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ARTICLE INFO ABSTRACT
Keywords: This study evaluates the potential of Chlorella vulgaris sp. extracts as eco-friendly corrosion in-
Corrosion inhibition hibitors for API 5L 42 Steel in a 1M HCl acidic environment, offering sustainable alternatives for
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Steel pipeline systems

industrial applications. Two corrosion inhibitors were obtained through solvent extraction
methods: M1 (methanol) and M2 (methanol/chloroform). The extracts were characterized using
infrared spectroscopy, the analysis revealed hydroxyl, methyl and vinyl groups as the most
representative. The effect of corrosion inhibition was study by electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization. The results show significant reductions in
corrosion current density and increases in charge transfer resistance, with M2 achieving the
highest protection efficiency of 91.20 % and a charge transfer resistance of 501.80 Q at a 120 ppm
concentration, while M1 reached 88.22 % efficiency with a charge transfer resistance of 102.30
Q. Uv-Vis measurements were performed to determine the electronic transitions of the metal-
inhibitor system for each of the extracts. ANOVA highlighted the significant influence of
biomass concentration on corrosion resistance. The adsorption of M1 and M2 extracts on the
carbon steel surface obeyed the Langmuir isotherm and Gibbs free energy calculations indicated a
physisorption mechanism for both extracts. Surface morphology analysis by Scanning electron
microscope (SEM) revealed less pitting and reduced surface roughness as inhibitor concentration
increased. These findings underscore the potential of Chlorella vulgaris extracts, particularly M2
at 120 ppm, as effective and sustainable corrosion inhibitors for steel in acidic environments.

1. Introduction

Corrosion in pipelines and steel structures represents a critical and ongoing issue, resulting in material degradation and elevated
maintenance [1-5] This problem is notably pronounced in underground metal conduits, which are susceptible to stress-induced
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cracking and hydrogen-assisted embrittlement, leading to diminished structural integrity and increased failure susceptibility [5-7].
The global economic impact of corrosion is substantial, with costs estimated to reach up to $2.5 trillion [8]. Conventional
anti-corrosion strategies, including coatings and galvanization, often exhibit limited efficacy, thereby necessitating the development of
more advanced and environmentally benign inhibitors derived from natural sources [9-12].

Green inhibitors are those extracted from plants or natural structures that provide a protective molecular layer at the metal-solution
interface through physisorption processes via the electrostatic interaction of the inhibitor molecule with the metallic surface [12,13].
These inhibitors typically contain elements such as nitrogen, sulfur, oxygen, phosphorus, and feature multiple bonds or aromatic rings.
In this regard, compounds like plant extracts, chitosan, and cellulose have structures or functional groups that can act as green
corrosion inhibitors. Additionally, amino acids, the building blocks of proteins, have emerged as excellent candidates for green in-
hibitors due to their high purity and availability, low cost, and structural characteristics that enhance absorption and inhibition
performance [13-15].

The use of green inhibitors has been reported in several applications, including plant extracts [16-28], henna leaves [29], European
fan palm (Chamaerops humilis), parsley, lettuce, and radish [30], curcumin, and cassia bark [31], vegetables oils [12], black pep-
perpotato [32], saffron [33], bitter orange leaf [34], Citrus Peel Waste [35], licorice [36], marine sponges [37], biopolymers like
Polyaniline [35], pharmaceutical drugs (levofloxacin, moxifloxacin, metolazone, and nifedipine) [38], as well as marine and terrestrial
algae such as Caulerpa racemose [39], Hydroclathrus clathratus [40] Prasiola crispa [41].

Microalgae have attracted attention due to their diverse composition and versatile applications. These photosynthetic microor-
ganisms can be used to produce various metabolites, such as lipids, proteins, and pigments [42]. They have a high content of vitamins,
fatty acids, essential amino acids, and polysaccharides. Over recent years, they have been extensively researched across various fields
including the food industry, medical and pharmaceutical applications, chemical industries, biofuels, renewable energy sources, and
water treatment, among others, demonstrating promising outcomes [43-46].

Several studies have highlighted microalgae as effective green corrosion inhibitors for steels, demonstrating impressive inhibition
efficiencies. Spirulina maxima [47] and Chlorella sorokiniana [48] showed inhibition efficiencies of 96.4 % and 94.6 %, respectively,
forming protective films through biomolecule adsorption such as proteins. Scenedesmus sp. achieved up to 95.1 % inhibition efficiency
using fatty acids like C18:3, C18:2, and C16:0, stablishing a robust metal-inhibitor framework. Spirulina platensis effectively inhibited
steel corrosion by 66 % under acidic conditions, following the Temkin isotherm with efficiency increasing with concentration [49,50].
Arthrospira platensis demonstrated 66 % efficacy in HCl media due to phytochemical compounds like saponins and steroids, confirmed
by FTIR and SEM analyses following Langmuir adsorption isotherm principles [S0]. Fatty acids from Scenedesmus sp. effectively
inhibited mild steel corrosion in 1 M HCl, achieving 95.1 % inhibition at 36 ppm concentration, supported by electrochemical analysis.
Surface studies revealed altered morphology and reduced hydrogen evolution, highlighting their strong adsorption capacity [51].
Additionally, microalgae extract from Chlorococcum sp. inhibited mild steel corrosion by 96 % in acidic environments, forming a stable
protective layer rich in levoglucosenone and hexadecanoic acid. Electrochemical tests confirmed enhanced surface resistance and
increased energy barriers against corrosion reactions [52].

Chlorella vulgaris. distinguishes itself from other Microalgae such as Spirulina maxima, Scenedesmus sp., and Chlorococcum sp. due to
its superior biochemical composition and cultivation advantages. This unicellular green algae is particularly notable for its high
nutritional content: it contains approximately 61.6 % protein, 20-32 % lipids, and 13.7 % carbohydrates [53-55] Additionally,
Chlorella vulgaris is rich in essential nutrients, including various vitamins (such as folic acid, vitamin C, vitamin B complex, and vitamin
D), minerals (like iron, potassium, and magnesium), and a range of phytochemicals (such as lutein, p-carotene, and chlorophyll) [54].
This diverse nutrient profile may enhance its efficacy as a corrosion inhibitor compared to other microalgae. For instance, Spirulina
maxima have 50-70 % protein, 6-13 % lipids, and 15-25 % carbohydrates [56]. Scenedesmus sp. is also protein-rich, with 8-56 %
protein, 12-14 % lipids, and 10-18 % carbohydrates [57]. Chlorococcum sp. shows a maximal carbohydrate content of 63.7 % and a
protein content of 27.3 % [58]. Lipids are particularly effective in forming protective films on metal surfaces. These hydrophobic films
act as a physical barrier, reducing the corrosion rate by preventing contact between the metal and corrosive agents like water and acids
[59,60] The high lipid content in Chlorella vulgaris may significantly enhance its ability to create such protective layers, offering su-
perior corrosion protection. Additionally, proteins play a crucial role as corrosion inhibitors due to their functional groups (such as
amino and carboxyl groups) that can interact with metal surfaces [61-63] The combination of a high lipid profile and substantial
protein content in Chlorella makes it an especially attractive candidate for use as a green corrosion inhibitor.

In terms of cultivation, Chlorella vulgaris is particularly noteworthy for its ability to thrive in a broad range of temperatures, making
it suitable for successful cultivation in several natural environments and a strong candidate for high-rate outdoor production systems
[64,65]. Additionally, it can grow in a pH range of 4-10, with optimal biomass production occurring between pH 9 and 10 [46]. This
adaptability further distinguishes Chlorella vulgaris as a versatile and robust species for industrial applications. Finally, Chlorella vul-
garis is among the most extensively cultivated microalgae worldwide, with significant production occurring in countries like the United
States, Germany, and Japan [66]. The global market for Chlorella was valued at approximately USD 275.21 million in 2021 and is
expected to grow to USD 506.99 million by 2030. This represents a compound annual growth rate (CAGR) of 6.3 % over the forecast
period, rising from USD 292.55 million in 2022 [67].

Building on the established effectiveness of microalgae as eco-friendly corrosion inhibitors and the distinctive biochemical profile
of Chlorella vulgaris, this study investigates the efficacy of this microalga as a corrosion inhibitor. The research involves the synthesis of
two distinct extracts from Chlorella vulgaris and their application to API 5L 42 Steel in a 1M HCI acidic environment. The study
evaluates the potential of these extracts to serve as superior inhibitors by examining the effects of different concentrations on corrosion
resistance. Evaluation methods include electrochemical and gravimetric tests, along with chemical and morphological characteriza-
tion. Additionally, statistical validation was employed to ensure the reliability and accuracy of the results.
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2. Materials and methods
2.1. Materials

The study utilized a carbon steel with the following composition: Mn (0.51 %), Si (0.17 %), C (0.19 %), Cr (0.14 %), Ni (0.09 %),
and trace elements of P, S, Cu, Mo, and V, with the remaining constituent being Fe. Specimens measuring 2 cm x 1.5 cm x 0.5 cm were
prepared for gravimetric tests, while cylindrical specimens with an exposed area of 1.2 cm? were employed for electrochemical assays.
Prior to testing, the steel surfaces were abraded using SiC abrasive paper ranging from 80 to 2000 grit. After abrasion, specimens were
thoroughly rinsed with distilled water, cleaned with acetone to eliminate any surface residues, and dried using compressed air.

Analytical grade methanol and chloroform solvents were used in the extraction process of Chlorella vulgaris biomass. Analytical
grade hydrochloric acid at 37 % concentration in a 1 M solution served as the electrolyte for corrosion tests. Chlorella vulgaris was
sourced from Ciénaga de Mallorquin, Barranquilla, Atlantico, Colombia.

2.2. Preparation of Chlorella vulgaris-based corrosion inhibitors

2.2.1. Isolation and growth condition of microalgal strain

The step-by-step process for preparing the extracts is illustrated in Figs. 1 and 2. Chlorella vulgaris was sourced from Ciénaga de
Mallorquin, Barranquilla, Atlantico, Colombia. A pre-culture was prepared using 247 mL of distilled water and 3 mL of microalgae
under 24-h photoperiods. 0.5 g of Soybean Flour (Glycine max) were added to promote biomass growth [62,63], and the pre-culture
was maintained under constant agitation (Fig. 2a). After one week, the pre-culture was centrifuged to obtain the initial biomass, which
was used to scale up the culture in a 5 L photobioreactor (Fig. 2b). The culture was maintained under 24-h photoperiods, constant air
supply, and fed every 2 days with 5 g of Soybean flour. On day 14, the culture was centrifuged to harvest the biomass used to obtain the
corrosion inhibitors (Fig. 2c).

2.2.2. Extraction protocol for Chlorella vulgaris inhibitors

The inhibitors were prepared using extracts from Chlorella vulgaris biomass, employing both a polar protic solvent (methanol,
CH:OH) and an aprotic solvent (chloroform, CHCls) as outlined in Fig. 1. Two distinct extraction methods were utilized: for Extract 1
(M1), the biomass was mixed with methanol, stirred at room temperature, filtered, and dried using a rotary evaporator to obtain a
methanol-based extract (Fig. 2d). For Extract 2 (M2), the biomass was treated with a combination of chloroform and methanol, fol-
lowed by sonication, centrifugation, and liquid-liquid separation. The organic phase from M2 was dried, and both final extracts were
dissolved in methanol for use as corrosion inhibitors.

2.3. Fourier Transform Infrared Spectroscopy: Characterization of extracts

Fourier Transform Infrared Spectroscopy (FTIR) spectra of Chlorella vulgaris extracts were acquired using a Prestige 21 Shimadzu
FTIR instrument. The spectra were recorded over the frequency range of 4500 to 600 cm™ to investigate the functional groups present
in extracts M1 and M2.

M1 M1

30 mL of
methanol

2.6g of biomass

Extracts dissolved in 10
mL of methanol at
concentrations of 15, 30,

Chlorella 60, 90, and 120 ppm
vulgaris

M2 M2

Microalgae
photobioreactor 20 mL of chloroform

10 mL of methanol
2g of biomass

Fig. 1. Extraction of Chlorella vulgaris sp. biomass for corrosion inhibitors.
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Fig. 2. Step-by-step extraction procedure for green corrosion inhibitors: a) Pre-culture of Chlorella vulgaris, b) Photobioreactor for cultivation, c)
Biomass centrifugation, d) Filtrate drying using a rotary evaporator, and e) Final M1 and M2 extracts from Chlorella vulgaris.

2.4. Electrochemical measurements

Corrosion behavior measurements were conducted in a conventional three-electrode cell setup. Ag/AgCl served as the reference
electrode, platinum as the auxiliary electrode, and steel specimens as the working electrode with an exposed area of 1.2 cm?, immersed
in a 1 M HCI solution as the electrolyte. Electrochemical impedance spectroscopy (EIS) curves were obtained using a potentiostat/
galvanostat (Gamry 750). EIS was performed at open circuit potential (OCP) with frequencies ranging from 100 kHz to 0.01 Hz,
applying a perturbation amplitude of 5 mV. Corrosion parameters, including corrosion potential (E.,) and corrosion current density
(icorr), were determined using Tafel extrapolation method over an overpotential range of —0.25 to 0.25 V relative to OCP. Electro-
chemical measurements were performed in triplicate at room temperature.

To assess the efficiency of the inhibitors via impedance electrochemical and potentiodynamic analysis, equations (1) and (2) were
employed [51,68,69]:

%nzwqoo% 1)

Leorrwithout—inh

Where icorrwithour—inh ¥ icorrinn COTTespond to the corrosion current densities in the absence and presence of the inhibitor, respectively.

Rctwith—inh - Rctwithout—inh *100% (2)

Yory =
d Retwith—inh

Where Reiyith_inn @nd Reryishour—inh COTrespond to the resistance to charge transfer in the presence and absence of the inhibitor,
respectively.

2.5. Gravimetric tests

For the gravimetric evaluation, specimens were immersed in 70 mL of 1 M HCI and categorized based on the concentration of the
extract used: SS, SS-15, SS-30, SS-60, and SS-120. The specimens were weighed both before and after exposure. Each sample was
submerged in the HCI solution for 3 h at room temperature. The mass loss of the specimens, the corrosion rate (CR), and the efficiency
of the inhibitors (%n) were determined following ASTM G31 [70] standards. The corrosion rate (CR) and inhibitor efficiency (%n) were
calculated using Equations (3) and (4), respectively. The specific equations used to estimate these variables are referenced in Refs. [51,
68,691:

AW x 8.76 x 10*
CR= (AeteD) @
(CRwithout—inh) - (CRinh)

.100%
o a— 00% @

%n =
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Where CR is the corrosion rate of the steel, AW represents the mass loss of the specimen in grams, A corresponds to the exposed area
during the test (cm?), tis the exposure time in hours, D is the density of the material, and 8.76 x 10* is the conversion factor to express
the corrosion rate in millimeters per year (Equation (2)). For the efficiency (Equation (4)), CRyithout—inh ¥ CRinn are the corrosion rates of
the specimens without and with inhibitor, respectively, measured in triplicate.

2.6. Adsorption isotherms

The application of adsorption isotherms facilitates the calculation of surface coverage degrees (0) using Equation (5) for various
concentrations in 1.0 M HCI at 298 K, based on the corrosion current density values derived from potentiodynamic polarization
measurements. Three adsorption models were evaluated: Langmuir, Temkin, and Frumkin.

icorr® — icorr™
= 5)
icorr?

2.7. UV-visible spectroscopy

A Shimadzu UV2600 spectrophotometer was used to perform UV-visible spectroscopy over a wavelength range of 200-400 nm.
This analysis aimed to investigate the formation of inhibitor complexes from M1 and M2 in 1 M HCl following the immersion process of
carbon steel.

2.8. Surface analysis

A qualitative analysis of the steel surface was conducted before and after immersion testing in 1 M HCl for 3 h. A scanning electron
microscope (Carl Zeiss EVO MA10) was used to observe the inhibitory effect of each concentration of the studied species.

2.9. Stadistical analysis

Based on the results obtained from Electrochemical Impedance Spectroscopy (EIS), a one-way analysis of variance (ANOVA) was
performed using the charge transfer resistance (R.) obtained from fitting the equivalent circuit (Fig. 2e). This analysis was conducted
to determine if there is a significant difference in the corrosion resistance of the steel after treatment with the inhibitors. For each
concentration of the extracts M1 and M2, a sample size of n = 3 was considered. Fisher’s least significant difference (LSD) test was then
applied to identify which evaluated concentration provides the best performance (highest resistivity). Both tests were conducted at a
95 % confidence level (a = 0.05).

Additionally, for the gravimetric analysis, ANOVA was conducted to determine the influence of biomass concentration in the
extract on the corrosion rate mitigated by the inhibitor, again using a sample size of n = 3 for each concentration of M1 and M2. The
statistical analyses were conducted using RStudio, Version 4.2.2.

3. Results
3.1. Extraction and preparation of Chlorella-based inhibitors
The extracts were prepared as follows.

e Extract 1 (M1): 2.6 g of Chlorella vulgaris biomass were mixed with 30 mL of methanol. The solution was continuously stirred for
24 h at room temperature (25 °C). Subsequently, the mixture was filtered, and the remaining biomass on the filter was rinsed with
10 mL of methanol. Both filtrates were combined and dried using a rotary evaporator (Fig. 2d). Finally, the remaining extract was
dissolved in 2 mL of methanol and used as an inhibitor.

Extract 2 (M2): Two grams of Chlorella vulgaris biomass were mixed with 20 mL of chloroform and 10 mL of methanol. The solution
was sonicated for 10 min and stirred for 12 h at 25 °C. The mixture was then centrifuged at 5000 rpm for 15 min to obtain the
supernatant. The same volumetric ratio of chloroform and methanol was added to the sediment, followed by a second centrifu-
gation under the same conditions. The supernatants were combined, and 20 mL of chloroform and 20 mL of distilled water were
subsequently added. After phase separation, the lower organic phase was recovered and dried using a rotary evaporator. The
remaining residue was dissolved in 2 mL of methanol and used as the inhibitor (Fig. 2).

The dosages used in this study involved dissolving the extracts in 10 mL of methanol at concentrations of 15, 30, 60, 90, and 120
ppm, as previously reported in the literature [71-73].

3.2. Fourier transform infrared spectroscopy

Fig. 3 displays the FTIR spectra for M1 and M2 and Table 1 shows the spectral bands with their corresponding biomolecular
functional group and origin. In the spectrum of M1, a broad hydroxyl group stretching band is observed between 3600 and 2600 cm-?,
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with overlapping peaks below 3000 cm™! (Fig. 3a). At 1580 cm™!, an asymmetric absorption of the conjugated vinyl group (-C=C-) is
detected, while the methylene bending vibration appears at 1408 cm~'. Additionally, signals corresponding to the C-O bond are
observed at 1074 and 1043 cm'. For M2, a broad stretching band of the hydroxyl group (-OH) is present between 3600 and 2600 cm™!
(Fig. 3b). The asymmetric and symmetric stretching of methylene groups (-CHz-) is seen at 2924 and 2853 cm-’, respectively. A
carbonyl group (-CO-) is indicated by a peak at 1705 cm™'. The asymmetric vinyl group (-C=C-) signal is found at 1580 cm™?, and the
methylene bending vibration appears at 1408 cm-'. Finally, the C-O bond is observed at 1080 cm™'.

These signals suggest that the extracts are composed of a mixture of molecules containing both oxygenated groups and hydrocarbon
chains. Specifically, the presence of hydroxyl groups (OH), carboxyl groups (COOH), and methylene (-CHz-) groups indicates the
involvement of polysaccharides, esters, and carboxylic acids, consistent with biomolecular structures such as lipids and proteins [74,
75,771. The absorption peaks in the 1200-1000 cm-! range are also associated with carbohydrates, likely indicating the presence of
polysaccharides [75,76]. These findings suggest a complex molecular composition in the extracts, providing further evidence of the
functional groups involved in the corrosion inhibition mechanism.

3.3. Electrochemical evaluation

3.3.1. Electrochemical impedance spectroscopy

EIS was used to assess charge transfer processes at the metal-electrolyte interface under varying concentrations of inhibitors M1 and
M2. The Nyquist plots in Fig. 4a and c, reveal a single capacitive loop, whose diameter increases with each inhibitor concentration,
demonstrating the protective capability of green species against steel corrosion reactions (Fe = Fe*? 12e7), compared to the control
sample of steel in 1M HCI without inhibitor.

Similarly, in the Bode plots (Fig. 4b and d) higher impedance modules are observed at high frequencies for all concentrations of
inhibitors M1 and M2 compared to the control sample of steel in 1M HCl without inhibitor, confirming the inhibitory capacity of the
microalgae Chlorella Vulgaris sp. on steel. The maximum impedance module value at low frequencies indicates superior protective
performance for both M1 and M2 [78]. The phase angle (Fig. 4b and d) also increases with increasing concentration of each inhibitor; a
larger phase angle implies more capacitive behavior and a more passive surface. This confirms the adsorption of inhibitors on the metal
surface, resulting in slower charge transfer processes and hence greater corrosion resistance [79-81].

For fitting the electrochemical impedance data, the Gamry Echem Analyst software was employed, utilizing the equivalent elec-
trical circuit depicted in Fig. 4e. In this circuit, Rs denotes the solution resistance, CPE represents a constant phase element employed to
account for surface roughness effects, and Rct is the charge transfer resistance at the steel-electrolyte interface. The impedance of a CPE
(Zcpg) is given by equation (6):

Zeps =Q ' (joo) ™" (6)
where Q is the CPE factor, ®\omegao is the angular frequency (w = 2xf), n is the deviation index, and j is the imaginary unit. The value
of nis critical as it helps identify the components defining the equivalent circuit, with n values of 1,0.5,0, —0.5 or — 1 corresponding to

capacitance, resistance, or inductance, respectively [82]. The CPE magnitude, R, and the phase shift (n) were used to calculate the
double-layer capacitance (Cq;) using equation (7):

Ca=Q V"R, " 7)

Table 2 presents the electrochemical parameters derived from the fitting of the EIS data. The results indicate that R, increases with

110 T T T 110 T T T T

100

90
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80

Transmittance (%)
Transmittance (%)

3184 3084

801
701

1580
60 ‘ ‘ ‘ 70 1580
4500 4000 3500 3000 2500 2000 1500 1000 4500 4000 3500 3000 2500 2000 1500 1000
Wave Number (cm'') Wave Number (cm™)
a) b)

Fig. 3. FTIR spectra for a) M1 and b) M2 extracts.
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Table 1

FTIR spectral bands and their corresponding biomolecular functional group.
Wave range (em™) M1 (em™b) M2 (em™Y) Functional Group Biomolecular origin Ref.
3500-3100 3184 - O-H stretching with hydrogen bonds Polysaccharides [74]
3000-2800 3084 2924 Aliphatic Mainly lipid [74-76].

2853 C-H Stretch
1750-1700 - 1705 Ester, Ketone, and Carboxylic Acid (C=0) Stretch  Lipids, Chlorophyll, Carotenoid Pigments [74].
1585-1481 1580 1580 Amide C-N Stretch and N-H bend Protein (Amide II) [77,75].
1440-1395 1408 1408 Asymmetric flexion of CH3 Protein [75]
~1200-980 1074 1080 C-O-C Stretch Polysaccharides [75,76]
1043

the addition of M1 and M2, suggesting an enhancement in the resistance to charge transfer at the steel-electrolyte interface. This
increase implies the formation of a protective layer on the steel surface. Additionally, the observed decrease in Cq; with rising con-
centrations of M1 and M2 suggests either a reduction in the thickness of the double layer, a change in the local dielectric constant, or an
increased coverage of the steel surface by the inhibitors [83]. Thus, it can be inferred that the Chlorella vulgaris extract affects the
double layer structure by displacing adsorbed water molecules and other ions, thereby reducing the steel dissolution rate. This
interaction results in increased corrosion resistance, likely due to the formation of a protective layer on the steel surface. The rise in Rt
following the addition of M1 and M2 is indicative of enhanced resistance to corrosion, reflecting both the dissolution and repassivation
processes at the interface as well as the electronic conductivity of the protective film. Consequently, the efficiencies achieved are 79.01
% for M1 and 95.72 % for M2.

Khanra, reported an inhibition efficiency of 88.2 % for fatty acid molecules from the microalga Scenedesmus sp. at a concentration
of 36 ppm [51]. Rodrigues and Do Valle, observed an inhibition efficiency of 96.4 % for Spirulina maxima at 800 ppm [47]. Oliveira,
documented a 95.5 % inhibition efficiency for Chlorella sorokiniana at 800 ppm using electrochemical impedance [84]. In comparison,
the extracts of Chlorella vulgaris (M1 and M2) exhibit exceptional performance, achieving similar efficiencies at a much lower con-
centration of 120 ppm without requiring complex molecular separation processes.

An analysis of variance (ANOVA) was performed to assess the impact of Chlorella vulgaris biomass concentration on charge transfer
resistance in the steel-electrolyte system for both M1 and M2 inhibitors. Fisher’s least significant difference (LSD) test was then used to
compare mean resistance levels across different inhibitor concentrations.

For M1 inhibitors, the biomass concentration had a statistically significant effect on charge transfer resistance (p-value: 1.0298E-
06) at a 95 % confidence level. LSD analysis revealed two distinct resistance levels: concentrations ranging from 15 ppm to 90 ppm did
not exhibit statistically significant differences, whereas at 120 ppm, the steel demonstrated significantly higher resistance compared to
the inhibitor-free control, indicating enhanced corrosion protection.

For M2 inhibitors, biomass concentration also significantly affected steel resistivity (p-value: 8.6391E-16). LSD analysis identified
five distinct resistance levels: all concentrations except 15 ppm and 30 ppm showed statistically significant differences as the con-
centration of the extract increased. The 120 ppm concentration provided the highest level of corrosion resistance for steel.

3.3.2. Potentiodynamic curves

Fig. 5 displays the potentiodynamic polarization curves, illustrating the effect of M1 (Fig. 5a) and M2 (Fig. 5b) on the electro-
chemical behavior of steel exposed to 1M HCI. Table 3 presents the results of Tafel slope extrapolation fitting, where p, and p. represent
the anodic and cathodic slopes respectively, icor denotes corrosion current density, E..r is the corrosion potential, and n indicates the
inhibition efficiency of M1 and M2 inhibitors.

The fitting results indicate surface protection of the steel by reducing corrosion current density for all concentrations compared to
steel exposed to 1M HCl solution [85,86]. Additionally, a shift in corrosion potential towards more positive values, exceeding + 85 mV
relative to inhibitor-free steel, suggests that inhibitors act by controlling the anodic dissolution reaction (Fe = Fe*2 +-2e7) [87]. The
decrease in corrosion current density across evaluated concentrations compared to steel exposed to 1M HCI solution also suggests
inhibitor adsorption on the steel surface, gradually improving efficiency. Furthermore, a significant decrease in pa was observed for all
concentrations of M1 and M2 compared to inhibitor-free steel, indicating a slower electrochemical reaction and thus better corrosion
resistance. Consequently, maximum efficiencies of 97.14 % and 99.09 % were achieved for M1 and M2 respectively at a concentration
of 120 ppm.

Authors such as Rodrigues and Do Valle reported an inhibition efficiency of 93.9 % for Spirulina maxima at a concentration of 800
ppm [47], while Oliveira reported an efficiency of 94.8 % for Chlorella sorokiniana at 800 ppm using potentiodynamic polarization
[84]. These findings underscore the superior performance of Chlorella vulgaris extracts M1 and M2, which demonstrate higher inhi-
bition efficiencies at a significantly lower concentration of 120 ppm.

3.4. Gravimetric analysis

Fig. 6 shows the efficiency of the inhibitors and the steel corrosion rate for the different extracts used. It is observed that for both M1
(Fig. 6a) and M2 (Fig. 6b), he corrosion rate decreases progressively with increasing concentrations of each inhibitor, leading to a
corresponding increase in protection efficiency. The results indicate that both inhibitors achieve efficiencies greater than 80 % across
all tested concentrations, with maximum protection efficiencies of 88.22 % for M1 and 91.20 % for M2 at a concentration of 120 ppm.
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plots of Log |z| and phase angle for M2 extract, and e) Equivalent circuit for fitting.

These findings are consistent with previous studies where microalgae such as Spirulina maxima [47] and Chlorella sorokiniana [84]
achieved inhibition efficiencies of 96.4 % and 94.6 %, respectively. Arthrospira platensis showed 66 % efficacy [50], Scenedesmus sp.
achieved up to 95.1 % inhibition [51], and Chlorococcum sp. demonstrated a 96 % inhibition rate [52], further supporting the high
effectiveness of microalgae as green corrosion inhibitors for steel in acidic environments.

A one-way ANOVA was conducted to determine the influence of biomass concentration in the extract on the corrosion rate
mitigated by the inhibitor. The results indicate that with 95 % confidence, the microalgae concentration significantly influences the
steel corrosion rate using M1 and M2 as inhibitors (p-value M1: 2.5915E-13 and p-value M2: 5.7691E-15).
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Table 2
Fitting results of EIS for M1 and M2 extract.
Sample Rs (Q-cmz) Ret (Q-cmz) Q (Q’l sn cm’l) Caq (F cm’z) n 17(%)
Steel - 1M HCL 1,25 21,47 178.6 403.94 0,91
M1 15 ppm 1,29 26,24 22.11 44.84 0,90 18.20
30 ppm 1,31 33,77 18.13 40.07 0,89 36.42
60 ppm 1,33 49,97 17.45 40.29 0,89 57.03
90 ppm 1,37 63,45 11.64 37.34 0,85 66.16
120 ppm 2,52 102,30 10.23 31.73 0,86 79.01
M2 15 ppm 1,92 42,60 14.96 46.75 0,85 49.60
30 ppm 1,63 55,58 13.14 27.34 0,90 61.37
60 ppm 1,54 182,20 9.07 22.67 0.89 88.22
90 ppm 1,67 245,74 8.74 22.58 0.83 91.26
120 ppm 1,64 501,80 6.25 22.07 0,85 95.72
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Fig. 5. Polarization curves for a) M1 and b) M2 extracts.

Table 3
Fitting result of polarization curves for M1 and M2 extracts.
Sample P (mV/decade) p. (mV/decade) Teorr (pA/CmZ) Ecorr (mV-Ag/AgCl) %n
Steel — 92.3 96,5 622,0 —670,0 -
1M HCL
M1 15 ppm 80.9 92.3 140.0 —564.0 77.49 %
30 ppm 48.7 110.9 157.0 —539.0 74.76 %
60 ppm 61.9 114.2 122.0 —-561.0 80.39 %
90 ppm 62.2 147.9 53.2 —550.0 91.45 %
120 ppm 34.2 46.1 17.8 —558.0 97.14 %
M2 15 ppm 65.3 85.4 141.0 —-562.0 77.33 %
30 ppm 67.6 85.3 206.0 -616.0 66.88 %
60 ppm 29.7 56.9 136.0 —579.0 78.14 %
90 ppm 24.8 26.4 35.9 —560.0 94.23 %
120 ppm 16.5 29.8 5.7 —551.0 99.09 %

3.5. Adsorption isotherm

To evaluate the interaction of Chlorella vulgaris biomass constituents with the metallic surface, adsorption isotherms were used,
including Langmuir (Fig. 8a and b), Temkin (Fig. 8c and d), and Frumkin (Fig. 8e and f), models for M1 and M2 respectively. These
isotherms relate the degree of surface coverage (0) to the inhibitor concentration, as described by Equations (8)-(10).

. 4
Lagmuir Isotherm o kC (8)
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Frumkin Isothermlogm =log K + g0 (10)

Where C represents the inhibitor concentration in mol/L, K is the equilibrium constant of the inhibitor adsorption process, @ is the
coverage factor obtained from Equation (4), and g is the adsorbate interaction parameter [84,88].

Fig. 7 illustrates the linear fit of the adsorption isotherms described by Equations (8)-(10). It is evident that the Langmuir isotherm
provides the best linear correlation, with R? values of 0.991 and 0.9929 for M1 and M2, respectively.

The Langmuir model assumes that the inhibitor forms a monolayer on the metallic surface, with each active site occupied by in-
hibitor molecules present in M1 and M2 (Fig. 8). This observation is supported by various studies, indicating a strong interaction
between the adsorbed inhibitor molecules and the metallic surface [84,88].

The Gibbs free energy value AGY; was calculated from Langmuir isotherm using equation (11).

AG%, = — RT In(Kua) a1

Where R is the ideal gas constant (8.314 x 10-3 kJmol-1. K-1) and T is the absolute temperature in Kelvin, and Kads value corre-
sponding to the inverse of the slope of the applied fit.

The Gibbs free energy was determined to be —16.88 kJ mol—1 for M1 and -17.11 kJ mol—1 for M2. An absolute AGY, value of less
than 20 kJ mol—1 suggests that M1 and M2 adsorbs onto the carbon steel via a physisorption mechanism [89]. The negative value
indicates that the adsorption of M1 and M2 on the carbon steel surface is spontaneous. This implies that the electronic structure
perturbation of the adsorbate occurred due to electrostatic interaction with the carbon steel surface [90]. These findings are consistent
with the results obtained from electrochemical and gravimetric techniques.

3.6. UV-visible spectroscopy

Fig. 9 displays the UV-Vis spectra of M1 and M2 before and after the immersion of carbon steel for 3 h. Both M1 and M2 exhibited
absorption bands at 230 nm corresponding to = — ©* transitions prior to immersion. M1 also showed an additional band at 285 nm,
while M2 displayed a band at 271 nm, indicative of intramolecular transfers.

Post-immersion, notable changes were observed in the absorption spectra of the inhibitors. M1 exhibited a shift to higher wave-
lengths and a new absorbance peak at 332 nm (Fig. 9a). Conversely, M2 demonstrated an increase in absorbance and band intensity at
271 nm, along with a new peak at 340 nm (Fig. 9b). These changes suggest the formation of complexes between Fe?* and the inhibitors,
M1 and M2, in 1 M HCL. This is supported by studies indicating that increased absorbance reflects complex formation in solution,
providing strong evidence for the potential interaction between the inhibitors and the metal surface [83].

3.7. Surface analysis

The surface morphology of the steel was analyzed based on the protection generated at each evaluated concentration. Fig. 10a and
10b depicts the steel surface before and after exposure to 1M HCl, respectively. Fig. 10a, e, g, i and k illustrate the steel surface after

10
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Fig. 8. Absorption mechanism of the green inhibitor.
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Fig. 9. UV-Vis Spectra of M1 and M2 Before and After Carbon Steel Immersion: a) M1, b) M2.

immersion in 1M HCl with inhibitors M1 and Fig. 10d, f, h, j,and 1 M2 at each concentration evaluated. The aggressive attack caused by
immersion in 1M HCI on API X42 steel is evident on Fig. 10b, even showing superficial loss of material.

Once the inhibitor is added to the immersion solution, and as the concentration of the inhibitors increases, a more homogeneous
surface with reduced roughness or less impact from pitting and material loss is observed. This further corroborates the barrier effect
generated by inhibitors M1 and M2 against corrosion reactions in acidic media, with the best performance observed at concentrations
around 120 ppm.

4. Conclusions, future research and limitations

Chlorella vulgaris extracts (M1 and M2) demonstrated strong corrosion protection, with increasing concentrations leading to
enhanced resistance. The highest performance was observed at a concentration of 120 ppm for both inhibitors, with M2 offering
superior protection. M2 achieved a charge transfer resistance (R.) of 501.80 Q and an inhibition efficiency of 91.20 %, making it the
most effective among the tested concentrations. Surface analysis using scanning electron microscopy confirmed the protective effect on
the steel surface after exposure to 1M HCI, with M2 at 120 ppm showing the best surface condition, indicating optimal performance
against corrosion. Additionally, UV-Vis absorbance results suggested the formation of complexes between Fe?* and the inhibitors,
further supporting the inhibitory action of the extracts.

The corrosion inhibition efficiencies of Chlorella vulgaris extracts are notably higher at lower concentrations compared to other
reported microalgal species. In acidic environments, M1 and M2 achieved inhibition efficiencies of 79.01 % and 95.72 %, respectively.
The adsorption of M1 and M2 was well-described by the Langmuir isotherm, with negative AG® values confirming the spontaneous and
physical nature of the adsorption process. Electrochemical impedance spectroscopy (EIS) results showed a direct correlation between
increased concentration and higher charge transfer resistance. The use of a methanol/chloroform solvent mixture in the extraction
process significantly enhanced the protective effect of the extracts on the carbon steel surface.

In summary, inhibitors derived from Chlorella vulgaris biomass show great potential for acidification processes. Future research
should aim to improve the extraction methods to further enhance the performance of M1 and M2, as well as investigate the long-term
stability of these inhibitors in acidic environments. This study provides a detailed understanding of the preparation and the interfacial
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Fig. 10. Surface morphology by SEM at 2000 of: a) Steel — before immersion in 1M HCI, b) Steel — after immersion in 1M HCI, ¢) M1-15PPM, d)
M2-15PPM, e) M1-30PPM, f) M2-30PPM, g) M1-60PPM, h) M2-60PPM, i) M1-90PPM, j) M2-90PPM, k) M1-120PPM, and 1) M2-120PPM.
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corrosion inhibition mechanisms of these eco-friendly inhibitors.

Based on the findings of this study, several key areas for future research are identified. First, the long-term stability of the
microalgae-based inhibitors needs to be investigated, as the current study primarily focused on short-term immersion tests. Evaluating
their durability and effectiveness under real-world conditions, including fluctuating temperatures and pH levels, is crucial for un-
derstanding their practical application. Additionally, while the laboratory-scale results are promising, scaling up the use of microalgae
extracts for industrial applications presents challenges. Factors such as consistency in extract composition, cost-effectiveness of large-
scale production, and the impact of environmental conditions on microalgae growth need to be addressed. Furthermore, exploring the
potential degradation of the organic compounds in the extracts over time, particularly under prolonged exposure to acidic environ-
ments, is important, as this could affect the long-term performance of the inhibitors.

This study also acknowledges that some additional tests, such as X-ray Photoelectron Spectroscopy (XPS), could provide further
insights into the surface interactions of the inhibitors. Additionally, the variability in the composition of microalgae extracts, influ-
enced by factors such as cultivation conditions (e.g., light, nutrients, temperature), was not examined. This variability may affect the
consistency of inhibitor performance. Standardizing the production process of the extracts could address this issue in future research.
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