopy (EIS) is a robust, non-

destructive evaluation method used to characterize the electro-
chemical behavior of metal surfaces in corrosive environments.
The EIS technique measures the impedance of the metal-
electrolyte interface to assess the protective properties of the in-
hibitor film (Ansari et al., 2022; Sharma et al., 2023). This method
usually provides insight into the resistance and capacitance of the
protective films formed by corrosion inhibitors, as well as the ki-
netics of the corrosion processes (Dehghani et al., 2019). EIS
experiment is typically performed using a three-electrode cell,
where the metal specimen acts as the working electrode, a refer-
ence electrode, such as silver, is used to maintain a constant po-
tential, and a platinum counter electrode completes the circuit.
The impedance is measured as a function of frequency. The
resulting plot is a Nyquist: imaginary versus real impedance, or a
Bode plot: impedance magnitude and phase angle versus fre-
quency. The impedance of the system is expressed as a complex
number:

Z (ω)= Zʹ(ω) + jZʹ́ (ω) (2)

Where Zʹ is the real part, Zʹ́ is the imaginary part, j is the imaginary
unit, and ω is the angular frequency.
To interpret EIS data, a circuit is always modelled with an

equivalent circuit that includes elements such as solution resis-
tance (Rs), double-layer capacitance (Cdl), and charge transfer
resistance (Rct). A simple equivalent circuit can be represented as:

Z (ω)=Rs +
1

1
Rct

× jwCdl
(3)

Fig. 9 represents Nyquist plots for carbon steel in 1 M HCl
containing different concentrations of Sargassummuticum extract
(ESM) after 6 h of immersion at 303 K, and Fig. 10 represents Bode
plots for carbon steel in 1 M HCl with various concentrations of
inhibitors at 298 K.
Weight loss measurement, unlike the other electrochemical

techniques, is a gravimetric method used to assess corrosion in-
hibitor performance by quantifying the actual material loss from a
metal specimen over a specified period of exposure to a corrosive
environment (Ansari et al., 2022; Zhao et al., 2011). This technique
provides a direct measurement of the corrosion rate and the
effectiveness of inhibitors in reducingmaterial degradation. In thisFig. 7. Mechanism of action of different inhibitors on a metal surface.
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method, metal coupons are weighed accurately and then
immersed in a corrosive medium, such as simulated drilling fluid
with and without inhibitors. After a predetermined time, the
coupons are cleansed to remove corrosion products and re-
weighed. The corrosion rate is then calculated as the difference
in weight before and after the immersion in the inhibitor.

CR=
87:6×W

tAD
(2)

Where A is the coupon area in cm2, t is the exposure time in hours,
D is the density of the coupon in gcm− 3, and W is the coupon's
corrosion weight loss mg

The inhibition efficiency is thus calculated as:

IE (%)=
Wblank − Winhibited

Wblank
× 100 (3)

Wblank is the weight loss without the inhibitor andWinhibited is the
weight loss with the inhibitor.
Scanning Electron Microscopy (SEM) is a characterization

technique that enables the examination of surface morphology
and composition of materials under high magnification. Essen-
tially, it works by scanning a focused beam of electrons across a
sample and detecting the interaction between electrons and the
material, forming very detailed imageswith nanometer resolution.

Table 2
Comparison of the different types of corrosion inhibitors and their inhibition mechanism.

Inhibitors Inhibition Mechanism Limitations References

Amine-Based Inhibitors Excellent adsorption on metal surfaces through
lone pair electrons, and forming protective films.

pH sensitivity, which can affect film stability. (Ahmed et al., 2024)
(Kadhim and Ali, 2017)

Effective at reducing both anodic and cathodic
reactions.

This may lead to foaming in drilling fluids.

Imidazoline Derivative
Inhibitors

Strong adsorption via the imidazoline ring and
effective film formation.

Higher production cost due to complex synthesis. (Ahmed et al., 2024)

Low toxicity and good environmental profile. Compatibility issues with other mud additives.
Surfactant-Based
Inhibitors

Form mixed-type inhibitors by adsorbing on metal
surfaces via hydrophilic heads and forming
hydrophobic barriers with alkyl chains.

Excessive foaming and emulsification may disrupt
drilling operations.

(Ahmed et al., 2024;
Kadhim and Ali, 2017)

Effective in reducing both anodic and cathodic
processes.

Environmental persistence if not biodegradable.

Chromate Inhibitors High inhibition efficiency through oxidation
reactions, forming protective chromium oxide
films.

High toxicity and carcinogenicity due to hexavalent
chromium (Cr (VI)).

(Kadhim et al., 2021;
Wang et al., 2013)

Proven long-term performance in many
applications.

Environmental and regulatory concerns.

Phosphate Inhibitors React with metal ions to form insoluble
precipitates, creating a physical barrier.

Performance can be sensitive to pH fluctuations. (Yahya et al., 2022)

Effective in a range of pH conditions. Sometimes, there is lower inhibition efficiency
compared to other inhibitors.

Molybdates Inhibitors Form protective films and buffer-local pH, reducing
corrosion rates.

Typically requires higher dosages and may be more
costly.

(Asrar, 2010)

Often used in combination with other inhibitors for
synergistic effects.

Performance can depend on specific drilling fluid
conditions.

Zinc-Based Inhibitors Affordable and effective, forming protective films
through reactions with water and CO2.

Sensitive to pH variations which affect film
formation.

Lower toxicity compared to chromates. Uniform dispersion in drilling fluids can be
challenging.

Rare Earth Element
Inhibitors

Form robust, adherent oxide/hydroxide films on
metal surfaces, effective in harsh HTHP
environments.

High cost and limited availability. (Hern�andez García
et al., 2025)

Superior stability and enhanced performance
under aggressive conditions.

Complex formulation and dependency on fluid
chemistry.

Plant Extract/Bio-Based
Inhibitors

Eco-friendly and biodegradable, derived from
renewable resources.

Variability in composition and performance due to
differences in plant source, extraction method, and
seasonal changes.

(Dey and Kiran, 2022;
Sheydaei, 2024)

Often exhibit good inhibition efficiencies due to the
presence of bioactive compounds like tannins,
flavonoids, and alkaloids.

Lower thermal stability in HTHP conditions.

Deep Eutectic Solvents
(DES) Inhibitors

Offer tunable properties, low toxicity, and are
biodegradable.

Often exhibit high viscosity, which may affect fluid
properties.

(Picchio et al., 2022;
R�auț�a et al., 2025)

It can be engineered to optimize inhibition
performance in specific environments.

Sensitivity to temperature and mixing conditions
can affect performance.

Natural Deep Eutectic
Solvents (NADES)
Inhibitors

Similar benefits to DESwith the added advantage of
natural, renewable components.

Limited research data and optimization studies
compared to synthetic DES.

(Picchio et al., 2022)

Enhanced biodegradability and environmental
compatibility.

It may require further formulation improvements
for industrial-scale applications.

Hybrid Organic-
Inorganic Inhibitors

Combine the benefits of both organic (film
formation, adsorption) and inorganic (robust,
passive films) inhibitors.

Formulation complexity and higher production
costs.

(Bijapur et al., 2023;
Zhou et al., 2022)

Exhibit synergistic effects leading to superior
inhibition performance under varying conditions.

Compatibility issues among diverse components
can affect long-term stability.

Nanoparticles and
Nanocomposite
Inhibitors

High surface area and ability to reinforce inhibitor
films, resulting in enhanced barrier properties.

Dispersion challenges: Nanoparticles may
agglomerate, reducing effectiveness.

(Etsuyankpa et al.,
2024)

It can fill micro-pores in the protective layer,
reducing permeability to corrosive species.

Potential cost and environmental concerns related
to nanoparticle synthesis and usage.
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SEM provides high-resolution images, down to a few nanometers;
greater depth of field; and the ability to analyze the elemental
composition of samples with energy-dispersive X-ray spectros-
copy (Desimoni and Brunetti, 2015). Fig. 11 represents SEM images
of low carbon steel in 10% HCl solution at 298 K in the absence of
inhibitor, and in the presence of quaternary ammonium salt
inhibitor.
X-ray photoelectron spectroscopy (XPS), unlike other charac-

terization methods, provides very detailed information about the
chemical composition and electronic structure of films or oxide
layers formed over metals. Thus, XPS fits as a tool for under-
standing the protection mechanisms of corrosion inhibitors on
metal surfaces, elucidating the passivity mechanism, and moni-
toring degradation processes (Desimoni and Brunetti, 2015;
Sharma et al., 2023). XPS is mainly used in corrosion inhibition
studies to analyze the thin surface films formed by inhibitors on
metal surfaces. It can effectively identify the presence of organic
inhibitor molecules, their oxidation products, and the formation of
protective passive layers. Researchers can assess the efficiency of
the inhibitor in mitigating corrosion by comparing spectra from
treated and untreated samples (Lindsay and Thomas, 2022). The

analysis of chemical interactions between the inhibitor molecules
and the metal surface can be understood using XPS (Lindsay and
Thomas, 2022). XPS can also help determine the thickness and
uniformity of the inhibitor layer when combined with sputter
depth profiling (Khan et al., 2022). Although XPS is a powerful tool,
its inherent surface sensitivity typically probes only the top

Fig. 8. Tafel plots for mild steel in the absence and presence of different concentrations of 2-chloro-3-formyl quinoline in 1 M HCl solution at (A) 303K and (B) 313K (Prasanna et al., 2016).

Fig. 9. Nyquist plots for carbon steel in 1 M HCl containing different concentrations of
ESM after 6 h of immersion time at 303K (Nadi et al., 2019).

Fig. 10. Bode plots for carbon steel in 1 M HCl with various concentrations of inhibitors at
298 K (Zhang et al., 2025).
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1–10 nm, indicating that it may not represent the bulk properties
(Ansari et al., 2022). Recently, atomic force microscopy (AFM) has
become a fundamental tool for surface analysis at the nanoscale,
due to its ability to provide high-resolution topographical images
and quantitative mechanical data. By visualizing micro-to nano-
meter features of protective films, researchers can infer the uni-
formity, thickness, and integrity of the inhibitor layer, all of which
are essential for effective corrosion protection (Hachem et al.,
2025; Yasakau, 2020). AFM characterization provides direct im-
aging of the surface morphology of metal substrates treated with
corrosion inhibitors. By correlating the surface morphology of
untreated surfaces with the corresponding inhibitor-coated sur-
faces through AFM, researchers can observe alterations in surface
roughness and the formation of passive layers and the homoge-
neity of an inhibitor film (Chen et al., 2020). AFM can also be used
in force spectroscopy to measure mechanical variables: adhesion,
elasticity, and stiffness of inhibitor films, which reveal how well
the inhibitor has attached to the metal surface and its resistance to
mechanical failure (Shinato et al., 2020). For accurate AFM anal-
ysis, the sample must be prepared meticulously, with the surface
free from contaminants and ambient residues that might obscure
the true morphology of the inhibitor film (Gowri et al., 2023;
Shinato et al., 2020).

Table 3 presents inhibition efficiency values for multiple
corrosion inhibitors tested using the standard weight loss, elec-
trochemical polarization, and electrochemical impedance spec-
troscopy techniques previously discussed.We observe that inmost
studies, the EIS method yields slightly higher or comparable IE
values than the weight loss or polarization techniques, indicating
better surface passivation detection through impedance-based
modeling. The inhibition efficiencies from polarization and EIS
methods showed consistent performance trends, validating their
reliability for short-term electrochemical analysis. Results from
the weight loss method tend to lag slightly in inhibition efficiency,
particularly at lower inhibitor concentrations, reflecting its sensi-
tivity to average long-term degradation rather than instant elec-
trochemical effects. We also observe that electrochemical
techniques (polarization and EIS) are more responsive at low
concentrations, making them suitable for initial screening. On the
other hand, weight loss methods, while time-consuming, provide
more conservative and realistic long-term data. In general, using
all three methods provides a comprehensive assessment, allowing
short-term and long-term perspectives. Across all studies, we
observe that increasing inhibitor concentration correlates strongly

with higher inhibition efficiency. For instance, Raviprabha et al.
reported a 35% jump in inhibition efficiency whenmoving from 50
to 200 ppm. This validates Langmuir-type adsorption behavior,
where monolayer formation improves with concentration.
Although most studies were conducted at 303 K, Raviprabha et al.
used 313 K, indicating that some inhibitors retain efficiency at
elevated temperatures. It is worth noting that no investigationwas
carried out in HPHT conditions, highlighting a research gap that
should be explored.

4. Corrosion inhibitors in drilling mud

Corrosion inhibitors play a crucial role as effective additives in
drilling mud systems, where they help minimize the degradation
of metallic infrastructure subjected to hostile downhole environ-
ments. Research in the offshore drilling industry has emphasized
the importance of corrosion inhibitors in marine environments,
where saltwater and high humidity exacerbate corrosion. These
studies have explored the evolution of corrosion inhibitors and
their performance in mitigating corrosion in drilling fluids.
Abdelsattar et al. (2020) investigated the use of nanosized
metallo-cationic surfactant complexes, such as CT-Zn, CT-Cu, and
CT-Mn, which have demonstrated a high corrosion inhibition ef-
ficiency of 93.1% in static and dynamic conditions. Mainier et al.
(2016) studied the application of sodium silicate as a non-
aggressive, environmentally friendly corrosion inhibitor in saline
drilling fluid. They discovered that it provided effective protection
for carbon steel, especially in aerated environments, with inhibi-
tion efficiency greater than 92% at concentrations above 1250 mg/
L. Benzotriazole has been studied by Xionghu et al. (2021) as a
corrosion inhibitor in synthetic-based drilling fluids. It demon-
strated excellent lubricity and corrosion inhibition properties,
reducing the coefficient of friction by up to 95.93%. Algburi (2023)
evaluated the efficiency of green corrosion inhibitors, such as corn
oil, sunflower oil, flaxseed oil, and castor oil, for their effectiveness
in crude oil environments. These inhibitors showed inhibition
efficiencies ranging from 41.85% to 92.63% at a concentration of
400 ppm. Alanazi et al. (2023) developed and evaluated dual-
purpose corrosion and kinetic hydrate inhibitors based on 3-
acrylamidopropyl trimethyl ammonium copolymers. These in-
hibitors provided corrosion inhibition efficiency of up to 90% and
are effective in sour environments. Table 4 shows various
corrosion inhibitors and their performance in drilling mud
systems.

(a) (b) 

Fig. 11. SEM images of low carbon steel in 10 % HCl solution at 298 K (a) in the absence of inhibitor, (B) in the presence of quaternary ammonium salt inhibitor (Hamza et al., 2026).
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The Table summarizes representative corrosion inhibitors
tested in drilling mud or drilling-relevant environments, high-
lighting a wide diversity of formulations ranging from nanometal
complexes and inorganic salts to green bio-extracts and organic
surfactants. Collectively, these studies report inhibition effi-
ciencies of 80–90 %, suggesting significant potential for both syn-
thetic and naturally derived systems. A closer examination of the
table shows that green and hybrid formulations generally
outperform conventional alternatives. Notably, PEG-2 oleamide
blends and saffron petal extract inhibitors demonstrated effi-
ciencies of 99.7% and 96.5% respectively, surpassing even well-
established surfactant-metal complexes (CT-Zn/Cu/Mn, 93.1%)
and imidazoline-based compounds (90%). Fig. 12 presents a graph
of inhibition efficiency and concentration for various corrosion
inhibitors used in different drilling fluid systems.
While results highlight that green and hybrid formulations

offer promising eco-friendly performance, the operational context
(mud type, temperature, metal type)must guide the final selection
of the inhibitor. The integration of rheological assessment with
electrochemical and gravimetric techniques will enable optimal
formulation and deployment under field conditions. As observed
from the data in the table, a positive trend exists where higher
inhibitor doses tend to give higher inhibition efficiencies. For
example, 300 ppm of CT-Cu complex yielded 93.1% efficiency,
whereas a lower concentration of 200 ppm for CT-Mn complex
yielded only 88.5%. Fig. 13 shows a graph of different inhibitor
concentrations against inhibition efficiency, highlighting the
strong correlation between inhibition efficiency and concentration
(extracted from Table 4 and Abdelsattar et al. (2020))
We can also see that different inhibitor classes show distinct

performance clusters. Nanometal complexes achieved an

inhibition efficiency of 93.1% indicating that the metallic centre
significantly influences adsorption strength and film compactness.
These findings provide strong evidence that metal-surfactant
complexes can form dense, adherent protective layers on carbon
steel. Yet, the experiments were conducted under static condi-
tions, and the stability of these films under high-shear or HPHT
circulation remains uncertain. Furthermore, although the copper-
containing complex provided the greatest protection, it also in-
creases ecotoxicological risks and cost concerns. Inorganic and
nanomaterial inhibitors provided passive, oxide-based barriers
rather than adsorbed organic layers, with inhibition efficiencies of
85–92% confirming that inorganic nanoparticles can enhance
surface passivation inWBM systems. However, dispersion stability
remains a persistent issue; agglomeration within bentonite sus-
pensions can reduce active surface area, while long-term mud
storage may initiate sedimentation and inconsistent dosing.
Organic surfactants and amine-based inhibitors continue to show
effective inhibition of 88–92%, confirming the reliability of these
traditional chemistries. Imidazoline remains ideal for CO2 and
H2S-bearing environments due to its film-forming capability and
thermal tolerance. Nonetheless, these systems rely on petro-
chemical feedstocks and can pose environmental and emulsifica-
tion issues, motivating the transition toward green or hybrid
inhibitors. Green and bio-based inhibitors demonstrated high in-
hibition efficiencies of 91–99.7% in various aqueous or crude-oil
media. These results underline the strong adsorption potential of
polyphenolic and oxygen-rich biomolecules. The collective data in
Table 4 highlight a clear methodological gap; none of the studies
integrated HPHT aging or flow-loop simulation in their corrosion
evaluation. Furthermore, few works correlated corrosion perfor-
mance with changes in mud rheology and filtration, even though

Table 3
Different laboratory evaluation techniques for corrosion inhibitors and their performance.

Weight loss
method

Electrochemical
Polarization
measurement

Electrochemical
Impedance
Spectroscopy
measurement

Ref.

Inhibitor Temp
(K)

Coupon Medium Conc.
(ppg)

I E (%) I E (%) I E (%)

5 ((6-Methyl-2-oxo-2H-chromen-4yl)
thiomethyl)-2 ((N-(3-methyl
quinoxalin-2(1H) one) yl) methyl)-
1,3,4-oxadiazole

303 Mild
steel

0.5 M
HCl

10 71.03 72.69 72.69 (Dehghani et al., 2019)
50 83.93 84.85 84.85

5 ((6-Methyl-2-oxo-2H-chromen4yl)
thiomethyl)-2 ((N-(3-methyl-
quinoxalin-2(1H)-one) yl) methyl)
1,3,4oxadiazole

303 Mild
steel

1 M HCl 10 71.03 72.69 72.69 (Pavithra et al., 2012)
50 83.93 84.85 84.85

2-chloro 3-formyl quinoline 313 Mild
steel

50
0

52.38 52.38 66.03 Prasanna et al. (2016)

200 88.22 85.03 85.34
Rabeprazole sulfide 303 Mild

steel
0.5 M H2SO4 0.05 80.4 89.81 72.32 (Shanbhag et al., 2011)

1 98 98.25 95.09
(RS)-2-4- [2- Hydroxy-3-(propan-2-
ylamino) propoxy] phenyl
acetamide)

303 Mild
steel

1 M HCl 100 61.4 69.3 79.9 (Raviprabha and Bhat,
2023)350 92.8 93.8 92.5

Acetyl coumarine 303 Zinc 0.1 M HCl 0.63 42 38 39 Minagalavar et al.
(2023)5 85 83 89

[2-(2,4-Difluorophenyl)-1,3-bis (1H-
1,2,4- triazol-1-yl) propan-2-ol]

300 Mild
Steel

0.5 M H2SO4 10 88.08 68.63 72.14 (Karthik and
Sundaravadivelu, 2016)110 93.61 91.06 90.24

Bromo acetyl coumarine 303 Zinc 0.1 HCl 0.63 57 55 49 (Minagalavar et al.,
2023)5 97 94 89

4- [4-(6,8-bromo-2-oxo-2H-chromen-
3-yl) thiazol-2-yl amino]-methyl -7-
chloro-1H-quinoline-2-one

303 Zinc 0.1 M HCl 0.63 44 43 43
5 92 88 86

4- [4-(6-bromo-2-oxo-2H-chromen-3-
yl) thiazol-2-yl amino]-methyl -8-
methyl-1H-quinoline-2-one

303 Zinc 0.1 M HCl 0.63 44 43 43
5 92 88 86
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Table 4
Corrosion inhibitors in drilling muds and their inhibition performance.

Inhibitor Classification Conc. Medium Specimen IE (%) Experimental evaluation Ref.

CT-Cu Nanometal
complex

300 ppm WBM Carbon
steel

93.1 Potentiodynamic
polarization, Weight loss
methods

(Abdelsattar et al.,
2020)

CT-Zn Nanometal
complex

300 ppm WBM Carbon
steel

90.8

CT-Mn Nanometal
complex

200 ppm WBM Carbon
steel

88.5

Sodium Silicate Inorganic 2000 mg/L WBM Carbon
steel

92 Gravimetric tests,
Electrochemical
impedance

Mainier et al.
(2016)

Castor Oil Green 400 ppm Crude Oil Carbon
steel

92.63 Weight loss methods Algburi (2023)

Benzotriazole 80:20 ratio with
mineral oil

SBM 95.93 Hot rolling oven at
150–170 ◦C

(Xionghu et al.,
2021)

Imidazoline Organic 1000 ppm H2S,
Co2

92 High-speed Autoclave Test
(HSAT) for evaluation

(Osokogwu, 2012)

Purple sweet potato Green 200 mg/L Stratum water
environment,

N80 steel 91.38 Potentiodynamic
polarization, Weight loss
methods

Zhang and Feng
(2025)

Saffron Purple
Petals (SPP)

Green, Organic 3 wt% Bentonite-
based

Mild Steel 96.50 Potentiodynamic
polarization,
Electrochemical
impedance

Ghaderi et al.
(2020)

VE60 Nonionic
surfactant

5000 WBM Carbon
Steel

88.7 Potentiodynamic
polarization at 25 ◦C

Negm et al. (2015)

PEG-2 Oleamide, Glycerol
Myristate, Glycerol
Linoleate

Green, Fatty
Acid-Based

Emulsion-
based

Carbon
Steel

99.7 Electrochemical
measurements, SEM, EDS,
XPS

Palimi et al. (2022)

ROS Natural
oil extract

10,000 WBM Mild Steel 80 Potentiodynamic
polarization at 25 ◦C

Loto and Busari
(2020)

Imidazoline (Im-B) Organic 2000 H2S-bearing
drilling mud

40 Cr
steel

50 Potentiodynamic
polarization at 25 ◦C

Jiashen and
Jingmao (1993)

Limonite Pigment Organic 4 lb WBM API N80
steel

0.058
mm/y

Weight loss method
Weight loss method

Oni et al. (2025)

Zn Fe2O2 ,
Zn0:6Ni0:4 Fe2O2

Nanomaterial 50 ppm WBM Carbon
Steel

0.77 ± 0.2
mpy

(Al-Rubaiey et al.,
2017)

Calcinated nano-ferrites Nanomaterial 50 ppm WBM Carbon
Steel

0.69 ± 0.20
mpy

Molybdate-based Inorganic 0.12% mass
fraction

WBM G105
steel

85 Electrochemical
impedance, Weight loss
method

Prosopis farcta powder Green 15 ppb WBM API 5LX70 0.0029
mm/year

Weight loss method Jaf et al. (2023)

Fig. 12. Corrosion inhibition efficiency of selected corrosion inhibitors in drilling mud
systems. Values reflect reported experimental performance from literature sources
compiled in Table 4.

Fig. 13. Concentration of inhibitors (CT-Mn, CT-Zn, CT-Cu, 2-chloro-3-formyl quino-
line) against inhibition efficiency.
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these properties determine practical viability.

5. Impact of corrosion inhibitors on drilling fluid properties

The addition of corrosion inhibitors to drilling fluids is pri-
marily intended to mitigate the degradation of metal components
during drilling operations. However, it is equally critical that these
inhibitors do not adversely affect the functional properties of the
drillingmud, whichmust continue tomeet performance standards
essential for effective wellbore stability, cuttings transport, and
pressure control. With the growing interest in plant-based and
environmentally friendly corrosion inhibitors, it becomes imper-
ative to assess their influence on key drilling fluid parameters to
ensure continued compliance with API specifications. Despite the
increasing development and application of corrosion inhibitors,
particularly green alternatives, relatively few studies have sys-
tematically evaluated their impact on drilling fluid properties. This
highlights a significant gap in the literature and underscores the
need for further research focused on the comprehensive assess-
ment of these additives within drilling fluid systems.
Abdelsattar et al. (2020) in their studies reported that adding

300 ppm of CT-Cu, CT-Zn, and CT-Mn nanometal complexes to a
bentonitic WBM caused only slight changes in viscosity. The
plastic viscosity (PV), apparent viscosity (AV) and yield point (YP)
of the mud were measured before and after the addition of the
inhibitor. The bar chart in Fig. 14 shows that PV and YP rise only
marginally with inhibitors, and AV changes little, all within
acceptable API limits (Abdelsattar et al., 2020).
In other words, these inhibitors did not negatively affect the

rheological properties of the mud. The gel strength and thixotropy
were also slightly increased after adding the nanometal inhibitors,
remaining compatible with drilling specifications (Abdelsattar
et al., 2020). Fig. 15 shows the gel
strength and thixotropy properties of the preparedWBMbefore

and after the addition of the successful 300 ppm concentration of
the inhibitors, which gave a high corrosion inhibition efficiency.
The effect on fluid loss is also generally small or positive.

Abdelsattar et al. (2020) reported that adding 300 ppm nano-
metal inhibitors produced a slight decrease in API fluid loss. Fig. 16
compares the filtrate volume after a 30-min API filter press, before
and after adding the inhibitor. Amodest reductionwas observed in
the filtrate and cake volume after inhibition (Abdelsattar et al.,
2020). Overall, the prepared mud with the nanometal complexes
met API filtration standards. This result suggests that the adsorbed
inhibitor molecules can help form a slightly denser filter cake.
Ghaderi et al. (2020) reported that incorporating Saffron Purple

Petals (SPP) powder into a bentonite base mud resulted in a
distinctive filtration behavior. The volume of the filtrate gradually

reduced as the SPP powder content increased from 1 to 3 wt%
(Ghaderi et al., 2020). The muds with 1, 2, and 3 wt% SPP powder
had filtrate volumes of 20, 16.6, and 14.4 mL, demonstrating a
decrease of 23.7, 36.6, and 45% in the volume of the filtrate
(Ghaderi et al., 2020). This result indicates that the addition of SPP
powder to the mud yields a significant improvement in mitigating
filtration volume. Fig. 17 shows filtration results for the prepared
base mud and muds containing 1, 2, and 3 wt% SPP powder.
Plant-based corrosion inhibitors are gaining increasing atten-

tion due to their biodegradability, availability, and environmental
compatibility. These green inhibitors typically contain bioactive
compounds, such as polyphenols, flavonoids, and polysaccharides,
which enable them to adsorb onto metal surfaces and form

Fig. 14. Rheological properties of the prepared WBM before and after the addition of the
successful concentration of the inhibitors (CT-Zn, CT-Cu, and CT-Mn) (Abdelsattar et al.,
2020).

Fig. 15. Gel strength and thixotropy of the prepared WBM before and after the
addition of the successful concentration of the inhibitors (CT-Zn, CT-Cu, and CT-Mn)
(Abdelsattar et al., 2020).

Fig. 16. Filter loss of the prepared WBM before and after the addition of the successful
concentration of the inhibitors (CT-Zn, CT-Cu, and CT-Mn) (Abdelsattar et al., 2020).

Fig. 17. Filtration results for the prepared base mud and muds containing 1, 2, and
3 wt% SPP powder (Ghaderi et al., 2020).
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protective films that hinder electrochemical reactions responsible
for corrosion (Rani and Basu, 2012). In addition to corrosion inhi-
bition potential, several plant-based additives have demonstrated
the ability to enhance the rheological properties of drilling fluids.
For instance, Ismail et al. (2020) demonstrated how Henna leaf
extract, rich in tannins and phenolic compounds, can improve
viscosity and gel strength, thereby enhancing cuttings transport
and reducing fluid loss. This suggests that such plant-based ma-
terials may offer dual functionality, serving simultaneously as
corrosion inhibitors and rheological enhancers in water-based
mud systems. However, a critical review of existing literature re-
veals that most studies tend to evaluate only one aspect of these
bio-additives, either focusing on their corrosion inhibition effi-
ciency or their influence on rheology, without investigating both
roles simultaneously. This presents a notable gap and an oppor-
tunity for further exploration into the multifunctional perfor-
mance of green inhibitors in drilling fluid formulations.
During drilling operations, the corrosiveness of the environ-

ment and the effectiveness of inhibitors are determined not by any
single variable but by the combined action of several factors, like
temperature, dissolved gases, ionic strength, hydrodynamics,
substrate metallurgy, and drilling fluid composition. Laboratory
screening that fails to account for these interacting factors risks
producing inhibitors that will fail downhole or promote false
chemistries. Below, we examine each major driver and give prac-
tical recommendations for robust testing.

5.1. Temperature and mud composition

The kinetics of corrosion inhibitor adsorption, desorption, and
degradation are critically influenced by temperature. Elevated
downhole temperatures accelerate both anodic and cathodic re-
actions, hence reducing inhibitor film stability through desorption
or thermal decomposition (Al-Amiery et al., 2023). Organic in-
hibitors containing heteroatoms (O, N, S) often lose their efficiency
above 130 ◦C due to volatilization or structural rearrangement
(Sheetal et al., 2023). In contrast, nanocomposite and crosslinked
polymeric inhibitors exhibit enhanced stability, maintaining
compact film morphology and charge-transfer resistance at HPHT
conditions (Abdelsattar et al., 2020; Gokapai et al., 2024). While
multiple reviews emphasize that inhibitor performance measured
at ambient conditions is a predictor of HPHT performance, HPHT
electrochemical tests often reveal a rapid loss of film integrity
above 120–150 ◦C (Askari et al., 2021). Therefore, any meaningful
corrosion evaluation for downhole use must include HPHT aging,
followed by electrochemical and weight-loss testing under
representative pressure-temperature conditions.

5.2. Water-based vs oil-based muds

Corrosion susceptibility varies significantly with the contin-
uous phase. Water-based muds (WBMs) readily dissolve oxygen
and carbon dioxide, promoting uniform corrosion, whereas oil-
based muds (OBMs) form a hydrophilic barrier that limits oxy-
gen ingress (Zheng, 2020). Nevertheless, emulsified water droplets
in OBMs can localize corrosion, particularly in high-clay or poorly
stabilized emulsions (Alkalbani and Chala, 2024). Therefore, in-
hibitors must be phase-compatible; polar inhibitors such as imi-
dazolines for WBMs and amphiphilic surfactants or
organophosphorus compounds for OBMs (Zhu et al., 2017; Zhuang
et al., 2021).

5.3. Metallurgy of casing and drill collars

The metallurgical composition of casing joints and drill collars

determines base electrochemical behavior and passive film
chemistry, which affect inhibitor efficiency. Inhibitors optimized
for carbon steel may perform poorly on Cr-rich alloys or in mixed-
metal assemblies due to changes in adsorption energetics and
galvanic coupling. Carbon steels corrode actively in a chloride-rich
drilling environment, while Cr–Ni–Mo alloys display enhanced
passivation (Li et al., 2019). We recommend that corrosion
screening be performed on the actual alloys or a representative set.
Recent studies by Davydov et al. (2023) showed that 13 Cr and
duplex steels exhibit distinct passivation and scale formation
behavior in formate and chloride environments, which is impor-
tant for inhibitor selection in HPHT completion fluids.

5.4. Effect of dissolved gases (O2 and CO2.) and salinity

Oxygen dissolved in drillingmuds acts as a cathodic depolarizer
and directly improves the overall corrosion current even at small
ppm levels (Bertness et al., 1989). Oxygen ingress also complicates
the interpretation of electrochemical screening. To suppress
oxygen-driven corrosion, oxygen scavengers such as sodium sul-
fide and hydrazine derivatives are often incorporated intoWBM in
synergy with film-forming inhibitors. Carbon dioxide, in contrast,
increases acidity through the formation of carbonic acid, which
enhances general corrosion and localized pitting under specific
conditions (Retnanto et al., 2024). Studies that fail to report dis-
solved oxygen and carbon dioxide or that test only deaerated so-
lutions, therefore, cannot be directly translated into field practice.
High chlorine concentration increases solution conductivity and

disrupts protective oxide or inhibitor films, promoting localized
pitting and undermining sacrificial precipitation mechanisms.
While the bulk effect of salinity is often reported qualitatively, its
interaction with pH, temperature, and inhibitor chemistry is non-
linear and sometimes counterintuitive. Therefore, we recommend
that testing across the expected salinity range of the targeted field
should be mandatory. Comprehensive reviews and experimental
studies emphasize that chlorine sensitivity must be quantified by
cyclic polarization/pitting tests and that inhibitors that function in
low chlorine brines may fail in high-TDS drilling fluids (Eliaz, 2019).

5.5. Hydrodynamic effects (flow rate, shear)

Circulating drilling fluids impose shear and turbulence that
mechanically remove loosely adsorbed inhibitor films as well as
increase mass transport of corrosive species to the metal surface.
Galvan-Martinez et al. (2007) demonstrated that under turbulent
flow, corrosion rates double compared to static conditions. The
protective efficiency of adsorbed inhibitors decreases at Reynolds
numbers above 104 due to themechanical removal of the adsorbed
layer. Static laboratory electrochemical tests, such as static polari-
zation, systematicallyunder-predict corrosionunderflow.Dynamic
methods, such as the Rotating Cylinder Electrode (RCE), rotating
cage, tribo-corrosion rigs, or flow-loop testing, reproduce shear-
induced film stripping and allow quantification of shear thresh-
olds atwhich inhibitors fail.Hydrodynamicexperiments reveal that
some film-formers soften under shear, whereas nanoparticle-
reinforced films can be robust mechanically. We recommend that
robust experimental protocols must therefore include at least one
dynamic test at Reynoldsnumbers and shear rates representativeof
anticipated downhole flow, because these conditions provide a
more realistic performance assessment for drilling operations.

5.6. Field monitoring of corrosion

Translating laboratory metrics to field decisions requires
continuous monitoring tools that capture both short-term spikes
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and long-term loss. Conventional weight-loss coupons remain the
standard for average corrosion rate estimation, while electrical-
resistance (ER) probes and linear polarization resistance (LPR)
sensors provide real-time data under flowing mud conditions
(Zehra et al., 2025). Recent advances have integrated electro-
chemical impedance spectroscopy (EIS) with downhole telemetry,
permitting operators to adjust the inhibitor dosage and mud
chemistry in real-time. Comparative studies reveal ER and LPR
correlate well with weight loss when properly calibrated; how-
ever, instrument placement, fouling, and temperature compensa-
tion are routine sources of error (Martinelli-Orlando and Angst,
2022). These developments bridge laboratory evaluation and
field implementation, ensuring that corrosion mitigation strate-
gies remain effective under HPHT drilling environments.
The literature reviews show commonweaknesses: (a) omission

of HPHT aging, (b) absence of dynamic/shear tests, (c) failure to
test multiple salinities and dissolved-gas conditions, and (d)
testing on only one alloy (Martinelli-Orlando and Angst, 2022;
Retnanto et al., 2024; Zehra et al., 2025). To raise confidence in
laboratory screening and enable cross-study comparison, we
recommend mandatory reporting of: (i) full mud recipe (solid,
ionic composition, additives and concentrations), (ii) dissolved-
gas content (O2, CO2 partial pressure), (iii) HPHT aging protocol
(temperature, time, pressure), (iv) dynamic/shear test conditions
(RCE rpm, flow-loop Re), and (v) alloy tested with coupon geom-
etry. Studies lacking these details should be interpreted as pre-
liminary mechanistic explorations rather than field-ready
validation.

6. Advances in corrosion inhibitor technology

In recent years, advances in inhibitor technology have signifi-
cantly enhanced performance, sustainability, and compatibility
with drilling fluids. Emerging trends include smart and responsive
inhibitors, nano-enhanced systems, and green, eco-friendly alter-
natives that meet stricter environmental regulations (Yahya et al.,
2022).

6.1. Smart and responsive corrosion inhibitors

Smart corrosion inhibitors use microcapsules or polymer car-
riers that respond to triggers such as pH and temperature to
release corrosion inhibitors in situ (Li et al., 2025). This targeted
release minimizes continuous release into the fluid and reduces
environmental load. Mechanistically, release in acidic microenvi-
ronments regenerates the inhibitor concentration at anodic sites
where film breakdown or local acidification has occurred; the
released molecules adsorb and rebuild the protective film (Li et al.,
2025). Bench-scale studies in simplified electrolytes show
impressive inhibition efficiency in controlled saline tests and lab
flow conditions; however, only a few have been validated in full
drilling-mud matrices and under HPHT conditions. The challenges
include: (i) ensuring capsule integrity under high shear cycles
during circulation, (ii) matching trigger thresholds to real down-
hole conditions, and (iii) confirming the carrier does not negatively
affect mud rheology or filtration. We recommend that any smart
inhibitor study in drilling contexts report (a) capsule survival after
shearing/aging, (b) release profile under mud chemistry and HPHT,
and (c) combined corrosion and mud compatibility testing (API
rheology, LPLT/HPHT filtration).
Recent studies by Jin et al. (2025) demonstrated a micro-

capsule imidazoline core for pipe corrosion, exhibited excellent
self-healing in pipeline simulants and some thermal stability
data, but not tested in drilling mud matrices yet, which is an
explicit gap. Cao et al. (2024) also showed that Solid Corrosion

Inhibitor Capsule (SCICs) exhibited long-term release in coating
with a corrosion efficiency of 80% towards N80 steel, but will
require adaptation for mud dispersion and survivability under
circulation.

6.2. Nanotechnology in corrosion inhibition

Nanomaterials can enhance corrosion protection in complex
fluids by forming tighter, mixed inorganic-organic films, acting as
reservoirs for inhibitor molecules, or altering local electrochem-
istry. Mechanistically, they can block pores in filter cakes and co-
adsorb with organic inhibitors to yield composite films with
increased resistance. However, in practical WBM formulations, the
effective nanoparticle surface area is often far lower than in lab-
oratory nanofluid tests due to aggregation and adsorption onto
barite (Dejtaradon et al., 2019). A comprehensive review by Ikram
et al. (2021) on eco-friendly nanomaterials for drilling fluids
highlights benefits, but indicates knowledge gaps regarding
corrosion testing in WBM, emphasizing that studies stop at
rheology and filtration. Though these studies only report rheology
or filtration, the work by Abdelsattar et al. (2020) is an important
demonstration that corrosion testing can be carried out in true
mud matrices, it tested metallo-cationic surfactant complexes in a
prepared WBM and reported high inhibition efficiency as seen in
Table 4, using classical electrochemistry and weight-loss tests in
the mud matrix. Static corrosion studies do not account for high
shear and circulation typical in drilling operations. Where dy-
namic drilling mud tests exist, inhibition efficiency decreases
under simulated rotation (Abdelsattar et al., 2020). This indicates
film stripping or mechanical removal of nanoparticle-linked films,
hence, demands dynamic testing before claims of downhole effi-
cacy. Gokapai et al. (2024) emphasized that nanoparticles may
adsorb onto barite or clay platelets, changing both available
nanoparticles for corrosion protection and the mud's filtration
behavior. Ikram et al. (2021) also highlighted that many metallic
nanoparticles, such as CuO and ZnO, raise ecotoxicology and
disposal concerns, as full life-cycle assessments are rarely reported
in laboratory studies.

6.3. Green corrosion inhibitors in drilling muds

Green corrosion inhibitors include plant extracts, seaweed ex-
tracts, biopolymers and natural deep eutectic solvents (NADES).
They are attractive because they are low-cost, biodegradable, and
derived from renewable sources (Sheydaei, 2024). However, while
interest in green corrosion inhibitors continues to grow, experi-
mental validation under real drilling-mud conditions has not kept
pace. Most available studies show promising results in simple
acidic or saline media such as HCl or NaCl, yet very few have tested
these inhibitors within the complex, particle-rich systems that
characterize actual drilling fluids containing bentonites, barite and
other additives.
Plant extracts such as neem, henna, and alga polysaccharides

show consistent inhibition in traditional electrochemical tests
performed in simple acidic or saline environments. The reported
inhibition efficiencies commonly exceed 60–90% depending on
concentration, as seen in Table 3 and solvent extraction methods
(Nadi et al., 2019; Valdez-Salas et al., 2021). These results indicate
the extracts contain bioactive compounds, such as phenolics and
carboxylates, that adsorb onto steel surfaces and reduce charge
transfer. The majority of plant-alga studies test inhibitors in acids
or brine solutions, not in complete drilling mud formulation. In
reality, drilling fluids are complex, containing polymers that can
significantly alter the behavior of the inhibitor. Within these
particle-rich and high-salinity systems, the inhibitor may compete
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with clays and weighting materials for adsorption sites (Ikram
et al., 2021). Consequently, the corrosion efficiencies measured
in acidic environments overestimate mud performance unless
validated on the same mud recipe. Because many bioactive com-
pounds degrade at elevated temperatures, and the HPHT tests
commonly used in drilling fluids are rarely reported for plant-
based inhibitors, thermal decomposition has become a concern.
Furthermore, plant extracts vary depending on species, harvest
time, solvent, and extraction procedure. This variability compli-
cates scale-up and regulatory acceptance (Sheydaei, 2024).

NADES can act as green solvents and provide corrosion-
mitigating properties through strong hydrogen-bond networks
and surface adsorption. Their polar functional groups interact with
metal surfaces, forming a blocking layer and modifying the local
double-layer structure. Mechanistically, they adsorb at the metal-
mud interface through H-bonding and electrostatic interactions.
However, their viscosity and solubility in the continuous phase of
drilling fluids control their distribution. Several drilling-mud
studies demonstrate rheology, filtrate, and anti-shale benefits,
and DES studies in acid media show strong surface adsorption.
Rasool and Ahmad (2023) demonstrated that the NADES
(MgSO4:glycerine) added to API WBM formulations improved
rheology and filtrate; corrosion metrics were not the core focus,
although the paper discusses potential anti-corrosion mecha-
nisms. This exemplifies the frequent shift toward rheology focus in
NADES studies, an exploitable gap for corrosion researchers. Re-
ported concerns from literature emphasize that NADES can be
highly viscous and may partition poorly into the continuous phase
of OBMs or be retained in cakes, which affects inhibitor availability
at the metal surface (Rasool et al., 2023). Furthermore, thermal
breakdown of NADES hydrogen-bond networks at HPHT may
cause loss of function. Although NADES studies in acid media seem
promising, key constraints for their application in drilling mud
include thermal degradation, potential interactions with mud
polymers, and the need to control viscosity. For deployment, we
recommend testing NADES in the exact mud formulation intended
for use, including rheological and filtration assessments at tar-
geted HPHT conditions, as well as electrochemical and weight loss
testing on representative steel alloys.

6.4. AI and machine learning in corrosion prediction

Artificial intelligence (AI) and Machine learning (ML) are
emerging as transformative tools in predicting corrosion rates and
screening novel corrosion inhibitors. Since conventional corrosion
models are based on empirical correlations and mechanistic ap-
proaches, these methods struggle with complex, non-linear in-
teractions inherent to corrosion processes. AI and ML offer data-
driven methods that provide improved accuracy and cost effi-
ciency by learning from experimental and field data (Haruna et al.,
2024; Mythreyi et al., 2021). Data-driven modelling involves
leveraging historical and real-time data to predict corrosion rates
by learning patterns in various operational parameters. Fig. 18
presents the steps taken in this process.

The data set for corrosion often includes environmental vari-
ables, material properties, and operational conditions. After data
collection, preprocessing techniques such as principal component
analysis (PCA) and normalization are applied to reduce

dimensionality, standardize corrosion data, and improve model
performance (Ossai, 2019). Several algorithms of ML models are
available, ranging from simple linear regression and support vec-
tor regression (SVR) to more complex approaches such as decision
trees, ensemble methods, and neural networks (NN).
Trisnapradika et al. (2024) used quantitative structure-property
relationships (QSPR) to predict the corrosion inhibition efficiency
of pyridazine corrosion inhibitors, they reported a significant
improvement in predictive accuracy, with R2 values reaching up to
0.97 and root mean square error (RMSE) values decreasing sub-
stantially. These findings suggest that incorporating environ-
mental and process variables into ML models not only enhances
prediction accuracy but also facilitates the identification of critical
factors, such as surface modification and heat treatment, that in-
fluence corrosion behavior. Imran et al. (2023) employed the
extreme gradient boosting (XGB) model to predict marine corro-
sion, where it delivered robust predictions when tuned with
hyperparameter optimization. Hybrid models, which combine
statistical techniques with AI methods, have demonstrated more
robust predictive capabilities. In a recent study by Serrano et al. the
hybrid approach showed improved accuracy in predicting corro-
sion degradation in complex marine systems (Serrano et al., 2024).
To ensure model robustness, rigorous cross-validation and testing
on independent datasets are crucial. Advanced machine learning
techniques, including deep learning, are employed to address non-
linear relationships and interactions between variables in corro-
sion datasets (Ruiz et al., 2024).

Over the years, the development of effective corrosion in-
hibitors has traditionally relied on trial-and-error experimenta-
tion. The advent of AI-assisted screening is revolutionizing this
process through virtual screening and molecular modelling, opti-
mization of the formulations, and integration with experimental
results (Pham et al., 2024). Fig. 19 shows the procedures in AI-
assisted screening.

Machine learning algorithms can screen inhibitors by predict-
ing the performance potential of inhibitory molecules through
analyzing large databases of chemical structures and known in-
hibition efficiencies. This will enable the rapid identification of
promising candidates before laboratory synthesis and testing
(Hughes et al., 2022). The study of Winkler (2017) showed that the
integration of ML with throughput synthesis techniques has
accelerated the discovery of benign organic corrosion inhibitors,
allowing for rapid testing and validation. Integrating AI techniques
with molecular dynamics provides a detailed insight into how
inhibitors interact with metal surfaces at the atomic level. The
results of these simulations enhance the understanding of
adsorptive behavior and protective film formation, which are
crucial for inhibitor performance (Imran et al., 2023). ML can be
used to optimize the formulation of inhibitors using ensemble
methods such as bagging and boosting. Comparative studies have
revealed that non-linear ensemble models, such as bagging re-
gressors, consistently deliver a superior performance compared to
linear models when predicting corrosion inhibition efficiency
(Wise et al., 2024). The application of ML to corrosion inhibition
not only accelerates the screening process but also reduces the
need for extensive laboratory experiments. A recent study byWise
et al. (2024) demonstrated that the bagging regressor model
achieved an RMSE of 5.38 and an R2 close to 0.72 in predicting the
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Fig. 18. Data-driven modelling steps.

Virtual
Screening and

Molecular
Modelling

Optimization of
Formulation

Integration with
Experimental

feedback

Fig. 19. AI-assisted screening processes.
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efficiency of pyrimidine inhibitors. This approach highlights the
potential for AI to serve as a cost-effective and rapid alternative to
traditional experimental methods, enabling the discovery of new,
environmentally friendly inhibitors. When AI predictions are
combined with experimental validations, a feedback loop is
created that refines both the inhibitor formulations and the pre-
dictive models. This integrated approach will significantly reduce
the time and cost associated with developing new inhibitors,
accelerating the translation from lab-scale discovery to industrial
application (Imran et al., 2024).

7. Integrated Screening and Corrosion Inhibition Modelling
(I-SCIM)

The development and optimization of corrosion inhibitors for
drilling muds pose considerable challenges given their fragmented
traditional approach, which often sees laboratory experiments,
computational modelling, and field validation pursued indepen-
dently of one another. Integrated Screening and Corrosion Inhibi-
tion Modelling (I-SCIM) has been proposed as part of this study. I-
SCIM provides an advanced screening and modelling framework
that will propel the discovery of inhibitors suited for very harsh
operating conditions and promote environmental compliance.
With its multi-phase approach, I-SCIM presents a paradigm shift in
corrosion management, offering a scalable, data-driven strategy to
meet the evolving demands of the oil and gas industry.

7.1. Need and significance of I-SCIM

Today, inhibitor candidates are often evaluated in isolated
studies, where some focus on lab tests, others on modelling, and a
few integrate both. This slows down innovation and leads to
mismatches between academic findings and field performance.
Geothermal wells, ultra-deep wells, CO2 storage wells, and other
modern wells impose multiple simultaneous stresses, such as
HTHP and acidic gases, that single-method screens can't capture.
Furthermore, environmental regulations require early screening
for toxicity and biodegradability. The significance of the Integrated
Screening and Corrosion Inhibition Modelling (I-SCIM) lies in its
ability to unify all key aspects, including performance, stability,
compatibility, sustainability, and cost into one streamlined pipe-
line, lowering the time-to-field by up to 50% and ensuring that top
candidates are both effective and deployable. This framework
combines high-throughput experimental techniques, advanced
computational simulations, and machine learning analytics.

7.2. What will I-SCIM do?

I-SCIM will optimize inhibitor formulation by ensuring long-
term stability, compatibility with various mud additives, and
high corrosion inhibition efficiency. It will reduce time and cost by
rapidly filtering promising candidates from a broad chemical
space. Furthermore, it will enhance the understanding of
structure-property relationships by integrating molecular-level
insights with field performance data.

7.3. How does I-SCIM work?

I-SCIM proposes a multi-phase approach for selecting and
developing corrosion inhibitors from a library of candidates.
Candidate inhibitors undergo four phases of evaluation: high-
throughput experimental screening, computational simulation
and molecular modelling, machine learning-driven predictive
modelling, and field validation and feedback integration. Fig. 20
shows a flowchart of the proposed I-SCIM.

7.3.1. Phase I – high-throughput experimental screening
A laboratory setup is designed to screen a wide library of in-

hibitor formulations. This setup is designed to simulate downhole
drilling conditions. Screening is carried out using (1) electro-
chemical tests (potentiodynamic polarization, electrochemical
impedance spectroscopy) to measure corrosion efficiency, and
gravimetric analysis, which includes rapid weight loss tests to
determine the corrosion rate. (2) Compatibility and synergy test,
where additive interactions and hybrid formulations are run in
parallel with rheology and phase-separation checks. (3) Environ-
mental simulation chambers to mimic HTHP and CO2-rich condi-
tions, ensuring that candidates are tested under realistic downhole
environments.

The candidate inhibitors are screened using four critical
screening criteria, namely: performance and stability, compati-
bility and synergy, environmental and regulatory compliance, and
economics and operational feasibility. These criteria are desig-
nated values of 0–5, with 5 being the highest importance and 0 the
least importance in screening the candidate inhibitors. Fig. 21
summarize the screening criteria.

The performance and stability metric criterion evaluates the
corrosion inhibition efficiency (IE) using standard electrochemical
techniques: potentiodynamic polarization, EIS, and theweight loss
method. It also evaluates the long-term stability of the inhibitor
under simulated downhole conditions, such as HTHP and CO2-rich
environments, to ensure sustained performance. The compatibility
and synergistic interactions criterion evaluates the inhibitor's

Fig. 20. Flowchart of the integrated screening and corrosion inhibition modelling
(I-SCIM).
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compatibility by ensuring that it does not negatively interact with
other drilling mud components. Furthermore, identification of
beneficial combinations that can yield improved protective films.
The environmental and regulatory compliance criterion screens
for inhibitors with low toxicity and high biodegradability, aligning
with stringent environmental standards. Furthermore, it evaluates
whether the formulation complies with international regulatory
guidelines concerning hazardous substances and heavy metals.
The economic and operational feasibility criterion evaluates the
cost-effectiveness of the inhibitor, synthesis cost, dosing re-
quirements, and overall viability. The feasibility of large-scale
production and integration into existing drilling operations is
appraised. This front-end application rapidly filters out low per-
formers, ensuring only candidates meeting minimal thresholds
across all four dimensions progress to Phase II.

7.3.2. Phase II – computational simulation and molecular
modelling
This phase integrates molecular-level simulations to predict

the behavior of the inhibitor. Density functional theory (DFT) and
Molecular Dynamics (MD) are employed to calculate adsorption
energies, film stability, and degradation pathways. Based on the
calculated and predicted interactions at themetal surface, a virtual
screening tool can be used to narrow down the most promising
candidates from the library. The computational results provide
crucial parameters that are fed into subsequent predictive models.

7.3.3. Phase III – machine learning-driven predictive modelling
This phase leverages advanced machine learning algorithms to

synthesize the data obtained from Phases I and II. The purpose of
this phase is to develop a robust predictive tool that can dynam-
ically adjust inhibitor formulations in real time. This is achieved
through data fusion and feature extraction, which entails inte-
grating experimental and simulation data to identify key perfor-
mance predictors. The development of models such as deep neural
networks and extreme gradient boosting to forecast long-term
inhibitor performance under variable conditions. And the opti-
mization of algorithms, where the developed models are utilized
to optimize formulation parameters for maximum efficiency and
compatibility.

7.3.4. Phase IV – field validation and feedback integration
At this phase, pilot field tests are conducted to validate labo-

ratory and simulation results. This phase ensures that the opti-
mized inhibitor formulations are validated under actual drilling
conditions, bridging the gap between laboratory research and field
application. To achieve this, sensor networks would be employed
to monitor corrosion rates and the continuous effectiveness of the
inhibitor. Then, a feedback loop where field data are used to refine
and retrain machine learning models, ensuring continuous
improvement and adaptation to real-world conditions.
The Integrated Screening and Corrosion InhibitionModelling (I-

SCIM) explicitly addresses acceptability, adoption, appropriate-
ness, feasibility, cost, and sustainability; hence, it ensures that
both industry and academic stakeholders can adopt and effectively
scale the framework, driving both scientific insight and real-world
impact.

8. Challenges of corrosion inhibitors in drilling mud

In drilling operations, corrosion inhibitors are employed to
protect the drilling equipment and enhance the performance of
drilling mud under harsh conditions. In the past, many effective
inhibitors have relied on heavy metals due to their excellent anti-

corrosive properties. In more recent times, however, environ-
mental concerns and toxicity have led to the restriction of heavy
metal-based formulations worldwide (Askari et al., 2021).
Considering this, the industrial trend is towards formulating
environmentally compliant and friendly inhibitors.

8.1. Environmental and regulatory

Metals such as chromate, phosphate, molybdate, zinc, etc., have
been used as corrosion inhibitors because they have the capability
of forming a protective film over metal surfaces. Despite their ef-
ficacy, these compounds pose a significant risk not only to human
beings but also to the environment. These toxic metals often
accumulate in soil and water, resulting in harmful effects on
aquatic life and bioaccumulation in food chains. Environmental
burdens as these have led to a growing consensus that their use
must be replaced, ensuring stricter global regulation (Ahmed et al.,
2024). This regulatory pressure is driving the need for research
into alternative inhibitor chemistries that do not rely on heavy
metals while still providing robust corrosion protection (Askari
et al., 2021). Drilling fluids are expected by regulatory bodies to
meet certain sustainability criteria: low toxicity, biodegradability,
and minimum environmental footprint. In recent years, sustain-
ability has become a primary pillar in producing new corrosion
inhibitors, ensuring that researchers focus on organic, bio-based,
and waste-derived compounds instead of heavy-metal-based in-
hibitors. For example, new studies have demonstrated that waste
materials and natural products can effectively be recycled as
corrosion inhibitors in drilling fluids while decreasing their envi-
ronmental footprint and production costs (Yahya et al., 2022). Such
research not only supports regulatory compliance but also helps
the industry transition to a circular economy.

8.2. Stability and long-term effectiveness

One major challenge experienced in the corrosion inhibitor
formulation is the ability to maintain stability throughout the
entire drilling operation. Downhole environments impose high
temperature and pressure along with aggressive chemical attack
on corrosion inhibitors. It is under these harsh conditions that the
inhibitor molecules tend to degrade, or precipitate, out of the mud
system, lessening their effectiveness over time. Studies have
shown that even advanced inhibitor systems may suffer from
reduced performance due to thermal degradation or oxidative
processes (Yahya et al., 2022). Some new formulation strategies,
such as encapsulation or the incorporation of synergistic additives,
are being explored by researchers to enhance the durability of
inhibitors (Safian et al., 2024). However, these strategies still
require further validation in field trials.
Inhibitor additives should be compatible with other mud

components to avoid adverse interactions that can change the
properties of the mud, such as viscosity, gel strength, or fluid loss.
Incompatibility of the inhibitor with other mud components is
likely to lead to phase separation, reduced inhibition efficiency, or
even chemical reactions that can produce undesirable byproducts.
Therefore, optimizing inhibitor formulation requires a thorough
understanding of how each component of the drilling mud in-
teracts under varying conditions. Advanced characterization
techniques and computational models are being increasingly uti-
lized to predict and mitigate these interactions. The essence of
compatibility studies is to ensure that inhibitors do not adversely
affect mud performance parameters, such as fluid loss control and
lubricity (Askari et al., 2021).
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9. Conclusions and recommendations

In the oil and gas drilling industry, corrosion remains a critical
challenge with immense economic, safety, and environmental
implications. This paper presented a thorough discussion on the
state-of-the-art corrosion inhibitors used in drilling muds. Inor-
ganic inhibitors typically work through passivation, producing
oxide layers to provide inhibition, while organic inhibitors work
primarily through adsorption and pH changes to form a protective
film. However, with the introduction of environmental regula-
tions, the focus has shifted toward green alternatives, such as plant
extracts, deep eutectic solvents (DES), and bio-based inhibitors,
which offer biodegradability and reduced toxicity. Hybrid in-
hibitors and nanotechnology-based solutions have demonstrated
clear synergistic benefits, particularly through enhanced barrier
properties, improved thermal stability, and adaptive protection
mechanisms. Advanced technology, such as smart coatings which
respond to pH or temperature, alongside AI-driven predictive
models, further reflects the rapid evolution of corrosionmitigation
strategies towards more dynamic and intelligent systems. How-
ever, when these advanced approaches are evaluated against
realistic drilling variables, including temperature, dissolved gases,
salinity, metallurgy, and hydrodynamics, it becomes evident that
static, ambient-condition testing remains fundamentally inade-
quate as a standalone screening approach.
Despite these technological advancements, significant chal-

lenges persist in translating laboratory success to field-scale
implementation. Practical deployment is constrained by inhibitor
degradation under high-temperature, high-pressure (HTHP) con-
ditions, uncertainties in optimal dosing, and potential in-
compatibilities with other drilling fluid additives. Moreover, a
substantial portion of existing studies continue to assess corrosion
inhibition performance in isolation, without systematically eval-
uating the concurrent impact on drilling fluid rheology, filtration,
and overall compliance with API specifications.
To enhance the efficiency of corrosion inhibitors, future

research must prioritize interdisciplinary innovation to address
these gaps. The integration of AI and machine learning into
corrosion inhibition in drilling mud science will accelerate inhib-
itor discovery, optimize formulations, and enable real-time
corrosion monitoring. Additionally, the scalable synthesis of
smart self-healing coatings and responsive nanocontainers re-
quires further investigation to balance performance and cost.
Transitioning towards sustainable, high-efficiency corrosion in-
hibitors isn't just a mere technical necessity but a strategic
imperative for the oil and gas industry. The drilling industry, by
leveraging emerging technologies and prioritizing environmental
stewardship, can achieve safer, more economical, and ecologically
responsible drilling operations, ensuring long-term resilience in
an era of evolving challenges.
Future research should focus on developing environmentally

friendly inhibitors that are thermally stable and compatible with
other drilling mud additives. Green inhibitors, derived from nat-
ural sources such as plant extracts and algae, are rich in bioactive
compounds like polyphenols, tannins, and flavonoids. These in-
hibitors offer benefits such as high biodegradability, low toxicity,
and renewable sourcing, all of which are critical under the
increasingly strict environmental regulations imposed on drilling
muds. While green inhibitors possess these benefits, they degrade
under harsh drilling conditions; therefore, future research should
focus on improving their thermal and chemical stability to with-
stand harsh drilling conditions such as HTHP and acidic conditions.
Also, future research should prioritize HPHT-validated, dynami-
cally tested, and formulation-aware inhibitor systems to ensure
that laboratory-scale advancements translate into reliable, field-

deployable corrosion control strategies in modern drilling opera-
tions. Furthermore, researchers should also focus on developing
efficient and scalable methods to extract and purify bioactive
compounds from plants and other natural resources.
Future research should extensively explore the use of machine

learning and AI in optimizing inhibitor formulation. By analyzing
large datasets from field operations and laboratory experiments,
predictive models can be developed to optimize inhibitor com-
positions for maximum long-term performance and compatibility.
These models can help identify synergistic interactions between
inhibitors and other mud additives, accelerating the formulation
development.
Future research should focus on integrating molecular-level

studies with field-scale modeling. By combining density func-
tional theory (DFT) calculations with machine learning algo-
rithms, researchers can predict the performance of inhibitors
across various environmental conditions. Such integrated ap-
proaches will aid in optimizing formulations before extensive
field trials.
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