
HAL Id: hal-04691097
https://hal.univ-brest.fr/hal-04691097v1

Submitted on 7 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Protection against Atmospheric Corrosion of Zinc in
Marine Environment Rich in H2S Using Self-Assembled

Monolayers Based on Sargassum fluitans III Extract
Prescilla Lambert, Mahado Said-Ahmed, Benoit Lescop, Stéphane Rioual,

Mounim Lebrini

To cite this version:
Prescilla Lambert, Mahado Said-Ahmed, Benoit Lescop, Stéphane Rioual, Mounim Lebrini. Protec-
tion against Atmospheric Corrosion of Zinc in Marine Environment Rich in H2S Using Self-Assembled
Monolayers Based on Sargassum fluitans III Extract. Coatings, 2024, 14, �10.3390/coatings14080988�.
�hal-04691097�

https://hal.univ-brest.fr/hal-04691097v1
https://hal.archives-ouvertes.fr


Citation: Lambert, P.; Said-Ahmed,

M.; Lescop, B.; Rioual, S.; Lebrini, M.

Protection against Atmospheric

Corrosion of Zinc in Marine

Environment Rich in H2S Using

Self-Assembled Monolayers Based on

Sargassum fluitans III Extract. Coatings

2024, 14, 988. https://doi.org/

10.3390/coatings14080988

Academic Editor: Chi Tat Kwok

Received: 11 June 2024

Revised: 16 July 2024

Accepted: 2 August 2024

Published: 5 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Protection against Atmospheric Corrosion of Zinc in Marine
Environment Rich in H2S Using Self-Assembled Monolayers
Based on Sargassum fluitans III Extract
Prescilla Lambert 1 , Mahado Said-Ahmed 1, Benoit Lescop 2 , Stéphane Rioual 2 and Mounim Lebrini 1,*

1 Laboratory of Materials and Molecules in Aggressive Media, UR 4_1 Université des Antilles, UFR Sciences
Technologies Environment, 97233 Schoelcher, France; prescilla.lambert@etu.univ-antilles.fr (P.L.);
mahado.saidahmed@univ-antilles.fr (M.S.-A.)

2 Laboratoire des Sciences et Techniques de l’Information de la Communication et de la Connaissance, CNRS,
UMR 6285, Brest University, 29200 Brest, France; benoit.lescop@univ-brest.fr (B.L.);
stephane.rioual@univ-brest.fr (S.R.)

* Correspondence: mounim.lebrini@univ-antilles.fr; Tel.: +33-594-29-75-14; Fax: +33-594-28-47-86

Abstract: The self-assembled monolayers (SAMs) process is one of the techniques used for the
production of ultra-thin layers. The present work is therefore devoted to the study of the inhibition
of zinc corrosion in a marine environment rich in H2S by SAMs based on Sargassum fluitans III.
The protective effect of crude extracts of Sargassum fluitans on the surface of zinc using the SAMs
process was evaluated by gravimetry and impedance on two different sites after three months of
exposure. The formation of SAMs was characterized by FTIR, and the corrosion products formed
on the surfaces were analyzed by XRD. The results obtained show that SAMs based on Sargassum
fluitans III effectively inhibit zinc corrosion.

Keywords: corrosion; marine environment; zinc; SAMs; Sargassum fluitans III; EIS; DRX

1. Introduction

Corrosion is an insidious phenomenon known to cause a great deal of damage (ma-
terial, environmental, etc.). The atmosphere plays a key role in these physicochemical
phenomena. Parameters such as humidity, heat, and salinity come into play. The marine
environment is the perfect illustration of a naturally aggressive environment for most
materials. Few metals can withstand it, which is why they need to be protected. Zinc is
widely used as a coating to protect metals from corrosion, particularly for galvanizing
ferrous metallic products. Zinc corrosion has been extensively studied in various atmo-
spheres, including marine environments rich in H2S. These studies have shown that zinc
corrosion is closely linked to environmental conditions such as humidity and tempera-
ture, as well as the chemical composition of the atmosphere, whether it is enriched with
corrosive pollutants or not [1–3]. Typically, in the presence of a marine atmosphere, zinc
corrosion primarily leads to the formation of simonkolleite (Zn5Cl2(OH)8·H2O) and gor-
daite (NaZn4(SO4)(OH)6Cl·6H2O). However, a previous study has shown that in a marine
atmosphere rich in H2S, [4] this surface composition is altered. Zinc sulfide (ZnS) and
elemental sulfur are the predominant products. The presence of H2S alters the corrosion
process, leading to acceleration of the corrosion kinetics. In order to combat corrosion,
several studies have been conducted to investigate the corrosion resistance of metals im-
mersed in a corrosive solution containing inhibitor molecules [5–7]. Furthermore, the use
of a self-assembled organic monolayer on the metal surface is a well-documented coating
technique [1–7]. In this process, the inhibitor molecules form a self-assembled film on the
electrode surface.

These monolayers have become very attractive because of their ease of preparation
and their flexible properties. Indeed, the possibility of inserting different functional groups
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inside or at the end of these monolayers means that many surfaces with different me-
chanical, chemical, and physical properties can be constructed. Previous work includes
studies that led to research into SAMs by Langmuir and Burr Blodgett, who observed the
physical adsorption of organic molecules onto the surface of metals. Plants possess nu-
merous fascinating properties due to the presence of various organic families that are both
renewable and abundant [5]. The molecules of which they are composed, such as alkaloids
and phenolic compounds, are widely used in the process of protecting metals [8–10].

Sargassum is accessible and available in large quantities depending on the season,
and these brown algae could prove to be an important and promising source of organic
molecules with inhibiting properties. Two species of algae in the Sargassum genus have
been identified on the Martinique coast, namely Sargassum fluitans III and Sargassum natans.
The use of corrosion inhibitors derived from Sargassum seaweed would open up a new way
of adding value to Sargassum, while at the same time responding to a developing area of
research that is the subject of numerous publications each year [11,12]. As the extract of
Sargassum fluitans III has given significant inhibition results in previous work carried out in
submerged environments [13,14], this species was chosen for this study.

In this study, we will investigate the protective effect of crude extracts from Sargassum
fluitans III on zinc’s surface through the SAMs process. The crude extracts will be tested in
two marine atmospheres in Martinique with different characteristics: the atmosphere of
Frégate est, rich in H2S due to intense Sargassum strandings, and the atmosphere of Diamant,
rich in chloride ions. The efficacy of the Sargassum extract will be assessed by measuring
mass loss. The corrosion surfaces will be analyzed by FTIR and XRD. Electrochemical
impedance spectroscopy was be used to define the elementary corrosion mechanisms.

2. Materials and Methods
2.1. Sample Preparation

The zinc samples studied were 99% pure. They measured 100 mm × 75 mm × 1 mm.
Before any treatment, the samples were chemically stripped by immersion in a 10% sulfuric
acid bath for a few seconds, and then mechanically polished with SiC up to grade 1200,
rinsed with distilled water and ethanol, dried, and weighed to the nearest 10−4 g using an
Adam Nimbus 210-001 microbalance.

After this step, the samples were immersed in a solution of crude extract of Sargassum
fluitans III obtained by refluxing with a mixture of 50% ethanol and distilled water. The
preparation protocol for this extract was described in a previous study by Lambert et al. [13].
The zinc samples were immersed for 8 h in the crude extract of Sargassum fluitans III. The
samples were then exposed at the two selected sites on inclined racks at 45◦, in accordance
with the EN13523-19 standard [15], for 3 months. A triplicate of samples was exposed at
each site, with or without coating.

2.2. Selection of Sites

Figure 1 shows the location of the two selected sites on a map of Martinique. The
two selected sites are Frégate est and Diamant. The corrosion of zinc at these two sites has
already been studied [4]. The two sites are subject to the same climate. The average monthly
temperature and relative humidity are 27 ◦C and 74%, respectively. However, corrosion
at these two sites differs due to their variable exposure to sargassum seaweed wash-ups.
Indeed, previous studies have shown that the atmosphere in Frégate est is rich in H2S due
to significant sargassum wash-ups and their degradation, while the atmosphere in Diamant
possesses all the characteristics of a typical marine atmosphere. The concentrations of
H2S and chloride ions have been measured and reported in previous studies [4,16]. The
elevated concentrations during the exposure periods are summarized in Table 1. Based on
these data, two types of atmospheres are clearly identifiable: an atmosphere rich in H2S
(Frégate est) and an atmosphere rich in Cl− ions (Diamant).
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Table 1. Average concentrations of H2S and Cl− ions at the different sites for 3 months.

Sites H2S (ppb) Cl− Deposited (mg·m−2·day−1)

Diamant 5 470

Frégate est 2590 56

2.3. Gravimetric Analysis

The zinc samples were chemically treated according to standard NF EN 8407 to remove
corrosion products [17]. Before any chemical treatment, the surfaces of the samples were
lightly brushed mechanically to remove corrosion products that did not adhere well. The
samples were treated in a solution of ammonium chloride (100 g in 900 mL of distilled
water) at 70 ◦C for 2 to 20 min. The treatment was carried out in an ultrasonic bath to
optimize the process. The samples were then rinsed with distilled water and ethanol,
air-dried, and weighed to determine the mass loss. This process was repeated several times
for each sample until a mass plateau was reached. The experiment was performed on
triplicate samples, and the average corrosion rate was calculated.

2.4. Electrochemical Measurements

The electrochemical measurements were carried out using a three-electrode set-up
connected to a Bio-Logic VMP3 potentiostat (Orlando, FL, USA). The previously exposed
zinc plate was used as the working electrode. A saturated Hg/Hg2Cl2/KCl calomel
electrode was used as the reference electrode, and a platinum electrode as the counter-
electrode. For each test, the open circuit potential (OCP) was measured as a function of
time. Once the medium was stable, the value recorded corresponded to the corrosion
potential (Ecorr) of the working electrode used. Electrochemical impedance spectroscopy
(EIS) measurements were carried out using signals with an amplitude of ±2.5 mV at a
scanning frequency of between 100 kHz and 10 mHz. For each of the concentrations
tested, the above experiments were carried out in duplicate, and all the data collected were
analyzed using EC-Lab V11.43 software.
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2.5. FTIR and XRD Analysis

The zinc corrosion products were identified by XRD using Panalytical Empyrean
apparatus (Malvern, UK) with CuKα radiation (1.5408 Å) according to the procedures
described in previous publications [4,16,18].

The FTIR spectra of the samples were recorded with an ALPHA II compact FTIR
spectrometer, in a wavenumber range from 400 to 4000 cm−1, using the attenuated total
reflection (ATR) mode (64 scans and a resolution of 4 cm−1). The attenuated total reflection
(ATR) set-up is specific to the study of layers deposited on a substrate.

3. Results and Discussion
3.1. FTIR Spectroscopy Analysis

FTIR spectroscopy analysis of a zinc surface modified by the SAMs process after 6
h of self-assembly in a 10−2 M solution of extract was carried out to determine the struc-
tural characteristics of the SAMs. The FTIR spectrum of the extract and the extract/SAMs
spectrum are presented in Figure 2. In a previous study [13], we showed that the extract con-
tains several compound families, such as coumarins, anthocyanins, quinones, flavonoids,
saponins, tannins, and triterpenes. We were able to demonstrated this in our previous study
because most of the IR bands observed were characteristic of the presence of the different
families present in the total extract, namely 3347–3320 cm−1, intermolecular O–H elonga-
tion; 2981–2881 cm−1, symmetrical C–H elongation in an aromatic ring; 1646–1644 cm−1,
phenyl-type C=C elongation; 1407–1379 cm−1, phenolic ring stretching from in-plane OH
deformation; 1087–1043 cm−1, cyclic ether C–O elongation; and 879–638 cm−1, out-of-
plane aromatic ring C-H deformation. Additionally, there was a band around 1650 cm−1,
characteristic of quinone derivatives. Compared to the crude sargassum extract, the ex-
tract/SAMs coatings exhibit a similar characteristic spectrum (Figure 2). However, a slight
shift is generally observed for all absorption bands, indicating that an interaction between
the extract and the zinc surface has taken place. This suggests that the organic coating,
formed by SAMs, is primarily composed of neutral species of the extract molecules. The IR
spectra show dependence on immersion time. The analysis of the IR spectra reveals the
same peaks with different intensities, indicating that the adsorbed quantity depends on the
immersion time.
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3.2. Effect of Immersion Time on Film Formation

In this study, immersion time was recognized as a crucial factor for assessing the
formation of the film, necessitating an evaluation of inhibition efficiency over an extended
immersion time. Specifically, the investigation focused on the impact of immersion time
ranging from 2 to 8 h on corrosion inhibition through EIS measurements. The self-assembled
films developed in a solution containing ethanol and 200 mg/L of sargassum extract. This
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concentration was chosen according to a previously published study [16] showing that at
this concentration, maximum effectiveness is achieved.

The acquired Nyquist plot does not display a perfectly formed semicircle (Figure 3).
To account for the depression of the semicircle caused by frequency dispersion in the
experimental system, which can be attributed to factors such as surface inhomogeneity,
roughness, electrode porosity, disorder, geometric irregularities, and others, it is necessary
to replace the capacitor (C) with a constant phase element (CPE). This modification aims
to compensate for the observed deviations in the Nyquist plot. The CPE is defined in the
impedance representation as:

ZCPE =
1
Q
(jw)−α (1)

where Q is the CPE constant, ω is the angular frequency (in rad·s−1), j2 = −1 is the
imaginary number and α is a CPE exponent.
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Figure 3. Nyquist (a) and Bode diagrams: phase (b) and impedance modulus (c) obtained in 3% NaCl
at 25 ◦C for zinc surfaces without and with modification of sargassum extract/SAMs for different
times of self-assembly.

These plots indicate a single capacitive loop in the shape of a semicircle, suggesting
that the corrosion reaction of zinc in the NaCl solution is controlled by a charge transfer
process [19,20]. The impedance is significantly enhanced in the extract/SAM-modified zinc
electrodes compared to the bare electrode. Generally, a larger capacitive loop indicates
better anticorrosion protection performance [21].
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The Nyquist plots of modified electrodes share comparable forms but significantly
differ in scale, with the largest semicircle linked to 6–8 h of self-assembly. The overall
impedance modulus at 0.01 Hz (|Z|0.01 Hz) measures 3.37 Ω cm2 for unmodified zinc
and increases to 4.175, 4.26, 4.41, and 4.45 Ω cm2 for 2 h, 4 h, 6 h, and 8 h of self-assembly,
respectively (as depicted in Figure 1). Additionally, the maximum phase angles (αmax)
for the unmodified zinc and modified extract/SAMs samples are −35.2◦, −64.4◦, −65.1◦,
−68.3◦, and −68.3◦, sequentially, illustrating enhanced shielding properties with extended
self-assembly time, showing the characteristics of an electrode covered with a uniform and
protective layer [22–24].

Such behavior may be due to the development of an adsorbed layer in the early stages
of self-assembly, which, however, lacks organization and density and may have defects.
Research has indicated that electrons can pass through SAMs even when devoid of defects,
yet SAMs commonly include molecular imperfections. Zamborini and Crooks reported
a study investigating the corrosion passivation properties of aromatic- and linear-chain
organomercaptan SAMs on copper electro-oxidation in aqueous HClO4 using spectroscopic,
voltametric, and electrochemical scanning tunneling microscopic (ECSTM) techniques.
They suggested a corrosion mechanism for electrodes re-covered with SAMs bearing
defects [25]. Corrosive ions like chlorides can infiltrate SAMs through unoccupied defect
sites, establishing contact with the bare metal surface, and subsequently causing corrosion
of the metal substrate, ultimately resulting in SAMs’ destruction. Laibinis et al. reported
that self-assembled monolayers (SAMs) derived from the adsorption of n-alkanethiols
onto copper surfaces slow down the oxidation of the copper surface by interacting with
atmospheric oxygen. They suggested a corrosion mechanism for electrodes re-covered with
SAMs bearing defects [26].

Brzoska et al. observed that increasing the self-assembly time leads to greater molecu-
lar adsorption onto the surface, subsequently causing the monolayer to become denser and
more compact due to molecular rearrangement [27]. This observation suggests that sargas-
sum extract could serve as an effective corrosion inhibitor in surface modification through
the SAMs process, forming a dense film on the zinc surface and thereby counteracting metal
corrosion. The thickness of the SAMs was not measured in this study, but according to the
literature, it is expected to be between 1 and 10 nm. Previous studies on SAMs formed to
protect iron from corrosion showed that the thickness of SAMs ranged from 2 to 10 nm [28].
Other works revealed that SAMs form as a thin film through spontaneous chemisorption,
and the average thickness of SAMs is typically between 1 and 3 nm [29].

The experimentally obtained impedance data were modeled by the equivalent electri-
cal circuit (EEC) shown in the Figure 4, with low values of the error factor χ2 confirming
the use of the proposed EEC. The electrochemical parameters of bare and SAM-modified
zinc were determined by parametric fitting of the Bode and Nyquist diagrams and are
presented in Table 2.

Table 2. Parameters deduced from EIS data obtained in 3% NaCl at 25 ◦C for zinc surfaces without
and with modification of sargassum extract/SAMs for different times of self-assembly.

Immersion Time Rt (Ω·cm2) 10−4 Q (Ω−1·cm−2·sα) α χ2 θ (%)

Without SAMs Blank 251 ± 2.08 2.4 ± 0.08 0.752 ± 0.002 2.8 × 10−3 -

With SAMs

2H 1476 ± 4.21 1.87 ± 0.03 0.792 ± 0.011 2.3 × 10−3 0.83

4H 2243 ± 3.75 1.57 ± 0.01 0.803 ± 0.002 1.5 × 10−3 0.89

6H 2454 ± 1.73 1.17 ± 0.06 0.815 ± 0.006 1.9 × 10−3 0.90

8H 2517 ± 5.43 0.92 ± 0.02 0.831 ± 0.008 3.2 × 10−3 0.90
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Figure 4. Equivalent electrical circuit (EEC) of the metal/NaCl interface, used to fit impedance diagrams.

Upon assessing these findings, it is evident that the Rt values for modified substrates
are considerably higher than those for bare zinc and escalate as self-assembly time extends.
This implies that the extract/SAMs significantly improve zinc’s corrosion resistance in
a corrosive 3% NaCl solution. The n factor, reflecting electrode roughness and physical-
chemical heterogeneity, indicates increased values with greater self-assembly time. This
suggests an enhanced capacity for creating a dense film due to the progressive adsorption
of more molecules on the surface. This behavior has been documented in empirical research,
as reported in [30]. The investigation also revealed that the surface coverage, (θ), derived
from the charge transfer resistance using Equation (1), increased during immersion for time
frames between 2 and 6 h, while maintaining consistency for more extended intervals. This
outcome supports the two-phase categorization of the self-assembled formation process:
a quick adsorption stage followed by slowed rearrangement. Assuming the saturated
adsorption time to be approximately 8 h, subsequent experimental tests were designed
using this time immersion.

(1 − θ) =
Rt

◦

RtSAMs (2)

where Rt
◦

and RtSAMs are the charge transfer resistance of the bare zinc electrode and
film-covered electrode.

3.3. Evaluation of Zinc Thickness Loss

Mass loss measurements were used to assess the corrosion kinetics of the samples
exposed with and without the crude extract coating of Sargassum fluitans III at the studied
sites. To better visualize the damage, mass loss was converted into thickness loss (ε) using
Equation (3):

ε =
10 × ∆m

Sd
(3)

where ε is expressed in µm; ∆m is the mass lost (in grams); d is the density of the zinc
(7.13 g/cm3); and S is the surface area of the zinc (in cm2).

Table 3 presents the average thickness losses of the zinc samples exposed at the two
sites for 3 months. The thickness losses observed in Diamant and Frégate est, with and
without the coating, are, respectively, 1.56 µm, 4 µm, 4.25 µm, and 11.25 µm. The thickness
losses are greater in Frégate est. This is consistent with the corrosive aggressiveness of this
atmosphere due to its high concentration of H2S derived from the degradation of sargas-
sum seaweed [4,16]. Corrosion in Diamant is exclusively associated with an atmosphere
abundant in sea spray laden with chloride ions. Furthermore, the presence of the coating
on the zinc surface halved the thickness losses in both cases. These findings suggest that
Sargassum extracts have a protective effect on zinc against corrosion independent of the
corrosive environment. This indicates that the corrosion inhibition properties of Sargassum
extracts extend beyond specific environmental conditions. The atmospheric environments
at Frégate est and Le Diamant are classified as extremely corrosive, exceeding the upper
limit of category CX, according to the NF EN ISO 9223 standard [31]. However, the pres-
ence of Sargassum fluitans III extract reduced the corrosiveness level of the atmosphere in
Diamant from class CX to class C5.
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Table 3. Loss of zinc thickness after two months of exposure. For each site, several samples were
exposed. Values correspond to averages of triplicate batches exposed.

Sites Surface State Loss of Thickness (µm)

Diamant
Without coating 4.00 ± 0.01

With coating 1.56 ± 0.02

Frégate est
Without coating 11.00 ± 0.01

With coating 4.25 ± 0.01

3.4. Electrochemical Results

The study conducted through gravimetry offers limited insight into the mechanisms
that drive corrosion. The Nyquist diagrams of zinc samples, with and without SAMs
treatment, exposed to the atmosphere at Frégate est and Diamant for three months are
shown in Figure 5. The Nyquist plots do not form perfect semicircles, owing to interfacial
impedance frequency dispersion attributed to the zinc electrode surface’s heterogeneity.
These plots exhibit a single capacitive loop in the form of a semicircle, suggesting that zinc
corrosion in the NaCl solution is controlled by a charge transfer process. The Sargassum
extract-modified zinc electrode impedance is considerably increased compared to the
unmodified bare electrode for the extract/SAM-treated zinc electrodes.
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Indeed, in electrochemical impedance spectroscopy (EIS), the size of the capacitive
loop is indicative of the anticorrosion protection performance of the material in question.
Generally, a larger capacitive loop suggests superior corrosion resistance. In this case,
the extract/SAM-modified zinc electrodes demonstrate increased capacitive loop sizes
compared to the bare electrode, indicating enhanced anticorrosion protection due to the
presence of the self-assembled extract/SAMs. This observation highlights the potential
of using sargassum extract in the SAMs process to inhibit atmospheric corrosion and
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improve the durability of zinc-based materials, providing a valuable contribution to the
advancement of material science research.

3.5. XRD Results

To supplement the results obtained by gravimetry and to better understand the corro-
sion mechanisms, the corrosion surfaces of zinc were analyzed by XRD. Figure 6 shows
the diffractograms obtained after exposing zinc samples without (a, c) and with (b, d) the
coating based on raw extracts of Sargassum fluitans III for 3 months in Diamant (a, b) and
Frégate est (c, d).
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Figure 6. XRD diffractograms of zinc samples exposed for 3 months in Diamant and Frégate est, with
(b,d) and without (a,c) coating based on crude extracts of Sargassum fluitans III algae.

In Diamant, the surfaces of the uncoated zinc show that simonkolleite (Zn5(OH)8Cl2·H2O)
is the main corrosion product (Figure 6a). Additionally, peaks corresponding to gordaite
(NaZn4(SO4) (OH)6Cl·6H2O), hydroxysulfates (Zn4SO4(OH)6·4H2O), and hydrozincite
(Zn5(CO3)2(OH)6) are present at lower intensities. The intense peaks associated with
metallic zinc indicate a thin corrosion layer. These zinc corrosion products are those
found naturally in the atmosphere [32–35]. Simonkolleite is formed in marine atmospheres
through the interaction between chloride ions and zinc oxide (ZnO) resulting from the
dehydration of zinc hydroxide (Zn(OH)2) (Equation (5)). This last compound is the precur-
sor to zinc corrosion and is obtained through the electrochemical oxidation of zinc in the
electrolytic layer, as described in Equation (4) [36].

Zn +
1
2

O
2
+ H2O → Zn(OH)2 → ZnO (4)

Zn(OH)2 + 2Zn2+ + 6OH− + 2Cl− + H2O → Zn5(OH)8Cl2·H2O (5)

Hydrozincite is formed through the dissolution of CO2 present in the atmosphere into
carbonates ions. According to H. Tolosa [37], these react spontaneously with Zn2+ ions
according to Equation (6). Hydrozincite is the corrosion product formed initially on zinc in
a high-pH marine atmosphere, and dissolves easily under the action of chloride ions, SO2,
and/or H2S.

5Zn2+ + 6OH− + 2CO2−
3 + H2O → Zn5(CO3)2(OH)6 (6)

The traces of hydroxysulphate observed on the diffractograms are linked to the pres-
ence of SO4

2− resulting from the oxidation of H2S (present in trace form in the Diamant
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atmosphere) by the oxygen dissolved in the electrolytic layer. Hydroxysulphate is formed
from ZnO according to Equation (7).

3ZnO + Zn2+ + SO2−
4 + (3 + n)H2O → Zn4SO4(OH)6·nH2O (7)

Gordaïte is the most thermodynamically stable corrosion product. It results from the
progressive conversion of simonkolleite due to the high concentration of deposited salt and
the surface acidity caused by the dissolution of sulfur gasses. This transformation occurs as
indicated in Equation (8).

4Zn4(OH)8Cl2·H2O + 5Na + SO2−
4 + 24H2O → 5NaZn4SO4(OH)6Cl·6H2O + 3Cl− + 8H+ (8)

The corrosion surfaces of zinc exposed with the coating show a composition similar to
those without the coating (Figure 6b). Only gordaite is not identified on the surface. The
absence of this product may indicate less advanced corrosion. This observation reinforces
the results obtained by gravimetry, indicating a decrease in corrosion rate for coated zinc
surfaces. Indeed, in a previous study, Lambert et al. [13] demonstrated that crude extracts
of Sargassum fluitans III algae contain various chemical families, including coumarins,
anthocyanins, quinones, flavonoids, saponins, tannins, and triterpenes, which possess
anti-corrosion properties. Moreover, Sargassum fluitans III extracts have already shown
effectiveness in inhibiting corrosion on steel in acidic environments exceeding 90%. The
interaction between zinc and these chemical species, forming a barrier against corrosive
agents, could explain the slowdown in corrosion.

The diffractograms of the zinc surface exposed to Frégate est for 3 months without
and with the coating are shown in Figure 6c,d, respectively. Uncoated (Figure 6c), the
predominant structure identified is attributed to elemental sulfur. This result is explained
by the high concentrations of H2S reported at this site, as previously demonstrated by M.
Said Ahmed et al. [16]. Several hypotheses have been proposed to explain the process of
elemental sulfur formation [30,32–35]. However, the most plausible in our case involves
the oxidation of H2S by oxygen, as shown in Equation (9) [38,39].

8 H2S + 4O2 → S8 + 8H2O (9)

Figure 6c also shows the presence of sphalerite (ZnS). Its formation results from the
interaction between H2S and zinc metallic, as described in Equation (10) [40]. Other authors
suggest that ZnS could result from the interaction between zinc and elemental sulfur
(Equation (11)) [38]. The surface of the zinc exposed with the coating (Figure 6d) has a
composition similar to that of the uncoated surface. Only ZnS is not identified. The absence
of ZnS confirms the hypothesis of the formation of a physical barrier by the chemical
species present in the extract of Sargassum fluitans III between the zinc and the corrosive
environment. This barrier appears to limit the dissolution of zinc, and this would explain
the low corrosion rates observed.

Zn + H2S → ZnS + H2 (10)

8Zn + S8 → 8ZnS (11)

4. Conclusions

A SAM based on Sargassum extract was successfully formed on a zinc surface using a
simple synthesis approach known as the SAMs process. Based on the investigation carried
out, the following key findings were concluded:

• IR analysis confirmed the presence of Sargassum fluitans III extract adsorbed onto the
metal surface, supporting successful formation of the extract-based self-assembled
monolayer through the SAMs process.
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• A study of the zinc immersion time within the extract revealed a saturation point
between 6 and 8 h of contact, indicating an optimized time frame for material modifi-
cation and potential improvement in the coating efficiency.

• The mass loss measurements, obtained after three months of exposure in two different
sites, showed a significant reduction in the loss of zinc thickness after treatment
with the extract-based coating. The formation of SAMs demonstrated a substantial
reduction in the corrosion effects caused by the protective film, which improved the
performance and durability of the zinc.

• These protective properties were validated through electrochemistry by comparing
the impedance curves of zinc samples both with and without the coating. The curves
for coated zinc showed enhanced impedance, implying a more effective shield against
corrosion compared to the uncoated material.

• DRX analysis confirmed the absence of ZnS on the zinc surface. As ZnS is generally
associated with corrosion in H2S-rich environments, this indicates that the Sargassum
fluitans III extract-based coating used in this study possesses a protective effect under
such conditions.
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