
Vol.:(0123456789)

MRS Advances (2024) 9:193–198 
https://doi.org/10.1557/s43580-023-00728-6

1 3

ORIGINAL PAPER

Effectiveness of green coatings as a possible protection barrier 
against corrosion

A. A. Aguilar‑Ruiz1 · R. G. Sánchez‑Duarte1  · G. E. Dévora‑Isiordia1 · Y. Villegas‑Peralta1 · J. Álvarez‑Sánchez1 · 
V. M. Orozco‑Carmona2

Received: 14 September 2023 / Accepted: 22 November 2023 / Published online: 18 December 2023 
© The Author(s), under exclusive licence to The Materials Research Society 2023

Abstract
The increasing attention towards chitosan, a versatile polymer known for its eco-friendly nature origin, non-bio accumulative 
characteristics, biodegradability, and low or non-toxicity, has sparked significant interest in recent years due to its corrosion-
resistant properties. This study pursues to assess the efficacy of chitosan derivatives of different molecular weights as protec-
tive green corrosion barriers. Two different molecular weight chitosan variants, high and medium molecular weight (HMW 
and MMW) were used, both in their pure form and crosslinked with Polyethylene Glycol (PEG), and Polyvinylpyrrolidone 
(PVP). The coatings were prepared using the sol–gel technique. The synthesized chitosan-based green coatings were char-
acterized using attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), Atomic Force Microscope 
(AFM), and contact angle studies. Corrosion resistance protection was evaluated through Weight loss measurements. Contact 
angles obtained for all samples were 60–80° evidencing the hydrophilic behavior of the coatings. ATR-FTIR coatings spectra 
presented characteristic peaks of the chitosan functional groups and displayed a relevant correlation between chitosan and 
the agents crosslinked. The AFM results for roughness (Ra) of the samples before and after the coating process indicated a 
strong relation between the decrease in the roughness parameter and the enhancement of the barrier protective property. The 
coating’s weight loss percentages do not show a significant change throughout the experiment, staying within the 0.1–0.9% 
range. Finally, the results reported here could serve as a reference to synthesizing green coatings for corrosion protection as 
an alternative to traditional corrosion inhibitors.

Introduction

Corrosion is a spontaneous and natural process of deterio-
ration that typically affects metals. It involves a destructive 
attack that can occur through chemical or electrochemical 
reactions between the metal and its environment. This phe-
nomenon leads to changes in properties, and, in many cases, 
the degradation of metallic materials found worldwide [1, 2]. 
Because corrosion has a substantial impact on the economy, 

safety, and material preservation, its investigation and miti-
gation are crucial [3].

Although the corrosion process cannot be completely 
avoided, the rate of corrosion could be efficiently reduced by 
using a variety of approaches, such as cathodic and anodic 
protection, corrosion inhibitors, barrier surface coatings, etc. 
One of the most used methods to prevent corrosion involves 
utilizing different compounds called “coatings” which are 
adhered over the metal surfaces and serve as physical bar-
riers [4]. The physical barrier method provides a good cor-
rosion protective coating that prevents electrolyte/diffusive 
ions from reaching the coating/metal interface [5].

The coating acts not only as an obstacle between the sub-
strate and the corrosive environment but also as a repository 
for inhibitors. In general, the coatings can act as a sacrificial 
anode that degrades instead of the base metal [6]. The quest for 
materials to build coatings with a low environmental impact is 
therefore a constant endeavor in all spheres of human activity 
due to the high levels of pollution present worldwide. There-
fore, researchers are actively seeking more environmentally 
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friendly anticorrosive treatments as a current focus of research 
[7].

Chitosan, the deacetylated form of chitin is a naturally 
occurring biopolymer that is widespread in nature. The most 
common source of chitin extraction comes from the exo-
skeleton of certain species such seafood processing industry 
(shrimp, crabs, crustaceans, mollusks, etc.), some insects, 
plants, and fungi [8]. Chitosan molecular structure enables 
a variety of mechanical and chemical alterations that can 
improve or give new features to this macromolecule [9].

Chitosan is thought to have considerable potential for the 
development of novel materials principally because of its bio-
compatibility quality and its ability to maintain the original 
structure and size of the protected section. The development 
of modified chitosan-based coatings with mechanical and anti-
bacterial qualities, which would help extend the life of metals 
and prevent biological fouling, is being explored as a solution 
to the corrosion problem [10].

Because of its qualities, including biocompatibility, anti-
bacterial activity, non-toxicity, biodegradability, and the 
capacity to form effective films, there’s an increasing interest 
in chitosan coatings studies where chitosan-based coatings can 
be used in a variety of industries, including the creation of 
biomedical materials, biosensors, the food industry, the textile 
business, and the cosmetics industry, among others [11].

Chitosan coatings applied to substrates using the dip coat-
ing process and other sol–gel techniques have proven to be 
very successful in preventing corrosion. They create thin lay-
ers with specific properties attributed to the loose, gel-like 
structure of the polymer in solution. Another advantage is 
that it allows the use of various crosslinking agents to alter 
the structure and enhance certain properties, such as reduc-
ing permeability and swelling, among others [12].

The present work aims to prepare and evaluate chitosan 
derivatives as green corrosion barriers to protect metal 
surfaces from aggressive environmental conditions as an 
alternative to traditional corrosion inhibitors. Pure chitosan 
(Chi), glutaraldehyde (Glu), polyethylene glycol (PEG), and 
polyvinylpyrrolidone (PVP) chitosan-crosslinked coatings 
were prepared through the sol–gel technique. The obtained 
coatings were characterized through attenuated total reflec-
tion Fourier transform infrared spectroscopy analysis (ATR-
FTIR), atomic force microscopy (AFM), and water contact 
angle measurements. Corrosion resistance protection was 
evaluated through weight loss measurements.

Material and methods

Reagents

Stainless steel 304 plates of 5 × 5 cm purchased from a local 
store were utilized as test material. Chitosan was obtained 

from the alkaline deacetylation of chitin in shrimp shell 
waste following the methodology of Sánchez-Duarte et al. 
[13]. 99.5% Acetic acid and 99.5% Acetone were purchased 
from FAGA lab. Polyethylene glycol (PEG) and 37.4% 
Chlorohydric acid (HCl) were purchased from Merck. 25% 
Glutaraldehyde (Glu), and polyvinylpyrrolidone (PVP) were 
purchased from Sigma-Aldrich. Synthetic seawater was 
obtained from Instant Ocean. Reagents were used without 
a purification step.

The molecular weight of Chitosan was determined 
through intrinsic viscosity measurements and molecular 
structure analysis. % deacetylation, % Ash, and % humid-
ity were carried out analysis for chitosan physicochemical 
characterization. Coatings were prepared according to the 
methodology presented by Szoke et al. [14]. Coatings were 
characterized by contact angle, ATR-FTIR, and AFM stud-
ies. The coating’s corrosion protection inhibitory effect was 
assessed by gravimetric tests.

Stainless steel pretreatment

Stainless steel plates were sanded with 200, 400, 1000, 1200, 
and 2000 wet sandpaper to achieve a uniform surface. Subse-
quently, the plates underwent two rounds of ultrasonic clean-
ing for 10 min each in acetone solution to remove any resid-
ual metal particles from the sanding. Next, ultrasonicated 
plates were rinsed with distilled water and air-dried. The 
plates were then immersed for 30 s in 0.1 M hydrochloric 
acid followed by thoroughly rinse with distilled water, dried 
in a drying oven at 60 °C for 24 h, and stored for future use.

Coatings preparation

Two different chitosan were used, High Molecular Weight 
(HMW) and Medium Molecular Weight (MMW). For the 
pure chitosan coatings, two chitosan solutions were pre-
pared, following the procedure outlined by Aguilar et al. 
[15] with slight modifications, consisting of dissolving 
both HMW and MMW chitosan in 2% acetic acid. From this 
solutions chitosan pure coatings for high and medium MW 
were obtained (HMW-Chi and MMW-Chi). In the case of 
crosslinked chitosan coatings, the solutions described above 
were prepared, and then PEG and Glu were added to obtain 
the HMW chitosan crosslinked with PEG (HMW-Chi/PEG) 
and the MMW chitosan crosslinked with PEG (MMW-Chi/
PEG) solutions. PVP and Glu were added to the pure chi-
tosan solutions to obtain the HMW chitosan crosslinked with 
PVP (HMW-Chi/PVP) and the MMW chitosan crosslinked 
with PVP (MMW-Chi/PVP) solutions. Subsequently, the 
solutions were mechanically stirred for 1 h at 400 rpm, left 
to rest for 24 h, and finally filtered to remove any undis-
solved particles.3.5% synthetic seawater was prepared by 
dissolving the seawater salt into distilled water.
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For the preparation of the coatings, pre-treated plates 
were taken into the chitosan solutions and their modifica-
tions (previously described). Right after, plates were with-
drawn at a rate of 5 cm/min and dried at room temperature 
for 24 h. All coated plates were prepared in triplicate, dried, 
and stored until use.

Characterization studies

Chitosan

To determine the Molecular Weight (MW) of synthesized 
chitosan, the intrinsic viscosity was analyzed using the 
method described for Masuelli using the Mark–Houwink 
equation (Eq. 1) where ƞ is the intrinsic viscosity, K and an 
a are constants, and Mv is the average viscosimetric molecu-
lar weight. An Ubbelohde capillary viscosimeter in a ther-
mostatic bath (300.1 °C) was used following the technique 
outlined by Sánchez-Duarte et al. [13], and humidity and 
ashes were assessed.

The MW and deacetylation degree of chitosan were deter-
mined using the Fourier transform infrared spectroscopy 
(FTIR) recorded under dry air at room temperature within 
the wave number range of 400–4200  cm−1 with a spectral 
resolution of 100  cm−1.

Coating samples

To ascertain the contact angle measurements, the sessile 
drop technique through Dataphysics equipment, model OCA 
15EC, using the SCA20 1.0 software (dataphysics, Filder-
stadt, Germany) was evaluated. Atomic Force Microscopy 
(AFM workshop, Signal Hill, CA, USA) (model TT-AFM) 
studies were carried out to study the morphology and deter-
mine the roughness of the sample surfaces. FTIR (Thermo 
Scientific Spectrum model Nicolet iS5, Waltham, MA, USA) 
spectra were run under ATR mode to study the molecular 
structure of the coatings. The region ranged from 500 to 
4000  cm−1.

Weight loss analysis

To study the protective behavior of chitosan-based coatings, 
samples were exposed to an aggressive medium by placing 
them in flasks containing 3.5% synthetic seawater solution. 
The samples were withdrawn after 24 h of immersion time 
and then weekly for 58 days. The samples were rinsed and 
dried in the oven at 60 °C for 12 h followed by the weight 
determination and then taken back to immersion.

(1)[�] = KMa
v

where W0 y W1 is the weight of the samples before and after 
immersion tests, respectively.

Results and discussion

Chitosan characterization

Chitosan characterization results are the following, the aver-
age MW of the chitosan was 587.11 kDa for the HMW-Chi 
and 397.43 kDa for the MMW-Chi, the Deacetylation (%) 
was > 90, the Humidity (%) ranged from 6.46 to 8.49, and 
Ashes (%) from 0.93 to 0.71. Reported values are the aver-
age of n = 3 standard deviation. The characterization results 
are congruent with what has been reported in the literature 
[11, 16, 17].

Contact angle

Contact angle values were obtained for chitosan-based coat-
ings, results are shown in Table 1. Contact angles obtained 
for all samples were consistent with the reported in diverse 
studies (60–80°) evidencing the hydrophilic behavior of the 
coatings that can be attributed to the inherent hydrophilic 
nature of chitosan, PEG, and PVP. It is worth noting that the 
HMW-Chi/PEG and HMW-Chi coatings displayed higher 
contact angles. In contrast, MMW-Chi/PVP coatings exhib-
ited only a slight contact angle decrease with closer values 
to the aforementioned. This could be attributed to a better 
incorporation of glutaraldehyde, a hydrophobic compound 
that was incorporated as a linking arm for the addition of 
the crosslinking agents. This incorporation prevents a sig-
nificant drop in the contact angle results [12, 18]. Overall, 
the rest of the samples displayed a more significant decrease 
in contact angles. Gunbas et al. [18] associated this effect 
with the deformation of the chitosan structure provoked 
by cross-linking in film forms. This deformation leads to 

(2)Weightloss(%) =
W

0
−W

1

W
0

x100

Table 1  High and medium molecular weight chitosan-based coatings 
contact angle

Reported values are the average of n = 5 standard deviation

Sample Contact angle (°)

HMW-Chi 73.80 ± 3.870
HMW-Chi/PEG 73.30 ± 2.078
HMW-Chi/PVP 65.13 ± 2.023
MMW-Chi 67.90 ± 1.762
MMW-Chi/PEG 65.58 ± 3.362
MMW-Chi/PVP 70.25 ± 2.605
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changes in the conformations of the macromolecules, allow-
ing functional groups to migrate to the surface and increase 
hydrophilicity.

ATR‑FTIR spectra

ATR-FTIR coatings spectra are presented in Fig. 1. Charac-
teristic peaks of the chitosan functional groups are presented 
5. Expected signals from 3200 to 3500  cm−1 of the O–H and 
N–H groups are barely detectable for HMW-Chi and MMW-
Chi coatings, the previously mentioned could be explained 
due to an overlap of the coating with the stainless-steel 
plates on which coatings are deposited causing interference 
and noise in readings Ojeda and Dittrich. [19]. Nonetheless, 
it can be noted that the spectra for the HMW-Chi group and 
the MMW-Chi coatings present C=O, N–H, C–N, and C–O 
chitosan characteristic peaks corresponding to the stretch-
ing vibration bond of amide I at 1570  cm−1 (C=O), amino 
flexion vibration at 1314  cm−1 (N–H), amide III stretching 
vibration at 1318  cm−1 (C–N). Chitosan characteristic peaks 
are still present in the Chi/PEG coatings. However, some 
peaks appear less pronounced, indicating a modification 
in the chitosan structure which may be directly related to 
the grafting of PEG in the matrix. C=N appearing peak at 
1613  cm−1 indicates stretching vibrations in Schiff’s base 
from glutaraldehyde and chitosan reaction. 1283  cm−1 peak 
is attributed to the bending vibration of the O–H groups 
whereas 1099  cm−1 signal represents symmetrical and asym-
metrical C–O–C stretching. Finally, the 712  cm−1 signal cor-
responds to the C–H bond, thus displaying relevant correla-
tion between chitosan and PEG [18]. Chitosan crosslinked 
with PVP spectra presents the characteristic peaks of chi-
tosan groups (C–O–C, C=O, and N–H) along with the pres-
ence of the Schift base imine group formed between the 

chitosan and the glutaraldehyde (C=N). 1645  cm−1 stretch-
ing vibration signal of the C=O exhibits PVP absorption. 
1300 and 1018  cm−1 bands could be ascribed to the C–O 
and C–N (pyridine ring) stretching vibration of the PVP 
structure. Zhang et al. [20] and Padash et al. [21] mentioned 
similar spectra signals peak for PVP.

AFM

The surface morphology of the samples was evaluated. 
Results are shown in Table 2. A notable decrease in Average 
Roughness (Ra) can be observed after the coating process 
except for the PEG and PVP cross-linkages which may be 
attributed to the not well-deposited coating onto the metal 
surface. Coatings produce a smoother surface overall by 
filling in minute microscopic surface flaws when applied 
evenly, therefore, a decrease in the roughness parameter after 
the coating application may be strongly associated with a 
good covering of the surface by the coating enhancing sur-
face smoothness. Similar findings were made by Alves et al. 
[22]. They compared different pre-treated samples before 
and after the coating process in terms of surface rough-
ness and adherence, evidencing better adherence results 
for the coated samples that displayed roughness parameters 
decreased rather than increased. In other similar works, 
Latthe et al. [23] ascribed the decrease of the roughness 
parameter after coating deposition to the gaps and voids pre-
sent on the plates filled and covered by the coating resulting 
in the decrease in the surface roughness. Thus, suggesting a 
potential relationship between the decreased roughness and 
the deposition of the coating into the valleys and peaks of 
the substrate’s surface. A smoother surface is less likely to 
have pits, cracks, or places where corrosive substances can 

Fig. 1  ATR-FTIR medium and 
high molecular weight chitosan-
based coatings spectra
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collect. This may have long-term effects, including a more 
effective corrosion defense [24, 25].

Weight loss measurements

Samples were studied by the weight loss method. The 
weight of the samples before and after immersion in 3.5% 
NaCl solution was compiled. Equation 2 earlier described 
in the methodology was used to determine the weight loss 
percentages. An average of 2 measurements was taken and 
the standard deviation was calculated, results are shown in 
Fig. 2. From the data analysis, it can be inferred that the 
coating’s weight loss percentages do not show a signifi-
cant change throughout the experiment, staying within the 
0.1–0.9% range. This behavior could indicate that the coat-
ing layer was well adhered to the metal surface remaining 

almost intact throughout the experiment. Analogous results 
are presented by Motlatle et al. [4] who reported that this 
may be indicative of high barrier protection efficiency con-
ferred by the coatings. MMW-Chi/PVP coatings displayed 
the lowest percentage of weight loss standing out among 
the rest of the samples. These results are consistent with 
the roughness data previously discussed and reinforce the 
hypothesis that attributes the decrease in Ra to the good 
adhesion of the coating onto the stainless-steel surface thus 
enhancing barrier protection. However, these results give an 
overview of the protective behavior properties of Chitosan-
based coating against corrosion, signifying that more accu-
rate methods are required to support the corrosion inhibition 
effect.

Conclusions

Due to its significant economic and safety implications, 
research into corrosion prevention and mitigation is essen-
tial. Chitosan-based coatings, including those crosslinked 
with PEG, and PVP were prepared and characterized. 
The contact angles obtained in the study indicate that the 
coatings displayed hydrophilic behavior. The ATR-FTIR 
spectra analysis showed a significant correlation between 
chitosan and the crosslinking agents, suggesting a strong 
bond between these components in the coatings. The AFM 
results for roughness (Ra) of the samples before and after 
the coating process indicate a strong relation between the 
decrease in the roughness parameter and the enhancement 
of the barrier protective property. Weight loss percentages 

Table 2  Surface roughness parameters of naked and medium and 
high molecular weight chitosan coatings on stainless steel

Ra is the Roughness average surface
Reported values are the average of n = 6 standard deviation

Sample Ra (nm)

Stainless steel 89.90 ± 14.52
HMW-chi 21.58 ± 7.77
HMW-chi/PEG 85.22 ± 43.85
HMW-chi/PVP 72.23 ± 16.57
MMW-chi 55.71 ± 13.88
MMW-chi/PEG 78.50 ± 13.23
MMW-chi/PVP 28.63 ± 12.19

Fig. 2  Weight loss measure-
ments (%) for high and medium 
molecular weight chitosan-
based coatings after 1400 h 
of immersion in a 3.5% NaCl 
solution
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remained consistently low (0.1–0.9%) throughout the experi-
ment, indicating that the coatings maintained their integrity 
and adherence to the metal surface, providing long-lasting 
wear protection in an aggressive medium. In summary, the 
study suggests that chitosan-based green coatings exhibit 
promising properties for corrosion protection.
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