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Abstract: Driven by the increasingly overwhelming environmental issues caused by the widespread application of 

traditional toxic corrosion inhibitors, eco-friendly inhibitors have attracted strong attention over the past decades. 

Green inhibitors are produced from cheap and renewable sources and simultaneously offer high inhibition efficiency 

and low or even zero environmental impact. Herewith, we review recent advances in the field and introduce 

state-of-the-art methods to validate the inhibitory effects on steel corrosion. Advanced techniques such as weight loss, 

electrochemical impedance, and potentiodynamic polarization techniques provide ample evidence that green 

inhibitors are very effective in retarding steel corrosion. We critically examine the mechanisms of corrosion inhibition 

and relate to the available experimental data. The abundance of π-electrons of multiple bonds and heteroatoms in the 

form of polar functional groups leads to the active adsorption of the inhibitor’s molecules on the steel surface. This 

article further discusses the adsorption and inhibition mechanisms and the efficiencies of various groups (organic and 

inorganic) of green corrosion inhibitors for steels in aggressive acid environments, in particular, hydrochloric (HCl) 

and sulfuric (H2SO4) acids. The future prospects in this multidisciplinary field are formulated and associated with the 

global challenges of clean energy and manufacturing.  
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1. Introduction 

Steels and its alloys are amongst the most widely used industrial materials. These materials suffer from extensive 

corrosion damage upon encountering acidic environments. In the presence of oxidizing acids such as HNO3, steel 

reacts to form an oxide layer (e.g. Fe(NO3)3) on the metal surface. This layer initially prevents metal-acid contact to 

avoid a further reaction. However, this brittle oxide layer repeatedly undergoes exfoliation thereby re-establishing the 

metal-acid contact resulting in the severe dissolution of the metal surface, leading to strong corrosion. Upon coming 

into contact with non-oxidizing acids (e.g., HCl) steel reacts to form Iron salts (II) (e.g. FeCl2) as a corrosion product. 

Likewise, steel encounters corrosion attack in contact with H2SO4 leading to the formation of FeSO4 [1]. 

 There are several techniques to protect steel from corrosion attack, as summarized in Fig. 1. These include 

material modification, alteration in the surrounding environment, surface coating, cathodic protection, and use of 

corrosion inhibitors. Some methods rely on removing the moisture/oxygen while the others make use of a permanent 

coating on the metal surface. Yet some approaches are based on the conversion of the anodic material into a cathode. 
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However, the applications of the existing techniques are limited by several constraints. For instance, material’s 

modification is often impossible or costly. Similarly, the replacement of the process environment is not an optional 

solution in many industrial applications, because the metal has to experience a particular reactive medium. The 

implementation of some methods (e.g., coating) may raise CO2 emissions beyond the acceptable levels. Also, some 

methods (e.g., cathodic protection) require costly equipment thereby raising the overall cost. The corrosion inhibitors, 

however, offer a cost-effective and user-friendly alternative solution [2]. 

An inhibitor is a substance that is added in a small quantity in a corrosive environment with a purpose to retard 

corrosion reaction by forming a protective film. The inhibitors have found numerous applications. These serve as 

effective agents to protect in-service steel structures such as boilers, heat exchangers, and oil, gas, containers from 

corrosion. Metals and steels, in particular, are commonly exposed to acidic media before carrying out a process (e.g., 

welding or coating). Similarly, acidification of corroded structures (e.g., oil wells, oil tankers, heat exchangers, 

pipelines) is performed to remove corrosion products. The use of inhibitors during these necessary treatments has 

demonstrated promising results in inhibiting the corrosion reactions and the associated metal damage. Several 

essential considerations determine the selection of inhibitors. One of the key factors is the toxicity of the inhibitor. In 

general, the high volatility of toxic traditional inhibitors, such as chromates, phosphates, and nitrates results in the 

release of toxic gases thereby adversely affecting the environment [3, 4]. 

 
Fig. 1 Available corrosion protection methods in the industry 

Because of the increased environmental consciousness and strict legislation over the past years, there has been a 

rising trend to use alternate green approaches characterized by minimum environmental burden. These work on the 

principles of green chemistry, which include waste prevention; atomic economy; reduced hazardous chemical 

synthesis; designing safer chemicals; safer solvents and auxiliaries; design for energy efficiency;  use of renewable 
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feedstocks; Reduce derivatives; use catalysts rather than stoichiometric reagents; design for degradation; real-time 

pollution prevention; safer chemistry for accident prevention. 

Green corrosion inhibitors as an effective environmentally friendly technique have attracted more attention in 

recent years. Several common sources of green inhibitors include plant extracts, pharmaceutical drugs, ionic liquids, 

and synthetic inhibitors are the common sources of eco-friendly corrosion inhibitors. Plants (i.e., extract and oils) are 

the essential source of the extensive range of green corrosion inhibitors in different acidic media due to versatile 

physical, chemical, and biological properties. Other advantages of plants as the sources of corrosion inhibitors 

include low-cost, plentiful availability and their biodegradability. Plants are well-known as a rich source of natural 

chemical compounds that can be readily extracted with low cost and minimum environmental pollution. Ionic liquids 

are also green solvents composed of ions that can dissolve different types of inorganic and organic compounds. The 

ever increasing application of ionic liquids in almost all fields of chemical engineering results from their attractive 

properties which have nominated them as eco-friendly chemicals. Concerning the use of drugs as a source of green 

corrosion inhibitors, they are substances with relatively complex structures composed of natural or synthesized 

constituents. Drugs derived from natural sources have attracted more attention in recent years to be employed as 

corrosion inhibitors. Also, the tendency to use expired drugs as corrosion inhibitors is increasing since it can diminish 

their disposal cost and environmental pollution [5, 6].  
 
Table 1. Evaluation of inhibitors according to 12 principles of green chemistry. 

 Plant Extracts Ionic Liquids Amino Acids Natural 
Polymers Drugs Lanthanide salts 

Waste Prevention ✓   ✓ ✓  

Atom Economy  ✓   ✓  

Less Hazardous Chemical 
Synthesis ✓ ✓ ✓ ✓   

Designing Safer 
Chemicals ✓ ✓ ✓ ✓  ✓ 

Safer Solvents & 
Auxiliaries ✓   ✓   

Design for Energy 
Efficiency   ✓ ✓   

Use of Renewable 
Feedstocks ✓   ✓   

Reduce Derivatives   ✓  ✓ ✓ 

Catalysis  ✓     

Design for Degradation ✓   ✓   

Real-time pollution 
Prevention ✓      

Safer Chemistry for 
Accident Prevention ✓ ✓  ✓ ✓ ✓ 

Numerous environment-friendly inhibitors have been explored over the past decades, and time to time these 

have been reviewed. In 2011, Gece [7] reviewed drugs as corrosion inhibitors with a focus on efficiency. Two more 

reviews highlighting the importance of biopolymers and surfactants in various corrosive media were published in 

2011[8, 9]. In 2012, Rani et al. [10] presented progress on the application of natural materials as green corrosion 

inhibitors in different corrosive environments. Verma et al. [11] in 2017 reviewed the corrosion inhibition performance 



of ionic liquids. Since the past five years, substantial progress has been made in various classes of green inhibitors. The 

present paper puts together the latest developments in all these areas followed by a short discussion on this rapidly 

emerging multidisciplinary field. This review focuses on several classes of natural and synthetic substances as green 

corrosion inhibitors specifically for steels in acidic media. These include plants extracts, ionic liquids, amino acids, 

drugs, polymers, and rare-earth elements. These follow most of the principles of green chemistry as mapped in Table 1.  

This review mainly covers important corrosion inhibitors of each class, inhibition mechanisms along with 

governing isotherms, and the influence of various factors on inhibition efficiency. The presented information is derived 

from 154 papers published in the past 5 years accessed from all important databases. The effort spent on various classes 

of inhibitors is shown in Fig. 2. Judged by the publication volume, the efforts can be ranked as plants followed by 

natural polymers and ionic liquids. This review aims to provide a comprehensive understanding of green inhibitors and 

a comparison basis to guide a suitable and economical inhibitor’s selection for a particular situation.   

 
Fig. 2 Distribution of the research works performed from 2014-2019 on Green Inhibitors for steels in acidic media. 

2. Adsorption mechanisms of green corrosion inhibitors 

The working principle of corrosion inhibitors is based on the direct or in-direct adsorption of inhibitors molecules 

on the metal surface thereby decreasing the metal surface contact with the aggressive media. The majority of metallic 

materials are naturally unstable such that they tend to chemically/electrochemically react with aggressive agents of the 

environment (e.g. H+, Cl-, etc.) to form more stable substances as corrosion product. This is illustrated in Fig. 3 (a) and 

assuming steel as substrate described by the following anodic and cathodic reactions: 
 

                           𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹2+ + 2𝐹𝐹                                      (1) 
 
                                        2𝐻𝐻+ + 2𝐹𝐹 → 𝐻𝐻2                                                                                        (2) 
 

Applying corrosion inhibitors into the corrosive media results in their adsorption on the active sites (higher energy 

regions) of the metal surface following by the formation of a protective film. This layer isolates the metal surface from 

the aggressive environment thereby preventing it from corrosion. Fig. 3 (b) schematically illustrates the process of the 

protective film formation.  
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Fig. 3 a) Steel corrosion process without the application of inhibitors. b) Corrosion prevention through the formation of a protective film 

after adding inhibitors 

 In comparison with inorganic inhibitors, metal surface passivation through organic inhibitors possesses several 

advantages. For instance, organic green inhibitors can passivate the surface uniformly resulting in the highest possible 

protection while passive layers from inorganic inhibitors are very brittle making the metal surface susceptible to local 

corrosion attack (pitting, crevice) [12]. 

 The adsorption of inhibitors may take place either through physical adsorption or chemical adsorption or synergic 

action of the two (i.e., mixed mode). The interaction between inhibitors molecules and metal surface in either of these 

two modes depends on the surface charge of the substrate. As schematized in Fig. 4 (a), the electrostatic interaction of 

charged inhibitors with the oppositely charged metal surface results in the adsorption of inhibitors on the metal surface 

regarded as direct physical adsorption. However, as shown in Fig. 4 (b), electrostatic interaction of pre-adsorbed ions 

(e.g. halide ions in amino acids) and negatively charged surface will result in indirect adsorption. Adsorbed anions on 

the metal surface lead it to be negatively charged thereby increasing its capability to adsorb protonated inhibitors. This 

phenomenon may specifically occur in acidic media (Fig. 4 (b)). However, in the case of zero charged metal surfaces 

(ZPC), none of the cations or anions could be adsorbed on the surface. Therefore, the adsorption of inhibitors will take 

place through a chemical reaction between inhibitor molecules and metal surface as illustrated in Fig. 4 (c,d). Inhibitors 

are generally electron donators establishing donor-acceptor interaction such that the unshared electron pairs of 

heteroatoms (e.g., O, N and S) or π-electrons of the aromatic ring of inhibitors interact with d-orbitals of the atomic 

surface of the metal substrate (Fig. 4 (c)) to form a protective film. The chemical adsorption in certain scenarios can 

also result due to the interaction between metallic ions and functional groups (-OH, -NH2, etc.) of green inhibitors 

thereby forming insoluble complexes that protect the metal surface from corrosion as schematized in Fig. 4 (d). 



 
Fig. 4 Schematic configuration of some green inhibitors interaction with a steel surface 

 

The organic inhibitors can prevent the corrosion by their molecular adsorption on the metal surface and form a 

protective layer as discussed above; the inorganic inhibitors normally act as anodic inhibitors. Their metallic atoms 

are enclosed in the film and increase the corrosion resistance. 

There are several mathematical models called adsorption isotherms that estimate the quantity of adsorbate (i.e., 

molecules/ions of inhibitors) in the absorbent (i.e., the surface of the metallic substrate) at a constant temperature, such 

as Langmuir, Temkin, Frumkin, Freundlich, Flory–Huggins and Bockris–Swinkels [13]. Most of the inhibitors obey 

Langmuir isotherm, some also follow Freundlich and Frumkin isotherms. The mathematical expressions of these 

isotherms along with a related description and representative inhibitors are presented in Table 2. 
 

Table 2.Common adsorption isotherms. 

Isotherm Model Remarks Representative inhibitors 

Langmuir 𝑙𝑙𝑙𝑙𝑙𝑙 �
𝐶𝐶
𝜃𝜃� = 𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶 − 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 

A smaller K
ads

 implies a weak 
adsorption capacity of GI 

Elaeis guineensis leaves extracts, 
Costus after, Uvaria chamae and 
Xylopia Ethiopia 

Freundlich 𝑙𝑙𝑙𝑙𝑙𝑙 �
𝜃𝜃
𝐶𝐶� = 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑛𝑛𝑙𝑙𝑙𝑙𝑙𝑙(1 − 𝜃𝜃) 

1. n > 1 favorable adsorption of GI 
molecules on the metal surface. 
2. A larger K

ads
 implies a strong 

adsorption capacity  of GI 

Ampicillin Sodium Salt, leaves of 
Vitis vinifera, extracts of Sida 
acuta plant 

Frumkin 𝑙𝑙𝑙𝑙𝑙𝑙 �
𝜃𝜃

1 − 𝜃𝜃� = 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑦𝑦𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶 

If: y = 0 (no interaction) 
y > 0 (attraction) 
y<0 (repulsion) between GI 
molecules and the metal surface 

Methyl trioctyl ammonium 
methyl sulfate (TMA), Trimethyl 
tetra decylammonium methyl 
sulfate (TTA) 

Temkin 𝜃𝜃 = �
1
𝑓𝑓� 𝑙𝑙𝑛𝑛𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 .𝐶𝐶 

If: f = 0 (no interaction) 
f > 0 (attraction) 
f<0(repulsion) between GI molecules 
and the metal surface 

Carica papaya plant Extracts 

*GI: Green Inhibitor, C: Inhibitor concentration, θ: Surface Coverage, Kads: adsorption equilibrium constant, f: GI interaction parameter 

The thermodynamic quantities like Gibbs free energy (ΔGo
 ads), enthalpy (Δ𝐻𝐻 o), and entropy (Δ𝑆𝑆 o) of the 

adsorption process determine the adsorption mechanism. The adsorption energy of inhibitor on the steel surface can be 

evaluated from the following equation: 



𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎0 = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑛𝑛(55.5𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎)                                                                       (3) 

where 55.5 is the molar concentration of water in the acidic solution, R is the gas constant (8.314 J.K−1mol−1) and T is 

the absolute temperature in Kelvin. The value of Kads is estimated using the pertinent adsorption isotherm given in 

Table 2. 𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎0  ≤ −20 kJ mol−1; 𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎0  ≤ −40 kJ mol−1; and 40 kJ mol−1 < 𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎0  <−20 kJ mol−1respectively indicate 

physisorption, chemisorption, and mixed adsorption. 

 Enthalpy 𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎0 with a negative value signifies exothermic adsorption. The absolute magnitude of 𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 
0 is 

generally greater for chemisorption than physisorption. As regards the estimation of Δ𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎0 , an isotherm is used for 

this purpose as illustrated below through the Langmuir isotherm: 

𝑙𝑙𝑛𝑛 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 = �−𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
0

𝑅𝑅𝑅𝑅
� + 𝐴𝐴                                                                           (4) 

where T is the absolute temperature, A is the pre-exponential factor and 𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎0 is the enthalpy of adsorption.  

 Entropy 𝛥𝛥𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎0  represents the disorder in the system. 𝛥𝛥𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎0 < 0 signifies the occurrence of the adsorption 

process. The greater the value of 𝛥𝛥𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎0 , the higher the adsorption will be [8]. Its value can be calculated using the 

following relation: 
𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎0 = 𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎0 − 𝑅𝑅𝛥𝛥𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎0                                 (5) 

2.1 Factors affecting the efficiency of corrosion inhibitors 

 The corrosion inhibition efficiency (η%) is defined as the ability of an inhibitor to reduce the corrosion rate. It 

can be derived according to the weight loss values and corrosion rate as follow: 
 

𝐶𝐶𝑅𝑅 = 𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖−𝑊𝑊𝑓𝑓𝑖𝑖𝑖𝑖

𝑎𝑎𝑑𝑑𝑑𝑑
                                    (6) 

 

𝜂𝜂% = 𝐶𝐶𝑅𝑅
0−𝐶𝐶𝑅𝑅

𝑖𝑖

𝐶𝐶𝑅𝑅
0 × 100                                  (7) 

whereas Wint and Wfin are the initial and final weight of the metallic specimen, respectively. CR
0 and CR

i are the 

corrosion rates in the absence and presence of inhibitor molecules, respectively. 

The corrosion inhibition efficiency of inhibitors depends on several factors including the nature of the corrosive 

environment, inhibitor concentration, electrolyte temperature, and exposure time to the electrolyte. The efficiency of 

inhibitors usually increases with concentration. However, after exceeding a specific limit, further increment in the 

concentration does not influence the corrosion inhibition. This limit is dependent on many variables like the nature of 

the electrolyte, type of inhibitor, and temperature. At the beginning of the adsorption process, inhibitors tend to be 

adsorbed on the metal surface in flat or horizontal orientations resulting in increased surface coverage thereby 

increasing the inhibition efficiency. However, after exceeding an optimum limit, a further increase in the inhibitor’s 

concentration leads to inter-molecular repulsion. This results in vertical or non-planar adsorption of inhibitor’s 

molecules on the metal surface thereby having no tangible improvement in the inhibition efficiency [14].  

The electrolyte temperature has a considerable impact on the inhibition efficiency. At room temperature, an 

inhibitor forms a protective film through physical or chemical adsorption on the metal surface. However, at a higher 

temperature, the chemisorption mechanism is prevalent whose rate linearly increases with the surrounding 

temperature; as a result, the rate of forming a protective film increases thus correspondingly enhancing the corrosion 

inhibition. The duration for which the material remains in contact with the corrosive media is also amongst important 

factors that determine the efficiency of green inhibitors. The relationship between the exposure time and inhibition 



efficiency provides valuable information with regards to the stability of green inhibitors. These two quantities, in 

general, have an inverse correlation [15–17]. However, some studies also have reported a direct relation. For example, 

the efficiency of Clematis Gouriana (an extract of the leaf) with a concentration of 400 ppm in acidic solution 

increases with exposure time [18]. A similar result has been observed for another green inhibitor extract namely 2, 

3-dihydroxyflavone [19]. 

 The structure of an inhibitor is another influential factor. The hydrophobicity, electrostatic, and steric effects 

polarity, covalent bonding, and that influence the corrosion inhibition efficiency are determined by the inhibitor’s 

structure. The inhibitors containing electron-donating groups such as hydroxyl (-OH), amino (-NH2), and methoxy 

(-OCH3) with planar geometry generally show greater efficiency compared to those inhibitors that withdraw agents 

like nitro (-NO2), and cyano (-CN) groups with non-planar geometry. The corrosion inhibition ability of natural 

extracts is associated with the mentioned functional groups, which present in heterocyclic components (e.g., alkaloids, 

flavonoids). 

 In fact, each natural extract has a specific organic coordinate that contains one or more types of 

electron-donating groups. For example, carrot contains pyrrolidine, and castor seed involves the alkaloid ricinine. 

Eucalyptus oil contains monomtrene-1-8-cineole, Lawsonia extract has 2-hydroxy-1, 4-naphthoquinone resin and 

tannin, in addition to coumarin, gallic acid, and sterols. Gum exudate contains hexuronic acid, neutral sugar residues, 

reducing and non-reducing sugars, canaric with related triterpene acids, and volatile monoterpenes. Garcinia kola 

seed consists of primary and secondary amines, unsaturated fatty acids, and bioflavonoids. Calyx extract includes 

ascorbic acid, amino acids, flavonoids, pigments, and carotene [20, 13] 

Interestingly, many green inhibitors have inhibition efficiency as high as toxic traditional inhibitors. For instance, 

synthetic inhibitors, Methyl 3-((2-mercaptophenyl)-imino) butanoate (MMPB) that works on the mechanism of 

chemisorption shows the highest efficiency of 99.3%; Triazole derivative, 4-amino-5-methyl-4H-1, 2, 

4-triazole-3thiol (AMTT) has an efficiency of 99.1% that results from the combined effect of physisorption and 

chemisorption mechanisms. Black pepper extracts also rely on the mixed-type mechanism and offer an efficiency of 

98% [21]. Torres et al. evaluated the corrosion inhibition of aqueous coffee ground extracts in 1 M HCl solution. 

They found that the inhibition efficiency surprisingly increased with increasing the temperature (up to 97%) [22]. The 

corrosion inhibiting action of quinine and caffeine for carbon steel in HCl media has been also studied [23, 24].  

 Some researchers have evaluated the corrosion inhibition performance of non-toxic synthetic Schiff base 

substances. These are known to contain superior anti-glycating agents, which because of containing electronegative 

oxygen, nitrogen, and aromatic rings acting as active adsorption centers on the metal surface thereby rendering them 

effective green inhibitors [25]. This class of inhibitors offers the benefit of easy production from inexpensive 

precursors. Recently, several promising Schiff base compounds have been introduced as corrosion inhibitors. They 

include Schiff Base-based cationic Gemini surfactant ( 3,3′- (pentane-2, 4-diylidenebis (azanylylidene)) bis 

(N,N-dimethyl-N- (2-(hexadecyloxy)-2-oxoethyl)propan-1-aminium) chloride), 2-aminofluorene bis-Schiff base, 

4-((2,3-dichlorobenzylidene) amino)-3-methyl-1H-1, 2, 4-triazole-5(4H)-thione and triazine based Schiff’s ( 4- [E- 

(4-hydroxy 3- methoxy benzilidine) amino]- 3-mercapto-6-methyl -1,2,4-triazin(4H) -5-one). They can be adsorbed 



on the steel surface through physical and chemical adsorption. Their outstanding inhibition efficiency (≥ 97%), 

rendering them to be competitive alternates for toxic traditional inhibitors [26, 27] 

3. Common types of green corrosion inhibitors 

 Green inhibitors are extensively used to control the corrosion of different types of steels in acidic environments, 

especially in the oil and gas industry. Based on their chemical nature, green inhibitors can be classified into two groups 

namely organic and inorganic (Table 3). Several types of organic green inhibitors include plants (extracts, oil), ionic 

liquids, amino acids, drugs, and natural polymers. All these compounds have heteroatoms containing elements with 

high electron density such as O, N, and S which act as active centers to be adsorbed on the metal surface. Regarding 

inorganic inhibitors, the majorities in this group are toxic and cannot be considered as green inhibitors. However, there 

are certain exceptions as well. For example, the inorganic rare-based elements (lanthanide salts) components have low 

toxicity and good biodegradability. Generally, organic inhibitors are more suitable in acidic media whereas inorganic 

inhibitors are more conducive for neutral environments. Moreover, the inorganic inhibitors may possess anodic or 

cathodic behavior while organic inhibitors may have both actions. In general, organic green inhibitors exhibit higher 

inhibition efficiency as compared to the inorganic ones.  
 
Table 3. Classification of reported green inhibitors 

Eco-friendly Corrosion Inhibitor 

Organic inhibitor Inorganic inhibitor 

Plants Ionic 
Liquids Drugs Amino 

Acids 
Natural 

Polymers 
Lanthanide salts(from Cerium, 

terbium, praseodymium)  Extracts Oils 

Several groups of green inhibitors have been investigated as potential corrosion inhibitors for steels. As mentioned 

before, the majority of studies in the last five years have been focusing on plant extracts. The results have demonstrated 

their excellent ability to control steel corrosion in acidic media. Similar outcomes have been published concerning the 

ionic liquids and amino acids [11, 16, 17, 28–30]. Many other types of organic inhibitors such as natural polymers and 

drugs have also shown promising results [31,7]. All of these organic inhibitors contain heteroatoms in their functional 

group (s) (e.g., -OH, -NH2, -NO2, -COOH) and/or aromatic rings in their molecular structures, leading them to react 

with the metal surface chemically or electrostatically resulting in the formation of a protective layer on the metal 

surface. 

 Inorganic inhibitors are mostly anodic and their enclosed metallic atoms in the film can increase the corrosion 

resistance of the substrate. Over the past years, many efforts have been spent to investigate the corrosion inhibition 

efficiency of some rare-earth-based elements (e.g., CeCl3, LaCl3) as inorganic inhibitors to be substituted for traditional 

toxic inorganic inhibitors such as chromates salts, nitrites, and nitrates. Their corrosion prevention results from the 

precipitation of rare earth particles, in the form of a protective layer, on the metal surface [32]. 

3.1 Organic Green Inhibitors 

3.1.1 Plants Extracts  

 Due to the toxic effects of traditional corrosion inhibitors, the application of eco-friendly green inhibitors is 

gaining considerable attention. The plant extracts in this regard have demonstrated interesting results. The extracts have 



high solubility in acids, because of high polarity resulting from unshared electrons in their functional groups, thereby 

facilitating the adsorption process. The other benefits include low cost, reliability, renewable nature, versatility, 

biocompatibility, and ease of application. The summary of recent studies by various authors on the corrosion inhibition 

of steel by plant extracts are along with results is presented in Table 4. 

 Al-Turkustani et al. [33] investigated the corrosion inhibition performance of water and alcoholic extracts of the 

Medicago Sative plant to control mild steel corrosion in 2.0 M H2SO4 solution. Two chemical measurement techniques 

were employed namely hydrogen evolution method (HEM) and mass-loss method (MLM). The performance was also 

evaluated using two electrochemical techniques, i.e., Potentiodynamic Polarization (PDP) and Electrochemical 

Impedance Spectroscopy (EIS). It was found that both extracts act as mixed inhibitors and obey the Langmuir 

adsorption isotherm. Further, chemical adsorption through charge transfer between the inhibitor’s molecules and mild 

steel substrate appeared as the major corrosion inhibition mechanism. 

 Singh [34] applied a theoretical approach to study a range of plant extracts including the extracts of Andrographis 

paniculata, Murraya koenigii, Aegle marmelos, Strychnos nuxvomica, Moringa oleifera, Citrus aurantium, and 

Terminalia arjuna to mitigate the corrosion of mild steel in HCl media. These extracts have a series of active 

constituents (i.e., phytochemicals) namely Mahabinine, Pyrayafoline, Skimmianine, Andrographolide, Threonine, 

Arginine, Brucine, and Sitosterol. Different parameters were assessed in this work such as Highest Occupied Molecular 

Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO), Dipole Moment, Mulliken charges on heteroatoms, 

and Molecular Volume. All plant extracts exhibited acceptable inhibition efficiency resulting from the adherent 

adsorption of inhibitor molecules on the mild steel surface. The results showed that the adsorption property of these 

inhibitors depends upon several parameters including the number of adsorption sites, molecular size, interaction nature 

with the metal surface, and the formation of metallic complexes.  

 Dehghani et al. [35] investigated aqueous Citrullus lanatus fruit (CLF) extract, experimentally, and theoretically. 

The inhibition efficiency of 91% was turned up reasoning to the presence of C=C and O-H functional groups in the 

inhibitor’s phytochemicals like citrulline, hesperetin, resveratrol, and riboflavin. The simultaneous action was found 

as the basic inhibition mechanism. 

 Zucchi et al. evaluated different parts of plant extracts including Papaya, Poinciana pulcherrima Cassia 

occidentalis, Calotropis procera B, Azydracta indica, and Auforpio turkiale. Of these extracts, Azadirachta indica and 

Poinciana pulcherrima Cassia exhibited the highest efficiency of 98% and 96%, respectively. According to 

polarization curves, these extracts acted as mixed inhibitors thereby retarding the cathodic reaction of hydrogen 

evolution and the anodic reaction of iron dissolution [36]. 

 Since plant leaves are the main sites for photosynthesis, these sites have an abundance of phytochemicals. This 

fact makes leaves a preferential choice for efficient green corrosion inhibition. For H2SO4 aqueous media, the 

performance of leaf extracts of Eriobotrya japonica Lin plant is worth mentioning. The results showed that it had an 

efficiency of 96% for mild steel [2]. The analyses like weight-loss method, electrochemical measurements, and 

scanning electron microscope (SEM) revealed that these extracts were dominantly cathodic inhibitors obeying 



Langmuir adsorption isotherm. The synergistic effect of various phytochemicals in the extracts was reported as the 

main reason for their high inhibition efficiency. 

Haldhar et al. [37] investigated Valeriana wallichii root extract as a green corrosion inhibitor for mild through 

experimental and theoretical techniques. Due to the presence of several phytochemicals including Naphthoic acid, 

iridoid, and an iridoid this extract provided high inhibition efficiency for mild steel in acidic media. Fig. 5 shows 

SEM micrographs of mild steel surface after 24 h immersion in 0.5 M H2SO4 at 298 K with and without inhibitor. 

The porous surface including deep holes and wide cracks resulting from metal surface dissolution can be observable 

for the sample in corrosive media in the absence of inhibitor. However, the surface quality in the solution with the 

inhibitor is considerably improved.  

 
   

Fig. 5 SEM micrographs of mild steel surface after 24 h of immersion at 298 K in 0.5 M H2SO4: (a) mild steel sample, (b) without 
inhibitor, and (c) with the inhibitor (500 mg/L) [37]. 

In HCl media, leaf extracts of Aquilaria Subintergra plant [38] have been found as one of the efficient inhibitors 

with high efficiency for mild steel (above 94%). The inhibition mechanism of these extracts was determined as 

physisorption following the Langmuir adsorption isotherm. Chikkur et al. [39] showed that the leaf extract of 

Achyranthes Aspera L plant can control the corrosion of mild steel in 1.0 M HCl at room temperature with the 

inhibition efficiency of 82.3%. Negative adsorption energy was noted implying that spontaneous adsorption reactions 

occurred thereby improving the inhibition efficiency. The experimental results matched well with the Langmuir, 

Frumkin, and Flory-Huggins adsorption isotherms. Moreover, the repulsive interaction was found between the 

inhibitor’s molecules thus indicating a reasonable inhibitor’s stability in the acidic media. In another study, rubber leaf 

extract was evaluated as a corrosion Inhibitor for mild steel in HCL medium [40]. The gravimetric method and FTIR 

were employed to evaluate its inhibiting performance. The presence of different phytochemicals such as tannins, 

saponins, anthraquinone, and flavonoids in this extract resulted in an efficiency of 86%. Furthermore, the spontaneous 

adsorption of the inhibitor obeyed the Langmuir isotherm. 



The inhibition efficiency of a plant depends upon the type and quantity of phytochemicals that vary from part to 

part. Oguzie [41] studied the corrosion inhibition performance of plants materials including leaf extracts of Ocimum 

Viridis (OV), Telferia Occidentalis (TO), Azadirachta Indica (AI) and Hibiscus Sabdariffa (HS) as well as seeds 

extracts of Garcinia kola (GK) for mild steel in 2 M HCl and 1 M H2SO4. Extracts from both parts of the plant were 

found to have acceptable inhibition efficiency in this situation. The synergistic action of halide ions of protonated 

organic components for physical adsorption along with the chemical adsorption implies the high effectiveness of these 

ingredients as corrosion inhibitors in the order; Cl-<Br-<I-. Overall, the highest inhibition efficiencies of 95 % and 92.9 % 

obtained for (HS) and (GK) in 1 M H2SO4 and 2 M HCl solution, respectively. 

 In another work, Okafor et al. [42] compared the inhibition performance of different parts of the Carica Papaya 

plant. They considered leaves (LV), seeds (SD), heartwood (HW), and bark (BK) for corrosion inhibition analyses of 

mild Steel in H2SO4. This plant is enriched with nitrogenous base organic compounds such as choline, carpaine, 

pseudocarpaine, dehydrocarpaines, prunasin cardenolides, anthraquinones, saponins, and tannins. Gravimetric and 

gasometric techniques were employed to characterize the mechanism of inhibition of different parts. All extracts were 

found to inhibit mild steel corrosion. The plant parts obeyed the following order concerning the inhibition efficiency: 

LV (97.3%) > SD (94%) > HW (86 %) > BK (85%). Further, the inhibition efficiency in all of the inhibitors was 

observed to have a proportional relation with the concentration while an opposite relationship with the temperature. As 

far as the inhibition mechanism is concerned, all of the extracts involved physical adsorption of phytochemicals on the 

metal surface. The inhibitors obeyed the Langmuir and Temkin isotherms.   

 Eduok et al.[43] draws a comparison between the inhibition efficiency of leaves and stem extracts of Sida Acuta 

plant for mild steel in 1 M H2SO4. To improve their inhibition efficiency, iodide ions were added to the solution. 

Inhibition assessment was carried out through weight loss and hydrogen evolution methods at 30–60 °C Temperature. 

Despite following the same adsorption isotherm (Freundlich adsorption isotherm), leaves were found to have higher 

efficiency of 85.25 % reasoning to a higher concentration of phytochemicals in leaves. 

 There are many other discoveries on natural inhibitors with reasonable efficiency for mild steel, which include 

Spirulina Platensis [44], Seed Extract of Psidium Guajava [45], Salvia Officinalis Oil [46], Pomegranate Peel Extract 

[47], Paniala (Flacourtia Jagomas) [48], and Neolamarckia Cadamba Crude Extract (bark, leaves) [49]. The efficiency 

and mechanism of these inhibitors have been listed in Table 4. The efficiency ranges from 73.81% to 97.8% with the 

highest Ethanol extract of Funtumia Elastic and the lowest of Elaeis Guineensis leaves extract. The inhibitors follow 

either physical or chemical adsorption. The oxygen-containing hetero atoms in different phytoconstituents of these 

extracts such as phenolic compounds (especially flavonoids) are the major adsorption center in organic compounds for 

their interaction with the steel surface. Steroids, tannins, amino acids (methionine), fatty acids (c –linolenic acid), 

hydroxyl, carbonyl groups and antioxidant materials are some other effective agents on the inhibition performance of 

these extracts. 



Table 4. Plants extracts as corrosion inhibitors for steels in acidic media: starting from the latest discovery. 

Plant Extract Type of Inhibitor Type of Solution Type of Steel Efficiency Adsorption Mechanism Year, Ref. 

Rosa Canina Fruit Extract Mixed HCl Mild Steel 86% Chemical adsorption 2019, [50] 

Citrullus Lanatus Fruit 
Extract Mixed HCl Mild Steel 91% Chemical adsorption 2019, [35] 

Chinese Gooseberry Fruit 
Shell Extract Mixed HCl Mild Steel 92% Physical Adsorption 2019, [51] 

Cissus Quadrangularis Plant 
Extract Mixed HCl Mild Steel NG Both physical and chemical 

adsorption 2019, [32] 

Borage Flower Aqueous 
Extract Mixed HCl Mild Steel 91% Chemical adsorption 2019, [52] 

Pineapple Stem Extract Mixed HCl Carbon Steel 97.6% Chemical adsorption 2019, [53] 

Tamarindus Indiaca Aqueous 
Extract Mixed HCl Mild Steel 93% Both physical and chemical 

adsorption 2019, [54] 

Lagerstroemia Speciosa Leaf 
Extract Mixed HCl Mild Steel 94% Both physical and chemical 

adsorption 2019, [55] 

Eriobotrya Japonica Lindl 
Leaves Extract Mixed H2SO4 Mild Steel 92.7% Both physical and chemical 

adsorption 2019, [56] 

Pigeon Pea Leaf Extract Mixed HCl Mild Steel 91% Physical Adsorption 2019, [57] 

Tragia Involucrate L. (T. 
involucrate L.) Mixed HCl low carbon Steel 87.54% Both physical and chemical 

adsorption 2019, [58] 

Ircinia Strobilina Crude 
Extract Mixed H2SO4/ HCl Mild Steel 92.0% Both physical and chemical 

adsorption 2019, [59] 

Parsley (Petroselinum 
Sativum) Extract Mixed HCl Mild Steel 92.39% Physical Adsorption 2019, [60] 

Aqueous Peganum Harmala 
Seed Extract Mixed HCl mild Steel 95% Both physical and chemical 

adsorption 2019, [61] 

Elaeis Guineensis Leaves 
Extract  Mixed HCl Mild Steel 73.81% Physical Adsorption 2018, [62] 

Loquat Leaves Extract Cathodic H2SO4 Mild steel 89.06% Chemical Adsorption 2018, [56] 

Groundout Leaves Extract Mixed H2SO4 Mild steel 86.03% Physical Adsorption 2018, [63] 

Costus afer, Uvaria chamae 
and Xylopia Ethiopia Mixed HCl Mild steel 83.7%/84.6%/ 

87.0% Physical Adsorption 2018, [64] 

Lemon Balm Extract Mixed HCl Mild steel 95% Chemical Adsorption 2018, [54] 

Ficus Religiosa Cathodic H2SO4 Mild Steel 92.26% Both Physical and Chemical 
adsorption 2018, [65] 

Glycolipid Biosurfactant Mixed CH3COOH Carbon Steel 87% Physical Adsorption 2018, [66] 



Cuscuta Reflexa Extract Mixed H2SO4 Mild Steel 95.47% Both physical and chemical 
adsorption 2018, [35] 

Myristica Fragrans Extract Mixed H2SO4 Mild Steel 87.81% Both physical and chemical 
adsorption 2018, [37] 

Sida Cordifolia Extract Mixed H2SO4 Mild Steel 80.17% Physical Adsorption 2018, [54] 

Armoracia Rusticana Mixed H2SO4 Mild Steel 95.74% Both physical and chemical 
adsorption 2018, [67] 

Tilia Cordata Extract Mixed HCl Carbon steel 84.34% Physical Adsorption 2017, [68] 

Fenugreek Leaves Extract Mixed H2SO4 Mild steel 89.06% Physical Adsorption 2017, [69] 

Gorse Aqueous Extracts Mixed HCl Mild steel 96.6% Chemical adsorption 2017, [59] 

Aquilaria Subintergra Leaves 
Extracts Mixed HCl Mild steel 93% Physical Adsorption 2017, [70] 

Lannea Coromandelica Leaf 
Extract Mixed H2SO4 Mild Steel 93.8% Physical Adsorption 2017, [71] 

Iota-carrageenan and Inulin 
biopolymers Mixed H2SO4 Mild Steel 97.37% Chemical adsorption 2017, [72] 

Morus Alba Pendula Leaves 
Extract Mixed HCl Carbon Steel 96% Chemical adsorption 2016, [73] 

Papaya Seed Mixed H2SO4 Carbon Steel 90% Physical Adsorption 2016, [74] 

Funtumia Elastic Mixed H2SO4 Mild Steel 97.8% Physical Adsorption 2016, [75] 

Citrus Aurantium Leaves 
Extracts Mixed H2SO4 Mild Steel 89% physical adsorption 2016, [67] 

Diospyros kaki (Persimmon) 
Leaves Mixed HCl St37 Steel 91% Both physical and chemical 

adsorption 2016, [76] 

Green Leafy Vegetable 
Extracts Mixed HCl Carbon Steel 86% Physical Adsorption 2015, [77] 

Extract of Eucalyptus 
Globulus Leaves Mixed H2SO4 Carbon Steel 84% Both physical and chemical 

adsorption 2015, [78] 

Nicotiana Tabacum Leaves 
Extract Mixed H2SO4 Mild Steel 94.13% Chemical adsorption 2015, [62] 

Extract of Tagetes Erecta 
(Marigold Flower) Mixed H2SO4 Mild Steel 96% Physical Adsorption 2014, [79] 

Extracts Chenopodium 
Ambrosioides Cathodic H2SO4 Carbon Steel 94% Chemical adsorption 2014, [80] 

 



Oils as plant extracts have drawn substantial attention from researchers. Essential oils, also known as volatile or 

ethereal oils, are concentrated hydrophobic liquids that contain monoterpene, sesquiterpene hydrocarbons and 

oxygen-doped groups such as alcohols, aldehydes, ketones, acids, phenols, oxides, lactones, ethers, and esters. Over the 

past decades, many research works have been performed to assess the corrosion inhibition performance of natural oils 

for several metallic alloys in neutral, acidic, and alkaline media. The first attempt to use oil as an inhibitor was made by 

Baldvin et al.[81] in the 1960s. They successfully employed vegetable oil together with molasses to inhibit steel 

corrosion in the acid pickling process. Later, the trend of using natural oils as inhibitors became popular leading to 

several successful discoveries such as Ginger, Henna, Jojoba and Artemisia oil [16, 82, 83] 

The principle of oil, adsorption on the metal surface has been clarified in Lahhit et al. [84]. In this work, 

Foeniculum Vulgar was used as tested oil; Steel was employed as a substrate and 1M HCl was used as an electrolyte. 

The electrochemical impedance spectroscopy (EIS), Tafel polarization methods, and weight loss measurements were 

applied to study the inhibition process. The oil contained the limonene (20.8%) and pinene (17.8%) contents, as 

revealed by hydro-distillation. These two types of molecules adsorbed on the steel surface via interaction with the 

vacant d-orbitals of iron atoms (chemisorption) thereby posing a synergistic effect. According to the EIS analysis, the 

adsorption rate increased with the charge-transfer resistance (Rct) as the oil concentration was increased. The 

polarization plots revealed that the addition of natural oil shifted the cathodic and anodic branches towards lower 

currents indicating that the Foeniculum Vulgare was a mixed-type inhibitor.  

Velázquez-González et al. [85] studied the inhibition action of acetone, hexane, and methanol extract from 

Rosmarinus Officinalis Oil. Their performance was tested for 1018 steel in 0.5M H2SO4. All of the extracts showed 

reasonably high corrosion inhibition efficiency whereas the highest (i.e., 96%) was demonstrated by the hexane extract. 

The achievement of this promising value was owed to the presence of flavonoids in the extract. The corrosion inhibition 

was governed by the chemisorption mechanisms established by the value of the adsorption free-energy of −37.4 

kJ∙mol−1. The extract followed the Frumkin adsorption isotherm. 

In the recent past, several new effective oil-based green inhibitors have been introduced. The worth mentioning 

discoveries include Palm oil, Nigella-Sativa-L seeds oil, Artemisia Mesatlantica essential oil, and Red pepper seed oil 

[86, 87]. These have shown outstanding efficiency, more than 90%, in acidic environments thereby showing their 

promising potential for industrial applications. The reader is referred to Table 5 for more discoveries. 

 
Table 5. Essential oils as corrosion inhibitors for mild steel in acidic media 

Type of Steel Type of Inhibitor Inhibitor 
Concentration 

Acidic 
Media Efficiency Test Methods Conditions Ref. 

Carbon Steel Clove Seed Aqueous Extract 1 M HCl  
93% 

EIS, PP, SEM, 
AFM, CAT, MC, 

MD, DFT 
25℃ 2019, [17] 

Mild Steel Artemisia Herba-Alba Oil 0.5 M H2SO4 88% GC, GC/MS 30℃, 40℃, 
50℃, 60℃, 2019, [88] 

Mild Steel 
Ultrafiltrated Alkaline 

Organosolv 
Oil Palm Fronds Lignin 

0.5 M HCl 
87% 
83% 
81% 

EIS, PP, WLM 30℃ 2016, [89] 

Carbon Steel Artemisia Mesatlantica 
Essential Oil 1 M HCl 92% PP, EIS, SEM, XPS 30℃ 2015, [90] 



304 Stainless 
Steel Red Pepper Seed Oil 1 M HCl 92.32% FTIR, PP, EIS 

25℃, 35℃, 
45℃, 55℃, 

65℃ 
2015, [91] 

Mild Steel Adenopus Breviflorus 
Seed Oil 0.5 M HCl 94.22 SEM, FTIR, NMR 25℃, 35℃, 

45℃ 2014, [92] 

Mild Steel The Essential Oil of Salvia 
Aucheri Mesatlantica 0.5 M H2SO4 86.12% GC, GC/MS, EIS, 

PP, WLM 25℃ 2012, [46] 

 

3.1.2 Ionic liquids as green corrosion inhibitors 

 Ionic liquids are defined as the materials mainly composed of ions with a melting point lower than 100 °C. As 

summarized in Table 6, these can be classified into five different groups namely neutral, acidic, basic, functionalized, 

and supported ionic liquids. The most distinguished property of these materials is that their properties can be adjusted 

according to specific requirements, and this task is accomplished by selecting suitable cations and anions. This feature 

allows one to design materials to meet particular applications. Because of their design flexibility and many other 

attractive characteristics (e.g. higher chemical and thermal stability, low vapor pressure, high solubility, reduced 

environmental hazards, and high polarity), the applications of these compounds have significantly increased over the 

past decades in a variety of areas such as corrosion protection, catalysis, materials extraction, and separation, chemical 

transformation solutions, nanomaterial fabrication and energy conservation [11, 29, 93, 94]. Fig. 6 demonstrates 

different applications of ionic liquids in the industry. 
 

 
Fig. 6 Several applications of Ionic Liquids 

 
Table 6. Some common types of Ionic liquids. 

Type of ionic liquids Some typical examples Characteristics 

Neutral Ionic Liquids 

 

Electrostatic interaction of anions and 
cations 

Acidic Ion Liquids 
 

  

Possess acidic anions or cations with 
high solubility in water and acceptable 
catalytic efficiency 

BF4
-
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-
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[bmim]CF3SO3

Cl
-

N N

[bmim]Cl

CF3COO
- SO3H

N N

[(CH2)4SO3HMIm]CF3COO



Basic Ionic Liquids  

 

With basic behavior resulting from the 
presence of one or more amine group (1, 
2, 3 amines) 

Functionalized Ionic 
Liquids 

 

 

Include functional groups which have a 
covalent bond with cations or anions 

Supported Ionic Liquids 

 

An immobilized ionic liquids film on a 
solid phase, combining the advantages of 
ILs (Low vapor pressure, high solvent 
capacity, etc.) with those of 
heterogeneous support materials. 

   Unlike the traditional toxic corrosion inhibitors (e.g., chromates and phosphates), the ionic liquids have low 

volatility that results in reduced evaporation and hence lessened environmental contamination. Many researchers have 

reported their outstanding performance in inhibiting corrosion of steels in the acidic media. Therefore, the application 

of these liquids as green inhibitors for steels is drawing increasing attention since the last decade [93, 94]. 

 Cao and co-workers [95] investigated the inhibition performance of two ionic liquids, 1-(4-sulfonic acid) 

butyl-3-ethyl imidazolium hydrogen sulfate and 1-(4-sulfonic acid) butyl-3-decyl imidazolium hydrogen sulfate, to 

control dissolution of carbon steel in 0.5M HCl solution. The efficiency of inhibitors was measured to 97.9% upon 

conducting different tests (SEM, UV–vis, XPS, and contact angle measurement). The protective film was formed 

through chemical adsorption. Moreover, the weak hydrophilicity of the long alkyl tail was observed indicating that the 

corrosion inhibition efficiency of considered ionic liquids depended on the alkyl tail length.  

 Versatile 4, 6-dimethyl-2-mercapto pyrimidine-based ionic liquid was suggested as one of the most efficient 

corrosion inhibitors for mild steel in 0.5 M H2SO4 by Li et al.[96]. The results showed that the inhibitor obeyed the 

Langmuir isotherm, and outstanding efficiency of 99% was achieved even if the concentration was as low as 0.1 mM. 

This high efficiency resulted from mixed adsorption, as indicated by the value of adsorption energy. 

 The imidazolium-based ionic liquid is one of the recent discoveries with promising performance. Its effectiveness 

was tested by immersing the mild steel in the H2SO4 solution. The number and size of pits on the steel surface was 

observed to decrease with the presence of inhibitor in the acidic medium, thereby showing an extraordinary efficiency 

of 99.48% [97].  

 The other important include three 4,6-dimethyl-2-mercaptopyrimidine (DMMP) based phosphonium and 

1-(4-sulfonic acid) butyl-3-ethyl imidazolium hydrogen sulfate and 1-(4-sulfonic acid) butyl-3-decyl imidazolium 

hydrogen sulfate. The description of these inhibits is given in Table 7. 

3.1.3 Drugs 

 Drugs represent another discovery stemmed from extensive efforts made over decades to explore eco-friendly 

corrosion inhibitors. Having considerable similarities with the molecular structure (s) of several other corrosion 

inhibitors, drugs have suitable corrosion inhibition potential. For example, carbocyclic and heterocyclic systems (e.g. 

imidazoles, isoxazoles, and furans) are abundantly present in many types of drugs as well as in many other inhibitors. 

NN
SO3H

CF3SO3
-

[MBsIm][TfO]



Similarly, five or six-membered rings with mostly aromatic or pseudo-aromatic structures (e.g. Benzene rings) are 

other commonalities [7, 25, 98]. Amongst different types of drugs, antibacterial drugs have shown promising 

performance in inhibiting steel corrosion in acidic media. Many drugs such as Penicillins, Cephalosporins, and 

Aminoglycosides have been reported to have reasonable potential as green inhibitors. 

Penicillins are widely used drugs in the commercial medicine industry. These contain hetero-atoms in 

hetero-cycles called β-lactam that act as active sites for the adsorption process. The adsorption also occurs due to the 

interaction of π-electrons of drugs with valence d-electron of the metal surface resulting in the formation of the 

protective film. Cephalosporins are similar to penicillin for molecular structure and action mechanism. Therefore, 

Cephalosporins (e.g. Fungus Cephalosporin Acremonium extract) are used as a suitable alternative of Penicillins in the 

situations where Penicillins are prohibited due to certain limitations. However, due to having lower solubility, their 

inhibition efficiency is comparatively low. Aminoglycosides have a heterocyclic structure wherein the O-containing 

saccharides monomers act as the adsorption centers [99]. Some important drugs along with their molecular structure 

and efficiency in acidic media are given in Table 8. 



Table 7. Ionic Liquids as corrosion inhibitors for steels in acidic media: starting from the latest discovery. 

Inhibitor Type of Inhibitor Type of Solution Type of Steel Efficiency Adsorption 
Mechanism Ref. 

1-Ethyl 3-methylimidazolium thiocyanate Ionic Liquid Mixed H2SO4/HCl API 5L X52 Steel 82.9% , 77.4% 
Both Physical and 

Chemical 
Adsorption 

2019, [100] 

1,1′‑(1,4‑phenylenebis 
(meth- ylene))bis(3‑(carboxymethyl)‑1H‑imidazol‑3‑ium) chloride with and 

without KI 
Mixed 0.5 M HCl Carbon Steel 94.8%, 96.2% Chemical 

Adsorption 2019, [101] 

N-ethyl-N,N,N-trihexylammonium adipate (CPA 6 ) and N-ethyl-N,N,N- 
trioctylammonium ethyl sulfate (ESA 8 ) Mixed 1 M H2SO4 API-X60 steel 73%,  83% Physical 

Adsorption 2019, [102] 

1,4- (Divinyl-imidazolium bromide) butane Mixed 1 M H2SO4 Mild Steel NG Physical 
Adsorption 2019, [103] 

1-butyl-3-methyl-imidazolium Ionic Liquids namely, 1- 
butyl-3-methylimidazolium chloride ([bmim][Cl]), 1-butyl-3-methylimidazolium 

acetate ([bmim][Ac]) and 1- 
butyl-3-methylimidazolium trifluoromethanesulphonate ([bmim][CF3SO 3]) 

Mixed 1 M HCl Mild Steel 93.18%, 96.02%, 
97.15% 

Chemical 
Adsorption 2019, [104] 

N, N-diethylaminedialkyldiamide Mixed 1 M HCl Mild Steel 96.1% Physical 
Adsorption 2019, [105] 

1-(4-sulfonic acid) butyl-3-ethyl imi- 
imidazolium hydrogen sulfate and 1-(4-sulfonic acid) butyl-3-decyl imidazolium 

hydrogen sulfate 
Mixed 0.5 M HCl Carbon Steel 97.9% Chemical 

Adsorption 2019, [95] 

Three 4, 6-dimethyl-2- 
mercaptopyrimidine (DMMP) based phosphonium Mixed 0.5M H2SO4 Mild Steel 99% Chemical 

Adsorption 2019, [96] 

Quaternary-ammonium-derived Ionic Liquids  Mixed 1 M HCl API-X52 Steel 97.8% Physical 
Adsorption 2018, [106] 

2-hydroxyethyl-trimethyl-ammonium chloride 
[Chl][Cl], 2-hydroxyethyl-trimethyl-ammonium iodide [Chl][l] and 

2-hydroxyethyl-trimethyl-ammoniumacetate [Chl][Ac] 
Mixed 1 M HCl Mild Steel 92.04%, 96.02%,  

96.59% 

Both Physical and 
Chemical 

Adsorption 
2018, [11] 

1-Methyl-3-propylimidazolium iodide (MPIMI), 1-butyl-3-methylimidazolium 
iodide (BMIMI) and 1-hexyl-3-methylimidazolium iodide (HMIMI) Mixed 1 M HCl Mild Steel 93.1%, 87.8%,  

80.4% 
Physical 

Adsorption 2018, [107] 

1-hydroxyethyl-3-2011methylimidazolium hexafluorophosphate and 
1-hydroxyethyl-3-methylimidazolium bis imide Mixed 1 M HCl Mild Steel 86%, 85.4% Physical 

Adsorption 2018, [108] 

poly-2-acrylamido-2-methylpropane sulfonic acid triethanolamine derivative (P1), 
poly-2-acrylamido-2-methylpropane sulfonic acid triethylamine derivative (P2), 

poly-2-acrylamido-2-methylpropane sulfonic acid trime-thylamine derivative (P3) 
Mixed 1 M HCl X-65 Steel 91.4%, 83.7%, 

80% 

Both Physical and 
Chemical 

Adsorption 
2018, [109] 

1-(6-ethoxy-6-oxohexyl)pyridazin-1-ium bromide (S1),   
1-(2-bromoacetyl) pyridazinium bromide (S2) Mixed 1 M HCl Carbon Steel 84% , 82% Chemical 

Adsorption 2018, [110] 

1-vinyl-3-methylimidazolium iodide ([VMIM]I), 1-vinyl-3-proplylimidazolium 
iodide ([VPIM]I) and 1-vinyl-3- 

butylimidazolium iodide ([VBIM]I) 
Mixed 0.5M H2SO4 X70 Steel 96.0%, 97.0%, 

99.4% 

Both Physical and 
Chemical 

Adsorption 
2018, [111] 



3,3-(1,4-phenylenebis(methylene))bis(1-alkyl-1H-imidazol-3- 
ium)bromide Mixed 0.5M H2SO4 Stainless Steel 90.7%, 97.3%,  

82.6% 

Both Physical and 
Chemical 

Adsorption 
2018, [112] 



 Liang et al. [113] investigated the effectiveness of three types of Penicillins namely Penicillin G, Ampicillin, and 

Amoxicillin for corrosion inhibition of carbon steel in 1M HCl. The performance was evaluated by conducting 

potentiodynamic polarization, electrochemical impedance spectroscopy, and electrochemical noise tests. According to 

the results, the oxygen atom of β-lactam rings acted as an active site for the adsorption of the drug on the steel surface. 

Furthermore, all of the considered drugs had high solubility in acidic solution thereby having a high adsorption rate and 

inhibition efficiency. Of them, penicillin G observed chemisorption mechanism while the other two followed the 

physisorption process, resulting in higher efficiency of penicillin G (96.8% vs. 74.2% and 61.2%). 

 Talari et al.[114] evaluated the performance of two imidazole-based drugs (i.e., thiazole-4-carboxylic acid and 

2-methyl-1, 3-thiazole-4-carboxylic acid) by conducting electrochemical analyses and using HCl as an electrolyte. The 

former drug showed the maximum inhibition efficiency of 90% with 150 ppm concentration at 25 °C temperature. The 

adsorption state evaluation and the value of ΔG°ads led to conclude that both inhibitors obeyed Langmuir isotherm with 

the spontaneous adsorption process. The dipole moment, EHOMO/ELOMO and Mulliken charge assessments indicated that 

the inhibitors had a strong adherence to the metal surface. 

The Urispas drug is considered as one of the high-value achievements in the field of green inhibitors. According to 

the gravimetric measurements, PDP and EIS tests, its inhibition efficiency for soft steel in H2SO4 solution increases 

with the concentration and approaches the maximum value of 97.85% when the concentration is1000 ppm. The worth 

mentioning effectiveness of Urispas can be imagined from a fact that it shows reasonable performance even with a very 

low concentration of 150 ppm [115]. 

 Singh et al. [25] proposed that an expired drug can also be effectively used as a corrosion inhibitor. They analyzed 

two expired drugs namely Dapsone-benzaldehyde and Dapsone-salicylaldehyde to know their inhibition effectiveness. 

The analyses revealed an interesting result that the expired drugs can yield very high efficiency (i.e., up to 95.67% and 

94.23%, respectively). To further enhance the inhibition efficiency of drugs, they added potassium iodide ions in the 

HCl solution besides inhibitors and found that the efficiency of the drugs due to co-adsorption (synergism effect) 

increased to 99.03% and 97.98%, respectively. 
 
Table 8. Drugs for steel corrosion in acidic media. 

Drug Synthetic Scheme  Techniques Nature of 
Adsorption 

Acidic 
Media Steel Type Ref. 

Thiazole-4-carboxylic 
Acid (TCA) 

 
QCC, MCS Langmuir HCl Mild Steel 2019, [114] 

Expired Etoricoxib 

 

SEM,  X-ray Langmuir H3PO4 Carbon 
Steel 2019, [115] 

Chemically Modified 
Expired Dapsone  

DFT Langmuir H2SO4 Mild Steel 2019, [25] 

Expired 
Anti-Tuberculosis 

Drug Isoniazid  

Electrochemical, 
SEM-EDX, 
AFM, XPS 

Langmuir HCl Mild Steel 2019, [116] 

Chloraphenicol 

 

WLM, 
Electrochemical Langmuir HCl A315 Mild 

Steel 2018, [117] 
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Clopidogrel 
 

Electrochemical, 
DFT Langmuir HCL Carbon 

Steel 2018, [118] 

Expired Asthalin 
 

RSM, SFG Langmuir H2SO4 Mild Steel 2017, [119] 

Ondansetron 
Hydrochloride 

 

Electrochemical,  
SEM, EDX, 

AFM, 
FTIR 

Langmuir HCl Mild Steel 2016, [120] 

Melatonin 
 

Electrochemical  Langmuir HCl 
/H2SO4 Mild Steel 2016, [121] 

Penicillin G 
 

Electrochemical Langmuir HCl Carbon 
Steel 2014, [113] 

Amoxicillin 
 

Electrochemical Langmuir H2SO4 Carbon 
Steel 2012, [122] 

*Quantum Chemical Calculation (QCC), Monte Carlo Simulation (MCS), Response Surface Method (RSM); Sum Frequency Generation 
Spectroscopy (SFG) 

3.1.4 Amino Acids 

Amino acids are the molecules with at least one carbonyl group (ACOOH) and an amino group (NH2) bonded with 

one carbon atom in their molecular structure. Due to their non-toxicity and biodegradability, these compounds have a 

specific significance to be considered as green corrosion inhibitors. Furthermore, they are soluble in aqueous 

environments, relatively cheap, and easy to produce at high purity. Amino acids depending upon their molecular 

structure can be classified into many groups such as W-Amides, Heterocyclic amino acids, Aromatics, Linear aliphatic, 

Anionic/Cationic, sulfur-containing, etc. [30]. Because of the presence of heteroatoms such as S, N, O, and conjugated 

π-electron systems in their molecular structure, these acids have good corrosion inhibition ability. The chemical 

structure of some tested amino acids made for steels is listed in Table 9. 
 
Table 9. Some tested amino acids for the corrosion protection of steels in the acidic environment 

Inhibitor Abbreviation Structure 

2-(3-(carboxymethyl)-1H-imidazol-3-ium-1-yl) acetate (AIZ-1) 
 

2-(3-(1-carboxyethyl)-1H-imidazol-3-ium-1-yl) propanoate ( AIZ-2 ) 
 

2-(3-(1-carboxy-2-phenylethyl)-1h-imidazol-3-ium-1-yl)-3-henylpropan
oate ( AIZ-3 ) 

 

2-((1H-indol-2-yl)thio)-6-amino-4-(4-nitrophenyl) 
pyridine-3,5-dicarbonitrile (TAPD-1) 

 

2-((1H-indol-2-yl)yhio)-6-amino-4-phenylpyridine-3,5-dicarbonitrile (TAPD-ii) 

 

2-((1H-indol-2-yl)yhio)-6-amino-4-(4hydroxyphenyl) 
pyridine-3,5-dicarbonitrile (TAPD-iii) 
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Konjac Glucomannan, Imidazolium Zwitterions, and Tryptophan[123, 124] because of having good inhibition 

efficiencies are considered promising choice as green inhibitors amongst various amino-acid-based candidates. Of 

them, Imidazolium Zwitterions have demonstrated an outstanding efficiency of 96.08 %. The other two also have 

been reported to have reasonably high efficiencies (i.e., > 90%). These inhibitors effectively adsorb on the steel 

surface through mixed adsorption and follow the Langmuir isotherm.     

 Gong et al. [125] have recently discovered amino-acid-based efficient inhibitors. They analyzed the performance 

of three halogen-substituted derivatives namely 2-amino-4-(4-fluorophenyl)-thiazole (FPT), 

2-amino-4-(4-chlorophenyl)-thiazole (CPT) and 2-amino-(4-bromophenyl)-thiazole (BPT) by varying temperature 

from 30 °C to 60 °C. The electrochemical evaluation revealed that CPT and BPT showed high efficiencies of 95.16% 

and 95.45%, respectively. Moreover, they successfully maintained respective efficiency even at a high temperature (i.e., 

60 °C) attributing this performance to high stability in binding energy between the inhibitors and metal surface. The 

efficiency of FPT (i.e., 95%), however, dropped by 22.62% at 60 °C. 

 Verma et al. [26] in early 2019 evaluated the corrosion inhibition efficiency of 

2-((1H-indol-2-yl)thio)-6-amino-4-phenyl pyridine-3,5-dicarbonitriles (TAPD) derivatives for mild steel in 1M HCl. 

They performed several experimental (i.e., SEM, EDX, WLM, PDP) and computational analyses (i.e., MD, DFT). All 

derivatives outstandingly performed showing the minimum efficiency of 90% even at a low concentration of 163 μM. 

Of these amino acids, TAPD-III with OH-substituted compound offered more efficiency than NO2-substituted 

compound. Moreover, these acted as mixed inhibitors and obeyed the Langmuir adsorption isotherm. 

Fig. 7 shows the schematic illustration of the adsorption mechanism of 2-amino-4-(4-methoxyphenyl)-thiazole 

(MPT) on mild steel corrosion in 0.5M H2SO4 which studied by Gong et al. [125]. The corrosion inhibition mechanism 

of this amino acid involves almost similar features with other types. The immersion of mild steel samples into the 

corrosive media induced positive charge to the metal surface. In the next step, physisorption occurred such that the 

electrostatic forces in acid solution resulted in the adsorption of negatively charged sulfate ions on the metal surface 

rendering protonated MPT and H+ to be adsorbed on the negatively charged steel surface and decrement of hydrogen 

evolution due to adsorption competition. After the stability of the physisorption process, chemical adsorption took 

place through the formation of covalent bonds between MPT molecules and Fe atoms. The combination of physical and 

chemical adsorption led to the formation of a protective layer on the surface rendering the mild steel to be protected in 

acidic media. 
 

 
Fig. 7 The adsorption mechanism of MPT on mild steel surface in H2SO4 solution [125] 



As shown by many other inhibitors, the amino acids also follow the principle of synergism. By adding surfactants 

in the amino acids, synergism takes place that can raise the efficiency to a significant level. Zhang et al. [126] 

investigated the synergistic effect of the Imidazoline derivative (IM) and l-cysteine (CYS) on carbon steel. Similarly, 

Srivastava et al. [123] found a rise up to 84.66 % in the efficiency of amino acid L-methionine (LMT) in the presence of 

surfactant sodium dodecyl sulfate (SDS) and cetyltrimethyl ammonium bromide. The characteristics of some other 

amino acids with reasonably good efficiency are listed in Table 10 for ready reference.  

 
Table 10.Amino acids as corrosion inhibitors for steels in acidic media: starting from the latest discovery. 

Type of Steel Type of Inhibitor Acidic Media Efficiency Test Methods  Conditions Ref. 

Mild Steel 2-((1h-indol-2-yl)thio)-6-amino-4- 
phenlpyridine-3,5-dicarbonitriles 1M HCl 96.6% WLM,OCP, 

EIS,EDX,AFM 35-65℃ 2019, [125] 

Mild Steel 2-amino-4-(4- fluorophenyl)-thiazole 0.5 M H2SO4 95.45% EIS,SEM 30 °C 2019, [127] 

High Carbon Steel 2-amino-4-methylpentanoic Acid (lcn) 1 M HCl 85.88% WLM,OMI 30°C 2019, [128] 

Mild Steel Cysteamine Modified Pasp (pasp-s) 0.5M H2SO 91.8% WLM, OCP, 
SEM, XPS 35°C 2019, [129] 

N80 Steel (S)‑6‑phenyl‑2,3,5,6‑tetrahydroimidazo 
[2,1‑b] thiazole hydrochloride 0.5 M HCl 96.4% SEM,AFM, 

FTIR 30-60°C 2019, [54] 

N80 Steel 
2-amino-4-(4-methoxyphenyl)-7,7- 

dimethyl-5-oxo-5,6,7,8-tetrahydro-4hch
romene-3-carbonitrile (ap-1) 

15% HCl 97.7% SEM,AFM 35°C 2018, [130] 

Low Alloy Steel Tryptophan 0.6M HCl/ 
0.6M HSO3NH2 94.46% EIS 25-60℃ 2017, [124] 

Mild Steel 
2-(3-(1-carboxy-2-phenylethyl)-1h- 

imidazol-3-ium-1-yl)-3- 
phenylpropanoate (aiz-3) 

1M HCl 96.08% AFM,SEM, 
EDX 30℃ 2017, [123] 

Mild Steel 2-nh2- sulfamerazine 1.0 M HCl 90.55% SEM,DFT 30-60°C 2017, [131] 

Mild Steel Tetra-n-butyl ammonium methioni-nate 1M HCl 95.1% EN, SEM,EDX 25°C 2016, [132] 

 
3.1.5 Eco-Friendly Polymers 

 Eco-friendly polymer inhibitors have gained more attention due to their biodegradable nature for the ecosystem. 

These polymer inhibitors contain numerous active sites leading them to be effectively adsorbed on the metal surface 

and retard the corrosion rate [9]. In the last decades, the corrosion inhibition performance of many natural polymers has 

been evaluated for steels in acidic media, such as Pectin[133], Chitosan [134], Gum Arabic and Gum Arabic–Silver 

[135, 136], Cassava Starch graft copolymer [137] and amino acids modified Konjac Glucomannan [138]. Some of the 

natural polymers have appreciable solubility in the water while the others are either adsorbed or dispersed in water to 

form a viscous liquid. In addition to having common applications in the food and pharmaceutical industry, natural 

polymers are used as corrosion inhibitors for different metals in several corrosive media. These natural polymers 

contain polysaccharide compounds enriched with oxygen and nitrogen atoms to serve as adsorption sites. As a result of 

their adsorption on the metal surface, gum-metal complexes have formed that act as a barrier to isolate the metal surface 

from the corrosive environment [139]. The polymeric structure of natural polymers makes the thermodynamic system 

entropically ideal. Moreover, this structure allows plenty of bonding sites thereby improving the stability of natural 

polymers on the metal surface. These features facilitate the adsorption process and thus the corrosion inhibition.  



 Mobin and Rizvi [140] investigated the corrosion inhibition performance of xanthan gum (XG), a natural polymer, 

with and without the presence of three surfactants (sodium dodecyl sulfate (SDS), cetyl pyridinium chloride (CPC) and 

Triton X-100 (TX)) for steel at different temperatures (30°C–60°C) and in 1M HCL solution. According to visible 

spectra analysis, complexes between XG and Fe2+ ions were formed that inhibited the corrosion by 74.24% at 30 °C. 

The inhibition efficiency was decreased by increasing the temperature and reducing the inhibitor’s concentration. The 

efficiency further increased to 74.24% with the addition of surfactants (5 ppm) in the following order: DS > TX > CPC, 

reasoning to a synergistic effect on the adsorption process. The electrochemical and weight loss measurements showed 

that the gum acted as a mixed inhibitor that predominantly followed the physisorption mechanism and Langmuir 

isotherm. 

 In another work[141], the effectiveness of natural Boswellia Serrate Gum (BSG) as a corrosion inhibitor for low 

carbon steel was investigated in the 1M HCl medium. It demonstrated a high inhibition efficiency of 91.9% at 30°C, 

even with a low concentration of 500 ppm thereby showing its cost-effectiveness for industrial scale. Moreover, as 

shown by the gravimetric measurements, this gum inhibitor had outstanding stability for an extended period in the 

aggressive medium. As regards the type and mechanism, the gum was a mixed inhibitor predominantly observing 

physisorption.   

 Gum Acacia [142] and Pennisetum Purpureum biomass [143] are two promising natural gum inhibitors with an 

efficiency of more than 94%. The electrochemical analysis and SEM have shown that complexes formed in both 

inhibitors as a result of physisorption. Both followed the same Langmuir isotherms. Many other gums with 

comparable efficiency in acidic media have been also proposed. The performance of Plantago, Glycol, Indica, and 

Gum Arabic is worth mentioning in this regards as presented in Table 11. 

In another study, modified Poly Aspartic acid (PASP-S) containing S atom has been recently introduced as 

natural polymer inhibitors. The inhibition efficiency of PASP-S is greatly improved with high efficiency of 93.9%. 

These promising inhibitors retard the corrosion process through mixed adsorption and follow Langmuir isotherm. 

Moreover, these have been shown to perform well at low concentrations in acidic medium and can prove one of the 

most economical corrosion inhibitors with wide industrial applications. Fig. 8 represents the schematic illustration of 

the adsorption mechanism of PASP-S on mild steel surface in corrosive solution. The occurrence of both physical and 

chemical adsorption can be seen at the interface of PASP-S molecular chains and mild steel surface. The mild steel 

dissolution can be effectively prohibited due to the formation of a protective layer of PASP-S on the mild steel surface. 

Moreover, the long molecular chain of PASP-S can widely cover the mild steel surface and isolated the steel surface from a 

corrosive environment [144]. 

 
Fig. 8 Schematic indication of adsorption mechanism of PASP-S on the mild steel surface in 0.5M H2SO4 solution [144] 



Several other discoveries with acceptable efficiently have been introduced regarding the corrosion inhibition 

evaluation of different biopolymers such as Fenugreek Gum [69], Gum Acacia (GA) grafted with polyacrylamide [145], 

Biopolymer dextrin-based graft [146], Plantago Ovate [147], etc. for steels in different acidic media are listed in Table 

11. The corrosion inhibition efficiency of all tested gums was temperature and concentration-dependent such that it 

increases with increasing the inhibitor’s concentration whereas decreases with increasing solution’s temperature. This 

phenomenon implies physical adsorption as the main mechanism for the majority of natural polymers. 

3.2 Inorganic Green Inhibitors 

 Many inorganic compounds based on chromium, phosphates, molybdates, and nitrates have been widely 

employed as corrosion inhibitors for several decades. However, most of them are toxic and their applications have been 

strictly constrained despite high inhibition efficiency. As a result of efforts to explore inorganic eco-friendly inhibitors, 

the Lanthanide salts (Lanthanum and samarium nitrates and chlorides) were introduced as the first class of its nature 

[148]. These are regarded as the most promising inorganic green inhibitors with toxicity as low as sodium chloride. 

Unlike organic inhibitors, the inorganic group of green inhibitors is very effective in neutral environments.  

 Only a couple of works can be found in the literature focusing on lanthanides as green inhibitors in acidic media. 

The inhibition primarily occurs due to precipitation of rare earth particles on the metal surface. The first successful 

discovery dates back to 2003. In this work, the effect of compounds containing Pyrazolo on the corrosion behavior of 

carbon steel in 1M H2SO4 was investigated through electrochemical methods. The results showed that Pyrazolo has a 

considerable ability to reduce the corrosion rate of carbon steel [149]. 

 Li et al. [150] simultaneously used two lanthanides salts namely rare earth cerium (IV) ion and 

3,4-dihydroxybenzaldehye (DHBA) to inhibit corrosion of cold-rolled steel (CRS) in H2SO4 solution. The efficiency 

was found to be 92.9%, according to the weight loss and potentiodynamic polarization tests. The individual efficiency 

of the inhibitors, on the other hand, was comparatively low thus proposing that the inhibition efficiency of lanthanide 

salts, similar to other inhibitors, can be enhanced through synergisms. The inhibitors predominantly obeyed the Temkin 

adsorption isotherm. 

In another study, to benefit from the synergic effect, three types of rare-earth nitrates were combined with sodium 

molybdate to prepare three kinds of lanthanide salts La (NO3)3+ Na2MoO4 (LaN-M), Ce(NO3)3 + Na2MoO4 (CeN-M), 

and Pr(NO3)3 + Na2MoO4(PrN-M). Their performance for steel in 1M HCl was analyzed employing weight loss and 

electrochemical measurements. The CeN-M salt exhibited the highest corrosion inhibition efficiency of 98.21% as a 

result of the synergic effect of rare earth nitrates and sodium molybdate [151]. 

 Recently, Essassi et al. [152] investigated the inhibiting effect of three derivatives of pyrazolo [3,4-d] pyrimidine 

namely 5- amino -3- methyl -1- phenyl - 1H-pyrazole - 4- carbonitrile , 3- methyl -1 –phenyl -1,5- dihydro-pyrazole 

[3,4-d]pyrimidine-4-one, and 3(3-Methyl-1-phenyl-1H-pyrazolo[3,4-d]pyrimidin-4-yloxy)-propionic acid corrosion of 

carbon steel in 1M HCl solution. These compounds inhibited the pitting corrosion of carbon steel by shifting the pitting 

corrosion potential to the more noble direction. High concentration and low temperature proved conducive to enhance 

the inhibition efficiency of these inhibitors. Moreover, they obeyed Langmuir isotherm.



Table 11. Natural polymers as corrosion inhibitors for mild steel in different electrolytic media, their inhibition efficiency, and techniques used for evaluation of the inhibition performance. 

Type of Steel Type of Inhibitor Acid 
Concentration 

Acidic 
Media Efficiency Test Methods  Conditions Ref. 

Mild Steel Cysteamine Modified Polyaspartic Acid 0.5 M H2SO4 96.5% WLM ,PP, EIS, DFT, XPS 25℃, 35℃, 45℃ 2019, [129] 

Mild Steel 4-aminoazobenzene Modified Natural 
Glucomannan 0.5 M HCl 95% WLM, OCP, DP, EIS 25℃ 20.19, [153] 

Mild Steel Biopolymer Dextrin and Poly (Vinyl Acetate) 
based graft copolymer 15% HCl 98.39% FTIR, MWS, EDX, AFM 30℃, 40℃, 50℃, 60℃ 2019, [146] 

Mild Steel Gum Acacia 15% HCl 94.08% PP, FE-SEM, EDX, AFM 25℃ 2018, [142] 

Low Carbon 
Steel Boswellia Serrata Gum 1 M HCl 91.9% EIS, SEM, EDX, AFM, FTIR, 

UV-vis, DFT 30℃ 2018, [141] 

Mild Steel Fenugreek Gum 1 M HCl 87% EIS, XPS, DFT, MD 30℃ 2018, [69] 

Mild Steel Polysaccharide Esters 0.5 M HCl 92.4% SEM,UVS,FTIR 25℃ 2018, [154] 

Carbon Steel Polysaccharide from Plantago 1 M HCl 93.54% WLM, PP,  EIS, SEM, AFM, 
UV-vis, FTIR 30℃, 40℃, 50℃, 60℃ 2017, [147] 

Carbon steel Biomacromolecule DNA 1 M HCl 91.9% WLM, EIS, XPS, DFT 30℃ 2017, [155] 

Steel Gum Arabic-silver Nanoparticles Composite 15% HCl/ 
H2SO4 92.65% FTIR, UV-vis, EIS, EFM, SEM, 

AFM, XPS 25℃, 60℃ 2017, [136] 

Carbon Steel Guar Gum 2 M H3PO4 95.8% WLM, EIS, SEM, FTIR, XRD, DFT, 
MD 25℃ 2017, [156] 

Mild Steel Gum Arabic 1 M HCl 97% WLM, EIS, PP, AFM, XPS 30℃ 2017, [135] 

X60 pipeline 
Steel Polypropylene Glycol 15% HCl 90.5% EIS, EFM, LPR,  PP 25℃, 40℃, 55℃, 60℃ 2016, [157] 

Mild Steel Xanthan Gum 1 M HCl 74.24% WLM, PP, EIS, DFT, SEM 30℃, 40℃, 50℃, 60℃ 2016, [140] 

Mild Steel Pennisetum Purpureum Biomass 3.5% HCl 94.9% WM, EIS, PP 30℃, 40℃, 50℃, 60℃, 
90℃ 2016, [143] 

Mild Steel Azadirachta Indica Gum 1 M HCl 93.2% WLM, PP, EIS, FTIR 25℃ 2016, [6] 

X60 pipeline 
Steel Pectin 0.5 M HCl 84.3%, 

98.2% FTIR, EIS, DFT 25℃, 60℃ 2015, [133] 



4. Summary and future prospects 

Steels are widely used in engineering materials. These are prone to experience corrosion damage during 

interaction with acidic solutions in many engineering processes like pickling, descaling, and oil-well acidification. 

The application of inhibitors can control this damage by retarding the corrosion process. Nowadays, green inhibitors 

are gaining substantial attention. Besides being eco-friendly, they are generally inexpensive, readily accessible, and 

renewable. The green inhibitors are classified as organic and inorganic. The majority of types are organic such as 

plant extracts, ionic liquids, amino acids, natural polymers, drugs, and natural oils. As regards the inorganic inhibitors, 

lanthanide salts form the only class of its nature. 

 Plant extracts are promising green substitutes for traditional toxic and costly inhibitors. These extracts contain 

various types of phytochemicals that form a protective film after adsorbing on the metal surface. Phenolic compounds 

are the most effective phytochemicals, among various (e.g., organic acids, flavonoids, catechins, alkaloids, and 

co-enzymes), that promote the adsorption process. Different parts of plants (bark, stem, root, sees, and leaves) are 

useful for the inhibition purpose. However, they show diverse inhibition efficiency due to having different types and 

quantity of phytochemicals. As leaves have higher phenolic contents in comparison to other plant parts, they show 

outstanding inhibition efficiency up to 99.36%. Some of the efficient inhibitors include Azadirachta Indica Extract, 

Pineapple Stem Extract, and Ethanol Extract of Funtumia. 

Ionic liquids possess high solubility in the polar electrolytic media, high thermal and chemical stability, low 

flammability, and very low vapor pressure, which render them high-performance, eco-friendly inhibitor candidates. 

This class of inhibitors is commonly based on Imidazolium and Pyrimidine compounds are known to offer excellent 

efficiency (> 99%) due to the high density of functional groups.  

 Drugs have also found applications in the area of corrosion inhibition. Their high molecular weight promotes 

surface coverage leading to increased adsorption rate and inhibition efficiency. Generally, the drugs contain 

hetero-atoms in hetero-cycles called β-lactam or O-containing saccharides monomers that are responsible for the 

corrosion inhibition. Penicillins and Cephalosporins are the two most common types of drugs with reasonable 

efficiency. 

 The corrosion inhibition in amino acids relies on the presence of an amino group (NH2) in their molecular 

structure. The compatibility of amino acid with the corrosive media is an important aspect to be considered to obtain 

positive results. The most efficient (97.7% efficiency) amino acids include 2-amino-4-(4-methoxyphenyl)-7, 

7-dimethyl-5-oxo-5,6,7,8-tetrahydro- 4hchromene-3-carbonitrile (ap-1) and 2-amino-(4-bromophenyl)- thiazole (bpt).  

Because of their intrinsic stability and cost-effectiveness, the natural polymers have attracted attention as 

corrosion inhibitors. These polymers form complexes with metal ions on the metal surface, which later protect the 

steel surface from dissolution. Natural honey, saccharides, and tannins are some relevant examples.  

A few of the inorganic inhibitors have also shown promising results in green corrosion inhibition. The rare earth 

elements have demonstrated prominent results. However, these are comparatively expensive. The most known 

inorganic inhibitors suitable for acidic media are lanthanide salts of Cerium Nitride.  

The majority of the well-known green inhibitors are organic. They possess electronegative 𝜋𝜋-electrons and 



functional groups in conjugated double or triple bonds and therefore show suitable inhibitive performance through 

providing electrons form 𝜋𝜋-orbitals. There is also particular interaction between functional groups holding 

heteroatoms like oxygen, nitrogen, and sulfur with free lone pair of electrons, and the metallic substrate, which plays 

an essential role in inhibition. When both of these features cooperate, augmented inhibition can be achieved. 

Nevertheless, the principal mechanism of inorganic inhibitors relies on the precipitation of rare earth elements on the 

metal surface thereby isolating it from the aggressive medium. The adsorption in inorganic rare-earth inhibitors relies 

on their precipitation on the metal surface. As regards the isotherms, most inhibitors have been reported to follow 

Langmuir isotherm whereas few articles also report other isotherms like Frumkin’s equation, Freundlich, and Temkin 

adsorption isotherms. 

The efficiency of inhibitors depends on different conditions such as temperature, the concentration of inhibitors, 

and the molecular structure of inhibitors. The efficiency generally increases with the concentration and decreases with 

the temperature. The higher density of double or triple bonds along with the higher amounts of functional groups 

result in higher inhibition efficiency of inhibitors. The inhibition efficiency of an inhibitor can be further enhanced by 

adding one or two additional agents, a process regarded as synergism. As an example, adding halide ions of iodide 

potassium (KI) in plant extracts promotes the adsorption process to yield enhanced inhibition efficiency. 

The selection of an inhibitor for a particular application depends on several factors such as cost and efficiency. A 

qualitative ranking of various types of inhibitors is presented as a guideline in Table 12. 
 
Table 12.Comparative analysis of different types of green inhibitors 

Type % of efficiency Cost Environmental Impact 

Plant extracts of: 
• stem, branches 
     
  
  

 
87%-95% 

 
 

 

 
Low 

 
 
 

 
Negligible 

 
 
 

Ionic Liquids 79%-99% Expensive Low 

Amino Acids 85%-97.7% Medium Low 

Drugs 94%-97% Medium Low 

Lanthanide salts 87.53%-98.21% Expensive Comparatively higher 

 

Green corrosion inhibitors is a widely researched topic. Yet, several considerations need to be taken into account 

before bringing them into real industrial applications. The first foremost work needs to do is the development of a test 

to gauge the degree of eco-benignity. The quantity for each particular industrial application and its exact economic 

impact should be worked out. The extraction of inhibitors is also an important issue to be undertaken in detail. As an 

instance, the separation of rare earth elements from other components in rocks is a costly task. Moreover, the 

extraction process may lead to the production of many wastes such as acids, ammonia, and some radioactive elements 

thereby posing environmental threats. Although many studies have reported the governing mechanisms for inhibitors, 

the precise mechanisms of several novel inhibitors (e.g., drugs) are still unclear for steels. Computational modeling 

can reveal precise results in this regard. 

The corrosion inhibition of an inhibitor depends on active compounds (e.g. phenols aldehydes, etc.). The 

quantity of such a substance in a particular extract is likely to depend on the weather conditions and area. Therefore, 



taking this aspect into account during characterization can bring consistency in the industrial performance of an 

inhibitor. Moreover, a thorough understanding of molecular structure concerning its influence on corrosion inhibition 

can assist the engineering of inhibition performance. 

Among the different classes of inhibitors, plants (i.e., extracts and oils) are found to be the most abundant source 

for the production of green inhibitors. They are easily available and relatively cheaper compared to other types of 

green inhibitors (Their prices normally vary from $4 to $55 per kilogram). Moreover, they include several active 

components and can be derived through simple extraction processes. Recently, the application of plant-derived 

natural polymers has attracted more attention due to their low-cost, biodegradability, renewable nature, availability, 

and also their natural compatibility. However, green inhibitors extraction from some valuable edible natural sources 

such as fruits, vegetables, or matrices can limit their large-scale applications since they can be rare and durable to be 

harvested. According to the literature analysis, there is not enough preference by researchers on extracts from 

bio-wastes. Therefore, a comprehensive research process, from readily available waste sources that investigate the 

extract characterization and the main corrosion inhibition constituents along with theoretical investigations could 

deliver a considerable contribution to this field.  

Concerning the application of ionic liquids and amino acids as corrosion inhibitors, the use of these compounds 

is limited since the literature survey shows that only a few works have reported the corrosion inhibition behavior of 

these compounds. Moreover, the high cost of raw materials and production have restricted their industrial 

applications. Yet, because of the upcoming technological development and faster commercialization, the authors 

expect the large-scale production and implementation of ionic liquids and amino acids along with a considerable 

reduction in their price.  

Similar to ionic liquids and amino acids, the scaling up of complex organic synthesized molecules, such as drugs 

as corrosion inhibitors are restricted because of their multi-step and high-cost production. However, the employment 

of expired drugs is of high interest since they can be economical by reducing the disposal costs of expired drugs as 

well as decreasing the environmental contamination resulting from pharmaceutically active constituents [158]. 

The application of inorganic green inhibitors such as rare earth elements is also limited by some disadvantages. 

First, the decomposition and isolation of rare earth elements in the rock are very sophisticated rendering the reduction 

in production efficiency. The second issue is related to the environmental impact resulting from the extraction process 

since considerable amounts of hazardous waste (i.e., acids, ammonia, and some radioactive elements) can be released 

during their production which can damage the eco-system if not appropriately treated. Finally, up to now, the rare 

earth elements market has not been well-organized. This is another reason for the limited application of inorganic 

compounds as corrosion inhibitors. The price of some common types of rare elements such as lanthanide salts ranges 

from $784 to $2000 which are more expensive compare to other types of benign corrosion inhibitors. 

In general, green inhibitors are effective corrosion inhibitors in a wide range of corrosive media. Non-toxicity 

and biodegradability are the main advantages of these inhibitors. Nevertheless, future studies need to be addressed in 

the guidelines of a wider economic context with a precise assessment of the initial source price and availability as 

well as the production method for large-scale applications. To approach this goal, we invite the researchers to allocate 



more consideration to meet the requirements of the wide implementation of green inhibitors at industrial levels [159]. 

Despite suffering from some shortcomings, the application of green inhibitors is a step forward in the 

eco-friendly and cost-effective protection of steels. Nowadays, applications of nanomaterials in corrosion protection 

are being explored. However, the use of green inhibitors remains a much safer and environmentally benign option. 

With more inventions in this field, the scope of green inhibitors is likely to widen in the future. 
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