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1  Introduction

Corrosion presents significant challenges across various 
industries, including maritime, oil and gas, automotive, and 
construction. It typically results from an electrochemical 
reaction between metal and its environment [1], involving 
oxidation processes that must be managed to protect the 
metal from deterioration [2, 3]. Effective corrosion inhibi-
tion strategies are crucial for ensuring high-quality produc-
tion and reducing maintenance costs [4]. The service life 
of industrial metallic surfaces can be extended through the 
use of effective corrosion inhibitors [5]. However, the effec-
tiveness of these inhibitors varies based on environmental 
conditions and the type of metal involved [6]. While chro-
mate-based corrosion inhibitors are highly toxic to the envi-
ronment [4], zinc-based inhibitors can be harmful to certain 
aquatic organisms [6]. Conversely, phosphate-based anti-
corrosive materials can encourage biological growth [6]. 
Consequently, researchers have called for the development 
of new organic-based anticorrosive materials [4, 6].
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Abstract
Corrosion poses a significant challenge for industries such as automotive, marine, construction, and oil and gas, as it 
impacts the production of high-quality goods while keeping maintenance costs low. Corrosion reactions, including oxida-
tion and reduction on metal surfaces, can be mitigated using corrosion inhibitors. Traditionally, chromate and phosphate-
based compounds have been employed in various sectors to prevent these reactions. However, concerns about their 
toxicity and environmental impact have spurred the search for non-toxic alternatives. Chitosan (CT), a biodegradable 
and renewable material derived from chitin, shows promise as a corrosion inhibitor due to its film-forming ability and 
antimicrobial properties. Its hydroxyl and free amino groups enhance its effectiveness in various corrosive environments, 
making CT suitable for protecting metals across different industries. Previous research has explored the use of CT-based 
composites and standalone CT materials as coatings on metal surfaces. Both types have also been tested directly in cor-
rosive environments, demonstrating promising results for protecting various metals from corrosion in different corrosive 
media. This review article aims to investigate the application and mechanism of CT as a corrosion inhibitor. It discusses 
the preparation methods, application techniques, and performance of CT as an anticorrosive material, concluding with an 
explanation of its corrosion inhibition mechanism. This review is intended to enhance researchers' understanding of CT's 
potential in corrosion inhibition and support its further development as an effective corrosion inhibitor.
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Renewable and biodegradable corrosion inhibitors made 
from low-cost materials are being explored for industrial 
applications [4]. Biomaterial-based organic corrosion inhib-
itors possess valuable properties, including antioxidant, 
anti-inflammatory, anti-fungal, anti-cancer, anti-viral, and 
anti-microbial effects [7]. These inhibitors can create a phys-
ical barrier between metal surfaces and their environments, 
effectively protecting against corrosion [8, 9]. The use of 
organic-based corrosion inhibitors is both cost-effective and 
environmentally friendly [10–12]. Chitosan (CT), a natu-
ral biomaterial derived from chitin, is particularly signifi-
cant due to its abundance, being the second most common 
biopolymer on Earth, after cellulose. Chitin is a structural 
component found in the exoskeletons of crustaceans (such 
as shrimp, crabs, and lobsters), insects, and the cell walls 
of fungi [13]. CT exhibits unique characteristics, including 
biodegradability, anti-microbial activity, film-forming abil-
ity, and biocompatibility [14]. Its rich hydroxyl and free 
amino groups enhance its appeal in anti-corrosion applica-
tions. Consequently, CT shows great potential for protecting 
metals against various corrosive media [5, 15–29].

CT-based inhibitors can be utilized as either standalone 
materials [30–32] or as part of composite materials [33, 34]. 
Both forms can be applied as coatings on metal surfaces 
[31–34] or in conjunction with corrosive media [35–38] 
to prevent metal corrosion. The differing application pro-
cesses of CT-based anticorrosive materials result in varied 
anti-corrosion mechanisms. Previous studies have predomi-
nantly focused on their application to specific metals, with 
only a limited number investigating CT's use in steel alloys 
[5] and aluminum alloy 2024 [14]. These authors discussed 
the effectiveness of CT-based corrosion inhibitors in rela-
tion to specific metals, while Verma et al. [39] discussed 
specific CT-based Schiff bases for corrosion inhibition. 
However, no single study has comprehensively addressed 
all aspects of CT as a corrosion inhibitor, including prepa-
ration methods and application techniques. Furthermore, 
their performance across different metal types has not been 
thoroughly evaluated. A consolidated overview of CT-based 
corrosion inhibitors would benefit both academia and indus-
try by highlighting current knowledge and guiding future 
developments in this field.

This study provides an overview of the implications of 
CT-based corrosion inhibitors for various metals. It details 
the preparation and application processes, including coating 

and mixing with corrosive metals, as well as the functional-
ity and mechanisms of these inhibitors. The paper begins 
with a general introduction to CT and concludes with rec-
ommendations for necessary improvements suggested in 
scientific documents published until the end of 2024 in this 
field.

2  Chitosan

CT, a semi-synthetic biopolymer derived from chitin—the 
second most abundant biopolymer on Earth [40]—appears 
as white and yellow flakes. Its molecular structure fea-
tures α-1,4-linked 2-amino-2-deoxy-α-d-glucose (N-acetyl 
glucosamine) (Fig.  1) [41]. The molecular weight of CT, 
which averages around 1.2 × 105 g mol−1, is influenced by 
the intensity of deacetylation [42]. While CT is insoluble in 
water [43], it can dissolve in organic acid solutions such as 
formic and acetic acid at a pH below 6.0 [44]. This solubil-
ity is contingent upon a deacetylation degree of at least 85% 
[43]. Additionally, CT is non-toxic and biodegradable, mak-
ing it suitable for various applications [45].

3  Preparation of Chitosan-Based Corrosion 
Inhibitor

CT has reacted with various compounds to create com-
posites that serve as corrosion inhibitors. It has also been 
blended with other active compounds for use as anti-corro-
sive agents. Additionally, with some modifications, CT has 
been utilized independently. This section outlines the prepa-
ration methods for corrosion inhibitors based on CT, with an 
overview presented in Fig. 2.

3.1  Chitosan-Based Composites

Chitosan, its functionalized forms, and its nanoparticle 
composites are widely recognized as effective corrosion 
inhibitors for various metal and medium systems. A diverse 
array of materials has been utilized to prepare CT-based 
composites for corrosion inhibition. Researchers have 
blended CT with other compounds to assess their corrosion 
inhibition efficiency. General information on CT-based cor-
rosion inhibitors, their applications, and the corrosive media 
involved is summarized in Table 1.

Silver nitrate (AgNO3), the most affordable silver salt, 
offers antiseptic and non-hygroscopic properties. CT is 
combined with silver nitrate to create a CT/AgNO3-based 
anticorrosive nanocomposite [6]. Additionally, silver 
nanoparticles (AgNPs) have been employed to develop 
CT/AgNPs nanocomposites. To produce these composites, 

Fig. 1  Chemical structure of chitosan [41]
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AgNPs and a CT solution are prepared by dissolving them 
in water and acetic acid (CH3COOH), respectively. The 
two solutions are then mixed, and honey is added to syn-
thesize the CT/AgNPs composite. In another study, anionic 
CT surfactant was synthesized through the reaction of a CT 
solution with 2-formylbenzenesulfonic acid sodium salt, 
followed by esterification, drying, and crystallization using 
diethyl ether. This anionic CT surfactant was then reacted 
with AgNPs via a photochemical reduction method using 
sunlight to obtain the CT/AgNPs composite [46].

Researchers have utilized silica (SiO2) and cerium oxide 
(CeO2) nanoparticles to create CT-based nanocomposite 
corrosion inhibitors. Bahari et al. [47] dissolved 2-mercap-
tobenzothiazole (MBT) in a CH3COOH solution containing 
CT. They then mixed ethanol-washed SiO2 nanoparticles 
with the CT/MBT solution and added glutaraldehyde (GA) to 
yield the CT/MBT/SiO2/GA corrosion inhibitor. For the CT/
CeO2 nanocomposite, CT was first dissolved in CH3COOH, 
then precipitated with acetone and dried. This was followed 
by re-dissolving it in an acidified NaCl medium to produce a 
CT hydrogel, into which nano CeO2 was dispersed.

In another study, Pitakchatwong et al. [48] developed CT-
based nanocapsules, with or without MBT, using an oil-in-
water emulsion process. Initially, they prepared Schiff bases 
of CT with 3-nitrosalicylic acid (3NiSA) to prepare two 
composites: CT-3NiSA-S and CT-3NiSA with amide bond 
(CT-3NiSA-A). They then transformed these into nanocap-
sules through emulsification, sonication, crosslinking, and 
maintaining an inert atmosphere with nitrogen. For MBT-
loaded nanocapsules (CT-3NiSA-S-MBT or CT-3NiSA-A-
MBT), they emulsified the mixture similarly, adding MBT.

Additionally, Santos et al. [49] prepared the CT/SiO2 
capsule through the hydrolysis and polycondensation of 
tetraethoxysilane (TEOS) in the presence of CT. They 
added benzotriazole and polysorbate 80 to CT dissolved 
in CH3COOH under controlled temperature, followed by 
TEOS and emulsification using an oil-in-water process. An 
NH4OH solution dispersed in mineral oil was then added 
to this emulsion, which was subsequently centrifuged and 
dried to yield the SiCTBSEG composite. This composite 
was calcined to produce SiCTBSEG-cal.

Moreover, thiocarbohydrazide (TC) was employed to 
produce TC/CT-based corrosion inhibitors. In this case, TC 

Fig. 2  Preparation of CT-based cor-
rosion inhibitor
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Table 1  A general overview of chitosan-based corrosion inhibitor (summarized based on the literature discussed in this study)
Inhibitor type Applica-

tion type
Substrate type Corrosive media Performance

CT-based 
composites

CT/MBT, CT/MBT/SiO2/GA Coating Copper NaCl Improved corrosion 
inhibition efficiency

CT with nano Fe2O3, CT/Na+-BDT, CT/
PVA, CT/TiO2, CMCT-benzaldehyde with 
or without starch

Steel, galvanized steel, 
MS

NaCl, HCl Improved corrosion 
resistance

CT/CE and CT/La, CT/PVA, CT/BG, CT/
CE

AZ91D magnesium, Mg 
WE43 alloy, Mg–1Ca

NaCl, DMEM, 
Kokubo's SBF

Showed corrosion 
inhibition

CT/GTFE/MBT, CT/MBT, CT/GTFE 2024-T3 aluminum alloy NaCl Improved corrosion 
protection

Cinn-CT, TCHECT and HECT, CT-3NiSA-
S-MBT and CT-3NiSA-A-MBT

Mix-
ing with 
corrosive 
media

Copper HCl, HAc, Na2SO4, 
NaOH, NaCl

Good corrosion 
inhibitors

CT/ATT, CMCT/ISP, CT/TC, CT/PASP, 
CT/TP, BHC and PHC, CT/SAH, polyC-
MCT-g-polyMVI, CT/CeO2, CMHPCT, 
CT-PEG, CT/AMT, CT-g-PEG and CT-g-
PEG/AgNPs, CT/GA, CT/TU, VHCT, SL/
CT, CT/SDBS, CT-g-Glu, CT/GTA, CT/
GTA/DEAM, CTPTA and CTPTA-OA, 
CT/SAH, GTMACCT, CT/TS and CT/TC, 
CT/AgNPs, CMCT-g-PVI, CT/Co and CT/
SnS2, CT-HQ, CT/SAH, CT/SAH/PANI/
APS, CT/EDC/Na2EDTA, CT/aldehyde, 
CMCT/AA, β-CD − CT, CT/PNI, SCT, 
OFC, Pip-CT, CT/V, CT/AgNPs, TCHECT 
and HECT, CT-PEG, CMCT/AA, CT/
AcSCN, CT/AgNO3, NCC and NHGZ

AISI 304 stainless steel, 
carbon steel 1020, A3 
carbon steel, steel, P110 
steel, J55 steel, APM on 
X70 steel, API 5L X70 
steel, Q235 MS, MS, car-
bon steel, 5 L X70 steel, 
X80 pipeline steel, steel, 
API X70 steel, 304 steel

NaCl, CO2-saturated 
Mixture of NaCl, 
NaCl, CaCl2, 
MgCl2·6H2O, 
NaHCO3, and 
Na2SO4, acidified 
NaCl, HCl, HAc, 
sulphamic acid, 
H2SO4, Industrial 
water, municipal 
wastewater

Improved corrosion 
inhibition efficiency

CT-PA/TiO2 C3003 aluminum alloy NaCl Improved corrosion 
protection

A mixture 
of CT 
and other 
compounds

Cinn-CT Schiff base with KI, CT along 
with (NH4+)2MoO4, ZnSO4 and Na2CrO4

Mix-
ing with 
corrosive 
media

Carbon steel, MS HCl Performed as an 
effective anticorro-
sive materials

CT with KI Iron H2SO4, sulphamic 
acid

Increased corrosion 
protection ability

CT 
standalone

CT Coating Zn Na2SO4, a mix-
ture of Na2SO4 
and (Fe(CN)4)2− 
+ (Fe(CN)6)3−

Good corrosion 
inhibitors

CT NPs 316L SS alloy Hank's solution Improved corrosion 
protection

CT Aluminium 2024 alloy NaCl Showed corrosion 
inhibition

CT Titanium grade 4 SBF Improved corrosion 
inhibition efficiency

CT, CMCT

Mix-
ing with 
corrosive 
media

Copper NaCl, HCl, sulphide 
polluted synthetic 
water

Increased corrosion 
protection ability

CT, CT NPs, CMCT MS, low carbon (X60 
grade) steel, low carbon 
(API 5L X60 grade) steel, 
carbon steel, ST37 MS, 
austenitic stainless steel 
AISI 316, low carbon 
steel (Q235), St37-2

NaCl, HCl, HCl 
in addition of 
CH3COOH, H2SO4

Performed as an 
effective anticorro-
sive materials

CT AZ31 Mg alloy NaCl Showed corrosion 
inhibition

CT Aluminium alloy, alumi-
num (AA1005)

NaCl, H2SO4 Increased corrosion 
protection ability

CT Iron HCl Improved corrosion 
protection
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Additionally, TC was refluxed in a CH3COOH solution to 
extract aminotriazolethiol (ATT), which was then mixed 
with CT dissolved in CH3COOH to produce the CT/ATT 
nanocomposite [54].

CT and a 5-chloromethyl-8-hydroxyquinoline deriva-
tive (HQ), derived from 8-hydroxyquinoline (8-HQ), 
were utilized to prepare a CT-HQ corrosion inhibitor via 
a condensation reaction (Fig.  3a) [55]. In another study, 
CT was dissolved in dimethylformamide and acetic acid 
(CH3COOH) and then mixed with acetyl thiocyanate 
(AcSCN), obtained from the acetylation of dry ammonium 
thiocyanate (NH4SCN), followed by washing and drying 

was mixed with hydrazinolysed epoxy-N-phthaloylchitosan 
(ECT) to form a TCHECT composite [50]. Other studies 
involved synthesizing CTFTC and CTFTS composites 
using CT, TC, and thiosemicarbazide (TS) [51]. The authors 
separately added TS and CT to CT dissolved in CH3COOH, 
followed by HCHO addition, neutralization, precipitation, 
washing, and drying to obtain the composites. The CTFTC 
composite was synthesized using similar methods.

Similarly, Mouaden et al. [52] synthesized CT/TC com-
posites using analogous approaches, while Chauhan et 
al. [53] produced CT/TS and CT/TC composites, closely 
following all steps but washing only with distilled water. 

Fig. 3  a Synthesis scheme of 
CH-HQ [55] and b Synthesis of 
Cht-PEG [53]
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refluxed, cooled, centrifuged, washed, and dried to produce 
the CT-PA product. This product was then combined with 
TiO2 nanoparticles through ultrasonication and stirring, 
washed with ethanol and deionized water, and dried to form 
the CT-PA/TiO2 composite [64]. An ethanolic solution of 
piperonal (Pip) was also added to CT in CH3COOH, fol-
lowed by stirring and microwave irradiation. The mixture 
underwent reflux, cooling, precipitation in NaOH solution, 
washing, and drying to yield the Pip-CT Schiff base. Addi-
tionally, an ethanolic solution of 4-amino-5-methyl-1,2,4-
triazole-3-thiol (AMT) was introduced to CT in CH3COOH, 
stirred, and then treated with HCHO before refluxing. The 
resulting mixture was neutralized, filtered, and washed to 
obtain the CT/AMT composite. In another study, tetra butyl 
titanate, acetylacetone, and ethanol were mixed with CT 
in CH3COOH, resulting in a CT/TiO2-based composite 
solution [65]. Rbaa et al. [66] combined deacetylated CT 
in CH3COOH with 1,5-anhydro-1,2-O-isopropylidene-
D-glucofuranose (D-Glu) and absolute ethanol to develop 
the CT-g-Glu corrosion inhibitor. Additionally, ethanol was 
added to a mixture of CT in CH3COOH and bioactive glass 
(BG) solution, which was then ultrasonicated for homog-
enization, resulting in a CT/BG solution [67]. A mixture of 
CT in methanol and vanillin (4-hydroxy-3-methoxy benz-
aldehyde, Van) dissolved in methanol was heated, stirred, 
and filtered to produce the VCT Schiff base. This product 
was then mixed with isopropanol and 3-chloro-2-hydroxy-
propyltrimethylammonium chloride (CHPTA), heated, 
and refluxed to obtain the CT-based N-Vanillyl-O-20-hy-
droxypropyltrimethylammonium chloride (VHCT) [68]. In 
another study, solubilized Vanillin in ethanol was added to 
CT in CH3COOH, followed by irradiation, precipitation, 
washing, and drying to yield the CT/V composite product 
[69]. Finally, purified CT in CH3COOH was mixed with 
polyvinyl alcohol (PVA) in water, sonicated, and dried to 
form a CT/PVA composite [70]. The CT/PVA composite was 
prepared using different methods in another study [71]. In 
this study, the authors first dissolved PVA in water by heat-
ing it, then mixed it with a similar CT solution and stirred 
the mixture at room temperature. Salicylaldehyde (SAH) 
dissolved in ethanol was then added to the CT dissolved in 
a CH3COOH solution. The mixture underwent refluxing, 
filtering, washing, and drying to create a CT/SAH solution 
[72]. Similarly, a CT/SAH solution was prepared by precipi-
tating it with acetone and subsequently washing it [73–75]. 
In another approach, Chen et al. [76] combined SAH with CT 
dissolved in ethanol, allowing the mixture to sit overnight. 
Afterward, CH3COOH was added, and the mixture was 
refluxed, washed, and dried to yield the CT/SAH composite. 
Additionally, a mixture of CT and SAH was refluxed and 
cooled before adding polyaniline (PANI) and ammonium 
persulfate (APS). The resulting mixture was then washed 

to produce a CT/AcSCN composite for use as a corrosion 
inhibitor [56]. Additionally, a CT/aldehyde-based com-
posite was synthesized for corrosion inhibition [57]. This 
involved adding various aldehydes—such as chlorobenzal-
dehyde (C7H5ClO), anisaldehyde (C8H8O2), butyraldehyde 
(CH3(CH2)2CHO), and octanaldehyde (CH3(CH2)6CHO)—
to CT dissolved in a CH3COOH solution, followed by the 
addition of sodium borohydride (NaBH4), precipitation, and 
washing to obtain the composite.

CT was also modified prior to synthesizing the corrosion 
inhibitor composite. Eduok et al. [58] developed a poly(N-
vinyl imidazole) grafted carboxymethyl chitosan composite 
(CMCT-g-PVI) as a corrosion inhibitor. They synthesized 
CMCT by reacting CT with chloroacetic acid in an alkaline 
medium, then dissolving it in water, purging with N2 gas, 
adding vinyl imidazole monomer and potassium persulfate, 
and finally washing and drying to yield CMCT-g-PVI. In 
a subsequent study, the same authors synthesized polyC-
MCT-g-polyMVI using CMCT and poly(2-methyl-1-vinyl-
imidazole) (polyMVI) through a similar process [59]. To 
produce CMCT-benzaldehyde, CMCT dissolved in water 
was reacted with benzaldehyde in ethanol (1:1), followed by 
precipitation and washing [60]. Alsabagh et al. [57] created 
a CMCT/aldehyde-based composite using the same method 
as the CT/aldehyde-based composite and also prepared thio-
CMCT products by extracting a filtrate from the reaction of 
acetonitrile, NH4SCN, and octyl chloride, which was then 
added to CMCT, washed, and dried.

Furthermore, acetate-modified amylose (AA) was mixed 
with CMCT dissolved in chloric acid and CMCT dissolved 
in sulfate to prepare a CMCT/AA-based composite solu-
tion [61]. In another study, CMCT was incorporated into 
an isopropanol (ISP) solution to obtaincreate a CMCT/ISP 
composite solution [62]. Additionally, CMCT and sodium 
dodecylbenzenesulfonate were dissolved in distilled water, 
followed by the addition of NaOH, allyl bromide, and 
washing to produce A-CMCT. For synthesizing β-CD − CT, 
A-CMCT and allylcyclodextrin (A-β-CD) were dissolved in 
distilled water, neutralized, purged with N2, and then initia-
tors ((NH4)2S2O8 and NaHSO3−) were added, followed by 
washing and drying [63].

Previous studies have explored the development of cor-
rosion inhibitors from ethanolic and CT solutions. For 
instance, an ethanolic solution of cinnamaldehyde (Cinn) 
was combined with CT dissolved in CH3COOH, followed 
by microwave irradiation, precipitation, washing, and dry-
ing to yield the Cinn-CT Schiff base. Researchers also 
created a Cinn-CT Schiff base with slight modifications, 
using continuous reflux during microwave irradiation, 
followed by cooling, treatment with NaOH, and wash-
ing. Similarly, an ethanolic solution of 4-pyridinecarbox-
aldehyde (PA) was mixed with CT in CH3COOH, stirred, 
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synthesize the NHGZ composite [87]. Additionally, CT dis-
solved in a heptanoic acid solution was mixed with a disper-
sion of homoionic sodium beidellite (Na+-BDT), followed 
by washing and air-drying to obtain the CT/Na+-BDT com-
posite [33]. For the synthesis of a polyaspartic acid (PASP) 
and CT composite (CT/PASP), a PASP solution was added 
to CT dissolved in a CH3COOH/HCl solution, followed by 
heating, filtering, and drying to create the CT/PASP com-
posite [88, 89]. Sangeetha et al. [90] synthesized O-fumaryl-
chitosan (OFC) for use as a corrosion inhibitor by adding 
fumaric acid to CT in a water suspension, followed by the 
addition of H2SO4. The mixture was stirred while heated, 
cooled, treated with NaHCO3, extracted with ethanol using 
Soxhlet, and dried. Furthermore, hydroxypropyl chitosan 
(HPCT) was dissolved in water and alkalized before chlo-
roacetic acid (CA) was added and refluxed. Subsequently, 
CH3COOH was introduced, leading to precipitation, wash-
ing, and drying to produce carboxymethyl hydroxypropyl 
chitosan (CMHPCT) [91]. In a separate study, tryptophan 
(TP) was added to the CT solution, followed by the addition 
of H2SO4, resulting in precipitation, washing, and drying to 
obtain the CT/TP composite [92].

CT and slat-based corrosion inhibitors were also pre-
pared. The researchers developed two types of quaternary 
ammonium salts: an N-benzyl CT oligosaccharide qua-
ternary ammonium salt (BHC) and a CT oligosaccharide 
quaternary ammonium salt (PHC) for corrosion protection 
[36, 38]. To produce the N-(2-hydroxy) propyl-3-trimethyl 
ammonium CT oligosaccharide chloride (HTCT), the 
authors mixed CT oligosaccharide with glycidyl trimethyl 
ammonium chloride (GTMAC), followed by refluxing, 
precipitating, drying, dissolving in water, and lyophiliz-
ing. The lyophilized HTCT product was then reacted with 
benzaldehyde and propionaldehyde to yield BHC and PHC, 
respectively. In another study, GTMAC was added to the 
quaternary amine salt of CT dissolved in water. The mixture 
was then heated, precipitated, filtered, and dried to obtain 
the GTMACCT composite [93]. Additionally, CT quater-
nary ammonium salt was directly mixed with corrosive 
media [94], and hydroxyapatite (HA) was mixed with CT to 
prepare an HA/CT composite [95].

Research on polyethylene glycol (PEG) and CT-based 
corrosion inhibitors was conducted again. PEG was added 
to CT dissolved in a formic acid solution, followed by the 
addition of formaldehyde (HCHO). This mixture was then 
filtered, washed, and dried to produce the CT-PEG compos-
ite (Fig. 3b) [53]. In a separate study, CT-PEG was prepared 
by adding PEG aldehyde (mPEG-CHO) to CT dissolved in 
CH3COOH. Sodium carbonate (Na2CO3) and sodium boro-
hydride (NaBH4) were then added, and the mixture was 
combined with a saturated solution of ammonium sulfate 
to precipitate the product. This precipitate was freeze-dried, 

and dried to produce the CT/SAH/PANI/APS composite 
[77]. In a separate study, PANI dissolved in an NH2SO3H 
solution was added to CT dissolved in CH3COOH. Follow-
ing this, a solution of ammonium persulfate ((NH4)2S2O8) 
dissolved in CH3COOH was introduced. After the reaction 
completed, the mixture was filtered, washed, and dried to 
obtain the CT/PNI composite [78]. Furthermore, Jessima et 
al. [79] prepared a CT/EDC/Na2EDTA product by adding 
an ethanolic solution of 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and disodium ethylenediaminetetraac-
etate (Na2EDTA) to dissolved CT. Similarly, a mixture of 
EDC and sodium lauryl sulfate (SL) was added to purified 
CT dissolved in HCl, followed by precipitation, washing, 
and drying to yield the SL/CT composite [80]. Li et al. [81] 
added glycidyl trimethyl ammonium chloride (GTA) to CT 
dissolved in water, followed by refluxing, precipitating, 
washing, and drying to obtain the CT/GTA composite. They 
further dissolved the CT/GTA in a CH3COOH solution, 
added ethanol, and then introduced 4-Diethylaminobenzal-
dehyde (DEAM). The mixture was purified through similar 
steps to produce the CT/GTA/DEAM composite [81].

Lignosulfonate (LS) was dissolved in water and added to 
CT dissolved in acetic acid (CH3COOH), and the mixture 
was stirred. A cross-linking agent, formaldehyde (HCHO) 
combined with sulfuric acid (H2SO4), was then mixed into 
the solution. The resulting mixture was centrifuged and 
washed to produce the CT/LS composite [82]. In a sepa-
rate process to prepare sulfonated chitosan (SCT), 1,3-pro-
panesultone was introduced to CT in acetic acid under 
heating. After the reaction, the mixture was cooled, pre-
cipitated, rinsed, and dried [83]. Additionally, Jia et al. [84] 
incorporated cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 
CE) into CT dissolved in acetic acid, followed by ultra-
sonication to create a CT/CE composite solution. In another 
study, CT/La and CT/CE composites were prepared by com-
bining lanthanum nitrate hexahydrate (La(NO3)3·6H2O, La) 
or Ce(NO3)3·6H2O) with gelatin and CT, and then adjusting 
the pH [85].

An acidic solution was utilized to prepare CT-based cor-
rosion inhibitors. El-Mahdy et al. [86] began by mixing CT 
with dissolved p-toluene sulfonic acid monohydrate (PTSA) 
in water. This mixture was then heated, mixed with acetone, 
washed, and dried to produce the CT-p-toluene sulfonate 
salt CTPTA composite. Next, oleic acid (OA) dissolved in 
methanol was added to the CTPTA solution in water, fol-
lowed by precipitation, washing, and drying to yield the 
CTPTA-OA composite. In another study, (NH4)2S2O8 was 
introduced to a mixture of CT in acetic acid (CH3COOH) 
and acrylic acid, resulting in the extraction of N-carbox-
ylated chitosan (NCC) after the reaction was complete. 
NCC was then mixed with 2-hydroxyphosphonocarboxylic 
acid (HPAA), gluconic acid sodium (GA), and ZnSO4 to 

1 3

Page 7 of 22     23 



Journal of Bio- and Tribo-Corrosion           (2026) 12:23 

3.3  Chitosan Standalone

Researchers employed CT directly in corrosive media, 
while some prepared it beforehand. Zhang et al. [99] dis-
solved CT in CH3COOH, then stirred, refluxed, precipitated 
it in acetone, and rinsed with ethanol before adding it to 
the corrosive media. Similarly, Szőke et al. [31] dissolved 
CT in CH3COOH overnight, followed by centrifugation. In 
another study, Szőke et al. [109] also centrifuged dissolved 
CT in CH3COOH, but did not specify the mixing time. De 
Sousa et al. [110] reported dissolving CT in CH3COOH 
without detailing the conditions used. Additionally, Zhe-
ludkevich et al. [32] dissolved CT in CH3COOH, filtered 
and degassed it, and then dissolved it in ethanol to prepare 
the solution. CT nanoparticles (CT NPs) were also prepared 
prior to their application in corrosive media. In this instance, 
sodium tripolyphosphate was added to the dissolved CT in 
CH3COOH after stirring and filtration, followed by stir-
ring and centrifugation to produce the CT NPs [30]. Other 
researchers also utilized CT NPs as a corrosion inhibitor 
[111]. CMCT was similarly prepared before being used as a 
corrosion inhibitor [112, 113].

4  Application and Corrosion Inhibition 
Performance

The type of metal and the corrosive environment both influ-
ence corrosion [114]. The effectiveness of CT-based corro-
sion inhibitors has been tested in various corrosive media 
through two main methods: coating metal surfaces and 
mixing inhibitors with corrosive media. In the first method, 
metal surfaces are coated with CT-based corrosion inhibi-
tors before being submerged in corrosive environments. In 
the second method, metal samples are placed in a mixture 
of corrosive media and CT-based corrosion inhibitors. Table 
1 summarizes the types of CT-based corrosion inhibitors, 
their application methods, and the metal surfaces used. An 
overview of the application techniques for CT-based corro-
sion inhibitors is illustrated in Fig. 4.

4.1  Chitosan-Based Composites as Corrosion 
Inhibitor

4.1.1  Coating

CT-based composites have been utilized as coating mate-
rials to protect various metal surfaces from corrosion. For 
instance, a polished and cleaned aluminum alloy 2024-T3 
was coated with CT/MBT formulations using a multi-layer 
dip-coating process at a constant speed of 18 cm/min-1. This 
process involved applying five layers, each dried in a stream 

washed, and dried to yield CT-g-PEG. To create CT-g-PEG/
AgNPs, silver nanoparticles (AgNPs) were mixed with the 
CT-g-PEG solution [96].

Glucosyloxyethyl acrylate (GA) dissolved in water was 
added to CT dissolved in CH3COOH). After stirring, a 
sodium bicarbonate (NaHCO3) solution was introduced. The 
resulting mixture was poured into acetone, washed, filtered, 
sparged with nitrogen (N2), and dried to obtain the CT/GA 
composite [97]. In another study, CT was added to epichlo-
rohydrin dissolved in acetone, followed by the addition of 
thiourea (TU) and stirring. The mixture was evaporated and 
precipitated in ethanol, then filtered, washed with ethanol, 
and dried to yield the CT/TU composite [98]. Additionally, 
CT was dissolved in CH3COOH, stirred, and refluxed. The 
mixture was precipitated in acetone and rinsed with ethanol. 
Sodium dodecyl benzenesulfonate (SDBS), sodium hydrox-
ide (NaOH), and distilled water were then mixed with 
the CT solution. After placing the mixture in an ice-water 
bath, benzyl bromide was added, and stirring continued. 
The final product was filtered in ethanol to obtain the CT/
SDBS composite [99]. Carbon dots (CDs) are increasingly 
popular in catalysis, sensors, and the optronics industry due 
to their high stability, good conductivity, low toxicity, and 
environmental friendliness. Additionally, they can serve as 
corrosion inhibitors. CDs can be produced from CT by dis-
solving it in a 1:1 mixture of CH3COOH and water, fol-
lowed by hydrothermal liquefaction [100]. Previous studies 
have shown that CT-based composites can be prepared as 
corrosion inhibitors through straightforward methods. For 
instance, a CT/MBT-based corrosion inhibitor was pre-
pared by mixing mercaptobenzothiazole (MBT) with CT 
dissolved in CH3COOH solution [34]. Carneiro et al. [101] 
prepared a CT/MBT composite using a similar method but 
added ethanol to enhance MBT solubility [101]. Similarly, 
CT solutions were mixed with cobalt (Co) and tin sulfide 
(SnS2) solutions to produce CT-Co and CT-SS composites, 
respectively [102]. Furthermore, glycidyl 2,2,3,3-tetra-
fluoropropyl ether (GTFE) was added to CT dissolved in 
CH3COOH solution, followed by precipitation, washing, 
and drying to prepare the CT/GTFE composite [103, 104].

3.2  Combination with Other Compounds

In various studies, a combination of CT and other com-
pounds has been utilized as corrosion inhibitors. Yavari 
et al. [105] combined CT with potassium iodide (KI) and 
hydrochloric acid (HCl), followed by filtering, washing, 
and drying. Similarly, CT and KI were used together as 
corrosion inhibitors in research by Gupta et al. [106] and 
Solomon et al. [107]. Additionally, CT was combined with 
(NH4

+)2MoO4, ZnSO4, and Na2CrO4 as corrosion inhibitors 
by Li et al. [108].
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then immersed in the solution and dried [60]. A 30% CT/
TiO2 solution was applied to polished and cleaned MS sam-
ples via dip coating, with a coating speed of 10 m s−1 and 
an immersion time of 10 s. The coated samples were left at 
room temperature overnight, and the process was repeated 
three times to achieve a uniform film thickness [65]. Addi-
tionally, a CT/Na+-BDT composite mixed with an alkyd 
resin emulsion was used to coat cleaned galvanized steel 
plates. The samples were immersed for 5 min, washed with 
distilled water and ethanol, and air-dried, resulting in a sin-
gle layer with a thickness of 100 µm [33]. A CT/PVA com-
posite was also applied to MS samples, achieving a coating 
thickness of 50–60 µm with a 30% solution concentration, 
and air-dried to create a protective film [70]. Zanca et al. 
[95] coated 304 stainless steel with an HA/CT composite 
using a galvanic deposition process. In another investiga-
tion, CD combined with nano Fe2O3 was utilized to coat 
carbon steel BIS2062 samples to evaluate its corrosion effi-
ciency (Fig. 5a, b) [100].

In addition to aluminium and steel, copper and magne-
sium were also coated with CT-based corrosion inhibitors. 

of hot air before the next layer was added [101]. In another 
study, Carneiro et al. [103] coated a similar aluminum alloy 
with a CT/GTFE composite solution using a dip-coater 
at a speed of 9  cm/min-1, applying ten layers. Addition-
ally, the aluminum alloy was coated with a CT/GTFE/
MBT solution following the same dip-coating technique. 
The coated samples were then immersed in glutaraldehyde 
(GA), poly(ethylene-alt-maleic anhydride) (PEMA), and 
poly(maleic anhydride-alt-1-octadecene) (POMA) dis-
solved in toluene, followed by washing and drying [104]. 
Similarly, a CT/PVA composite was applied to polished 
and cleaned AA8011 aluminum alloy at a coating speed of 
3 cm min−1, achieving a thickness of 5 ± 0.6 µm over four 
layers [71].

Steel samples were also treated with CT-based corrosion 
inhibitors to assess their effectiveness. Polished mild steel 
(MS) substrates were coated by repeatedly dipping them 
into a CT/AcSCN solution and then drying them under heat 
[56]. In another study, CMCT-benzaldehyde dissolved in 
distilled water, a CH3COOH, and alcohol, with or without 
starch, was used to coat cleaned steel samples, which were 

Fig. 4  Application strategies of a CT-based composite, b CT mixed with other compounds, and c CT standalone as corrosion inhibitors
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cleaned Mg WE43 alloy with CT/BG using electrophoretic 
deposition (EPD) with a stainless steel anode (SS316L). In 
another study, CT/CE composite was used to coat polished 
and cleaned cubic Mg–1Ca plates [84], while CT/CE and 
CT/La were used for coating AZ91D magnesium alloys 
[85]. Additionally, a CT/Si-based product (SiCTBSEG and 
SiCTBSEG-cal) was utilized as a corrosion inhibitor [49].

The coated samples mentioned above were tested in 
various corrosive media with different concentrations. 
The investigations included CT/MBT [34] and CT/MBT/
SiO2/GA [47] coated copper, CD, as well as nano Fe2O3 
coated steel BIS2062 [100], CT/PVA coated AA8011 alu-
minum alloy [71], and CT/CE and CT/La coated AZ91D 
magnesium [85], all immersed in a 3.5 wt.% NaCl solution. 
Additionally, CT/Na + -BDT coated galvanized steel was 
examined in a 3% NaCl solution [33], and CT/GTFE/MBT 
coated 2024-T3 aluminum alloy was tested in a 50 mM NaCl 
aqueous solution [104]. Other studies involved immersing 
CT/MBT [101] and CT/GTFE [103] coated 2024-T3 alu-
minum alloy in a 0.05 M NaCl solution to evaluate corro-
sion inhibition efficiency. Similarly, CT/PVA [70] and CT/
TiO2 [65] coated mild steel in a 0.1 N HCl solution, along 
with CMCT-benzaldehyde coated steel (with or without 
starch) in a 1.0 M HCl solution [60], were investigated for 
their corrosion inhibition efficiency. Furthermore, CT/BG 
coated Mg WE43 alloy was immersed in Dulbecco's modi-
fied eagle medium (DMEM), with or without fetal bovine 
serum (FBS), to measure corrosion inhibition efficiency 
[67]. In contrast, CT/CE coated Mg–1Ca plates were dipped 
in Kokubo's simulated body fluid (SBF) solution [84]. The 
corrosion inhibition efficiency was confirmed using electro-
chemical impedance spectroscopy (EIS) [33, 34, 47, 65, 70, 
71, 85, 100, 101, 104], potentiodynamic polarization (PDP) 
[34, 65, 71], and weight loss studies [67, 84]. PDP stud-
ies demonstrated that both cathodic and anodic reactions 
were inhibited [34]. Furthermore, PDP results indicated 
that the corrosion current density was lower for the coated 
samples [85]. The studies also revealed that the corrosion 
inhibition was more effective for the coated steel samples 
containing higher concentrations of corrosion inhibitors 
[60]. Additionally, PDP experiments showed that increas-
ing the inhibitor content led to a decrease in corrosion cur-
rent, resulting in the formation of a protective layer that 
inhibited metal dissolution and hydrogen evolution. EIS 
results further demonstrated that charge transfer increased 
with higher concentrations of corrosion inhibitors, attrib-
uted to the formation of a protective coating on the metal 
surface [65]. The robustness of the coating was confirmed 
through various analyses, including field emission scanning 
electron microscopy (FESEM) [34, 70], scanning electron 
microscopy (SEM) [67, 71, 84, 85, 100, 101, 104], atomic 
force microscopy (AFM) [71, 100], energy dispersive 

For copper plates, CT/MBT/SiO2/GA was employed [47]. 
The authors began by priming the polished copper plates 
through immersion in an ethanolic solution of 11-mercap-
toundecanoic acid (MUA) under reflux conditions over-
night. This was followed by rinsing with ethanol and drying. 
The copper plates were then coated layer-by-layer (LbL) 
using a dipping, drying, and washing process. MUA facili-
tated bonding with the copper plates through Cu–S covalent 
bonds and interactions between the dangling carboxylic and 
amine groups of CT. Similarly, MUA-modified polished 
and cleaned copper specimens were coated with a CT/
MBT hydrogel using a dip-coater and were dried at room 
temperature [34]. Höhlinger et al. [67] coated polished and 

Fig.  5  Scanning electron micrograph of CD coated over steel a 
untreated steel, b Nano-carbon dot treated steelto shows the layered 
structure of nano-CD over steel [100] and c Impedance spectra of 
crosslinked and non-crosslinked chitosan coating with MBT and SiO2 
additions [47]
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of polyCMCT-g-polyMVI along with APM on X70 steel 
in corrosive media containing NaCl, CaCl2, MgCl2·6H2O, 
NaHCO3, and Na2SO4 [59]. An acidified NaCl solution 
was used to assess the corrosion inhibition of CT/CeO2 on 
API 5L X70 steel. Furthermore, the corrosion inhibition of 
nanocapsules (CT-3NiSA-S-MBT and CT-3NiSA-A-MBT) 
on copper in Na2SO4 at pH 3, NaOH at pH 13, and NaCl at 
pH 6.5 solutions was explored [48].

Researchers have also utilized acidic media for corro-
sion protection analysis. The corrosion inhibition of CMH-
PCT on Q235 MS [91], CT-PEG on MS, CT/AMT on 
carbon steel, CT-g-PEG and CT-g-PEG/AgNPs on carbon 
steel [96], CT/GA on X70 steel [97], CT/TU on Q235 steel 
[98], VHCT on Q235 steel [68], SL/CT on MS [80], CT/
SDBS on Q235 MS [99], CT-g-Glu on MS [66], CT/GTA 
and CT/GTA/DEAM on X80 pipeline steel [81], CTPTA 
and CTPTA-OA on steel [86], CT/SAH on Q235 steel [76], 
GTMACCT on MS [93], CT/TS and CT/TC on MS, CT/
AgNPs on MS [46], CMCT-g-PVI on API X70 steel [58], 
CT/Co and CT/SnS2 on MS [102], CT-HQ on MS [55], CT/
SAH on MS [73–75], CT/SAH/PANI/APS on Q235 steel 
[77], Cinn-CT on copper, CT/EDC/Na2EDTA on MS sam-
ples [79], CT/aldehyde on API X65 steel [57], and CMCT/
AA on MS [61] were studied in 1.0 M HCl solution. In con-
trast, the corrosion reduction of β-CD − CT on Q235 car-
bon steel and CT/PNI on Q235 steel [78] was measured in 
0.5 M HCl solution [63], while the corrosion protection of 
SCT on carbon steel [83] and OFC on MS [90] was studied 
in 2 M HCl solution. Additionally, 15% HCl was used to 
analyze the corrosion protection of Pip-CT on carbon steel, 
CT/V on carbon steel [69], CT/AgNPs on St37 steel, and 
Cinn-CT Schiff base with or without KI on carbon steel. For 
CT-PEG [53] on MS, it was tested in 1 M sulphamic acid 
solution. Similarly, the corrosion inhibition of CMCT/AA 
on MS in 1 M H2SO4 [61] and CT/AcSCN on MS in 0.5 M 
H2SO4 solution [56] was investigated. Corrosion protection 
of TCHECT and HECT on 304 steel and copper sheet in 2% 
HAc (v/v) was also measured [50].

The performance of CT-based corrosion inhibitors was 
studied under real environmental conditions. For example, 
industrial water was used to evaluate the effectiveness of 
CT/AgNO3 on mild steel [6]. Other research examined the 
corrosion inhibition of NCC and NHGZ composites on car-
bon steel in municipal wastewater [87]. Additionally, the 
CT/LS composite was tested in seawater [82].

The corrosion inhibition performance of CT-based com-
posites in corrosive media was confirmed through various 
methods, including weight loss [36, 38, 48, 92], open circuit 
potential (OCP) [83], linear polarization resistance (LPR) 
[83], electrochemical impedance spectroscopy (EIS) [36, 
38, 52, 54, 59, 72, 82], and potentiodynamic polarization 
(PDP) [52, 54, 59, 72]. EIS tests indicated that the formation 

spectrometry (EDS) [34, 84], X-ray diffraction spectros-
copy (XRD) [65], Fourier transform infrared spectroscopy 
(FTIR) [70], thermogravimetric analysis (TGA) [70], and 
differential scanning calorimetry (DSC) [70].

The combination of MU with CT/MBT effectively pro-
tected copper from sulfide ions in NaCl solution [34]. CD 
can suppress oxidation and reduction reactions, thereby 
inhibiting corrosion [100]. The incorporation of MBT and 
SiO2 improved the corrosion protection efficiency of CT-
based coatings by reducing swelling [47, 101]. Crosslinked 
CT-based coatings demonstrated superior corrosion resis-
tance compared to non-crosslinked versions, as confirmed 
by impedance measurements (Fig. 5c) [47]. The presence 
of heptanoate ions in CT/Na+-BDT, along with their con-
tinuous leaching as an inhibitor, further enhanced corrosion 
inhibition [33]. CT also acted as a carrier for Ce, facilitat-
ing better corrosion inhibition through the formation of Ce–
NH2 complexes [84]. Additionally, CMCT-benzaldehyde/
starch was found to capture more H+ ions, which increased 
corrosion inhibition [60]. The self-healing property of CT/
GTFE provided enhanced corrosion protection [103]. Simi-
larly, CT/PVA exhibited self-healing capabilities due to the 
interaction between PVA and Al ions, leading to improved 
corrosion protection. PVA, as an anodic inhibitor, further 
enhanced the corrosion inhibition of CT [71]. In another 
study, CT/BG coatings inhibited protein deposition, as con-
firmed by X-ray photoelectron spectroscopy (XPS), thereby 
increasing corrosion protection efficiency [67]. Enhanced 
hydrophobicity can also contribute to improved corrosion 
protection. Water contact angle measurements indicated that 
the CT-based composite-coated samples were hydrophobic 
[65]. The hydrophobicity of CT improved after grafting 
with PEMA and POMA, leading to more effective corrosion 
inhibition [104]. Conversely, the wettability of CT and the 
adhesion of the coating were enhanced by the presence of 
PVA, resulting in better corrosion inhibition [71].

4.1.2  Incorporation with Corrosive Material

Researchers have mixed various concentrations of CT-
based composites with different corrosive media in their 
studies. Metal samples were immersed in CT-based corro-
sion inhibitor-infused corrosive media to investigate corro-
sion inhibition efficiency. The performance of CT/ATT on 
AISI 304 stainless steel [54], CMCT/ISP on carbon steel 
1020 [62], CT/TC on AISI 304 stainless steel [52], CT-PA/
TiO2 on C3003 aluminum alloy [64], CT/PASP on A3 car-
bon steel [88], and CT/TP on steel [92] was studied in a 3.5 
wt.% NaCl solution. Additionally, the corrosion inhibition 
of BHC and PHC on P110 steel [36, 38] and CT/SAH on J55 
steel [72] was investigated in CO2-saturated 3.5 wt.% NaCl 
solution. Another study examined the corrosion protection 
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particularly significant [66]. The synergistic effect of hydro-
gen bonds and physical and chemical absorption improved 
the corrosion inhibition efficiency of the CT-PA/TiO2 com-
posite [64]. Inhibitors that were either covalently linked 
or physically entrapped in nanocapsules were released in 
response to pH changes, thereby inhibiting corrosion [48]. 
In acidic conditions, CT-g-PEG and CT-g-PEG/AgNPs 
function as polycations due to protonation, allowing them 
to adsorb onto negatively charged metal surfaces, which 
inhibits corrosion [96]. The hydrophilic nature of CT/LS 
facilitates attachment to bacterial surfaces, damaging bacte-
rial cell walls. Conversely, the formation of a CT/LS film 
on the metal surface prevents biofilm formation, contribut-
ing to corrosion inhibition [82]. Furthermore, the polar head 
and long hydrophobic alkyl chain of SL/CT enable efficient 
adsorption on metal surfaces and metal/solution interfaces 
[80].

4.2  Mixed Chitosan with Other Compounds as 
Corrosion Inhibitors

CT-based corrosion inhibitors were added to corrosive 
media to evaluate their effectiveness. For instance, CT/KI 
was introduced to a 1 M sulphamic acid solution to assess 
its corrosion inhibition of mild steel [106]. Additionally, the 
corrosion inhibition of CT/KI on iron in H2SO4 solution was 
measured [105]. In another study, CT was used as a corro-
sion inhibitor in combination with (NH4

+)2MoO4, ZnSO4, 
and Na2CrO4 [108].

Moreover, the effectiveness of corrosion inhibition is 
affected by both the temperature of the corrosive media 
and the duration of immersion. For CT/KI, increasing the 

of a protective layer from the adsorption of inhibitors on the 
metal/solution interface improved corrosion protection, as 
evidenced by increased charge transfer resistance [36, 38, 
52, 54, 59, 72, 82]. The presence of a protective film was 
confirmed by various analyses, including X-ray spectrom-
etry (EDX) [36, 38, 52, 54], SEM [36, 38, 52, 59, 72, 82], 
atomic force microscopy (AFM) [36, 38, 72, 102], optical 
microscopy [59], stereo microscopy [68], XPS [72, 92], 
Fourier-transform infrared spectroscopy (FTIR) [73–76], 
and EDS [59]. The smooth surface observed also indicates 
the formation of a protective layer [114]. This film inhibits 
mass transfer, thereby providing corrosion protection [53].

Corrosion inhibition was found to increase with higher 
concentrations of inhibitors (Fig. 6a) [6], and PDP studies 
revealed that corrosion current densities decreased as inhib-
itor concentrations increased (Fig.  6b) [54]. PDP findings 
indicated that these inhibitors could act in various ways: 
as cathodic [36, 38, 72], anodic [88], mixed type [48, 66, 
92], mixed type with cathodic predominance [97, 98], or 
mixed type dominated by anodic reactions [81]. Both EIS 
and PDP investigations demonstrated that corrosion inhibi-
tion improved as the concentration of inhibitors increased 
[52, 59, 72]. The adsorption of corrosion inhibitors on the 
steel surface reduces its wettability, resulting in enhanced 
corrosion protection [59].

Inhibitors were adsorbed through physical processes [6, 
105], chemical processes [61], and a combination of both 
physical and chemical processes [52, 91, 98]. Addition-
ally, inhibitors were adsorbed via physical, chemical, and 
retrodonation processes [81, 97]. Another study highlighted 
that inhibitors were primarily adsorbed through physical 
and chemical processes, with the chemical process being 

Fig. 6  a The corrosion rate (along with the error bars) of mild steel 
in chilled water in the presence of different concentrations of nano-
composite samples [6] and b Potentiodynamic polarization curves of 

stainless steel in 3.5% NaCl without and with CT/ATT at different 
concentrations [54]. Symbols refer to SNPS-CT NC = CT/AgNO3 and 
T = time in h
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and CT-coated commercially pure titanium grade 4 in SBF 
[110].

The corrosion inhibition efficiency of CT-coated sam-
ples was analyzed using open circuit polarization (OCP) 
[110], electrochemical impedance spectroscopy (EIS) [30, 
31, 109], and potentiodynamic polarization (PDP) studies 
[30, 109]. The presence of the coating layer was confirmed 
through scanning electron microscopy (SEM) [30, 109, 
110], EDS [110], XRD [110], and energy-dispersive X-ray 
(EDX) studies [30]. The inhibitors were adsorbed via physi-
cal and chemical processes, with the chemical process being 
predominant [30]. PDP studies indicated that CT functions 
as a mixed-type inhibitor [109]. EIS studies demonstrated 
that CT-coated zinc samples impregnated with AcAMT 
exhibited higher corrosion resistance, as CT enhanced the 
accumulation of AcAMT on the zinc surface, leading to 
improved inhibition efficiency [31]. A complex interaction 
between the functional groups of CT macromolecules and 
cerium ions (Ce3+) facilitates the prolonged release of the 
active agent to inhibit corrosion. Self-healing capabilities 
were confirmed through a localized electrochemical study 
in micro-confined defects [32].

4.3.2  Incorporation with Corrosive Material

CT was mixed directly with corrosive media in various stud-
ies, utilizing different concentrations of CT and corrosive 
agents. The corrosion inhibition effects of CT were exam-
ined on copper [115] and AZ31 magnesium alloy in a 3.5 
wt.% NaCl solution. Similarly, a 3.65% NaCl solution was 
employed to assess the corrosion inhibition performance of 
CT on aluminum alloy [116] and CT nanoparticles on mild 
steel (MS) [111]. Additionally, the corrosion inhibition of 
CT on copper was measured in a 3% NaCl solution [117]. 
Other studies investigated the corrosion inhibition of CT on 
low-carbon (X60 grade) steel and the combined effects of 
CMCT and CT on low-carbon (API 5L X60 grade) steel in 
a CO2-saturated 3.5 wt% NaCl solution, while a FeCl3 solu-
tion was used for CT on 2205 duplex stainless steel [118].

Various acidic media at different concentrations were 
also used to analyze corrosion inhibition efficiency. The 
corrosion inhibition effects of CMCT on steel [35], CT on 
copper [119], CT on iron [120], CT on carbon steel [121], 
and CMCT on MS [112] were measured in a 1  M HCl 
solution. In another study, the corrosion inhibition of CT 
on copper in a 0.5 M HCl solution was investigated [37]. 
Additionally, corrosion inhibition of CT on ST37 mild steel 
[122] and on austenitic stainless steel AISI 316 in a 0.1 M 
HCl solution was studied. A 0.1 M HCl solution combined 
with CH3COOH was used to assess the corrosion inhibition 
efficiency of CT on MS. Furthermore, the corrosion inhi-
bition of CT and CMCT on low carbon steel (Q235) in a 

temperature improved its corrosion protection capabili-
ties. The dynamic electrochemical impedance spectroscopy 
(DEIS) study indicated that CT/KI exhibited greater inhibi-
tion efficiency with longer immersion times.

4.3  Chitosan Standalone as Corrosion Inhibitor

4.3.1  Coating

Similar to CT-based composites, a standalone CT was uti-
lized to coat metal surfaces to prevent corrosion. The CT was 
applied to zinc (Zn) plates through dip coating, maintaining 
a constant immersion and withdrawal speed of 5 cm min⁻1 
at 25  °C, followed by a drying process. Subsequently, 
2-acetylamino-5-mercapto-1,3,4-thiadiazole (AcAMT) 
was impregnated into the CT-coated samples using a 1 mM 
aqueous solution of AcAMT, with a dip coating speed of 
1 cm min⁻1 for 15 min, and rinsing with distilled water [31]. 
In a similar approach, Szőke et al. [109] coated Zn plates 
with CT via dip coating at a speed of 5 cm min⁻1, then dried 
the samples. They also impregnated the coated samples with 
a 1 mM aqueous indigo carmine solution, using an immer-
sion speed of 1 cm min⁻1 for 15 min.

In addition to Zn, researchers also investigated alumin-
ium, steel, and titanium. The CT and an ethanolic solution 
of CT were applied to aluminium 2024 alloy substrates in 
two dip-coating steps. The first step involved applying four 
layers of the ethanolic solution at a speed of 9 cm min⁻1, 
followed by a second step where ten layers of the CT solu-
tion were applied at 18 cm min⁻1. To create Ce-containing 
CT films, Ce(NO3)3 was incorporated into the chitosan solu-
tion. Prior to coating, the metal was cleaned using alkaline 
and acid etching techniques, followed by washing [32]. In 
other studies, CT nanoparticles (NPs) were used to coat bare 
316L stainless steel (SS) alloy [30]. The alloy was dipped 
in glutaraldehyde and dried, while steel was coated with a 
chitosan derivative (CD) [100]. A biomimetic method was 
employed to coat titanium substrates with CT [110]. This 
involved an alkaline treatment to create active sites for 
hydroxyapatite precipitation, followed by heat treatment, 
cooling, and immersion in simulated body fluid (SBF). The 
titanium was then immersed in AgNO3 and subsequently in 
a CT solution.

To assess the corrosion inhibition efficiency of CT, the 
coated samples were exposed to various corrosive media. 
The studies investigated the corrosion inhibition of CT-
coated Zn with or without AcAMT in a Na2SO4 solution (pH 
5) [31], CT-coated Zn in Na2SO4 and a mixture of Na2SO4 
with (Fe(CN)₄)2⁻ + (Fe(CN)₆)3⁻ solution [109], CT and etha-
nolic solution-coated aluminium 2024 alloy in 0.05 M NaCl 
[32], CT NPs coated 316L SS alloy in Hank's solution [30], 
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CT was adsorbed according to the Langmuir adsorp-
tion isotherm model [112, 123]. The CT inhibitor exhibited 
various types depending on the corrosive medium, includ-
ing cathodic [117], anodic, mixed [35, 37, 111, 116, 121, 
123], and mixed with a cathodic trend [112, 115, 119]. 
Additionally, the CT inhibitor was adsorbed through differ-
ent processes in various corrosive media, primarily through 
physical and chemical processes, with the physical pro-
cess being predominant [115]. The adsorption process was 
characterized as both physical and chemical with spontane-
ous characteristics [123]. Other studies suggested that the 
adsorption process was of a physical and chemical nature 
[35, 37, 119, 122]. Conversely, Razali et al. [112], Eddib et 
al. [125], and Mouaden et al. [124] concluded it was solely 
physical. However, other investigations indicated that the 
absorption process for CT inhibitors was both physical 
[116] and spontaneous [117], while some studies noted it 
was absorbed through physical, endothermic, and spontane-
ous processes [120, 121].

5% (v/v) HCl solution was examined [113]. The effects of 
CT on aluminum (AA1005) in a 1 M H2SO4 solution [123] 
and on St37-2 in a 15% H2SO4 solution were also evalu-
ated. Mouaden et al. [124]) studied the corrosion inhibition 
efficiency of CT on copper in a real environment using sul-
phide-polluted synthetic water.

The corrosion inhibition efficiency of CT was analyzed 
using weight loss [35, 111, 116, 117, 119], open circuit 
potential (OCP) [111, 116, 119, 122], electrochemical 
impedance spectroscopy (EIS) [115–117, 119], and PDP 
studies [111, 115–117, 119]. OCP and weight loss studies 
indicated that corrosion resistance improved with increasing 
inhibitor concentration [111, 116, 119]. EIS results showed 
that a protective film led to an increase in polarization resis-
tance with concentration (Fig. 7a) [115–117, 121]. The for-
mation of this protective film was confirmed through optical 
micrographs [115], SEM (Fig. 7b–d) [37, 117, 119], EDX 
[119], atomic force microscopy (AFM) [119, 122], FTIR 
[37], EDS [122], XPS [113], and XRD [113] analyses.

Fig. 7  a Nyquist diagrams for copper in blank solution and with different concentrations of chitosan [115]; SEM micrographs of b freshly polished 
copper specimen, c the specimen immersed in 0.5 HCl solutions for 12 h at 25 ± 1 °C without chitosan and d with 8 × 10−6 M chitosan [37]
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hydrated iron oxides [127]. An example of a corrosion 
mechanism for steel is illustrated in Fig. 8.

Fe → Fe2+ + 2e−� (1)

O2 + 2H2O + 4e− → 4OH− (In neutral or alkaline environments)� (2)

O2 + 4H+ + 4e− → 2H2O (n acidic environments)� (3)

Fe2+ + 2OH− → Fe (OH)2� (4)

4Fe (OH)2 + O2 + 2H2O → 4Fe (OH)3� (5)

The strong interaction between metals and organic inhibi-
tors displaces water molecules from the metal surface [87]. 
The presence of functional groups significantly influences 
the corrosion inhibition process [129, 130]. Inhibitors 
deposit on anodic sites due to a donor–acceptor interaction 
between the electron pairs from the inhibitor molecules and 
the Fe2⁺ ions on the metal surface. To prevent hydrogen evo-
lution, the protonated form of the quaternary amine group, 
present in acidic media, is adsorbed onto the cathodic sites 
(Fig.  9a). Consequently, the corrosion inhibition of mild 
steel (MS) by GTMACCT occurs because of the electron 
pair on nitrogen and the positive charge of the quaternary 
ammonium group [93]. The electric double layer inhibits 
ion permeation, which in turn protects the metal from cor-
rosion. Furthermore, the electron pairs from –C = N and –
OH groups can adsorb onto the anodic sites of the metal 
surface that have empty d orbitals through chemical inter-
action. This results in the chemical adsorption of CMCT, 
forming coordination bonds between the active sites and the 
accessible d-orbitals of the MS surface, thus offering protec-
tion against corrosion (Fig. 9b) [62]. The benzene ring of 
salicylaldehyde contains π electrons that can share electrons 
with the MS atom to enhance interaction. Consequently, 
CT Schiff base undergoes chemical adsorption by forming 

CT NPs inhibit corrosion by blocking the anodic and 
cathodic sites on steel and forming a thin film on the surface 
[111]. The highest negative charges from the heteroatoms 
N2 and O2 in CT are adsorbed onto the metal surface [37, 
119]. The spontaneous adsorption of CT molecules on the 
copper surface can be explained by molecular dynamics 
simulations [119].

The corrosion resistance efficiency of CT is influenced by 
temperature and immersion time. Increasing temperatures 
tend to decrease corrosion inhibition efficiency [118–121]. 
However, at certain limits, higher temperatures can enhance 
corrosion resistance. Elevated temperatures increase the for-
mation of H+, which in turn raises the corrosion rate [120]. 
Longer immersion times improve corrosion inhibition effi-
ciency due to the increased thickness of the protective film 
resulting from stronger molecular adsorption. Nevertheless, 
Mouaden et al. [124]) noted that this efficiency was not 
dependent on immersion time.

5  Mechanism of Corrosion and Inhibition by 
Chitosan-Based Corrosion Inhibitor

The corrosion mechanism of metals involves electrochemi-
cal reactions between the metal surface and its environment, 
often in the presence of water and oxygen. In an anodic 
reaction (oxidation), the metal loses electrons and forms 
positively charged metal ions; for example, iron transforms 
into iron ions (Fe2⁺) (Eq. 1). In the cathodic reaction (reduc-
tion), these released electrons reduce oxygen, typically in 
the presence of water, resulting in the formation of hydrox-
ide ions (Eqs. 2 and 3) [126]. Rust formation is also part 
of this corrosion process. During rust formation, the metal 
ions (Fe2⁺) and hydroxide ions (OH⁻) react to form iron(II) 
hydroxide (Eq.  4), which can further oxidize to iron(III) 
hydroxide (Eq. 5) and ultimately lead to the formation of 

Fig. 8  Corrosion mechanism of 
steel [128]
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of water molecules from the steel surface, and the electron 
sharing between nitrogen/oxygen atoms and iron resulting 
from PANI/CT's adsorption on the steel surface (Fig.  9d) 
[78]. Various theories have been established to explain the 
adsorption of inhibitors on the metal surface.A study uti-
lizing density functional theory (DFT) demonstrated that 
the interaction between CT-HQ and the MS surface occurs 

coordination bonds between its active sites and the avail-
able d-orbitals of the MS surface, thereby inhibiting corro-
sion (Fig. 9c) [73–75]. The adsorption of PANI/CTS to the 
steel surface is facilitated by the electron-donating N2, O2, 
–C = N groups, and the aromatic ring of PANI/CTS. Corro-
sion is inhibited due to the synergistic interaction between 
the adsorbed chloride ions and PANI/CT, the displacement 

Fig. 9  a Mechanism of corrosion inhibition [93], b Scheme of CMCT 
adsorption mechanism onto the metal surface [62],c Schematic repre-
sentation of plausible interaction of inhibitor with the metal surface 

[73]; d A schematic diagram of the proposed inhibition mechanism of 
PANI/CTS on mild steel/0.5 M HCl interface [78] and e Schematic of 
the mechanism of adsorption of Cht-PEG on the mild steel surface [53]
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barrier. Certain metal surfaces may require additional sur-
face treatment for better CT adherence. Addressing these 
challenges often requires balancing the natural properties of 
chitosan with necessary chemical modifications or adjust-
ments to suit specific applications. Therefore, the following 
actions should be considered:

	● It is essential to improve the properties of CT, such as 
solubility and adhesion. This can be achieved through 
various chemical modifications or additives, and the 
effectiveness of these modifications should be clearly 
justified.

	● Utilizing CT-based corrosion inhibitors in different cor-
rosive environments, circumstances, and metals can 
help determine their overall effectiveness in inhibiting 
corrosion.

For all types of CT-based corrosion inhibitors, it is impor-
tant to examine how temperature and time influence their 
ability to inhibit corrosion.

7  Conclusions

Chitosan (CT) can be used as a corrosion inhibitor to pro-
tect metal surfaces across various industries. To evaluate its 
effectiveness, CT-based composites, which are combina-
tions of CT and active compounds, as well as pure CT, have 
been tested as coating materials and mixed with corrosive 
media. Their application in acidic, alkaline, and industrial 
environments has shown positive results in inhibiting cor-
rosion. However, further research is needed to assess the 
effectiveness of a single CT-based inhibitor for different 
types of metals, considering the optimal conditions and 
varying corrosive environments.
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through a donor–acceptor mechanism [55]. In contrast, the 
Langmuir isotherm illustrates the physical and chemical 
adsorption of inhibitors. During the corrosion reaction, the 
metal surface becomes more negatively charged, causing 
the partially filled d-orbitals of the metal to be transformed 
into vacant Π antibonding orbitals through a retrodonation 
process (Fig. 9e). As a result, corrosion inhibitor molecules 
are adsorbed onto the metal surface [53].

The adsorption of these inhibitors reduces the number of 
active sites available on the steel surface [55]. Consequently, 
inhibitors can enhance the hydrophobic characteristics of 
metal surfaces. Measurements of water contact angles indi-
cated that the addition of corrosion inhibitors increased 
hydrophobicity [81, 83]. For instance, the hydrophobic 
benzyl group present in CT/SDBS contributed to a higher 
electron density at active sites, thereby effectively covering 
the Q235 steel surface and improving performance [99]. 
Additionally, the presence of a longer hydrophobic segment 
in CT/aldehyde further enhanced inhibition efficiency [57]. 
Moreover, the modified anionic CT surfactant with a hydro-
phobic tail could produce monodisperse and stable AgNPs, 
leading to better corrosion protection [46]. Ultimately, these 
inhibitors reduce the anodic dissolution of MS, resulting in 
a decrease in the corrosion current.

6  Challenges and Future Outlook

Using CT as a corrosion inhibitor presents several chal-
lenges that may limit its effectiveness or applicability in 
different environments. Solubility is a major issue. CT is 
only soluble in acidic conditions (typically at pH below 6.5) 
[131], which can limit its use in neutral or alkaline envi-
ronments. This restricts its direct application as a corrosion 
inhibitor in some industrial processes. The solubility of CT 
in water is low [132], which can make it difficult to prepare 
stable formulations for use in aqueous corrosion systems. 
The stability of CT in corrosive media is also a concern. It 
can degrade under harsh chemical conditions or at high tem-
peratures, reducing its effectiveness as a long-term corrosion 
inhibitor [13]. The stability in various corrosive media is 
challenging as well. For example, maintaining the stability 
of CT-based corrosion inhibitors’ coatings or films on metal 
surfaces can be challenging, especially in environments 
that involve fluctuating pH, temperature, or the presence of 
aggressive ions such as chlorides. Furthermore, the effec-
tiveness of CT as a corrosion inhibitor can vary depending 
on the type of metal or alloy it is used with. It may work 
well on certain metals like steel, but be less effective on oth-
ers, requiring further modification or use in combination 
with other inhibitors. The adhesion compatibility between 
CT and the metal surface is critical for forming a protective 
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