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Abstract

Chloride-induced steel corrosion is one of the major causes of durability degradation in
reinforced concrete (RC) structures. Conventional inhibitors have inherent drawbacks in
environmental safety, long-term stability, and cement compatibility. Plant extracts, featur-
ing renewability, biodegradability, and abundant bioactive components, have emerged as
promising green corrosion inhibitors. This review summarizes the categories, inhibition
mechanisms, and evaluation methods of plant-based inhibitors, and discusses multi-scale
characterization and computational techniques for mechanism research. A conceptual
Ginkgo biloba extract (EGb)-LDH strategy is discussed as a possible future route for plant-
based inhibitor delivery, but its chloride-responsive release and corrosion-protection per-
formance remain to be experimentally verified.

Keywords: green corrosion inhibitors; reinforced concrete; plant extracts; Ginkgo biloba
extract (EGb); layered double hydroxide (LDH)

1. Introduction

Reinforced concrete (RC) is one of the most widely adopted structural forms in modern
construction and infrastructure, owing to its favorable mechanical performance, durability,
low cost, and flexible constructability [1]. However, steel reinforcement corrosion—one of
the primary causes of RC durability degradation—causes estimated hundreds of billions of
dollars in annual global economic losses and drastically reduces structural service life [2].
Chloride from marine atmospheres and deicing salts is a primary cause of steel corrosion in
coastal and cold regions: chloride ions penetrate concrete pores and microcracks to destroy
the steel passive film, and the resultant expansion of corrosion products induces concrete
cracking and spalling, severely impairing structural load capacity [3-5]. In China, the boom
of major infrastructure under national strategies has made chloride-induced corrosion
cracking increasingly prominent, rendering corrosion mitigation a key technical challenge
for durable civil infrastructure [4,6].

Current strategies to mitigate steel corrosion include enhancing concrete compactness,
applying external protective barriers, using corrosion-resistant rebars, and incorporating
corrosion inhibitors [7-10]. Corrosion inhibitors are widely applied for their convenient
construction, cost-effectiveness, and high efficacy [11,12]. Nevertheless, conventional
inorganic inhibitors (e.g., sodium nitrite, chromates) are highly toxic and ecologically
harmful, and have been restricted by EU REACH and Chinese regulations [13]; traditional
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organic inhibitors also suffer from poor biodegradability and high production energy
consumption. Driven by global carbon neutrality goals, developing green, efficient, and
sustainable inhibitors has become a key research focus [14,15].

Plant-based inhibitors have received increasing attention in recent years, mainly
because of their renewable sources, biodegradability, and potentially lower environmental
burden [16]. Plant secondary metabolites, including alkaloids, flavonoids, and other
phenolic compounds, contain N/O/S/P heteroatoms and m-conjugated systems, forming
dense protective films on steel surfaces via physical and chemical adsorption [17]. Active
ingredients derived from agroforestry byproducts have demonstrated promising corrosion-
inhibition performance in both simulated pore solutions and concrete systems. Under
certain laboratory conditions, some reported inhibition efficiencies exceed 90%, which is
comparable to, or even higher than, that of conventional nitrite-based inhibitors in the
same test environments [18-21]. With the continuous advancement of scientific research,
plant-based corrosion inhibitors are expected to show strong application potential in civil
engineering and industrial corrosion protection, offering a sustainable alternative for
corrosion protection in reinforced concrete infrastructure [21].

Nevertheless, several key bottlenecks still restrict the further popularization and en-
gineering application of plant-based corrosion inhibitors [22,23]: the lack of standardized
quantitative characterization criteria, which leads to considerable variation in reported
optimal dosages across studies; progressive performance degradation during long-term
exposure in concrete environments; insufficient understanding of multi-component syner-
gistic effects and interfacial adsorption configurations; and the reliance on a single passive
protection mode, which is difficult to reconcile with the intelligent and on-demand regula-
tion requirements of modern durable concrete structures.

This paper reviews recent progress in plant-based corrosion inhibitors for RC struc-
tures under chloride attack with a focus on enhancement strategies, performance evaluation,
active components, inhibition efficiency, and interfacial mechanisms. Key challenges and
future directions are also discussed to provide theoretical guidance for the development
of high-performance plant-based inhibitors and support the long-term durability of RC
structures in harsh environments.

2. Review Methodology and Literature-Screening Strategy

A structured literature search was conducted to improve the transparency and repro-
ducibility of this review. The databases searched included Web of Science Core Collection,
Scopus, ScienceDirect, SpringerLink, ACS Publications, and Wiley Online Library. The
main search period covered publications from 1988 to 2026, with priority given to peer-
reviewed journal articles published in the last ten years. The following combinations
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of keywords were used: “plant extract corrosion inhibitor”, “green corrosion inhibitor”,
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“natural corrosion inhibitor”, “reinforced concrete”, “steel rebar”, “simulated concrete pore
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solution”, “chloride-induced corrosion”, “mortar”, “concrete”, “layered double hydrox-

ide”, “inhibitor release”, “phenolic compounds”, “flavonoids”, “tannins”, “adsorption”,
“passive film”, and “electrochemical impedance spectroscopy”. The literature screening
was conducted in three sequential phases. First, duplicate records across all retrieved
databases were removed. Second, title and abstract screening was performed to exclude
studies deemed clearly irrelevant to the research scope. Finally, full-text articles of the
remaining records were retrieved and evaluated against the predefined eligibility criteria.
A total of over 260 records were initially identified through database searches. After the
full screening workflow, 155 studies that satisfied all predefined eligibility criteria were
ultimately included in this review.
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The predefined eligibility criteria included three core inclusion requirements: (1) stud-
ies involving plant-derived, bio-based, or naturally derived organic inhibitors for steel
or reinforcing steel; (2) studies reporting electrochemical, gravimetric, surface-analytical,
or cementitious-material performance data; and (3) studies relevant to acidic corrosion,
saline corrosion, simulated concrete pore solutions (SCPS), mortar, or concrete systems.
Studies were excluded if they focused on non-plant-derived inhibitors or non-steel metal
substrates, failed to report complete, usable experimental data, involved corrosion systems
beyond the predefined scope of this review, were non-peer-reviewed documents such as
conference abstracts, dissertations, and patents, or were review articles without original
experimental data.

3. Chloride-Induced Corrosion of Steel Reinforcement in Concrete and
Its Mitigation

3.1. Corrosion Mechanism of Steel Reinforcement Under Chloride Attack

As the most dominant aggressive medium in RC structures, chloride-induced cor-
rosion leads not only to superficial damage such as concrete cracking and spalling, but
also to effective cross-section loss of steel rebars and degradation of steel-concrete bond
performance via the volumetric expansion effect of corrosion products, ultimately resulting
in deterioration of structural load-bearing capacity [24,25]. Typical corrosion deterioration
of RC structures under long-term chloride attack is shown in Figure 1.

Figure 1. The corrosion and deterioration of reinforced concrete buildings exposed to a marine
environment. (a,b) Extensive concrete deterioration requiring major structural intervention; (c) col-
umn before concrete removal works; and (d) column after concrete removal works. Reprinted from
Ref. [26].
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Therefore, systematically elucidating the microscopic mechanism of chloride-induced
steel corrosion in a concrete environment can provide useful support for formulating
scientific protection strategies and extending the service life of RC structures. From a
macroscopic perspective, chloride-induced steel corrosion in concrete is a multi-stage
coupled process covering ion transport, passive film breakdown, electrochemical corrosion,
and corrosion product expansion, as schematically illustrated in Figure 2.
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Figure 2. The whole process of chloride-induced steel corrosion in concrete.

The whole process can be divided into four sequential stages:
1. Chloride ion penetration stage

Chloride ions migrate through the concrete pore network via multiple mechanisms,
including diffusion, capillary suction, electromigration, and pressure-driven permeation.
Under water-saturated conditions, Fickian diffusion driven by a concentration gradient
is the dominant transport mechanism; under wetting-drying cycling conditions, capillary
action significantly accelerates the non-steady-state transport of chloride ions [4,27,28].
The transport rate is governed by concrete properties such as water-to-binder ratio, pore
structure, mineral admixture type, as well as ambient temperature and humidity. Chloride
ions eventually reach the steel surface through concrete capillary pores and microcracks.

2. Passive film breakdown stage

A dense passive film mainly composed of iron oxides/hydroxides naturally forms
on the steel surface in the highly alkaline concrete environment, which inhibits active
corrosion of steel. When the free chloride concentration at the steel surface reaches the
critical threshold, the protective passive film begins to break down locally, exposing the
underlying steel to corrosive media and initiating corrosion [29,30].

3. Electrochemical corrosion stage

Once the passive film fails, electrochemical corrosion reactions proceed on the steel
surface in the presence of oxygen and moisture. Iron is initially oxidized to ferrous hy-
droxide (Fe(OH),) and subsequently converted into iron oxides, such as Fe,O3 and Fe3O;.
Since the resulting corrosion products have a volume about 2-6 times larger than that of
the original steel, internal tensile stresses develop in the surrounding concrete, which may
eventually cause cracking and spalling [31].
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4. Corrosion propagation and deterioration stage

The accumulation and expansion of corrosion products sustain the ongoing oxidation
of the steel surface, while their volumetric expansion further enlarges existing concrete
cracks. This establishes a detrimental feedback loop in which cracking accelerates the
ingress of chloride ions and oxygen, thereby intensifying steel corrosion and promoting the
progressive deterioration of RC structures [32].

At the microscale, two classical theoretical models are widely accepted to explain the
passive film breakdown mechanism induced by chloride ions: the ion exchange model
(IEM) and the point defect model (PDM) (Figure 3). According to the ion exchange model,
pit nucleation follows three steps: adsorption of chloride ions on the passive film surface,
corrosive attack via ion exchange between chloride ions and surface oxygen or oxygen
vacancies, and inward migration of chloride ions through the passive film (Figure 3a) [33].
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Figure 3. Schematic diagram of passive film breakdown mechanism. (a) IEM; and (b) PDM. Reprinted
from Ref. [33].

The PDM proposes that chloride ions adsorbed on the passive film catalyze the
formation of cation vacancies at the metal surface (Figure 3b) [33]. The process begins with
surface cations forming a complex with chloride ions and gently detaching from the surface;
next, the resulting cation vacancies migrate toward the metal/oxide interface; finally, these
vacancies gradually accumulate locally, leading to the formation of a small void at the
metal/film interface [33,34].

Therefore, chloride-induced steel corrosion is a complex dynamic process driven
by the coupling of ion transport, interfacial reaction, electrochemistry, and mechanical
damage. An in-depth understanding of the above process and mechanism provides the
theoretical foundation for developing high-efficiency protection technologies and con-
stitutes the core basis for scientifically evaluating the performance of various corrosion
inhibition techniques.
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3.2. Control Strategies for Steel Reinforcement Corrosion in Concrete

As summarized in Figure 4, three mainstream protective technologies have been devel-
oped to address chloride-induced corrosion of steel reinforcement, namely surface coatings,
high-performance concrete, and corrosion inhibitors. Among these, plant-based corro-
sion inhibitors are emerging as a promising research direction due to their environmental
friendliness, renewable feedstocks, and cost advantages.

Medium

overall
\ cost
Physical

barrier

Steel
Surface .

Reinforcement Coatin Flexible

Corrosion — .g construction
e Protection
Electrochemical Inhibitor Types of Short-

adjustment/ Protection
film-forming

protection

term anti-
Technologies corrosion

High
Performance
Concrete

(LLEL) Reduce the
Cl diffusion
coefficient

High

cost

Compreh
ensive

durability

Figure 4. Control strategies for steel reinforcement corrosion in concrete.

3.2.1. Protective Surface Coating Technology

Protective surface coatings form a dense physical barrier on steel reinforcement or
concrete surfaces, blocking the transport of aggressive media (chloride ions, oxygen, and
moisture) to the steel-concrete interface (Figure 4). Commonly used engineering coating
systems include epoxy-based, polyurethane-based, acrylic-based, and polymer-modified
cementitious coatings [35-40]. This technology is widely applied in engineering practice
for its direct inhibition effect on the steel surface and convenient construction process [41].

Nevertheless, coating systems still have notable limitations in long-term service [42].
First, their environmental adaptability and durability may be insufficient: under ultraviolet
(UV) radiation, load impact, and high-salinity marine attack, coatings are prone to cracking
and delamination, leading to premature loss of protective function [24]. Second, the final
protection performance is highly dependent on construction quality; the uniformity and
thickness control of on-site coating application remains a technical bottleneck for large-scale
engineering promotion [43].

3.2.2. High-Performance Concrete (HPC) Technology

High-performance concrete (HPC) achieves high matrix densification and pore struc-
ture refinement through a low water-to-binder ratio, optimized mineral admixture blending
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Corrosion inhibitors

for steel reinforcement

(fly ash, slag, silica fume, etc.), and superplasticizer synergism [44]. This fundamentally
reduces the chloride diffusion coefficient and significantly prolongs the passive state of
steel reinforcement (Figure 4). The core advantages of HPC are reflected in these aspects:
high compressive strength to meet high design load requirements; markedly enhanced
matrix compactness to reduce water and chloride permeation and retard steel corrosion;
and stable service performance under harsh environments, endowing excellent long-term
durability [45,46].

However, the engineering application of HPC is also restricted by several factors. First,
it entails relatively high material costs and stringent construction requirements: improper
construction procedures will directly impair the mechanical properties and durability of
the material, weakening its corrosion protection effect. Second, it exhibits non-negligible
shrinkage deformation and cracking risk [47,48].

3.2.3. Reinforcement Corrosion Inhibitor Technology

As shown in Figure 5, corrosion inhibitors for steel reinforcement are chemical sub-
stances admixed into fresh concrete (admixed type) or applied onto hardened concrete
surfaces (migrating type) to effectively suppress or retard steel corrosion [13,17]. They are
currently recognized as one of the most cost-effective and construction-friendly steel protec-
tion technologies [35]. Based on chemical components, mechanisms, and application forms,
corrosion inhibitors can be classified into conventional systems and emerging intelligent
systems (Figure 5).

Inorganic corrosion
inhibitors

corrosion
inhibitors

Organic corrosion
inhibitors

By chemichal
composition

Intelligent |
corrosion
inhibitors

Figure 5. Classification of corrosion inhibitors for steel reinforcement.

According to chemical composition (Figure 5), conventional corrosion inhibitors are
mainly divided into inorganic and organic categories [17,49]. Inorganic corrosion inhibitors
function primarily by regulating the chemical environment at the steel-concrete interface
and can be further subdivided into passivating type and chloride-binding type (Figure 5).
Passivating inhibitors form a dense oxide film on the steel surface via interfacial reac-
tions, isolating aggressive media from the steel substrate; typical representatives include
chromates, nitrites, phosphates, molybdates, and silicates [50-55]. The typical inhibition
mechanism of inorganic molybdate corrosion inhibitors is presented in Figure 6. In general,
molybdates may promote the formation of CaMoOy precipitates and interact with iron
oxides on the steel surface to generate protective FeMoOy- and Fe;(MoOy)3-containing
films, thereby suppressing active steel corrosion [51,56]. Chloride-binding inhibitors, such
as aluminates, convert free C1~ into stable Friedel’s salt or Kuzel’s salt via chemical im-
mobilization, reducing the interfacial free chloride concentration at the steel-concrete
interface [57].
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Figure 6. Schematic diagram of film formation and precipitation mechanism of molybdate on
reinforcing steel surface.

The active components of organic corrosion inhibitors mainly include organic com-
pounds, metal chelating agents, and natural plant extracts (Figure 5). Their inhibition
mechanisms mainly involve organic film formation, metal ion complexation, and surface
adsorption, which effectively suppress the steel corrosion process [58]. Organophosphorus
inhibitors, as traditional organic systems, can form protective films via chemical reactions
with the steel surface [59]; despite their favorable adsorption and anti-corrosion perfor-
mance, their environmental compatibility remains controversial [60]. In addition, organic
acid inhibitors represented by oxalic acid and acetic acid react with surface oxides on steel
to reduce surface oxidation activity, thus achieving corrosion inhibition [61].

In particular, plant-based corrosion inhibitors have attracted widespread attention for
their potential environmental advantages [15]. They form a compact protective layer at the
steel interface via surface adsorption to block the penetration of aggressive media such
as chloride ions; some plant-derived acid components also retard steel corrosion through
excellent metal ion complexation [58,62,63]. As an important direction in developing new-
generation corrosion inhibitors, plant-based systems are more comprehensively reviewed
in Section 4.

In recent years, stimuli-responsive intelligent corrosion inhibitors have emerged as a
prominent research focus to mitigate steel corrosion induced by the two primary degrada-
tion mechanisms: chloride ion ingress and concrete carbonation [64,65]. These inhibitors
employ nano-carriers such as microcapsules, mesoporous silica nanoparticles, and layered
double hydroxides (LDHs) as matrices to encapsulate active inhibiting molecules [66,67],
thereby enabling Cl~-responsive controlled release or pH-responsive on-demand release
via molecular gating mechanisms. The CeMoOx self-healing conversion film developed
by An et al. can trigger a self-healing effect when damaged above the pitting potential,
with MoO,4?~ within the film selectively regulating ion adsorption behavior (Figure 7) [68].
In concrete environments containing C1~, molybdates weaken the adsorption of C1~ on
the film surface, thereby reducing the risk of pitting corrosion (Figure 7). As corrosion
progresses, multivalent redox transformations involving Ce, Mo, and Fe occur within
the film, where lower-valent ions are incorporated to reduce oxygen vacancies and pro-
mote film densification, enhancing protective performance (Figure 7). Additionally, pH
reduction caused by localized corrosion promotes the dissociation of molybdates into large
poly-anions, which adsorb at defect sites to further enable self-repair of damage.
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Figure 7. The self-healing and chelation synergistic protection mechanism of microcapsules. The
“x” indicates effective suppression of chloride ion adsorption at the dense protective film location,
thereby protecting the rebar from corrosion. Reprinted from Ref. [68].

4. Plant-Based Corrosion Inhibitors for Steel Reinforcement

Environmentally friendly (green) corrosion inhibitors mainly cover rare earth-based
inorganic systems, as well as organic categories including plant-based, amino acid-based,
and biopolymer inhibitors. Among them, plant-based inhibitors derived from natural
biomass have become a research hotspot for new-generation reinforcement corrosion
inhibitors, owing to their wide feedstock availability, low cost, low ecotoxicity, and excellent
biodegradability. Representative studies, such as the green tea extract inhibitor reported by
Pradipta et al. [69], have exhibited inhibition performance comparable to or even superior
to conventional chemical inhibitors.

4.1. Main Types of Plant-Based Corrosion Inhibitors

Plant-based corrosion inhibitors can be systematically classified from multiple di-
mensions according to active component composition, mechanism, and formulation form
(Figure 8).
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Figure 8. Schematic diagram of the classification system for plant-based corrosion inhibitors.

4.1.1. Classification by Plant-Derived Active Components

(1) Single-component plant extract corrosion inhibitors

Single-component inhibitors are prepared by extracting and enriching active con-
stituents from specific plant materials, and exert corrosion inhibition via the inherent
physicochemical properties of the active molecules. Current research mainly focuses on
four categories of highly active plant resources: polyphenols, organic acids, saponins, and
amino acid derivatives (Figure 8).

e Plant polyphenols are natural antioxidant substances widely distributed in tea leaves,
fruits, and leaves. Their molecules are rich in phenolic hydroxyl groups and aromatic
conjugated structures, which are the main contributors to corrosion inhibition activity.

e Plant-derived organic acids, including citric acid, oxalic acid, malic acid, and phytic
acid, are characterized by strong metal-chelating ability originating from carboxyl or
phosphate functional groups.

e Plant saponins are natural amphiphilic surfactants with good emulsifying ability and
certain antioxidant properties.

e Plant amino acids, such as arginine and glutamic acid, exhibit good alkaline sta-
bility and biocompatibility, and contain both amino and carboxyl groups in their
molecular structures.

(2) Composite plant extract corrosion inhibitors

Composite inhibitors are typically developed by combining multiple plant-derived
active components with complementary functions to achieve synergistic improvement in
corrosion inhibition performance [70]. Current composite systems mainly include two
forms: inter-plant component compounding, and plant extract compounded with a small
proportion of low-toxicity conventional inhibitors.

4.1.2. Classification by Corrosion Inhibition Mechanism

From the perspective of inhibition mechanism, plant-based corrosion inhibitors can be
divided into three categories, corresponding to different protective pathways (Figure 8):

(1) Physical adsorption-type plant-based inhibitors mainly rely on the adsorption of
active molecules on the metal surface to form a compact protective layer, thereby block-
ing the transport of corrosive species. Natural constituents in plant extracts, including
polyphenols, lipids, and flavonoids, can adsorb onto the metal interface through elec-
trostatic interactions, van der Waals forces, or hydrogen bonding. Liu et al. developed
a green reinforcement corrosion inhibitor from waste Platanus x acerifolia leaves [71].
Electrochemical results indicated that the plant extract significantly reduced the cor-
rosion rate of reinforcing steel. The inhibition effect was mainly attributed to the
adsorption of polyphenol- and flavonoid-containing molecules on the steel surface,
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which formed a protective organic film and blocked the diffusion of chloride ions
and oxygen.

(2) Chemical interaction-type plant-based inhibitors inhibit the corrosion of steel
through coordination, chemisorption, or deposition reactions between active con-
stituents and the metal surface, leading to the formation of a more stable interfacial
protective layer. Plant-derived organic acids, polyphenols, and flavonoids contain
active functional groups such as carboxyl, hydroxyl, and carbonyl groups, which can
coordinate with Fe?* /Fe3* ions to form metal-organic complexes. Anitha et al. [72]
characterized the molecular structure of Rosa damascene leaf extract by ATR-FTIR, and
further analyzed the valence states and chemical composition of the passive film on
inhibited reinforcing steel using XPS, thereby proposing a physical model for the
inhibitor-modified passive layer.

(3) Bioactive type plant-based inhibitors refer to green corrosion-inhibiting materials that
utilize natural bioactive constituents from plant extracts to suppress corrosion. These
compounds can form protective adsorption films on metal surfaces and may also ex-
hibit antibacterial, antioxidant, and environmental adaptability, which is beneficial for
mitigating microbiologically influenced corrosion and other environmental corrosion
processes. Representative examples of bioactive plant-based inhibitors include neem
leaf extract (Azadirachta indica) and clove essential oil (Syzygium aromaticum) [73,74].

4.2. Performance Evaluation and Mechanism Elucidation Methods for Plant-Based
Corrosion Inhibitors

Plant-based corrosion inhibitors feature highly complex chemical compositions, with
only specific active components contributing to corrosion inhibition. Therefore, screening
and purification of active constituents, quantitative evaluation of inhibition performance,
and systematic elucidation of mechanisms constitute core prerequisites for the development
and engineering application of high-efficiency plant-based inhibitors (Figure 9). This section
summarizes commonly used research methods from three dimensions: active component
screening, performance evaluation, and multi-scale mechanism analysis.

4.2.1. Screening and Identification of Active Corrosion-Inhibiting Components

Quantum chemical calculation is a typical theoretical screening method: it evalu-
ates the adsorption activity and inhibition potential of molecules by analyzing electronic
structure parameters (frontier molecular orbital energy, energy gap, electrostatic potential
distribution, etc.) and identifying reactive sites within molecules [75] (Figure 9). For in-
stance, Hou et al. [76] compared the theoretical inhibition efficiency of B-group vitamins
and vitamin C via DFT+U calculations. Such theoretical methods provide efficient guidance
for targeted screening of active components.

Quantitative determination of bioactive constituents underpins the screening of core
inhibitory components, establishment of structure-activity relationships, and quality con-
trol of plant-based inhibitors. Given the multicomponent nature of plant extracts, multiple
analytical strategies have been developed for different detection targets (Figure 9). Spec-
trophotometric methods are commonly employed for rapid quantification of total active
fractions. The Folin-Ciocalteu assay is typically used to determine total phenolic content,
while the aluminum nitrate colorimetric method is applied to total flavonoid measure-
ment [77]. For individual compounds, high-performance liquid chromatography (HPLC)
enables accurate analysis of non-volatile constituents [78], such as polyphenols and organic
acids, as reported for Caesalpinia spinosa, Olea europaea L., and Platanus x acerifolia. Gas
chromatography-mass spectrometry (GC-MS) is suitable for semi-quantitative identifica-
tion of volatile and lipophilic compounds through peak area normalization, as shown in
the analysis of Rosa damascena extracts [79]. Additionally, Liquid chromatography-tandem
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mass spectrometry (LC-MS/MS) further provides high sensitivity for trace polar compo-
nents, enabling detailed characterization of minor bioactive constituents in complex plant
matrices [80].

Quantum chemical calculation Quantitative compositional analysis

1
1
1
1
1
I
I
1
1
1
1
1
1
I
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
a

Component

* Analyze electronic structure parameters

I

I

|
o ) AL '
screening * Identify active sites in molecules : e +HPLC: non-volatile active monomers
and anal * Evaluate molecular adsorption activity !
1

R : +  GC-MS: volatile/lipophilic constitucnts
| ___and corrosion inhibition potential »  LC-MS/MS: trace polar active components

.

= Combinc theoretical prediction and experimental quantification for candidate screening,

1
1
1
1
1 1 |
1 : |
! 1
! »  Spectrophotometry: total bioactive fractions ! |
1 ! |
i b
'. o
1
.. . 1
structure-activity study and quality control |

Laboratory accelerated
corrosion tests

Real-environment
exposure tests

| i
i :
1 *QCP, LPR, Polatization )
| *EIS (localized-EIS) !
i :
= !
l :

|
1
1
i
1
Performance ! *Rapidly charactcrize corrosion
1
1
1
1
1
|
1

evaluation rate and morphology ' . Local probes: SVET, SKPFM L * Obtain the most authentic
! « Efficicntly screen corrosion- * Quantify inhibition cfficicncy performance data
: inhibiting formulations *Reveal clectrochemical
| protcction mechanism |
: = Multi-scale quantitative determination of corrosion inhibition efficiency and :
: verification of adaptability to practical engineering service conditions |

XPS+ATR-FTIR+XRD SEM+EDS X-CT
* Analyze chemical composition of . . o o Non-dectmet:
Micro-scale passive films/ corrosion products CEERTLPN CTEEES PO E RO )

* Identify characteristic functional groups
and crystallinc phascs
* Deduce adsorption film-forming
mcchanism
= Clarification of interfacial adsorption behavior of corrosion inhibitors and microscopic
morphology, composition and structural characteristics of protective films

analysis * Charactcrization of corrosion propagation

corrosion-product and pore-crack

v 1 !

1 1 | ,

1 1 | !

P ; 1

! : 3 1 . c g

E-'-: micromorphology : L : observation of internal
"o ! v

;o ] | .

1 clemental distribution | ! evolution

1

ML/QSAR

E EC-AFM+In situ Raman

Atomic-scale

analysis inhibition performance and

guide molecular design

configuration, adsorption energy 4 morphology and dynamic

1 1
1 1
1 1
1 1
1 o = -

1+ *Rapidly predict corrosion ,
1 1
1 1
b - and interfacial interaction ! 1 chemical evolution in real time
1 1

-
1 I
' |
i ' |
!+ Explore molecular adsorption i *Monitor interfacial i
: |
1 I
1 |

= To clucidate the nature of interfacial interactions at the atomic and molecular level,
and establish the structure-activity relationship of corrosion inhibitors

Figure 9. The flowchart for evaluating the inhibitory efficiency and exploring the inhibition mecha-
nism of plant-based corrosion inhibitors.
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4.2.2. Evaluation Methods for Corrosion Inhibition Performance

A scientific performance evaluation system is essential for verifying the protective ef-
fect of inhibitors and supporting engineering applications. Current mainstream evaluation
methods can be broadly divided into three categories.

(1) Laboratory accelerated corrosion tests

Laboratory accelerated corrosion tests are widely used to evaluate the durability and
inhibition efficiency of protective systems within a shortened testing period (Figure 9).
Common methods include neutral salt spray tests in accordance with ASTM B117 [81], cyclic
or modified salt fog tests according to ASTM G85 [82], immersion tests in SCPS or chloride-
containing media, and macrocell corrosion tests for reinforced concrete systems according to
ASTM G109 [83]. These methods simulate chloride-induced corrosion conditions typically
encountered in marine, de-icing salt, and salt-lake environments by exposing specimens
to aggressive media such as high-concentration chloride solutions, artificial seawater, or
cyclic wet-dry conditions [84,85].

The corrosion protection performance is generally assessed by monitoring the time to
corrosion initiation, corrosion product formation, mass loss, corrosion penetration depth,
surface morphology, cracking of concrete cover, chloride penetration depth, and corrosion
product distribution. For steel coupons, gravimetric mass-loss measurements after removal
of corrosion products can provide a direct estimate of the average corrosion rate. For
reinforced mortar or concrete specimens, corrosion evaluation is usually combined with
half-cell potential measurements, macrocell current monitoring, crack-width observation,
and post-exposure examination of the steel surface [86].

(2) Electrochemical tests

Electrochemical techniques are among the most widely used methods for evaluating
corrosion inhibitors, enabling real-time quantification of corrosion rates and early detection
of localized degradation (Figure 9). Common electrochemical methods include open-circuit
potential (OCP) monitoring, half-cell potential method, linear polarization resistance (LPR),
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) [87].

OCP monitoring provides information on the thermodynamic tendency of steel toward
corrosion in a given environment. In RC structures, the half-cell method, commonly
conducted in accordance with ASTM C876 [88], is frequently used for on-site assessment of
corrosion probability [84]. LPR can be used to estimate the polarization resistance, which is
inversely related to the corrosion current density through the Stern-Geary relationship [37].

Potentiodynamic polarization measurements provide key electrochemical parameters,
including corrosion potential, corrosion current density, anodic and cathodic Tafel slopes,
and pitting potential [89]. These parameters are useful for identifying whether an inhibitor
mainly suppresses the anodic metal dissolution reaction, the cathodic oxygen reduction
reaction, or both. For plant-based inhibitors, polarization curves are commonly used to
determine whether the extract behaves as an anodic, cathodic, or mixed-type inhibitor.
For example, Song et al. [71] employed multiple electrochemical methods to evaluate the
inhibition performance of Platanus leaf extract on steel reinforcement.

EIS measurements provide more detailed information on interfacial corrosion pro-
cesses [90]. By applying a small-amplitude alternating perturbation over a wide frequency
range, EIS can resolve the complex and overlapping physical structures of a corroding
system into individual electrical components [91]. For reinforced cementitious systems,
the impedance response can be fitted using equivalent circuits containing solution resis-
tance, passive-film resistance, charge-transfer resistance, constant phase elements, and
diffusion-related Warburg impedance [92,93]. Therefore, EIS can distinguish between
electrolyte transport through pores, protective-film formation, charge-transfer reactions at
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the steel/electrolyte interface, and diffusion-controlled processes. An increase in charge-
transfer resistance or film resistance generally indicates improved corrosion protection. In
addition, localized electrochemical techniques, such as localized EIS, scanning vibrating
electrode technique (SVET), and scanning Kelvin probe force microscope (SKPFM), can
further reveal spatially heterogeneous corrosion and early pitting behavior [94,95].

(3) Real-environment exposure tests

Real-environment exposure tests place specimens in actual service scenarios (marine
atmosphere, industrial atmosphere, etc.) for long-term observation (Figure 9). Although
time-consuming, they can provide performance data closest to real engineering conditions.
China’s National Materials Environmental Corrosion Platform has established multiple
marine test stations covering temperate to tropical sea areas, which are widely used for
long-term durability validation of concrete materials.

4.2.3. Multi-Scale Elucidation of Corrosion Inhibition Mechanisms

Clarifying inhibition mechanisms at the microscale is critical for guiding the perfor-
mance optimization of plant-based inhibitors. Current research mainly relies on surface
analysis, in situ and 3D visualization characterization, and theoretical simulation to reveal
the interfacial behavior and protective essence of inhibitors (Figure 9).

(1) Surface analysis techniques

Surface analysis techniques are essential for revealing the protective mechanism of
plant-based inhibitors at the steel/electrolyte interface. Scanning electron microscopy
(SEM) combined with energy-dispersive spectroscopy (EDS) can directly observe surface
morphology, corrosion pits, corrosion-product distribution, and elemental composition [62].
X-ray diffraction (XRD) can identify crystalline corrosion products, such as iron oxides,
iron oxyhydroxides, and chloride-containing phases [86]. Fourier-transform infrared spec-
troscopy (FTIR) and attenuated total reflectance FTIR (ATR-FTIR) can identify organic
functional groups involved in inhibitor adsorption, such as hydroxyl, carbonyl, carboxyl,
amino, and aromatic groups [86].

X-ray photoelectron spectroscopy (XPS) is particularly useful for determining the
chemical composition, elemental valence state, and bonding environment of interfacial
protective films [96]. It can provide evidence for the formation of metal-organic com-
plexes, adsorption layers, and stable passive films. For example, Anitha et al. [72] com-
bined ATR-FTIR and XRD to characterize the passive film composition on steel treated
with Rosa damascene leaf extract and proposed a corresponding protection model. These
surface-sensitive methods help clarify whether the inhibition effect arises from physical
adsorption, chemisorption, complexation with iron ions, passive-film stabilization, or
barrier-film formation.

(2) Three-dimensional visualization and in situ characterization

X-ray computed tomography, including micro-CT, has been widely used to non-
destructively characterize pore structure, internal cracking, corrosion-product accumula-
tion, and transport-related damage in cementitious materials [97]. In reinforced cementi-
tious systems, this technique can provide three-dimensional information that complements
electrochemical measurements and surface characterization.

In situ characterization techniques, such as electrochemical atomic force microscopy
(EC-AFM) and in situ Raman spectroscopy, enable real-time monitoring of interfacial mor-
phological and chemical changes during the corrosion inhibition process [98,99]. EC-AFM
can monitor nanoscale changes in passive-film morphology, local dissolution, and adsorp-
tion layers under electrochemical control, whereas Raman spectroscopy can identify corro-
sion products and iron oxide/hydroxide phases formed on the steel surface. Therefore, their
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combined use is valuable for distinguishing physical adsorption, chemisorption, passive-
film stabilization, and localized breakdown processes in alkaline chloride-containing pore
solutions [100].

(3) Theoretical calculations and simulations

Molecular dynamics (MD) simulations can further investigate the adsorption configu-
ration, adsorption energy, surface coverage, and interaction between inhibitor molecules
and metal surfaces. These methods can reveal whether inhibitor molecules preferentially
adopt parallel or tilted adsorption orientations and whether they are capable of forming
compact protective films on iron or steel surfaces. Diamanti [75] employed MD simulations
to investigate the interaction between organic corrosion inhibitors and steel reinforcement
surfaces, and established a kinetic model for inhibitor adsorption and film formation.
For plant extracts containing multiple active compounds, simulations can help identify
the dominant corrosion-inhibiting constituents as well as possible synergistic interactions
among them [75,101]. In addition, with the rapid development of artificial intelligence, ma-
chine learning-based quantitative structure-activity relationship (QSAR) models have been
increasingly applied to enable rapid performance prediction of novel inhibitors, thereby
providing guidance for molecular design [102,103].

Overall, the integration of multi-scale experimental characterization with computa-
tional analysis is necessary for establishing reliable structure—-activity relationships and
guiding the rational design of next-generation plant-based corrosion inhibitors.

4.3. Research Progress of Typical Plant-Based Corrosion Inhibitors
4.3.1. Reported Plant-Based Corrosion Inhibitors for Steel in Different Test Environments

The reported plant-based corrosion inhibitors for steel in different test environments
are summarized in Table 1. In acidic HCI or H,SOy solutions, steel corrosion is generally
dominated by active dissolution and hydrogen evolution, and plant extracts mainly inhibit
corrosion through adsorption on actively dissolving steel surfaces [104-109]. By contrast,
in alkaline concrete pore solutions, reinforcing steel is initially protected by a passive film,
and chloride-induced corrosion involves passive-film destabilization, localized breakdown,
and pitting [72,110-116]. Therefore, inhibition efficiencies obtained in acidic media, such
as those reported for grape-seed and Ginkgo leaf extracts in HCI [104,105], should not be
directly extrapolated to reinforced concrete under chloride attack. Such studies are useful
for identifying potentially active molecular structures, such as phenolic hydroxyl, carbonyl,
and heteroatom-containing groups; however, validation in SCPS, mortar, or concrete
specimens is necessary before their applicability to reinforced concrete can be established.

(1) Extraction protocols and purity characterization of plant-based corrosion inhibitors

As summarized in Table 1, current studies on plant-based corrosion inhibitors exhibit
substantial non-standardization in extraction protocols and purity characterization, which
limits the comparability of reported results and hinders a clear understanding of the
relationship between extract composition and corrosion-inhibition performance.
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Table 1. Reported plant-based corrosion inhibitors for steel in different test environments, including acidic media, neutral saline solutions, SCPS, and cementi-
tious systems.

System . Active Concentration . Inhibition
Category Plant Extract Source Extraction Method Components (Wt.%) Test System Mechanism Efficiency (%) Ref.
Flavonoids y uch Chemically adsorbs
Purchased from as catechin, onto steel substrates
Grape seed / epicatechin, and 0.01-0.03 1 M HCI 92.0 [104]
Ebnemasouye Co. . and forms stable
some phenolic - 34
. complexes with Fe
acids
Purchased from . 1 M sulfamic . .
Grape seed Chemiloids, India / Proanthocyanidins 0.024 acid Physical adsorption 65.0 [106]
. Purchased from a . L Physical adsorption
Caesalpinia local producer, >0 hlet/Maceration Gallic acid 0.02-0.10 0.1 M HNO; on the mild steel 853-974  [107]
spinosa (ethanol-water) adsorbate
Ecuador surface
Acidic solution Purchased from Both physisorption
system Corn ) : / Corn peptone 0.005-0.050 1M HCI and chemisorption 70.3-95.1 [108]
Sigma-Aldrich
phenomena
Collgcteq from Heated solvent Flavonoids, Syn.ergl.stlc
Platanus x University of extraction and flavonols, combination of
P Science and chalcones, and 0.005-0.040 1M HCI physical and chemical 66.6-93.1 [109]
acerifolia leaf vacuum : .
Technology freeze-drvin phenolic adsorption
Beijing, China yms carboxylic acids mechanisms
Collected from Ethanol reflux Flavonoids
Ginkgo biloba Southwest extraction, ginkgolides, and  0.0005-00100 ~ OMFHCland — Adsorb on metal 80.0-948  [105]
Forestry degreasing, and . . 0.5 M HS04 surface
. . . . amino acids
University, China vacuum drying
SCPS,
. containing 0.3 M . .
Ginkgo biloba — Purchased from a‘;v;tae Jucous reflax. Cnkgolidesand o o000 KOH, 0.1M Rtej CthVZiflJ adense 673890 [110]
fruit Sigma-Aldrich q . bilobalide ' ' NaOH and 1% & o ' '
extraction protective film
Simulated NaCl, saturated
solution system with Ca(OH),
eS;?:ifitovr\:Zf; Electron-rich Adsorb on both
Sapota leaf / 0.05-0.20 3 M NaOH anodic and cathodic 66.8-88.0 [111]
water-bath elements areas
evaporation
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System . Active Concentration . Inhibition
Category Plant Extract Source Extraction Method Components (Wt.%) Test System Mechanism Efficiency (%) Ref.
Solvent extraction, .S(;PS’
. Purchased from alkali . POlal.” groups containing 0.6 M .
Maize gluten local biological dissolution-acid including N e}nd 0.025-0.200 KOH, 02 MO Adsprb onto active 62.7-88.1 [112]
meal . O elements in NaOH and 3% sites of rebar
products precipitation and .
centrifugation amide groups NaCl, saturated
with Ca(OH),
Aerated
Hot water reflux simulated saline Physical adsorption
Tobacco leaf / extraction and Nicotine 0.4-1.6 solution Y orp 22.1-55.6 [113]
. . .. mechanism
filtration containing 3.5%
NaCl
SCPS,
containing 0.3 M
KOH and 0.1 M Protective
Platanus x Collected from Alkahne—.ultrasomc Flavonoids and NaOH, . carbon—‘cor}talm.ng
. . .. . extraction and . .. 0.5-1.5 saturated with organic film via 69.4-99.9 [114]
Simulated acerifolia leaf Nanjing, China . their derivatives . .
lution svstem evaporation Ca(OH),, with chelation and surface
50 Y 0.6% NaCl physical adsorption
added daily for
10 days
SCPS,
containing 0.3 M
Purchased from KOH, 0.1 M r?bii‘olzbsfg?r;oi;hea
/ Sigma-Aldrich, / L-Arginine 2.0 NaOH, and 7wi 3{7 rion-F & / [115]
Seoul, Korea 2.98%/4.97% l’fl ? « ¢
NaC(l, saturated compie
with Ca(OH),
Oleuropein,
Collected from Shade drying, Verbacoside, 0.1 M NaOH Alistzzl’zisvteoﬁflc;; n;;
arid zones of Soxhlet extraction, active molecules and 2.87% NaCl P S
Olea europaea L. . . / . steel and inhibits 91.9 [116]
Dammam, Saudi and rotary bearing N/O with pH corrosion via phenoli
Arabia evaporation heteroatoms and around 13 osion via p ¢

T-electrons

antioxidants

https://doi.org/10.3390 /met16090979


https://doi.org/10.3390/met16090979

Metals 2026, 16, 979 18 of 36
Table 1. Cont.
System . Active Concentration . Inhibition
Category Plant Extract Source Extraction Method Components (Wt.%) Test System Mechanism Efficiency (%) Ref.
A;;r;ztclccalid Adsorb on the steel
0.5 M H,SOy4 reflux com ozn ds surface via
extraction and inchI: dine 4- SCPS, O/N/S-bearing
room-temperature hy droxychaglcone containing 0.5 M aromatic
Simulated Rosa damascene Collected fr’om drying (RDAE); esculetin (RDAE); 2-12 (v/v %) Ca(OH),, 0.5 M PhytoconStltue_n ts, 50.9-81.9 [72]
. Ooty, India Ethanol reflux . KOH, 0.1 M form a protective
solution system . Esters, terpenoids .
extraction and . NaOH and barrier to block
and saccharides o .
room-temperature . . . 2.92% NaCl aggressive ions and
. including di-n- .
drying (RDEE) hinder electron
octylphthalate, transfer
botulin (RDEE)
Epigallocatechin
Ultrasonic e ;gjizziin Mortar Protective layer on
Green tea / hot-water extraction p 2.0-3.0 containing 3.5% Y 75.0-80.0 [69]
. gallate, and rebar surface
and drying . NaCl
catechin
(epicatechin)
Methanol Mortar . .
/ Purchased from 4 lution (stock Gallic acid 0062502500  containing 35%  Lrotective film of 97.9 [23]
E-Merck . FeO—Ca~*-GA anion
preparation) NaCl
Polar groups Adsorbs on the steel
Maize gluten including N and Mortar surface at the early
Mortar/cement- ) / / O el . 1.00 containing 3% ¢ 92.7-97.9 [117]
based system mea e' ements in NaCl stage o c?ment
amide groups hydration
EG/AgNPs inhibit
concrete corrosion by
Tannins, alkaloids, generating dense
Elacis ewineensis Purchased froma  Ethanol maceration, coumarins, Concrete slab crystalline C-S-H gels
(lgea ¢ farm in Johor, AgNO;s reaction, flavonoids, 5.00 with natural via pozzolanic 94.7 [118]
southern Malaysia  and centrifugation carbohydrates, seawater reaction to block
etc. capillary pores and

act as a barrier against
chloride ion diffusion

Note 1: All inhibitor concentrations are presented in weight percentage (wt.%), except for the Rosa damascena leaf extracts (RDAE and RDEE), which are expressed
in volume percentage (v/v%). Note 2: The symbol “/” in the table indicates that the corresponding parameter was not reported in the original literature.
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First, extraction and post-treatment procedures vary considerably among different
studies. A variety of extraction methods have been employed, including reflux extrac-
tion [72,105,110,113], soxhlet extraction [107,111,116], ultrasonic-assisted extraction [69,114],
heated solvent extraction [109], and maceration [107,118]. The extraction solvents also vary
widely, ranging from deionized water, ethanol, and methanol to dilute sulfuric acid. In
addition, post-extraction treatments such as concentration, drying, and purification are not
standardized. For example, some extracts are dried at room temperature, whereas others
are subjected to vacuum drying, freeze-drying, or rotary evaporation. Such variations in ex-
traction and post-treatment conditions can significantly affect the composition and relative
content of active constituents in the final extract, thereby contributing to the discrepancies
in reported inhibition performance.

Second, the purity and chemical composition of plant-based inhibitors are insuffi-
ciently characterized in most studies [119]. The majority of reported inhibitors are crude
extracts used directly without further purification, and only a limited number of studies
provide quantitative information on their dominant active components. For example, the
main functional constituents have been reported for Caesalpinia spinosa [107], Olea europaea
L. [116], and Platanus x acerifolia [114]. However, such analyses remain uncommon, and
standardized purity evaluation criteria are still lacking. This deficiency makes it difficult to
correlate inhibitor performance with the actual concentration of active species and restricts
the establishment of reliable structure—-activity relationships.

(2) Environmental compatibility and toxicity of plant-based corrosion inhibitors

The environmental and toxicological profiles of plant-based corrosion inhibitors de-
pend not only on the source material, but also on extraction processes, solvent selec-
tion, dosage, residual components, and possible environmental release during applica-
tion [120,121].

From a life-cycle perspective, their environmental compatibility should not be inferred
solely from renewability. Preparation of plant extracts generally involves biomass collection,
drying, grinding, solvent extraction, concentration, and purification, all of which require en-
ergy and material inputs. Solvent extraction is still the most common route, with methanol,
ethanol, ether, and acetone widely used to isolate active phytochemicals. However, these
solvents may introduce toxicity concerns and additional energy demands during recovery,
which can offset the environmental advantages of the final extract. Moreover, plant extracts
often require relatively high dosages (20004000 ppm) to achieve only moderate inhibition
efficiencies (43-75%) [120]. In reinforced concrete applications, such dosages may translate
into substantial cumulative environmental loads that have received limited quantitative
attention to date [120].

Moreover, the assumption that plant-derived substances are inherently non-toxic is
not always justified. Many plant extracts contain secondary metabolites, such as alkaloids,
saponins, tannins, and polyphenols, whose biological effects may vary with concentra-
tion and composition. Crude extracts may also contain residual solvents or unidentified
minor constituents that influence their overall toxicological behavior. For corrosion protec-
tion in reinforced concrete, attention should be given to the possible leaching of organic
components, their interaction with the cementitious environment, and the long-term en-
vironmental fate of released substances or degradation products. However, systematic
toxicity and ecotoxicity assessments of plant-based corrosion inhibitors remain limited in
the literature [120].

Environmental claims for plant-based inhibitors are often not supported by standard-
ized evaluation criteria. Frameworks such as OSPAR and REACH assess environmental
acceptability based on parameters including toxicity, biodegradability, bioaccumulation
potential, and environmental persistence [120]. Most reported studies on plant-based corro-
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sion inhibitors lack data corresponding to these criteria, making claims of environmental
benignity difficult to verify.

4.3.2. Inhibition Mechanism of Typical Plant-Based Green Corrosion Inhibitors

(1) Plant polyphenol-based corrosion inhibitors

Plant extracts obtained from Ginkgo leaves, grape seeds, Platanus x acerifolia leaves,
and other plant tissues are usually rich in phenolic compounds, flavonoids, tannins, and
related oxygen-containing molecules. These compounds contain phenolic hydroxyl, car-
bonyl, and ether groups, which may participate in adsorption on steel surfaces through
electron donation, hydrogen bonding, and complexation with Fe species. Such interactions
are frequently invoked to explain the inhibition behavior of plant-derived extracts in acidic
or chloride-containing media [122,123].

Green tea-derived polyphenols, including catechins such as epigallocatechin gallate
and related phenolic antioxidants, are among the most investigated plant polyphenol sys-
tems for corrosion protection. Catechin has been shown to inhibit corrosion and promote
the conversion of corrosion products on substrates [124], while green tea antioxidants
have been validated for corrosion protection of steel reinforcing bars embedded in mor-
tar [69,123]. Based on electrochemical tests and XPS evidence, Pradipta et al. [123] suggested
that natural organic antioxidants in green tea can form a protective layer on embedded steel
bars in mortar, thereby reducing corrosion activity under chloride ion exposure conditions.

The antioxidant nature of plant polyphenols may also contribute to corrosion inhibi-
tion. For example, gallic acid has been reported as an effective corrosion inhibitor for steel
rebars in mortar, and its inhibition behavior has been studied using EIS, polarization tests,
and Raman analysis of corrosion products [23]. The corresponding mechanism involved in
developing a protective film of calcium gallate on rebar surfaces is shown in Figure 10.

I (a)

Calcium ions.
interaction with
Gallate ions
Gallate

ions

calcium gallate on
rebar surface

\Dioppmppiizznziz;izznznziz

Rebar protective film of

Figure 10. Mechanism involved in developing a protective film on rebar surfaces for gallic acid [23].
Reprinted from Ref. [23]. under the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License. (a) Gallic acid in concrete pore solution; and (b) positively charged calcium
gallate electrostatically attracted towards -vely charged rebar surface.
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Resveratrol-derived inhibitors have also been investigated as polyphenol-inspired
green corrosion inhibitors. For chemically modified resveratrol applied to Q235 steel, UV
spectroscopic analysis and DFT calculations further suggest that phenolic hydroxyl groups
and m-electron-rich structures may participate in adsorption on active steel sites through
electrostatic interaction and possible Fe-O coordination [125]. As another representative
flavonoid-rich system, the Ginkgo biloba extract (EGb) has recently been evaluated as a
corrosion inhibitor for carbon steel reinforcement in chloride-polluted simulated concrete
pore solution [110]. Molecular dynamics simulation results demonstrate the competitive
adsorption between EGb active molecules and corrosive chloride ions at the steel-solution
interface. Surface characterization techniques, including SEM, AFM, optical profilometry,
and XPS, support the inhibitory action of active components in GBFE. DFT and MD calcu-
lations further validate the experimental findings by elucidating the electronic properties
of the active compounds.

As a typical polyphenol-rich green corrosion inhibitor, olive leaf extract acts mainly
through its active phenolic components, hydroxytyrosol (HTR) and tyrosol (TRS). Lgaz
et al. [126] elucidated their inhibition mechanism on Fe(110) surfaces via self-consistent-
charge density-functional tight-binding (SCC-DFTB) simulations, molecular dynamics (MD)
simulations, and quantum chemical calculations. As shown in Figure 11a—c, HTR adsorbs
parallel to the iron surface via one Fe-O bond (2.118 A) and two Fe-C bonds (2.238-2.3 A),
exhibiting a stronger interaction energy (—1.874 eV) than perpendicularly adsorbed TRS
(—1.598 eV). Their synergistic adsorption further elevates the total interaction energy
to —1.976 eV, confirming that the extra hydroxyl group in HTR strengthens interfacial
bonding. PDOS analysis (Figure 11d) verifies orbital hybridization between molecular s/p
orbitals and Fe 3d orbitals, revealing the chemisorption nature. HTR, with a higher HOMO
level and positive electron transfer fraction (AN = 0.158), favors electron donation to the
iron surface.

HTR -s
HTR-p
Fe -3d

Density of States (electron/eV)
5 - N @ A @ @ N @
A N N T P S T

TRS -5
TRS - p
Fe -3d

Density of States (electron/eV)

Figure 11. SCC-DFTB-optimized adsorption configurations and projected density of states (PDOS) of
hydroxytyrosol (HTR), tyrosol (TRS), and their synergistic system on the Fe(110) surface. (a) HTR
adsorption; (b) TRS adsorption; (¢) HTR/TRS co-adsorption; and (d) PDOS spectra of adsorbed HTR
and TRS systems. Reprinted from Ref. [123].
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(2) Plant organic acid-based corrosion inhibitors

Plant-derived carboxylic acids and phosphate derivatives, mainly including citric
acid, oxalic acid, malic acid, and phytic acid, are naturally occurring compounds widely
found in citrus fruits, grains, and forestry by-products. These molecules contain abun-
dant carboxylate or phosphate groups and therefore possess strong potential for metal-ion
complexation. In the highly alkaline concrete pore solution, they are expected to exist
predominantly in deprotonated anionic forms and may interact with Fe?* /Fe3* species re-
leased from defective passive films. Such interactions are commonly proposed to contribute
to iron—-organic complex formation, passive-film modification, and reduced penetration of
aggressive species [64].

As a typical hexaphosphoric organic acid, phytic acid (PA) has attracted particular
attention in RC corrosion protection due to its six phosphate functional groups and strong
chelating ability [127,128]. In chloride-contaminated reinforced mortars, PA can deposit
on the steel passive film and form insoluble PA—Ca and PA-Fe(III) complex layers [63].
This process extends the pitting induction period and increases the pitting potential of
reinforcing steel, as confirmed by electrochemical, XPS, and FTIR analyses [63]. Citrate
presents a typical concentration-dependent dual effect on steel corrosion in alkaline concrete
pore solutions. At low concentrations, citrate ions adsorb on the steel surface and effectively
inhibit corrosion. However, excessive citrate promotes steel dissolution due to the strong
complexation between citrate and Fe?*, which forms stable Fe(Il)-citrate complexes and
restrains the oxidation of Fe?* into Fe>* (Figure 12a) [129]. The addition of zinc acetate can
weaken the coordination affinity of Fe?* toward citrate via pre-adsorbed zinc sites on the
steel surface, achieving a synergistic anti-corrosion effect (Figure 12b). These conclusions
are verified by potentiodynamic polarization, half-cell potential, and FTIR spectroscopic
tests [129]. Oxalic acid, a dicarboxylic acid, follows a similar chelation mechanism; it
reacts with surface oxides of steel to reduce electrochemical activity and suppress localized
corrosion triggered by chloride ions [130].
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Figure 12. Corrosion inhibition mechanism of citrate for steel reinforcement. (a) In the absence of
zinc acetate; and (b) in the presence of zinc acetate. Reprinted from Ref. [126].

(3) Plant saponin-based corrosion inhibitors

Plant saponins are natural surface-active compounds mainly extracted from Gleditsia
sinensis, soapberry, and other plants, featuring remarkable emulsifying properties and cer-
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tain antioxidant capacity [131]. Owing to their amphiphilic molecular structures, saponins
are expected to adsorb at the steel-solution interface, with polar groups interacting with
the steel surface or aqueous phase and hydrophobic moieties possibly extending outward.
Such interfacial arrangement may increase the hydrophobicity of the steel surface and
reduce the access of water, dissolved oxygen, and chloride ions to active corrosion sites.
Studies on saponin-rich Gleditsia sinensic extract (GSE) suggest that its corrosion inhi-
bition is mainly associated with interfacial adsorption and protective-film formation. For
example, GSE exhibited high inhibition efficiency for N80 steel in 1 M HCI, and its adsorp-
tion followed the Langmuir isotherm, with surface analyses confirming the formation of an
adsorbed protective layer [132]. However, such adsorption-driven inhibition, especially
when dominated by physical or weak interfacial interactions, may be less stable in highly
alkaline concrete pore solutions than the coordination- or chelation-based films formed
by polyphenols and organic acids. Therefore, the long-term durability of saponin-derived
protective layers in reinforced concrete environments still requires further investigation.

(4) Plant amino acid-based corrosion inhibitors

Plant-derived amino acids, represented by glutamic acid, L-tryptophan, and methionine-
containing derivatives, have attracted increasing interest as corrosion inhibitors due to their
alkaline compatibility, metal-complexing ability, and excellent biocompatibility [115,133].
These molecules contain amino and carboxyl groups, and their nitrogen and oxygen
atoms can donate lone-pair electrons to surface iron species, Fe?* /Fe3* centers, or iron
oxide/hydroxide sites, thereby promoting coordination-assisted adsorption on steel sur-
faces [115].

Recent studies have further confirmed the potential of amino-acid-related bio-based
inhibitors for steel corrosion protection in simulated concrete pore solutions [115,134,135].
Jiang et al. [134] synthesized a ferulic acid- and methionine-modified chitosan inhibitor,
CTS-FA-Met, for low-carbon steel in simulated concrete pore solution. Weight-loss and
electrochemical tests confirmed its high inhibition efficiency, reaching a maximum value
of 96.89%, while Fe?* complexation experiments and theoretical calculations revealed its
strong ability to regulate dissolved iron species. Surface characterization further verified
the formation of a protective interfacial film. The inhibition mechanism was therefore
attributed to the combined effects of Fe?* complexation and coordination-assisted adsorp-
tion, involving -NH,, -OH, O-, and S-containing groups. More recently, Zhang et al. [135]
evaluated glutamic acid in carbonated simulated concrete pore solution using OCP, EIS,
PDP, adsorption thermodynamics, FTIR, 3D surface profiling, SEM-EDS, XPS, and molec-
ular dynamics simulations. The electrochemical results showed that 1 g/L glutamic acid
achieved inhibition efficiencies of 94.3% and 86.5% after 24 h and 48 h, respectively. FTIR
and XPS identified the involvement of amino and carboxyl groups in surface interactions,
SEM-EDS and 3D morphology confirmed the improved surface protection, and molecular
dynamics simulations further supported the stable adsorption of glutamic acid on iron
oxide/hydroxide surfaces.

(5) Composite plant extract corrosion inhibitors

Single-component plant extracts generally suffer from limitations such as a single-
action mechanism, insufficient alkaline stability, and limited long-term efficiency. To
address these drawbacks, composite inhibitors are developed by combining multiple
active constituents with complementary mechanisms, so as to achieve synergistically
enhanced corrosion inhibition performance. Liu et al. [11] experimentally demonstrated the
synergistic corrosion inhibition of a phytic acid—phosphate composite on reinforcing steel
in chloride-contaminated alkaline media, as evidenced by EIS, PDP, SEM/EDS mapping,
and high-resolution XPS analysis. Sattari et al. [136] coupled Lavandula angustifolia (LA)
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extract—rich in phenolic constituents such as ferulic acid, rosmarinic acid, and apigenin—
with Zn?* cations to construct an organic-inorganic hybrid inhibitor (Figure 13a). As
illustrated in Figure 13b, the resulting LA-Zn?* complexes operate through a dual-site
mechanism: insoluble LA-Zn?* chelates precipitate onto anodic regions via physisorption
and chemisorption, while liberated Zn?* reacts with cathodically generated OH™ to form a
protective Zn(OH); layer, yielding a synergistic inhibition efficiency of 92.8% at the optimal
400:400 ppm ratio—far exceeding that of either LA alone (46.7%) or Zn?* alone (74.4%).

(a) Preparation of LA extract powder and the corrosive solutions containing
LA—Zn?*" complexes
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Figure 13. The synergistic inhibition mechanism of LA and Zn?* systems for steel corrosion. Reprinted
from Ref. [133].

In another study, Mussey et al. [137] investigated the synergistic inhibition of calcined
clay pozzolan and Acacia leaf extract in concrete. Potentiodynamic polarization, supported
by XRD and FTIR, revealed that the combination of 20% calcined clay pozzolan cement
and 2% extract produced the best performance, with inhibition efficiencies of 97.1% in 3%
NaCl and 95.4% in 5% NaCl. These findings highlight the potential of combining natural
inhibitors with supplementary cementitious materials to improve steel corrosion resistance
in chloride-contaminated concrete.
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4.3.3. Compatibility and Durability of Plant-Based Inhibitors with Cement

Although many plant-based inhibitors exhibit high inhibition efficiencies in simulated
pore solutions or chloride-containing mortars/concretes, such laboratory results should not
be directly interpreted as evidence of engineering applicability. In RC, long-term corrosion
protection depends not only on the intrinsic adsorption ability of inhibitor molecules, but
also on their compatibility with cement hydration, transport through the concrete pore net-
work, retention near the steel/concrete interface, stability under wet-dry and temperature
cycles, and ability to raise the chloride threshold for corrosion initiation [138,139].

Plant extracts usually contain polyphenols, flavonoids, tannins, sugars, organic acids,
and other oxygen-containing compounds, which may interact with cement particles, Ca?*
ions, and hydration products. Such interactions can alter hydration kinetics, setting time,
heat evolution, pore structure, and early-age strength. Previous studies on organic admix-
tures have shown that compounds such as sucrose, tartaric acid, and lignosulfonates can
significantly retard cement hydration, indicating that similar effects should be carefully
considered for plant-derived inhibitors [140-142]. Therefore, their influence on setting time,
hydration heat, compressive strength, phase assemblage and microstructure should be
evaluated before practical use.

The long-term availability of active inhibitor species in concrete is also a key durability
issue. Although admixing can initially distribute the inhibitor throughout the cementitious
matrix, the effective concentration near the steel/concrete interface may decrease over time
due to adsorption on C-S-H [143-145], AFm phases or calcium-rich hydration products,
complexation with Ca2* or Fe ions [146,147], degradation under highly alkaline pore-
solution conditions, and leaching during moisture transport or wet-dry cycling [148].
Consequently, high inhibition efficiency measured in SCPS cannot be directly translated
into long-term protection in concrete.

For engineering assessment, plant-based inhibitors should therefore be examined in
terms of pore-solution stability, dosage retention, leaching resistance, chloride threshold
improvement, and electrochemical performance under cyclic chloride exposure. Experience
from conventional admixed inhibitors, such as calcium nitrite, also shows that corrosion
protection in concrete is strongly dependent on inhibitor dosage, inhibitor-to-chloride ratio,
and exposure conditions [146,147,149]. Thus, plant-based inhibitors should be regarded as
promising but still insufficiently validated alternatives, requiring systematic concrete-based
and long-term exposure studies before field application.

5. Conceptual Design and Future Perspective of a Multi-Functional
EGb-LDH Inhibitor

This section takes EGb as the representative plant-derived active component and
LDHs as the functional carrier, and systematically elaborates the design concept, technical
characteristics, and research value of the EGb-LDH multi-functional composite system.
It should be noted that this system is a theoretical design integrating two independently
reported functional components (EGb as an inhibitor and LDH as a carrier), and relevant
experimental verification has not been carried out in this review. Despite being at the
conceptual stage, this design is built on the well-documented functional properties of
both EGb and LDHs, with strong research feasibility. Follow-up experimental studies
on its controllable preparation, chloride-responsive release characteristics, and cement
compatibility are expected to further verify its engineering application value. This section
elaborates its design framework to provide a reference for the development of intelligent
green corrosion inhibitor systems.
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5.1. EGb: A Representative Plant-Derived Corrosion Inhibitor

EGD, a natural active substance extracted from Ginkgo biloba leaves, has been widely
used in pharmaceutical and healthcare fields, and also shows prominent application poten-
tial in corrosion protection. Recent studies have confirmed that EGb can achieve a corrosion
inhibition efficiency of over 90% for carbon steel in harsh corrosive environments [105,150].

As depicted in Figure 14, the active components of Ginkgo biloba leaf extract are mainly
composed of flavonoid and biflavonoid polyphenols represented by isorhamnetin and
sciadopitysin, together with auxiliary active fractions such as organic acids and vitamin
derivatives including 6-hydroxykynurenic acid and 4-O-methylpyridoxine (Figure 14),
which endow EGb with strong interfacial adsorption capacity and the ability to form a
stable protective film on steel surfaces [150]. In terms of resource attributes, China has
extremely abundant ginkgo leaf resources. Utilizing active components extracted from
fallen ginkgo leaves as green corrosion inhibitors not only reduces production costs, but
also promotes the high-value recycling of biomass resources.

isorhamnetin sciadopitysin

6-hydroxykynurenic acid 4-O-methylpyridoxine
Figure 14. Chemical constituents of EGb.

5.2. Carrier Materials: A Key Pathway to Stimuli Responsiveness and Long-Term
Inhibition Performance

Traditional admixed corrosion inhibitors, especially organic ones, may chemically
react with cement hydration products during service. This not only causes premature
consumption of inhibitors and attenuation of inhibition efficiency, but also interferes with
the hydration process and microstructure of concrete, bringing adverse effects on its
mechanical properties and durability.

To address the above issues, researchers have developed supported corrosion inhibitor
systems by using cement-compatible carrier materials (microcapsules, LDHs, zeolites,
etc.) to encapsulate active inhibiting components [65,151,152]. Benefiting from the unique
structure and properties of carriers, supported inhibitors can intelligently respond to
chloride ingress or concrete alkalinity reduction and release active components on demand.
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This design helps alleviate the premature consumption and loss of inhibitors, which is
beneficial for maintaining long-term corrosion protection performance. In addition, certain
supported systems can provide extra functions such as chloride-ion immobilization and
targeted migration.

Among various carrier materials, LDH is an anionic layered compound with a brucite-
like structure, featuring excellent ion exchange capacity, structural memory effect, and
thermal stability. Figure 15 illustrates the dynamic ion exchange process between inhibitor
anions intercalated within the layered double hydroxide (LDH) interlayers and externally
introduced chloride ions. By intercalating inhibiting components into the LDH interlayer
to construct inhibitor-intercalated LDH (INT-LDH), the system can intelligently respond to
aggressive anions such as C1~ and SO42~ in concrete: it releases inhibiting components via
ion exchange while adsorbing and immobilizing aggressive ions, achieving dual functions
of corrosion protection and harmful ion fixation (Figure 15).
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Figure 15. Structure and ion exchange mechanism of LDH. (a) XRD patterns of LDHs; and (b) diagram
of EG™ in the interlayer space of LDH. Reprinted from Ref. [151].

LDH, a class of anionic layered compounds with a brucite-like structure, possesses ex-
cellent ion-exchange capacity, structural memory effect, and thermal stability, making them
promising nanocontainers for plant-based corrosion inhibitors [153]. Liu et al. [154] synthe-
sized CaAl-LDH intercalated with eugenol (EG)—a plant-based organic inhibitor extracted
from Cinnamomum verum leaves—via a continuous hydrothermal method (Figure 15). As
confirmed by XRD (Figure 15a), the successful intercalation of EG™ anions into the LDH
interlayer gallery was evidenced by the shift in the (002) diffraction peak toward lower
20 values, with the basal spacing expanding from 0.86 nm (CaAl-LDH-NO3 ™) to 1.56 nm
(CaAl-LDH-EG™); the EG™ anions adopt a vertical orientation within the interlayer space
(Figure 15b). The loading amount of EG reached approximately 30 wt%, and about 80%
of the intercalated EG was released within 4 h in simulated concrete pore solution con-
taining 3.5% NaCl, demonstrating a rapid Cl™-stimuli-responsive release behavior. The
underlying protection mechanism involves a dynamic anion-exchange process: externally
invading C1~ ions are exchanged with EG™ anions intercalated in the LDH interlayers,
thereby simultaneously releasing the plant-based inhibitor to adsorb on the steel surface
and immobilizing aggressive chloride ions within the LDH structure. Electrochemical
results showed that, after 16 dry-wet cycles in 3.5% NaCl, the charge transfer resistance
of steel-mortar specimens incorporated with LDH-EG (10°-10° Q2-cm?) was 3-4 orders of
magnitude higher than that of the control (10>~10% Q-cm?), with an inhibition efficiency
exceeding 99%. This remarkable performance is attributed to the synergistic effect of LDH
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pore-filling (reducing mortar permeability) and the sustained release of EG for long-term
corrosion protection.

To date, various INT-LDH systems have been reported, including those intercalated
with inorganic inhibitors and organic inhibitors, all of which exhibit excellent chloride-
responsive inhibition performance. The structural characteristics and applicability of
different carrier materials are compared in Table 2.

Table 2. Structural characteristics and applicability of typical INT-LDH systems.

Intercalated Inhibitor

Category INT-LDH System Type Applicable Medium Typical Dosage Reference
_ Inorganic anodic SCP solution/mortar
MgAI-LDH-NO, inhibitor (nitrite) ~ with Cl~ and SO,2~ 1g/100 mL [155,156]
Inorganic inhibitor- _ Inorganic anion SCP solution with
- - . -2 wt.% 5
intercalated LDH CaAl-LDH-NO; (nitrate) Cl™ 1-2 wt.% [157]
Inorganic passivation SCP solution with
CrO,-LDH inhibitor (chromate) Cl~ 1g/200 mL [158]
Organic corrosion
MgAIl-LDH-pAB inhibitor Mortar 5-10 wt.% [159,160]
(p-aminobenzoic acid)
Organic inhibitor- Organic anodic SCP solution with
intercalated LDH CeH5COO-LDH inhibitor (benzoate) Cl~ 1g/200 mL [158]
Organic green . .
MgAI;‘ﬁH_OH- corrosion inhibitor ng,szrl:glggvgl,th 20g/L [161]
(phthalates) 3
. _ Inorganic anodic SCP solution with
5i0,@LDH-NO, inhibitor (nitrite) cl- 0.5 g/100 mL [162]
Composite Sepll(\)/}lteA-ISIil]DDpr)Irted .Inﬁ.rgimc aioilc SCP solclzlltion with ) [66]
modified INT-LDH il inhibitor (nitrite)
. Inorganic anion
Zeolite-LTA@MgALI- (nitrate, for ion Saturated Ca(OH), 1g/100 mL [163]

LDH-NOs;™

solution with CI~

exchange)

5.3. EGb-LDH Chloride-Immobilizing Controlled-Release Corrosion Inhibitor

On the basis of EGb active components and LDH carrier technology, constructing
an EGb-LDH chloride-immobilizing controlled-release composite inhibitor is a valuable
attempt to develop multi-functional plant-based corrosion inhibitors. This system integrates
the green inhibition activity of EGb and the intelligent response performance of LDH, and
is expected to address a persistent technical challenge of insufficient stability and single
function of plant-based inhibitors.

Existing INT-LDH studies have provided clear technical ideas and theoretical foun-
dations for the development of EGb-LDH, but its practical application still requires break-
throughs in several key scientific issues: the controllable preparation method of EGb-LDH,
the formation and regulation mechanism of its microstructure, its chloride immobilization
and controlled release characteristics, and the corresponding influencing factors. From the
perspective of functional design, the core innovation of the EGb-LDH system is reflected in
three aspects:

(1) Potential environmental advantage: The EGb components identified through the-
oretical screening, separation, and purification are used as the primary inhibiting
constituents, which may provide a renewable and potentially lower-toxicity basis for
the composite system. However, their environmental safety should be further verified
through standardized toxicity, ecotoxicity, leaching, and life-cycle assessments.
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(2) Stability enhancement: Intercalating EGb components into the LDH interlayer may
reduce their direct exposure to the highly alkaline concrete pore environment, thereby
improving the chemical stability and retention of plant-derived inhibitory constituents.
This strategy is expected to mitigate, rather than completely eliminate, the possible
deactivation of plant-based inhibitors during long-term service in alkaline media.

(3) Dual-function chloride-responsive behavior: Based on the chloride-responsive ion-
exchange capability of LDH, the EGb-LDH composite system is designed to combine
chloride ion immobilization with controlled inhibitor release. The released EGb com-
ponents may contribute to the stabilization or repair of the passive film on steel, while
LDH may reduce free chloride availability through ion exchange or adsorption. These
coupled effects could improve the efficiency and durability of corrosion protection,
although their long-term performance still requires validation under realistic concrete
exposure conditions.

Systematic investigation of the EGb-LDH composite system may help address several
important scientific and technical issues, including controllable preparation, performance
evaluation, release behavior, corrosion-inhibition mechanism, and compatibility with ce-
mentitious materials. Such research could provide theoretical and experimental support for
the development of plant-derived, long-lasting corrosion inhibitors for concrete structures
exposed to aggressive environments. It may also offer useful data and mechanistic insights
for the durability design of reinforced concrete structures with extended service life.

6. Perspective and Outlook

This paper reviews steel corrosion mechanisms, conventional corrosion inhibitor sys-
tems, and the latest advances in plant-based inhibitors for RC structures, covering their
classification, performance evaluation, mechanisms, technical bottlenecks, and develop-
ment strategies. The main conclusions are drawn as follows:

(1) Chloride ingress is a major factor governing durability deterioration in RC. By pen-
etrating through pores and cracks, chloride ions depassivate reinforcing steel and
trigger localized electrochemical corrosion, which may eventually result in cracking,
spalling, and structural performance loss. Conventional inhibitor systems have re-
spective merits and drawbacks, and new-generation inhibitors are increasingly being
developed toward multifunctional, low-toxicity, and long-lasting systems.

(2) Plant-based corrosion inhibitors show considerable potential as sustainable alterna-
tives to conventional inhibitors. Their corrosion protection is commonly attributed to
synergistic mechanisms such as adsorption film formation, metal-ion complexation,
antioxidative effects, and electrochemical regulation. The integrated system of elec-
trochemical tests, multi-scale characterization, DFT/MD simulations, and machine
learning provides multi-dimensional methodological support for active component
screening, performance evaluation, and mechanism analysis.

(38) Composite modification is likely to be a key route for improving the engineering
applicability of plant-based inhibitors. The EGb-LDH chloride-binding controlled-
release concept illustrates the potential of combining active natural compounds with
carrier-based stabilization and responsive release technologies. Future studies should
therefore focus on active-component identification, green extraction, structural stabi-
lization, and long-term service performance in chloride-containing environments.

(4) Standardization of extraction and compositional analysis represents a critical research
priority. Future studies are encouraged to adopt more consistent protocols for extrac-
tion, purification, and characterization to enhance comparability across independent
studies and better elucidate the links between plant extract composition and corro-
sion inhibition performance. Advanced quantitative analytical techniques, including
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HPLC, GC-MS, and LC-MS/MS, should be more broadly applied where appropriate to
systematically identify core active constituents and establish robust structure—activity
relationships.

(5) Environmental safety profiles require standardized evaluation. While plant-derived
inhibitors are widely regarded as environmentally benign, their overall environmental
footprint is shaped by multiple factors across the full life cycle, including extraction
processes, solvent selection, applied dosage, and potential leaching risks. Standard-
ized assessments of toxicity, ecotoxicity, biodegradability, and life-cycle impacts are
therefore warranted to robustly validate their eco-friendly attributes and support their
practical engineering application.
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