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ABSTRACT

Adding corrosion inhibitor in corrosive medium is one of the effective methods to solve the corrosion of steel
materials. Nanomaterials, particularly zinc oxide nanoparticles (ZnO-NPs), have emerged as promising corrosion
inhibitor due to their high surface area, reactivity and biocompatibility. The research is based on green synthesis of
zinc oxide nanoparticles using Oedogonium species aqueous extract, followed by the evaluation of corrosion
inhibition on mild steel in 0.5 M HCI aqueous solution. The green synthesized metal oxide nanoparticles were
characterized by Scanning Electron Microscopy-Energy-Dispersive X-ray spectroscopy (SEM-EDX), Fourier
Transform Infrared Spectroscopy (FT-IR), UV-spectroscopy and powder x-ray diffractometer (PXRD). The formation
of zinc oxide nanoparticles was confirmed by the presence of an absorption peak between 410 and 420 nm using
UV-visible spectrophotometer. SEM image revealed the average particle size of 15 nm. Elemental component in
the nano-particles were determined by EDX and crystallographic structure was monitored by PXRD. Weight loss
method was used and revealed a maximum inhibition efficiency of 81% at 0.2g/L, by exposing mild steel samples
to corrosive environments in the presence and absence of nanomaterial, the weight loss was calculated over time
to determine the effectiveness of the protective layer.
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1. INTRODUCTION

Nanotechnology brings together science and engineering to work with materials at incredibly small
scales—usually between 1 and 100 nanometers '. One area where nanotechnology shows promise is
in addressing corrosion, a persistent issue for industries that rely on mild steel. This metal is popular in
construction, automotive, and chemical processing due to its strength and low cost, but it doesn’t hold
up well in acidic environments—such as those found in cleaning processes, pickling, or oil well acid
treatments 2.Recent advancements in nanotechnology have opened new avenues for corrosion
protection, particularly through the development of high-performance coatings, self-healing materials,
and nanoalloys. For example, nanocoatings have proven effective in shielding steel pipelines from
harsh, corrosive environments by enhancing surface durability 3. Zinc oxide nanoparticles (ZnO NPs)
have gained considerable attention as effective corrosion inhibitors, largely due to their high surface
area, chemical reactivity, and biocompatibility 4. Among metal oxide nanoparticles (MO-NPs), ZnO
stands out for its multifunctional protective mechanisms. One of the primary modes of protection
involves the formation of a compact, adherent layer on the metal surface, serving as a physical barrier
that limits exposure to corrosive agents like moisture, oxygen, and chloride ions °. Their electrocatalytic
properties can further inhibit cathodic reactions by restricting oxygen diffusion, while hydrophobic
coatings derived from these materials help reduce water ingress—an essential factor in corrosion
prevention 8. Due to these multifunctional attributes, ZnO NPs coatings are widely utilized in industries
where corrosion resistance is critical. The nanoparticles' ability to form dense, uniform layers enhances
both the durability and protective capability of coatings, while their photocatalytic behaviour supports
broader applications in self-cleaning materials, pollution control, and solar energy systems 7. Despite
their effectiveness, conventional methods for synthesizing nanoparticles—such as laser ablation & and
thermal decomposition ® —are often costly, energy-intensive, and carry environmental and safety
concerns. As a result, there has been a growing shift toward more sustainable and affordable synthesis
techniques over the past decade. Among these, biosynthesis has emerged as a particularly promising
alternative. This method relies on naturally derived biological materials, including plant extracts 0, algae
11, fungi 2, and yeast 3, to reduce metal salts and facilitate nanoparticle formation.
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Green algae have gained attention as an effective and sustainable source for synthesizing zinc oxide
nanoparticles (ZnO NPs), owing to their abundance of bioactive compounds such as phenols,
flavonoids, and proteins. These natural components play a key role in reducing and stabilizing metal
precursors during nanoparticle formation. Unlike traditional synthesis methods—such as sol-gel '* and
chemical vapour deposition ' —which tend to be costly, resource-heavy, and environmentally harmful
the green synthesis route offers a cleaner, more energy-efficient alternative. Recent studies have shown
that ZnO NPs synthesized from algae species like Sargassum muticum possess strong
corrosioninhibiting properties, particularly in acidic conditions. Their nanoscale size and high surface
area enable better interaction with corrosive agents enhancing their ability to protect metal surfaces 8.

Meanwhile, the earlier studies demonstrated that green algae extracts alone can effectively inhibit
corrosion in acidic media—achieving up to 93% protection on austenitic steel with only 100 ppm 7 and
91% on mild steel at 1M HCI concentrations '8 —there had been little investigation into combining these
natural inhibitors with the superior physicochemical properties of nanoparticles. Emerging studies have
now confirmed that ZnO nanoparticles synthesized using green algae like Ulva fasciata and Cladophora
glomerata not only retain the eco-friendly characteristics of the plant extract but also significantly
enhance the corrosion inhibition of mild steel in acidic environments 920, These biogenically
synthesized nanoparticles exhibit high surface area, reactivity, and uniformity—traits that allow them to
adsorb effectively onto metal surfaces and form protective barriers. Their integration with algal
compounds enhances their stability and performance, offering a dual benefit of sustainability and
efficiency in corrosion prevention. This study aims to evaluate the corrosion inhibition performance of
zinc oxide nanoparticles (ZnO-NPs) synthesized using the green alga Oedogonium species as a natural
capping and stabilizing agent. The ZnO-NPs were characterized using standard analytical techniques,
and their effectiveness in preventing mild steel corrosion in 0.5 M HCI was assessed through the weight
loss method. The goal is to develop a sustainable, eco-friendly alternative to traditional corrosion
inhibitors.

2. MATERIALS AND METHODS
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs3)2-6H20), sodium hydroxide (NaOH), ethanol 99.9% of analytical grade
(Molychem products) were obtained from a commercial dealer and used without any additional
reagents. All the glassware was washed with deionized water and oven dried. The green algae,
Oedogonium sp. were freshly collected from River Benue, Makurdi Nigeria, and were identified in the
Department of Botany of Joseph Sarwuan University, Makurdi, Nigeria. The deionized water was used
for all the homogenization process.

2.2 Preparation of crude extract
The Green Algae, Oedogonium sp., after collection were severally washed to remove dirt, air-dried for
days, pulverized, sieved and stored in an airtight container. For extract preparation 24 g fine powder of
Oedogonium sp., was added into 400 mL deionized water. Then it was heated at 60°C for 1 hour. The
obtain extract was filtered using filter paper (Whatman no. 1) and stored at 4°C for further use 2.

2.3. Synthesis of ZnO Nanoparticles

The solution of (Zn(NOs)2-6H20) was prepared in deionized water. For the preparation of zinc oxide
NPs, the flask containing zinc nitrate (11.9g, 0.2M) in 320 mL was reacted with 80 mL of the aqueous
Oedogonium sp. (algae) Extract the addition of 2M NaOH and stirred using a magnetic stirrer heated
at 70°C and stirring was nonstop until a homogenous mixture of the solution was attained. The colour
changes from brown solution to pale green paste solution. The product was centrifuged and dried in the
oven at 75°C for 48 hours. The particles with brown color obtained were calcined at 500°C for 2 hours
in a muffle furnace to give white zinc oxide nanoparticles 22.
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2.4 Characterization of Algal-mediated ZnO NPs

The biosynthesized zinc oxide (ZnO) nanoparticles were characterized using UV-Vis, FTIR, XRD, and
SEM techniques. UV-Vis spectra were recorded on a JENWAY 6405 spectrophotometer within 200—
600 nm to confirm nanoparticle formation. FTIR analysis using an Agilent 630 Cary spectrometer
identified functional groups involved in nanoparticle reduction and stabilization, with spectra obtained
from KBr pellets (4% w/w) in the 400—-4000 cm™ range.

XRD patterns were collected using a Rigaku Miniflex 600 diffractometer (Cu Ka, A = 1.5406 A, 40 kV,
30 mA) to determine crystallinity, lattice parameters, and grain size. Surface morphology and particle
distribution were examined with a Phenom ProX SEM, revealing particle structure, porosity, and
aggregation behavior of the ZnO nanoparticles.

25 Weight Loss Measurement
The corrosion inhibition performance of ZnO nanoparticles on mild steel in 0.5 M HCI solution was
evaluated using a gravimetric method, adapted from standard procedures commonly used in corrosion
studies 23. Mild steel coupons were initially cleaned, dried and weighed before being immersed in
hydrochloric acid solutions with and without varying concentrations of ZnO nanoparticles at 303 K for a
duration of 3 hours. After immersion, the samples were rinsed thoroughly with distilled water and
acetone, dried and reweighed to determine the mass loss. All experiments were conducted in triplicate
to ensure accuracy and the average values were used to calculate the corrosion rate (Cr), inhibition
efficiency (IE %) and surface coverage (8) were calculated using equations (1), (2), and (3) respectively

Corrosion rate (g/h/cm?) = Aw (1)
At

where Aw is the weight loss in milligrams of the coupons before and after in immersion(g), A is the
surface area of the metal coupon in (cm?), t is the period of immersion in hours.

Inhibition efficiency (IE %) = (w2-W1) x 100 (2)
wo
Surface Coverage (0) = (w—_0-"1)
(3)
wo

where W, and W, represent the weight losses of the steel in the absence and presence of the ZnO
nanoparticles, respectively.

The procedure was repeated at temperature values of 303, 313, 323 and 333K.

2.6 Determination of Activation Energy (E.)

The plot of log Cr against I/T in equation 4 give a slope (5) from which the activation energy E. was
estimated. The Arrhenius equation described the relationship between the corrosion rate (Cr) and
temperature (T) 24,
—Ea
logCR =+log y (4)
2.303RT
—Ea

Slope =—— (5) 2.303r

E, is the activation energy, R is the gas constant, T is the temperature in Kelvin and y is the
exponential factor.
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2.7 Determination of Enthalpy and Entropy Change

The enthalpy change (AH) and entropy change (AS) were calculated using the transition state theory.
An alternative of the transition theory is the Arrhenius Equation.

RT (a8) am)
CrR=nN—n exprexp R (6)

The linear form of the above equation is

CR R AS AH
Log ~ =log +log{exp( )}+log[exp (= )] (7)
-+ N R RT
Since Log ex= —=; equation 7 becomes
n10
CR R as —AH
Log =lg +( )+( ) (8)

I ___Nh n10 _2303R ___

Log crr = —an (1/T) + log wRn+ (283035) 9)

2.303R

Where h, is the plank constant, N is the Avogadro’s number AS is the entropy change and AH is the
enthalpy change. The change in enthalpy AH and entropy change AS were evaluated from the plot of

T e 1/T.
Log against

271 Adsorption isotherm and adsorption constant
The nature of corrosion inhibition has been deduced in terms of the adsorption characteristics of the
inhibitor on how the nanoparticles adsorb on the metal surface. The adsorption isotherm model that
best describes the adsorption of Zinc oxide nanoparticles on mild steel in 0.5 M HCI solution was
obtained by fitting the concentration and the degree of surface coverage of the inhibitor 6 into the various
adsorption isotherm models. These isotherms include Langmuir, Freundlich and Tempkin were
expressed in their linear form as:

The Langmuir adsorption isotherm model;

C 1
—=FC (10) 6 Kaas
Freundlich adsorption isotherm model:
log 8 = log (K¢) + nlog C (11)
Tempkin adsorption isotherm model,;
6 = InC + Kaas (12)
2.7.2 Determination of adsorption thermodynamics parameters

The expression for Gibb’s free energy change of adsorption AGaas presented in Equation 9 was used
to investigate the feasibility and the nature of the adsorption.

AGads = —RTlTl(SS.SKads) (13)
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Kaas is the adsorption equilibrium constant obtained from the isotherm and the number 55.5 is the
molar concentration of water in solution.

3. RESULTS AND DISCUSSION
3.1 UV/Visible Analysis of ZnO nanoparticles

The UV-Vis spectrum (Figure 1) confirmed the successful biosynthesis of ZnO nanoparticles using
Oedogonium sp. extract. The extract exhibited a strong band near 232 nm, associated with
phytochemicals acting as reducing and stabilizing agents. After synthesis, a distinct peak at ~300 nm
appeared, characteristic of ZnO nanoparticles and their excitonic transitions 25. The absence of this

ZnO-specific peak in the pure extract and its appearance in the product clearly demonstrate the role of
algal biomolecules in nanoparticle formation.
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Figure 1: UV-Visible Analysis of ZnO Nanoparticles and the Algae Extract

3.2 Fourier Transform Infra-red (FT-IR) analysis of ZnO nanopatrticle:

FTIR analysis was performed to identify the functional groups involved in ZnO nanoparticle formation
26, As shown in Figure 2, the broad absorption band around 3420-3510 cm™ corresponds to O-H
stretching vibrations from surface-adsorbed water or hydroxyl groups, indicating hydrogen bonding with
phytochemicals used during green synthesis 2’. Peaks observed below 1000 cm™ are characteristic of
Zn-0 bond vibrations within the nanoparticle matrix 2. These features confirm the presence of

phytochemical functional groups and the successful formation of Zn—O linkages, which enhance the
nanoparticles’ surface reactivity and catalytic potential.

ZnONPs

Transmittance

T T T T T T
4000 2500 2000 2500 2000 1500 1000
Wavenumber (cm')

Figure 2: Fourier transform infrared spectrometer (FTIR) Analysis of ZnO Nanoparticles
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3.3 Scanning Electron Microscopy (SEM) Analysis of ZnO Nanoparticles
Scanning Electron Microscopy (SEM) was used to examine the morphology of the synthesized ZnO
nanoparticles (Figure 3). The images revealed rod-shaped structures with well-defined pores,
confirming effective nanoparticle formation on the nanocomposite surface. These open pores suggest
strong electrostatic interactions between the Oedogonium sp. extract and ZnO, supporting their
potential effectiveness in corrosion inhibition.

Figure 3: SEM images of Zinc Oxide Nanoparticles derived from Oedogonium sp. Extract (a) 5 ym (b)
1 um

3.4 Energy Dispersive X-Ray Spectroscopy (EDX) analysis

The EDX spectrum (Figure 4) confirmed the formation of pure ZnO nanoparticles, showing dominant
Zn Ko/KB and O Ko peaks with near-stoichiometric ratios. The absence of major impurity peaks
indicates high purity, while a minor carbon signal likely originates from residual biomolecules or carbon
tape 2°. Atomic composition revealed Zn (58.24—-85.03 wt.%), with small amounts of C (7.07%) and N
(3.14%) from algal metabolites acting as capping agents. These results verify the successful green
synthesis of ZnO nanoparticles with high compositional purity, supporting their suitability for corrosion
inhibition and other applications such as photocatalysis and biomedicine 3032,

*xD

o dD  a» E -

Flgure4 EDX of the Zinc Oxide Nanoparticles

3.5 X-ray diffraction (XRD) Analysis of ZnO Nanoparticle

Figure 5 displays the X-ray diffraction (XRD) spectrum of ZnO nanoparticles. It possesses a high level
of crystallinity, illustrated by sharp and intense diffraction peaks. The diffractogram presents major peaks
at 2 theta angles of the crystal planes (100), (002), (101), (102), (110), (103), (112), and (201) that
correspond to the JCPDS card no. 04-008-8199 and can be used to specify the hexagonal wurtzite
structure of ZnO 32, These peaks are very clear, the highest peak occurring at 28 = 36.25° is due to the
(101) plane, a typical characteristic of a pure and crystalline nanoparticle of Zn-O 33. No additional peaks
are present, which proves that no secondary phases or impurities present; this indicate phase-pure ZnO
nanocrystals had been created successfully 34.
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Figure 5: X-ray Diffraction (XRD) pattern of ZnO nanoparticles.

Table 1: Weight Loss (g) of Mild Steel at various concentrations of Algal-mediated Zinc oxide
Nanoparticles at different Time Intervals

Zn0O NPs conc. (g/L) Weight Loss (g)

6 h 24 h 48 h 72h
Blank 0.137 0.140 0.145 0.148
0.05 0.094 0.084 0.098 0.087
0.10 0.072 0.064 0.076 0.060
0.15 0.058 0.049 0.054 0.042
0.20 0.034 0.023 0.032 0.028

Table 2: Inhibition efficiency of various concentration of Algal-mediated Zinc oxide Nanoparticles at
different Time Intervals

ZnO NPs conc. (g/L) Inhibition Efficiency (%)

6h 24 h 48 h 72 h
0.05 31 40 32 41
0.10 48 54 50 60
0.15 58 65 63 72
0.20 75 80 78 81

The experimental findings (Tables 1-8) confirm that algal-mediated ZnO nanoparticles act as efficient
corrosion inhibitors through composition-, time-, and adsorption-dependent mechanisms. Weight loss
analysis revealed a clear dose-dependent protection, where increased ZnO concentration reduced
mass loss (e.g., 0.15 g/L: 0.042 g vs. 0.20 g/L: 0.028 g after 72 h). Optimal inhibition efficiency, reaching
up to 92% in acidic media, was achieved at 0.1 wt% ZnO 35 The nanoparticles form a protective,
chemisorbed layer on the steel surface, blocking active corrosion sites and enhancing adhesion through
algal biomolecules. This eco-friendly approach demonstrates superior, sustainable corrosion resistance
compared to conventional synthetic inhibitors.
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Figure 6: Effect of ZnO-NPs concentrations in 0.5 M HCI at 6 to 72 hours on the (a).inhibitory
efficiency (b) corrosion rate

Table 3: Corrosion Rates of Mild Steel at different Time Immersions of Various Algal-mediated Zinc
oxide Nanoparticles Concenfrations

ZnO NPs conc. (g/L) Corrosion rate (g/h/cm?)

6 h 24 h 48 h 72h
Blank 3.3x104 9.0x103 4.1x103 3.1 x103
0.05 2.3 x10* 5.0x103 3.1x103 2.0 x103
0.10 1.8 x10* 4.0x103 2.7x103 1.2x103
0.15 1.6 x10* 3.0x103 1.6x103 9.0x10*
0.20 8.0 x10° 2.0x103 1.0x103 5.0x10

Table 4: Weight Loss (g) of Mild Steel at various concentrations of Algal-mediated Zinc oxide

Nanoparticles at different temperatures ==

ZnO NPs conc. (g/L) Weight Loss (g)

303 K 313K 323 K 333K
Blank 0.138 0.136 0.139 0.141
0.05 0.098 0.098 0.097 0.099
0.10 0.073 0.073 0.059 0.077
0.15 0.059 0.054 0.048 0.056
0.20 0.037 0.037 0.027 0.029

Table 5: Inhibition efficiency of Mild Steel at various concentrations of Algal-mediated Zinc oxide
Nanoparticles at different temperatures

ZnO NPs conc. Inhibition efficiency (%)
(g/L) -

303 K 313K 323 K 333 K
0.05 29 28 30 30
0.10 47 46 50 45
0.15 57 60 66 60
0.20 73 73 81 80

Algal capping agents such as polysaccharides and proteins promote uniform adsorption of ZnO
nanoparticles on steel, forming a protective barrier that blocks active sites and restricts acid diffusion.
The concentration-dependent behavior follows the Langmuir isotherm, indicating monolayer adsorption
where surface coverage increases with nanoparticle concentration. ZnO NPs inhibit both anodic and
cathodic reactions, while at higher temperatures, chemisorption dominates through stable Zn?*-alginate
complexes bound to steel heteroatoms (O, N). The rise in inhibition efficiency (IE%) with temperature
suggests covalent bonding between algal-functionalized ZnO NPs and steel, consistent with the
ElAwady kinetic-thermodynamic model of enhanced inhibitor—-metal interactions.
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Table 6: Corrosion rates of Mild Steel at various concentration of Algal-mediated Zinc oxide
Nanoparticles at different temperature

ZnO NPs conc. (g/L) Corrosion rate (g/h/cm?)
303 K 313K 323 K 333K
Blank 1.06x10°3  1.05x10°3 1.07x103 1.08x103
0.05 8.3 x10*4 8.3 x104 8.2x104 6.64x104
0.10 5.3 x10%4 5.3x104 5.0x104 5.6x104
0.15 4.4 x104 4.0x104 3.6x104 4.2x104
0.20 2.5 x104 2.5x104 1.9x104 2.0x104
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Figure 7: Effect of ZnONPs concentrations in 0.5 M HCI at 303 to 333 K on the (a) inhibitory efficiency
(b) corrosion rate

Table 7: Thermodynamic Parameters for the Adsorption of ZnO Nanoparticles on Mild Steel in 0.5 M
HCI

ZnONPs (g/L) Ea (KJ/mol) AH (KJ/mol) AS (J/mol/K)

Blank 0.618 -2.021 -289.543
0.05 5.604 - 8.244 -311.696
0.10 0.824 -1.801 -294.655
0.15 -2.183 -4.823 -311.696
0.20 -7.935 -10.578 -329.503

Table 8: Surface Coverage (8) of ZnO Nanoparticles on Mild Steel at Various Temperatures

ZnO NPs conc. Surface Coverage (0)

(g/L) 303 K 313 K 323 K 333K
0.05 0.29 0.28 0.30 0.30
0.10 0.47 0.46 0.50 0.45
0.15 0.57 0.60 0.66 0.60
0.20 0.73 0.73 0.81 0.80
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Figure 8: Plots for Determination of Enthalpy and Entropy Change

The thermodynamic results (Table 7) indicate that the adsorption of algal-mediated ZnO nanoparticles
on mild steel in 0.5 M HCl is spontaneous and exothermic, as shown by negative activation energy (Ea)
and enthalpy change (AH). Corrosion rates consistently decreased with increasing ZnO nanoparticle
concentration due to thermally stable Zn—alginate complexes that blocked active corrosion sites. A slight
rise in corrosion at 333 K suggests minor desorption caused by thermal motion 3. The transition from
positive (+0.62 kd/mol) to negative Ea values indicates a shift from physical to chemisorption through
covalent bonding between algal phenolic groups and iron atoms (Sophie and Antony, 2019). Surface
coverage analysis (R? > 0.98) confirmed monolayer adsorption following the Langmuir model, with the
strongest adsorption at 323 K and negative AG,d; values confirming spontaneity. Langmuir isotherm
best described the adsorption process, while Freundlich and Temkin showed secondary fits. The high
Kads (6.5—7.0 M™) across temperatures further supports strong, stable binding between ZnO NPs and
the steel surface 4.

Table 9: Langmuir Isotherm data

Temperature (K) Intercept Slope R: Kads_(M-1)  AGads_(kd/mol)
303K 0.142 0.710 0.989 7.042 -15.035
313K 0.150 0.637 0.989 6.667 -15.388
323K 0.143 0.537 0.987 6.993 -16.008
333K 0.153 0.556 0.933 6.535 -16.317
Table 10: Freundlich Isotherm data
Temperature (K) Intercept Slope R:2 Ki (M)  AGads_(kJ/mol)
303K 0.566 0.426 0438 1.766 -11.551
313K 0.569 0.429 0.428 1.757 -11.919
323K 0.713 0.148 0.853 1.402 -11.694
333K 0.688 0.146 0.829 1.453 -12.154
Table 11: Tempkin Isotherm data
Temperature Intercept Slope R: K AGads_(kJ/mol)
303K 1.179 0.302 0.969 49.599 -0.019
313K 1.219 0.318 0.935 46.216 -0.018
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323K 1.361 0.362 0.882 42.934 -0.019
333K 1.293 0.343 0.832 43.366 -0.019
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Figure 9: Adsorption isotherms of Algal-mediated ZnO-NPs on the surface of mild steel: (a) Langmuir
(b) Freundlich (c) Tempkin

4. CONCLUSION

This study confirms that zinc oxide nanoparticles (ZnO-NPs) can be sustainably synthesized from zinc
nitrate hexahydrate using Oedogonium sp. extract as a natural reducing and stabilizing agent.
Characterization by UV-Vis, FTIR, SEM-EDX, and XRD verified successful nanoparticle formation.
Corrosion studies showed that algal-mediated ZnO-NPs effectively protected mild steel in 0.5 M HCI,
with inhibition efficiency rising from 73% at 303 K to nearly 80% at 333 K. Adsorption increased with
immersion time and followed the Langmuir isotherm, indicating monolayer coverage. Thermodynamic
parameters (AG°ads, AH®ads, AS°ads) revealed a spontaneous, exothermic process driven by both
chemisorption—via heteroatoms with lone electron pairs—and physisorption through electrostatic
attraction. These results highlight green-synthesized ZnO-NPs as promising, eco-friendly corrosion.
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