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Abstract

The increasing demand for sustainable corrosion protection has driven significant research interest toward green and
nano-enabled corrosion inhibitors. This review critically examines recent advances in plant-based and bio-assisted
nano-inhibitors, with particular emphasis on the influence of inhibitor concentration and temperature on corrosion
inhibition performance. A comprehensive analysis of reported studies reveals that increasing nano-inhibitor
concentration generally enhances inhibition efficiency due to improved surface coverage and adsorption stability,
reaching optimal performance at specific concentration ranges.

Temperature plays a dual role in corrosion inhibition behavior, while elevated temperatures often accelerate corrosion
processes, effective nano-inhibitors maintain high inhibition efficiency through strong chemisorption or mixed
adsorption mechanisms. Thermodynamic and kinetic parameters, including activation energy and Gibbs free energy,
are systematically reviewed to elucidate adsorption behavior and temperature sensitivity. Comparative evaluation
using gravimetric, electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization (PDP)
techniques demonstrates that several green-synthesized nanoparticles achieve inhibition efficiencies exceeding 90%
in aggressive acidic and environments such as HCI and NaCl media.

This review provides a unified and comparative perspective on the combined effects of inhibitor concentration and
temperature on the performance of green-synthesized nano-corrosion inhibitor, an aspect that has not been
systematically addressed in previous review. Unlike earlier studies that primarily focus on inhibitor efficiency under
fixed experimental conditions, this work correlates concentration-dependent inhibition behavior with thermal stability
and adsorption mechanisms across different acidic and saline media. By integrating electrochemical, gravimetric, and
thermodynamic analyses from recent literature, this review identifies critical concentration thresholds and temperature
regimes governing nano-inhibitor effectiveness, thereby offering new insights for rational design and optimization of
eco-friendly nano-inhibitors for practical corrosion control applications.
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Introduction

An unavoidable natural process, corrosion presents serious problems for infrastructures, businesses, and
environmental settings[1]. Globally, the ongoing deterioration of metallic structures—particularly mild steel—due to
corrosion causes significant financial losses as well as negative environmental effects[2]. In addition to endangering
the materials' structural integrity, this degradation has a detrimental effect on ecosystems and public safety. Corrosion's
effects on the environment are a complex issue. Water quality, agricultural production, and biodiversity are all
negatively impacted when metal ions and rust byproducts are released into soil and water systems[3].

In response to environmental interactions, metals naturally experience corrosion, an electrochemical process that
erodes the metal's surface[4]. The two main elements that lead to corrosion are moisture and oxygen since they trigger
the formation of corrosion cells. Corrosion may take several forms, such as tarnish on copper and brass and rust on
iron and steel. Corrosion is a major problem in many industries because it compromises the integrity of infrastructure
and operational efficiency[5]. Over $2.5 trillion is spent annually on corrosion globally[6]. The corrosion of pipelines
in the oil and gas sector raises the risk of spills and environmental damage. According to NACE study, the annual cost
of corrosion to the oil and gas industry $1.372 billion is the producing industry[7]. This sum may be split into three
categories: $589 million for surface pipeline and facility costs, $463 million for annual downhole tube expenses, and
an extra $320 million for capital expenditures due to corrosion[8]. In these conditions, corrosion may be roughly
classified as either sweet or sour, with the former mostly taking place in settings with high partial pressures of CO;
and H»S (Pco2 and Pros) [9]. Sweet and sour corrosion is the most prevalent kind and the main cause of corrosion-
related problems in the oil and gas sector. The maritime industry combats corrosion in ships and offshore constructions
because they are subjected to corrosive saltwater conditions. Corrosion expenses in the maritime sector range from
$50 to $80 billion annually, excluding indirect costs[10].

Numerous chemical and inorganic inhibitors are created and employed to address this problem[11]. Organic and
inorganic chemical inhibitors, which work by adhering to metal surfaces and creating protective layers, are a major
component of conventional corrosion prevention techniques. Although many of these inhibitors are linked to toxicity,
they can successfully lower corrosion rates, environmental tenacity and legal limitations. Therefore, the hunt for
greener options that strike a balance between efficiency and ecological responsibility has been fueled by growing
awareness of environmental sustainability [12].

Review Methodology

This review was conducted based on a literature search performed using Scopus and Google Scholar,
covering studies published between 2014-2026. The search employed combination of the following keywords: “green
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corrosion inhibitor”, “green synthesized nanoparticles”, “carbon steel”, “mild steel”, “inhibition efficiency”.

Studies were included if they met the following criteria : (i) the corrosion inhibitor was synthesized via
green/biological route (plant extract, biopolymer, or other biogenic reducing/stabilizing agent), (ii) the inhibitor was
evaluated specifically on mild steel or carbon steel substrates, (iii) the corrosive medium was an acidic solution (HCI
or H>SO4) or a saline (NaCl) solution, and (iv) the study reported quantitative inhibition efficiency (%IE) as a function
of inhibitor concentration and temperature, using at least one standard evaluation technique weight loss (WL),
potentiodynamic polarization (PDP), or electrochemical impedance spectroscopy (EIS).

Studies were excluded if: (i) the inhibitor was evaluated on substrates other than mild steel or carbon steel
(e.g., copper, aluminum, zinc, or stainless steel), or (ii) the corrosion inhibitor was based on plant extracts prepared in
their conventional (non-nanostructured) from, without nanoparticles synthesis. A total of 36 studies meeting these
criteria were compiled and are summarized in table 1.
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Corrosion Inhibition using Nanomaterials

Considering their distinct physicochemical characteristics, high surface-area-to-volume ratio, and adjustable
surface chemistry, green-synthesised nanoparticles have drawn interest as novel corrosion inhibitors. Usually,
microbes, plant extracts, or other biological agents that serve as stabilizing and reducing agents, doing away with the
necessity for dangerous chemicals. These synthesis methods add bio-organic molecules that improve adsorption onto
metal surfaces while also lessening their influence on the environment. [13].

nanoparticles having a mean diameter between 1 and 100 nanometers, and they have distinctive qualities that set them
apart from their bulk counterparts[14]. These traits quantum effects and their larger surface area are responsible for
tics. To create nanoparticles with precise size, shape, and composition, several techniques are used, including
chemical, physical, and biological ones[15].

According to recent research, metal nanoparticles with significant corrosion prevention efficiency in acidic
environments include silver, zinc oxide, copper oxide, and iron nanoparticles.

Additionally, metal sulfide nanoparticles-especially silver sulfide-show better Because of their combined ionic-
covalent bonding, they have more stability and surface contacts. Despite these developments, there is still little
knowledge on metal versus metal sulfide nanoparticles, particularly those made using environmentally friendly
methods[16].

In medicine, nanoparticles are used to accurately and minimally deliver drugs with adverse effects[17]. Nanoparticles
enhance component performance in electronics performance and the effectiveness of the gadget[18]. They are
employed in environmental research to filter water and eliminate contaminants[19]. Furthermore, since they make it
easier to create new materials with improved conductivity, strength, and other desired properties, nanoparticles are
essential to the study of material science[20]. Other uses for nanoparticles include energy storage, catalysis, imaging,
and sensors, which show how versatile they are in solving different issues and advancing several industries[21].
Recently, green nanoparticles—which originate from sustainable sources—have drawn a lot of interest as efficient
corrosion-prevention agents[22].

Green Synthesis of Nanocorrosion Inhibitors from Plant Extracts

The use of nanotechnology in corrosion mitigation increases the longevity and general performance of materials
and contributes to the development of sustainable and eco-friendly solutions in a variety of
industries[23]. Green nanocorrosion inhibitors are showing promise as economical and environmentally friendly
corrosion prevention techniques in a variety of industries[24]. Because they are derived sustainably from plant extracts
or biopolymers, these inhibitors have a number of benefits over traditional chemical inhibitors. Greater adhesion to
metal surfaces and improved surface coverage are made possible by their nanoscale size, which create a stronger
protective barrier against corrosive substances[25].
Their eco-friendliness ensures that their use, manufacture, and disposal have minimal negative effects on the
environment[26]. Since green nanocorrosion inhibitors solve industry-specific corrosion challenges and are in line
with the growing worldwide emphasis on green and sustainable technology[27-30]. Numerous research examining
the ability of green nanoparticles to resist corrosion over an extended period of time have shown encouraging results.
Time. For example, research has shown that green nanoparticles comprised of biopolymers or natural extracts can
provide long-lasting corrosion protection for a variety of metals, including copper, aluminum, and steel, in hostile
environments like those found in industrial or maritime settings. For example, Fetouh et al. discovered that the
corrosion inhibition effect of silver nanoparticles, based on silver nanoparticles-chitosan (CT) nanocomposite (NC),
for mild steel in chilled water circuits remained effective and showed comparable inhibition efficiency even after a
year of aging. Two-hour freshly produced samples had an IE of 97.6%, whereas one-year-old samples had an IE of
95.5%. [31].
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Table 1 : Green Nanoinhibitors for Steel Corrosion Conditions and Efficiency
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Experimental Condition used in Nanocorrosion studies
Corrosive Media

When assessing the effectiveness of corrosion inhibitors based on nanoparticles, the choice of the corrosive
medium is crucial. The majority of research on green-synthesized nanoinhibitors has been carried out in acidic
environments, especially hydrochloric acid (HCI) and sulfuric acid (H2SO4), because of their strong corrosive
properties and industrial significance, as Table 1. summarizes. Acidic solutions, like 1.0M HCI, are frequently used
to mimic harsh conditions found in industrial processes like oil well acidizing, acid picking, and descaling. Under
extreme corrosion conditions, the predominance of acidic media allows for a trustworthy evaluation of thermodynamic
parameters, adsorption behavior, and inhibition efficiency[68-69].

Sodium chloride (NaCl) solutions are frequently used as neutral or mildly aggressive corrosive environments in
nanocorrosion inhibition studies, in addition to acidic media. Saline solutions, which usually contain 3.5 weight
percent NaCl, are thought to be representative of coastal and marine environments where corrosion caused by chloride
is predominant. Pitting and crevice corrosion are examples of localized corrosion phenomena that are known to be
accelerated by chloride ions, especially on steel surfaces. Therefore, studying nanoparticle-based inhibitors in NaCl
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media improves the practical relevance of laboratory results to real-world service environments and offers insightful
information about their protective behavior under chloride-rich conditions[70].

Green nanoparticles in sustainable corrosion protection for steel alloys

Although it can be alloyed with other elements like nickel, cobalt, chromium, and manganese, steel is
primarily an alloy made of iron and carbon. These alloying components enhance particular characteristics of steel,
including wear resistance, corrosion resistance, strength, toughness, and resistance to high temperatures [71]. Steel
corrosion in acidic aqueous solutions is a major problem in many industries where acids are used extensively for
processes like pickling, cleaning, descaling, and acidizing oil wells. Because of the general aggression of the acidic
solution[72], building components corrode easily. Corrosion must be successfully prevented in order to preserve the
integrity of steel alloys, both financially and ecologically[73,]. Chemical coatings and inhibitors are commonly used
in traditional corrosion mitigation techniques, which may cause environmental problems. Because of this, scientists
are now more interested in developing economical, effective inhibitors that have little to no negative effects on the
environment. Easy biodegradability, environmental friendliness, carbon-based composition, and low cost are
characteristics of green corrosion inhibitors. Components derived from plants are widely used in the creation of
corrosion inhibitors that are safe for the environment[74] Numerous plant extracts, such as leaves, roots, stems, bark,
pulp, and fruits, have been effectively used as long-term corrosion inhibitors for a variety of metals and alloys,
according to a review of the literature.

Distinction Between Carbon Steel and Mild Steel in Corrosion Inhibition Studies

Carbon steel and mild steel are frequently investigated in corrosion inhibition studies. however, their
metallurgical compositions and corrosion behaviors exhibitor notable differences that directly influence inhibitor
performance[75]. Carbon steel typically contains a higher carbon content, which enhances it is mechanical strength
and hardness but also increases it is susceptibility to localized corrosion due to microstructural heterogeneity. In
contrast, mild steel possesses a lower carbon content and a more uniform ferritic microstructure, resulting in
comparatively higher ductility and more homogeneous electrochemical behavior in corrosion environments. These
compositional and structural differences affect surface reactivity, passive film stability, and adsorption characteristics
of corrosion inhibitors[76]. Consequently, green nano-inhibitors may exhibit varying inhibition efficiencies,
adsorption mechanisms, and thermal stability when applied to carbon steel versus mild steel, particularly under acidic
and chloride-rich conditions[77]. Therefore, distinguishing between these two-steel type is essential for accurately
interpreting inhibition performance and ensuring reliable comparison of experimental result across different
studies[78]. This distinction is particularly relevant in the present review, as both carbon steel and mild steel are
extensively examined under varying concentration and temperature conditions.

Mechanism of steel corrosion

Anodic areas of the surface, where ferrous ions enter the solution, are where corrosion begins. Electrons are
liberated from the anodic surface and pass through the metallic structure to adjacent cathodic sites, where they combine
with water and oxygen to create hydroxyl ions. At the anodic site, these hydroxyl ions react with ferrous ions to form
ferrous hydroxide, which is then further oxidized in air to create hydrated ferric oxide (rust). Over time, rust may build
up on the surface and obstruct the corrosion process. On the other hand, corrosion may continue if new anodic sites
form in nearby regions. General or uniform corrosion is the term used to describe the relatively uniform loss of metal
over the surface caused by this protracted process. The electrical circuit that drives the corrosion process is based on
the discharge of electrons at anodic sites and their receipt at cathodic sites[79]. Displays the graphic illustration of the
mechanism behind steel rusting. Al-Mhyawi et al. studied the corrosion inhibition of carbon steel using silver
nanoparticles made from tobacco leaf, and they found that the inhibition efficacy may reach 97.9% at 200 ppm in 1.0
N hydrochloric acid[80].
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Mechanism of Green Corrosion Inhibitors

Green corrosion inhibitors, particularly those derived from plant extracts and bio-based compounds, function
primarily through adsorption phenomena on the metal surface, thereby blocking active corrosion sites and forming a
protective barrier that mitigates metal dissolution and anodic/cathodic reaction[81]. The adsorption of inhibitor
molecules or nanostructures involves the interaction of heteroatoms involves the interaction of heteroatoms such as
oxygen, nitrogen, and sulfur, as well as 7 -electrons from aromatic ring, with the vacant d-orbitals of the metal surface,
facilitating electron donation and back-donation processes[82,83].

Depending on nature of the inhibitor and the environmental condition, adsorption can occur via physical adsorption
(physisorption), chemical adsorption (chemisorption), or a combination of both[84]. Physisorption is generally
characterized by weaker electrostatic forces and is favored at lower temperature, while chemisorption involves the
formation of stronger coordinate bonds between the inhibitor and metal surface. In many green inhibitor systems, a
mixed adsorption mechanism is observed, which enhances the stability and resilience of the protective layer[85].

Once adsorbed, the inhibitor molecules impede the diffusion of aggressive species such as chloride ions (CI°) and
hydrogen ions (H") toward the metal interface, thus retarding both anodic metal dissolution and cathodic reduction
reaction. The formation of a compact adsorbed film also increases the charge transfer resistance (Rct) and reduces
double layer capacitance (Cdl), as evidenced in electrochemical impedance spectroscopy (EIS) measurements.
Consequently, the comprehensive inhibition effect is achieved through surface coverage, blockage of active sites, and
modification of the electrochemical pathways responsible for corrosion[86-88].

Green Nanomaterial-Based Corrosion Inhibitors and Their Inhibition Mechanism

Green nanomaterial-based corrosion inhibitors have emerged as sustainable and highly efficient alternative
to conventional corrosion inhibitors due to their enhanced surface activity, environmental compatibility, and superior
inhibition performance. These inhibitors are typically synthesized using plant extracts, biopolymer, or naturally
derived compounds, which act as both reducing and stabilizing agent during nanoparticle formation[89]. The
nanoscale dimensions significantly increase the surface area to volume ratio, enabling stronger interaction with
metallic substrates and improved adsorption behavior[90].

The corrosion inhibition mechanism of green nanoinhibitors is primarily governed by adsorption processes, were
nano-sized particles and their functionalized organic molecules adhere to the steel surface through physical adsorption
(electrostatic interactions) and chemical adsorption (coordination bonding)[91,92]. Functional groups such as
hydroxyl (-OH), amine (-NH>), carbonyl (-C=0), and aromatic m-electrons facilitate electron donation to vacant d-
orbitals of iron atoms, forming a compact protective film[93].

In chloride-containing media, such as NaCl solutions, green nanoinhibitors play a crucial role in suppressing localized
corrosion by blocking active anodic sites and preventing chloride ion penetration into surface defects[94]. The
formation of a dense and adherent nanostructured reduces both anodic metal dissolution and cathodic oxygen
reduction reaction[95]. Moreover, the synergistic effect between the organic green molecules and inorganic
nanoparticles enhances film stability under varying temperatures and inhibitor concentrations leading to improved
inhibition efficiency[96].

In acidic media, green nanoinhibitors adsorb onto the steel surface forming a protective layer that suppresses anodic
iron dissolution and cathodic hydrogen evolution enhancing inhibition efficiency even under highly aggressive
conditions[97].
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Effect of Inhibitor concentration on corrosion inhibition performance

The concentration of corrosion inhibitors plays a critical role in determining their inhibition efficiency
particularly in nanomaterial-based corrosion protection systems[98]. As evidenced by the compiled data in table 1, a
clear dependence of inhibition efficiency (%IE) on inhibitor concentration is observed across different steel substrates
and corrosive environments. In most studies, increasing the inhibitor concentration led to marked enhancement in %IE
unit an optimum concentration is reached, beyond which marginal or negligible improvements are reported[99].

This behavior is primarily attributed to the progressive adsorption of inhibitor molecules or nanoparticles onto the
metal surface, resulting in the formation of compact and protective adsorbed layer[100]. At low concentrations, surface
coverage such as chloride or hydrogen ions to penetrate the metal-solution interface. However higher concentration
promotes increased surface coverage, improved film continuity, and enhanced barrier properties against charge and
mass transfer processes[101].

The reviewed studies demonstrate that effective inhibition can be achieved over a wide concentration range, spanning
from micromolar levels (10°°M) to higher dosages expressed in ppm, g/L or mL/L, depending on the inhibitor type
and formulation Table 1. Notably, nanostructured inhibitors often exhibit superior performance at relatively lower
concentrations compared to conventional inhibitors, owing to their high surface area, enhanced adsorption affinity,
and synergistic interactions with the metal surface[102].

Nevertheless, excessive inhibitor concentrations may lead to aggregation phenomena, saturation of adsorption sites,
or destabilization of the protective layer, resulting in reduced inhibition efficiency. Therefore, optimizing inhibitor
concentration is essential for achieving maximum economic and environmental sustainability[103].

Effect of Temperature on the Inhibition Performance of Nanomaterial-Based Corrosion Inhibitors

Temperature is a crucial parameter influencing both the corrosion rate of metallic substrates and inhibition
performance of corrosion inhibitors particularly those on nanomaterials. As summarized in Table 1, the inhibition
efficiency (%IE) generally decreases with increasing temperature for most inhibitor systems, indicating a temperature-
dependent adsorption process[104,105].

However, several studies have reported sustained or only slightly reduced inhibition efficiencies at higher temperature,
suggesting the involvement of chemical adsorption mechanisms[106]. In such cases, strong coordinate bonds form
between heteroatoms or functional groups present in the inhibitor and the metal surface, resulting in enhanced thermal
stability of the protective film[107]. Nanomaterial-based inhibitors, in particular, have demonstrated improved
resistance to temperature-induced degradation owing to their high surface area, strong adsorption affinity, and
synergistic interactions between organic moieties and metallic or metal oxide nanoparticles[108].

Thermodynamic parameters such as activation energy (E.), enthalpy (AH,,;), and free energy of adsorption (AG 4;)
are frequently employed to elucidate the effect of temperature on inhibition behavior[109,110]. An increase in
activation energy in the presence of inhibitors typically confirms their effectiveness by increasing the energy barrier
for corrosion reaction. Therefore, understanding the temperature dependence of inhibition efficiency is essential for
assessing the practical applicability of corrosion inhibitors under industrial operating conditions[111].

Statistical Analysis of Reported Inhibition Efficiencies and Thermodynamic Parameters

To complement the qualitative discussion above, the reported maximum inhibition efficiencies (%IE) from
the 36 studies summarized in Table 1, (n = 38 data points, accounting for studies reporting multiple media or
formulations) were statistically analyzed. Across the dataset, %IE values ranged from 65.59% to 99.59%, with a mean
of 89.85 + 8.55% and a median of 92.55%, confirming that the majority of green nano-inhibitors achieve efficiencies
above85% regardless of the specific plant source or nanoparticle type. When grouped by nanoparticle category,
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zirconium-oxide-based systems (ZrO,-Gly-NPs, n = 3) exhibited the highest average efficiency (94.8%), followed by
silver nanoparticles (AgNPs, n = 22, mean = 89.33%), which remain the most extensively studied system, and zinc-
oxide nanoparticles (ZnO-NPs, n = 4, mean = 88.12%). Iron-oxide-based inhibitors showed comparatively lower and
more variable performance (mean = 85.7%, n = 2). These comparative results are illustrated in Figure 1. With respect
to the corrosive medium, inhibitors evaluated in HCI solutions (n = 28) achieved a marginally higher average
efficiency (90.17%) than those tested in H,SO4 (n = 7, mean = 88.21%), consistent with the more extensive
optimization reported for HCI systems in the literature.
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Figure 1 : Average maximum inhibition efficiency %IE by nanoparticle type across the reviewed studies (n = 38 data
points from 36 studies)

Analysis of the thermodynamic dataset in Table 2 further supports the mechanistic interpretation discussed above.
Among the systems reporting activation energy (Ea) both in the absence and presence of inhibitor (n = 10), the addition
of green nano-inhibitors increased Ea by an average of 22.5 kJ/mol (excluding one anomalous system that showed a
decrease), consistent with a physisorption-dominated or mixed adsorption mechanism in which the inhibitor raises the
energy barrier for the corrosion reaction. Moreover, systems classified as exhibiting mixed (physisorption +
chemisorption) adsorption displayed a more negative average Gibbs free energy of adsorption (AG, 4, = -26.76 kJ/mol,
n = 9) compared with systems classified as purely physisorption-dominated (AG,4; = -16.46 kJ/mol n = 5). This
quantitative trend reinforces the qualitative observation that mixed-mechanism systems form a more
thermodynamically stable and strongly bound protective film, which likely underlies their improved retention of
inhibition efficiency at elevated temperatures.

Discussion of Thermodynamic Parameters

As summarized in Table 2, the Langmuir adsorption isotherm was the dominant model reported across nearly
all reviewed studies, indicating monolayer coverage with negligible lateral interaction between adsorbed inhibitor
species on the steel surface. The calculated AG 4, values ranged from approximately -4.3 to -37.54 kJ/mol across most
systems, consistent with a physisorption-dominated or mixed physisorption/chemisorption mechanism, in agreement
with the general trend of decreasing inhibition efficiency at elevated temperatures discussed earlier.
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Several nano inhibitor systems (e.g., Anacardium/AgNPs, Allium cepa/Et-AgNPs, Eucalyptus
globulus/ZrO,-Gly-NPs) exhibited a notable increase in activation energy (Ea) upon inhibitor addition, rising from
blank values of 14.7-39.6 kJ/mol to inhibited values of 30.0-68.99 kJ/mol. This increase in the energy barrier for the
corrosion reaction supports a physisorption-controlled mechanism, wherein the inhibitor’s protective effect diminishes
at higher temperature as previously adsorbed species undergo desorption. Conversely, system classified as
“physicochemical” (mixed) adsorption, such as CoO/Co304NPs and ZrO,-Gly-NPS, displayed relatively small shifts
in AG,,4, across the studied temperature range, suggesting a more thermally stable protective layer attributable to
partial chemisorptive bonding.

Table 2 : Thermodynamic and Kinetic Parameters of Green Nano-Inhibitors for Steel Corrosion

Ea Ea o o
Ad ti Ad ti
SN | Plant (kJ/mol) | (kJ/mol) Alf]';ds , Alg;'ds | ot Meahanion Ref.
Blank Inhibitea | Ym0 | (ki/mol)
1 Tobacco/AgNPs NR NR -37.54 NR Langmuir Physisorption 34
Mixed
E hi -32.
2 gg white/ Co0/Co;0s NR NR 32.9 -31.2 Langmuir (Physisorption  + | 36
NPs -33.1 . .
Chemisorption)
Mixed
Cashew - Anacardium -18.42
18.4 4.12 +14.2 L i Physi i +
3 occidentale/AgNPs 845 3 -22.15 8 angmult ( ys1.sorpt1.0n 39
Chemisorption)
4 Arum Italicum/AgNPs | NR NR -9.9024 NR Langmuir Physisorption 40
Mixed
63.47 t|-21.52
5 Allium cepa/Et-AgNPs | 39.64 a -47.92 Langmuir (Physisorption ~ + | 42
500 mg/L -34.28 . .
Chemisorption)
Mixed
Citrus 53.21 at 10
6 21.15 -17.11 -41.133 L i Physisorpti + |43
aurantium/AgNPs ml/L AngmuI ( ys1.sorp 1.0n
Chemisorption)
Physical adsorption/
7 | Lonchocarpus 22.017 30.004 at | -4.308 +8.881 Langmuir (m}i:::iata esorp - 46
laxiflorus/AgNPs ' 500 ppm | -0.583 ' & IS,
associative)
Mixed
Cordia -24.98
R R R L i Physi i + |52
8 dichotoma/AgNPs N N 9517 N angmuir ( ys1.sorpt1'0n 5
Chemisorption)
41.71 t|-6.95 . . .
9 Propolis/AgNPs 14.68 1000 ppma 301 -38.76 Langmuir Physisorption 53
Natural
1o | e NR NR 33.18 NR Langmuir Physical/Mixed 54
Myrrh
Mixed
Convolvulus -23.08
11 R R 2. L i Physi i +
arvensis/ZnO-NPs N N -25.47 66 angmir ( ys1'sorpt1.0n >
Chemisorption)
Mixed
Cinnamomum -29.68
12 25.2 49, NR L i Physisorpti +15
verum/AgNPs o7 -30.69 angmuit ( ys1.sorp 1.0n 7
Chemisorption)
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. . Spontaneously . .
- 48. t Ph t +
13 g;;;n mesocarp/lINi- | g ;) 130006 ma NR -33.74 physically mizsj‘;rp o 62
S bp adsorbed eaype
Mixed
Eucalyptus  globulus/ 66.70  at | -24.51 . . .
14 80.12 +52.64 L Ph t + | 64
710,-Gly-NPs 500 ppm | -35.21 angmutr (Physisorption
Chemisorption)
. . 68.99 at|-17.75 . . .
15 | Olive/Ti-NPs 42.57 10102 1918 -1.89 Langmuir Physisorption 65
6626  at -37.15
1 R ion/AgNP .64 NR e Physi ti
6 ed onion/AgNPs 39.6 30% viv 63.39 ysisorption 66
17 | Sareassum muticum/ | \p NR 10.95 NR Langmuir Physisorption 67
Zn0O/CuO-NPs o gm YSISOTP

This trend is illustrated in Figure 2, which compares the average Gibbs free energy of adsorption for system classified

as purely physisorption-dominated versus those exhibiting a mixed adsorption mechanism.

Physisorption (n=5)

-16.46

Mix (n=9)

-26.76

Figure 2 : Average Gibbs Free energy of adsorption (AG,,) for green nano-inhibitor system classified as

physisorption versus mixed (physisorption + chemisorption) mechanisms

The activation energy values before (blank) and after inhibitor addition for the ten systems reporting both parameters
are presented in Figure 3, illustrating the general increase in Ea upon inhibitor adsorption with the exception of the

Eucalyptus globulus/ZrO,-gly-NPs system discussed below.
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Figure 3 : Activation energy (Ea) of the corrosion reaction in the absence (blank) and presence (inhibited) of green
nano-inhibitors for ten reviewed system

It is worth nothing the ten-system reporting both blank and inhibited activation energies, nine exhibited the expected
increase in Ea upon inhibitor, consistent with a physisorption-dominated mechanism. However, the Eucalyptus
globulus/ZrO,-Gly-NPs system reported a decrease in Ea (from 80.12 to 66.70 kJ/mol) deviating from this general
trend. This behavior may reflect a genuine mechanistic distinction-for instance, a shift toward a more chemisorption-
dominated pathway that alters the reaction route rather than merely blocking active sites-or may result from a
transcription or calculation discrepancy in the original source. Given that this system was independently classified
under a mixed adsorption mechanism, the anomaly warrants verification against the primary reference before being
generalized, and is highlighted here for transparency rather than excluded from the dataset.

Conclusion :-

This review demonstrates that green nanoinhibitors, particularly those derived from plant extracts, offer a
highly efficient and environmentally sustainable approach to steel corrosion protection, with several system achieving
inhibition efficiencies exceeding 90-98% in HCIl, H,SO4, and NaCl media (Table 1). Their inhibition mechanisms
proceed through physisorption, chemisorption, or mixed adsorption onto the metal surface, forming a compact
protective layer that suppresses both anodic and cathodic reaction, and mitigates chloride-induced pitting crevice
corrosion.

The reviewed literature confirms two consistent trends: (i) inhibition efficiency generally increases with
inhibitor concentration up to an optimum threshold, beyond which marginal or negative effects (e.g., aggregation,
desorption) may occur, and (ii) temperature effects are inhibitor-specific while most systems show decreasing %IE
with rising temperature (consistent with physisorption-dominated behavior), several nanostructured inhibitor retain
high efficiency at elevated temperature due to chemisorption and strong coordinate bonding, as reflected in activation
energy and Gibbs free energy values.

Despite these promising results, important gaps remain. First, most studies rely on short-term laboratory
testing (hours to days), long-term field or industrial-scale performance data remain scarce. Second, the potential
toxicity and environmental fate of certain metal/metal-oxide nanoparticles (e.g., silver-based systems) upon disposal
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have not been systematically addressed, which is a notable inconsistency given the “eco-friendly” framing of this
research area. Third, direct comparative studies under standardized conditions (same steel type, same medium, same
technique) across different green nano-inhibitors are lacking, limiting the ability to draw definitive structure-
performance conclusions. Fourth scale-up and cost-effectiveness of green nanoparticle synthesis for industrial
application remain largely unexplored.

Future research should prioritize: (1) standardized, multi-technique validation protocols to enable cross-study
comparability, (2) long-term and field-representative corrosion testing, (3) systematic eco-toxicological assessment
of green nano-inhibitors, and (4) techno-economic evaluation to support industrial translation. Addressing these gaps
will be essential for advancing green nanostructured inhibitor from laboratory-scale promise to practical sustainable
corrosion control solutions.
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