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ABSTRACT 

This study investigates the kinetic and thermodynamic potential of using zinc 

oxide nanoparticles produced from pumpkin pods and zinc acetate as corrosion 

inhibitors on Aluminium metal immersed in an acidic medium. Kinetics and 

thermodynamic studies of the corrosion process are crucial for analysing and 

controlling corrosion processes. The corrosion study was conducted using an 

electrochemical spectroscopy method at temperatures of 35°C, 45°C, and 55°C.  

The kinetic study was analysed using Open Circuit Potential (OCP) and Linear 

Polarisation Resistance (LPR) for a 1.0MHCl Solution. The electrochemical 

measurement shows that the inhibitor concentration exhibits better corrosion 

resistance than the control, indicating that the coated sample provides an 

inhibitive effect against the entrance of the hydrochloric acid solution into the 

active site of the metal. This zinc oxide nanoparticle acts predominantly as an 

anodic, cathodic, and mixed-type inhibitor. The results show that using varying 

inhibitor dosages of 30 ppm, 110 ppm, and 190 ppm reduces the corrosion of 

aluminium metal in a hydrochloric acid environment. The polarisation resistance 

and corrosion rate results from the LPR and OCP measurements confirmed the 

effectiveness of this inhibitor. The corrosion rate from the electrochemical test 

indicated a gradual decrease as the dosage of the inhibitor increased, resulting in 

increased polarisation resistance. The results show a higher activation energy for 

the inhibited process at 110 ppm in comparison with the control, indicating that 

the inhibitor hinders the corrosion of aluminium metals. Conversely, this is not 

the case for 30 ppm and 190 ppm.  This trend suggests that the inhibited process 

at a 110 ppm dosage is due to physisorption, while chemisorption occurs at 30 

ppm and 190 ppm, respectively. The enthalpy change (∆H) for 30 ppm, 110 ppm, 

and 190 ppm solutions are 242,881.4 J/mol, 147,632 J/mol, and 95,266.6 J/mol, 

respectively, which is higher than that of the control (65,487.1 J/mol). Both 

enthalpy change and entropy change (∆S) values are positive, indicating that the 

adsorption on the aluminium metal is endothermic and increases the rate of 

disorderliness of the process. 

 
 

INTRODUCTION 

Corrosion is an occurrence that can be chemical or 

physical in origin (Zehraet al., 2022), denatures the 

mineral features of alloys, and renders them ineffective 

for a certain function (Quadri et al., 2022). Alloy 

corrosion is mostly caused by their propensity to return to 

a stable form (Esquivel & Gupta, 2020). Most alloys are 

naturally unstable (Liu et al., 2016) and tend to undergo 

self-destruction by interacting with the environment, 

creating metal compounds to achieve lower energy states 

(Garget al., 2015).  

 

 

 

 

 

 

These were the states where most minerals were found 

(Dahmani et al., 2010). Given that numerous methods are 

used for determining the corrosion of alloys, using 

inhibitors is most appropriate method for protective 

covering of Alloys from solutions that are corrosive 

(Dahmaniet al.,2010).  

Corrosion inhibitors are chemicals added in small 

amounts to corrosive environments to help protect metals 

from reacting with those environments (Popov, 2015). 

Many of the organic inhibitors commonly used today are 

quite costly (Ahmad et al., 2010).  
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The effectiveness of an inhibitor on mild steel depends on 

several factors, including the steel’s properties, the type 

of solution it is in, and the structure of the inhibitor 

molecule (Junaedi et al., 2013). When used on 

aluminium, these inhibitor molecules attach themselves 

to the metal’s surface, forming a protective layer that 

blocks both anodic and cathodic reactions. Some of these 

inhibitors can also chemically interact with iron atoms on 

the aluminium surface, creating stable inorganic 

compounds that further shield the metal (Junaedi et al., 

2012). Given the high cost, toxicity, and environmental 

concerns of synthetic inhibitors, researchers are 

increasingly exploring plant-based alternatives as a safer 

and more sustainable option (Oguzie et al., 2007).  

Nanotechnology involves the study and application of 

science, engineering, and technology at the nanoscale, 

typically between 1 and 100 nm (Hulla et al., 2015). 

Green synthesis of nanoparticles uses natural, eco-

friendly, and affordable materials, like plant extracts, 

microbes, and other biological sources, as reducing and 

stabilizing agents. By avoiding toxic chemicals, this 

approach helps minimize health and environmental 

hazards right from the start (Iravani, 2011). Studying 

kinetics and thermodynamics is crucial in understanding 

the process of corrosion mitigation (Ituen et al., 2017). 

These studies offer insights into the interaction 

mechanisms between inhibitors and metal surfaces, 

which are essential for developing effective corrosion 

prevention strategies (Liu et al., 2024). Thermodynamic 

parameters further elucidate the spontaneity and nature of 

the adsorption process, which is vital for predicting the 

efficiency of corrosion inhibitors under various 

conditions (Aslam et al., 2022).  

In this study, a nanoparticle produced from pumpkin pod 

extract and zinc acetate was employed as a green 

corrosion inhibitor on aluminium in an acidic medium, 

due to its economic value and eco-friendly nature. 

 

MATERIALS AND METHODS 

 

The materials utilised in this study include the following: 

pumpkin pods, aluminium metals, concentrated 

hydrochloric acid (HCl), zinc acetate (ZnC4H6O4), 

distilled water, detergents, acetone, and ethanol. All the 

reagents are of analytical grade from Sigma Aldrich. 

  

Instrument and Apparatus 

The apparatus used in this study are; hacksaw (48 – 22 – 

0050), weighing balance (MAB220), oven (H – 30105), 

water bath (TSCIR19), magnetic stirrer (MS500), soxhlet 

extractor (LC – 122), conical flask (1122 – 150), beakers 

(GW – 30), measuring cylinder (740644), and 

electrochemical spectroscopy (PGSTAT101). 

 

 

     

Synthesis of Zinc Oxide Nanoparticles (ZnONP) 

 

The pumpkin pods were purchased from a local market in 

Agbarho, Delta State, Nigeria.  The extraction and 

synthesis procedure followed the methods employed by 

Haque et al. (2020) and Elemike et al. (2021), with slight 

modifications. In this synthesis procedure, 50 mL of the 

aqueous extract from pumpkin pods 

(Telfairiaoccidentalis) and 500 mL of 0.01 M zinc acetate 

solution were mixed at a ratio of 1:5, with the addition of 

25 mL of NaOH solution added in dropwise. The 

resulting mixture was stirred continuously on a magnetic 

stirrer at 75 °C for 4 hours.  During this reaction time, the 

colour of the colloidal solution gradually changed from 

light brown to a cream-coloured solution, indicating an 

increase in the rate of bio-reduction of the zinc acetate and 

the formation of a zinc hydroxide (Zn(OH)2) precipitate. 

 

Characterisation of Zinc Oxide Nanoparticles 

   

The zinc oxide nanoparticle synthesised from pumpkin 

pod extract was characterised using the following: 

Ultraviolet-visible spectroscopic, Fourier transform 

infrared spectroscopy (FTIR), energy dispersive x-rays 

(EDX), scanning electron microscopy (SEM), Brunauer-

Emmett-Teller analysis (BET) and X–ray diffractogram 

(XRD). 

Ultraviolet-Visible Spectroscopy  

A colour change initially confirmed the formation of zinc 

oxide nanoparticles. After the colour change, further 

confirmation of the synthesised zinc oxide nanoparticles 

was obtained by scanning the absorption spectra within 

the range of 300-800 nm using a double-beam 

Ultraviolet-Visible Spectrophotometer (Kalpana et al., 

2018).  

    

X-Ray Diffraction  

 

X-ray diffraction (XRD) is a non-destructive method 

commonly used to analyze and identify corrosion-related 

materials (Dang et al., 2022). It offers detailed insights 

into a material's structure, including its phases, 

orientation, grain size, crystal defects, and overall 

crystalline composition, helping with accurate material 

identification. (Pandey et al., 2021). Analysis of the X-

rays provides an elemental analysis of the surface 

composition without altering the nature of the object 

under examination. The samples (zinc oxide 

nanoparticles) were run on the X-ray Diffractometer. 

Running test material from 10° 2-theta to 90° 2-theta with 

a 0.02 step size and a 2-second step time were the 

conditions of analysis. The International Centre for 

Diffraction Data (ICDD/JCPDS) database standards were 

used to compare each crystalline phase (López & 

Rodriguez, 2017). 
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Scanning Electron Microscopy (SEM)   

  

The size and shape of the synthesised zinc oxide 

nanoparticles were examined at various magnifications 

using a scanning electron microscope operating at 10kV. 

Scanning electron microscopy is a technique used for the 

observation and characterisation of materials on a 

nanometre to micrometre scale. The SEM provides high-

resolution and long-depth-of-field images of the sample 

surface and its near-surface region. The basic principles 

involved in SEM consist of bombarding the surface 

sample to be examined under vacuum with a finely 

focused beam of electrons. A very fine, focused beam of 

electrons is scanned over the specimen's surface (Al-

Dhabi & Valan, 2018).      

                                                                                                                                        

Fourier Transform Infrared Spectroscopy (FTIR)  

  

The structural organisation of the synthesised zinc oxide 

nanoparticle was investigated to identify the functional 

group present. The nanoparticles were examined using a 

Buck Scientific infrared spectrophotometer with the 

range 4000 – 500 cm-1 (wavenumber) with a resolution 

of 2 cm-1. These FTIR spectroscopy studies establish the 

biomolecules responsible for the stabilisation and 

capping of zinc oxide nanoparticles (ZnONP). The 

sample was freeze-dried and obtained in a powdered form 

(Kumar et al., 2015).  

 

Energy Dispersive X-Ray Spectroscopy (EDX) 

The Energy-dispersive X-ray spectroscopy is carried out 

by using a high-energy beam of charged particles, such as 

electrons or photons or a beam of X-rays, being focused 

onto the sample. The incident beam excited an electron 

inside the shell, ejecting it from the shell and creating an 

electron hole. An electron from an outer shell can fill this 

hole with the emission of an X-ray. A measurement of the 

energy of the X-rays emitted from the specimen is then 

used to determine its elemental composition (Martin et 

al., 2002). 

 

Brunauer-Emmett-Teller (BET) 

The Brunauer-Emmett-Teller method is the most 

commonly used method to determine the surface area and 

pore volume of nanoparticles (Morones et al., 2005). This 

method was carried out to directly measure the specific 

surface area and pore sizes of powdered samples under 

high-vacuum conditions. In a typical BET analysis, the 

surface area of the nanoparticles is determined from the 

volume of N2 gas adsorbed on the powdered sample at a 

temperature of 77K. N2 gas is assumed to have access to 

the entire nanoparticle surface (Ochiai&Fujishima, 

2012).     

 

 

 

Electrochemical Spectroscopy 

According to the ASTM G3/G102 standard procedure for 

electrochemical measurements, the electrochemical test 

was conducted using a 1 M HCl solution in a glass cell 

containing 100 mL of the solution as the test medium. A 

potentiostatgalvanostat (PGSTAT 101) was employed, 

and aluminium metal was used as the working electrode 

(WE) in the common three-neck electrode arrangement. 

A graphite rod serves as the counter electrode, and a glass 

body calomel electrode (of the Onesil brand) with a 

silver/silver chloride 3 M KCl solution as the reference 

electrode.  

The 25-mm-long graphite rod was immersed in the test 

solution. The working electrode (WE) was welded to a 

copper wire and mounted on an epoxy resin, leaving an 

exposed surface area of 1515 mm² to the solution. The 

experiment was conducted inside a glass cell containing 

100 mL of electrolyte at three distinct temperatures: 

35°C, 45°C, and 55 °C. The NOVA2.1.2 software linear 

sweep voltammogram staircase was calibrated using an 

open-circuit potential (OCP) with a start potential of -1.5 

V and a stop potential of 1.5 V at a scan rate of 0.005 V/s. 

The test was conducted over 60 minutes.  

To ensure reproducibility, the experiment was repeated 

three times on a specimen with the same composition, and 

the OCP of each test sample was noted. Corrosion 

potential (Ecorr), corrosion density (Jcorr), anodic slope 

(αa), and cathodic slope (αc) were obtained using Tafel 

plot extrapolation. The corrosion rate (CR) and 

polarisation resistance (PR) were calculated from these 

derived parameters using Equations 1 and 2, respectively. 

 

CR  =
(0.00327 × 5× jcorr × weq)

p
   (1) 

Where Jcorr is the corrosion current density per square cm, 

ρ is the density of the material in g/cm3, and weq is the 

equivalent weight of the material in grams. The corrosion 

rate values were expressed in millimetres per year 

(mm/yr).  

 

PR  =
(2.303 × ba × bc)

jcorr(ba+bc)
    (2) 

 

nmKinetic Study 

The linear polarisation resistance (LPR) and open-circuit 

polarisation were used to investigate kinetic parameters, 

including corrosion rate and current density. The 

Arrhenius equation was used to calculate the activation 

energy at different temperatures (35°C, 45°C, and 55°C), 

using Equation 3 (Goni et al., 2024).  

CR  =  log K  −
 Ea

  2.303RT
    (3) 

CR is the corrosion rate (mm/yr), T is the temperature 

(oC), R is the universal gas constant, and Ea is the 

activation energy (Goni et al., 2024). 
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Thermodynamics Study 

Thermodynamic parameters, such as enthalpy (∆H) and 

entropy (∆S), were investigated using the Arrhenius 

transition state equation, as given in equation 4 (Ezeibe et 

al., 2019).  

A plot of log (CR/T) against (1/T) gives a slope of  

(-∆H/2.303R) and intercept {log 
R

𝑁ℎ
 +    

∆S

2.303𝑅
}. 

log 
CR

T
= − 

∆H

2.303RT
 +  {log 

R

𝑁ℎ
 +    

∆S

2.303𝑅
}  (4) 

 

RESULTS AND DISCUSSION 

Characterisation of Zinc Oxide Nanoparticles 

 

UV-Visible Spectroscopy 

UV-Vis spectroscopy is usually the first instrumental 

technique used to monitor the progress of nanoparticle 

synthesis. This is because it reveals relevant information 

on the formation of particles in the nano range (Jimoh et 

al., 2022). Figure 1 shows the UV-vis spectral result of 

the biosynthesized ZnONP. The absorbance of the 

nanoparticles was observed at 341 nm. This provides 

insight into the reduction activity and formation of 

ZnONP, which can be attributed to the intrinsic bandgap 

of ZnO, spanning from the valence to the conduction 

bands, resulting from electronic transitions (Kovoet al., 

2021). This gives excellent agreement with those 

previously reported in the literature by Hairuiet al. 

(2020). The immediate white-yellowish colour 

appearance at the start of the reaction synthesis indicates 

that the reaction proceeds towards the formation of 

ZnONPs. This is attributed to Surface Plasmon 

Resonance (SPR), resulting from the combined 

oscillation of free electrons (Prami et al., 2019). 

 

 
Figure 1: UV-Visible Spectral for ZnONP 

 

Fourier Transform Infrared (FTIR) 

The FTIR spectra shown in Figure 2 provide information 

about the reactive functional groups present in the 

biosynthesised ZnONPs. The peaks, which range from 

4000 cm-1to 500 cm-1, as indicated by the spectral data, 

help differentiate the biomolecules involved in reducing 

the metals in the precursor into ZnONPs in conjunction 

with the plant extract. The peak at 760 represents the 

carbon-hydrogen bend bonding on the ZnONPs, and a 

similar observation was also reported by Hamid et al. 

(2022).  The peak at 3384 cm−1 corresponds to the O–H 

stretch vibrations of phytochemicals, which may be 

present on the surface of the nanoparticles (Nzeke et al., 

2019). The Zn–O stretching vibrations and ZnO bond 

were indicated by the peaks at 898 cm−1 and 682 cm−1, 

respectively, which affirm the successful completion of 

the synthesis of the ZnONPs (Kovo et al., 2021). The 

peak at 1558 cm-1 may be attributed to the stretching 

vibration of zinc carboxylate (COO-Zn). These reactive 

groups (Zn-OH and COO-Zn) at the surface of the 

nanoparticles can play an important role as reaction active 

sites (Donya et al., 2013).  

 

Table 1: FTIR information of ZnONP 

Peak 

Number 

Wavenumber 

(cm-1) 

       Reactive 

Groups 

1 682.10282 Zn-O bond 

2 760.37692 C-H bend 

3 898.28842 Zn–O stretch 

4 1401.4790 C-H scissoring, 

5 1509.5718 C=O 

6 1558.0272 (COO-Zn) 

7 3384.4227 O-H Stretch 

 

 
Figure 2: FTIR information of ZnONP 
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Scanning Electron Microscopy (SEM) 

Figure 3 shows the SEM micrograph of the synthesised 

ZnONP. The essence of Scanning Electron Microscopy is 

to unveil the structure of the surface and the actual 

morphology of the nanoparticles. ZnONP are shown to 

have an irregular shape, porosity, and surface structure in 

the micrograph, which enables the ZnONP to serve as an 

inhibitor in the corrosion investigation, consistent with 

the porous measurement in BET. The porous surface 

visible in the micrograph provides a hint as to how the 

nanoparticles may be used in the investigation of 

corrosion, catalysis, and the adsorption of molecules. 

Similar observations have been discussed in previous 

research by Kovo et al. (2021) and Jimoh et al. (2022) 

about its morphology and importance in application. 

 

 
 

Figure 3: SEM Micrograph of ZnONP 

 

Energy Dispersive X-Ray Analysis (EDX) 

Figure 4 is the Energy Dispersive X-ray analysis (EDX) 

spectrum for the synthesised ZnONP. The spectrum 

clearly showed all the elemental components present in 

the synthesised ZnO nanoparticles. It revealed the 

presence of sodium, zinc and oxygen in their percentage 

composition and weight concentration. According to the 

elemental analysis in Table 2, Zinc has the highest 

percentage composition and weight concentration, at 

50.75%, and oxygen at 7.96%, indicating the successful 

synthesis of ZnONP. A similar observation was described 

in past literature (Kovoet al., 2021; Ismail et al., 2018). 

Meanwhile, alkali earth metal elements, such as sodium, 

were also observed in the signal at a normal mode, which 

may be attributed to part of the constituents used in 

synthesising the precursor applied in the synthesis of the 

ZnO nanoparticles. 

 

 
 

Figure 4: EDX Spectral of ZnONP 

 

Table 2: Elemental analysis 

 

Brunauer-Emmett-Teller (BET) 

Table 3 describes the BET analysis of the ZnONP, which 

revealed the surface area of the nanoparticles as 6.464 

m²/g. A similar result was obtained by Alharbi et al. 

(2021), Gharpure et al. (2022), and Mureddu et al. (2014), 

who demonstrated that the surface area of ZnONPis 6.032 

m²/g. From the literature, materials have been classified 

into three categories: microporous, mesoporous, and 

macroporous, depending on the size of pore diameters. 

Materials having a pore diameter less than 2 nm are called 

microporous, materials ranging between 2 and 50 nm are 

called mesoporous, and those with a pore diameter greater 

than 50 nm are called macroporous or non-porous 

(Kamegawa et al., 2019). The BET result showed that the 

synthesised ZnONP is mesoporous and has significant 

applications in the adsorption of molecules at extremely 

low pressures (Ismail et al., 2018). The report by Yu et al. 

(2010) explained that mesoporous materials offer 

advantages for photocatalytic reactions and corrosion 

inhibition. Therefore, quantities of specific surface area, 

which are determined through the BET method, may 

depend on the adsorbate molecule used and its adsorption 

cross-section in the adsorption experiment (Hana et al., 

2014). 

 

 

 

 

 

Element 

Number 

Element 

Symbol 

Element 

Name 

Weight 

Conc. 

11 Na Sodium 41.29 

30 Zn Zinc 50.75 

8 O Oxygen 7.96 
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Table 3: Surface feature of the ZnONP 

Material Surface area (m2/g) 

ZnO Nanoparticles         6.464 

 

 

 

 

 

 

Kinetic Study 

 

Table 4 and Figure 5 display the polarisation data and 

polarisation curves for aluminium and the ZnONP 

inhibitor in 1 M HCl at 35°C, respectively. The 30 ppm 

ZnONP exhibited better corrosion resistance than the 

control sample. In contrast, the control sample had a 

corrosion rate (CR) of 0.083253 mm/year, corrosion 

current density jcorr of 7.1647× 10−7Acm-2 and 

polarization resistance (PR) of 4.5389  × 105 Ω. The 30 

ppm dosage of ZnONP coated sample exhibited a lower 

CR of 0.0023562mm/ year, low jcorr of 2.0277×
10−7Acm-2 and high PR of 5.6899× 105Ω, this indicates 

that the 30 ppm ZnONP coated sample provided better 

inhibitive effect against the entrance of the Cl- ions into 

the active sites of the aluminum metal (Fayomi&Akande, 

2019).  

The 30 ppm ZnONP coating was observed to exhibit 

better corrosion resistance compared to the 190 ppm 

ZnONP coating. Relative to the entire sample, the 110 

ppm ZnONP-coated sample exhibited the lowest CR of 

0.0019465mm/year and the lowest jcorr of 1.6751×
10−7Acm-2, and higher polarization resistance 8.4726×
105Ω. This indicated that the 190 ppm ZnONP provided 

the least corrosion resistance, with an impedance of 3561 

Ω, against the deteriorating effect of the corrosive ions 

from the 1.0 M HCl solution at 35 °C. The reason for this 

could be the doping effect of the ZnO nanoparticles, 

which provides a supportive covering against the 

diffusion of chloride to the anodic and cathodic sites of 

the aluminium metal (Pan et al., 2018). 

However, Figure 5 further indicated that the 30 ppm 

ZnONP and 110 ppm ZnONP coatings acted 

predominantly as cathodic corrosion protective coatings. 

In comparison, the 190 ppm ZnONP coating acted 

predominantly as an anodic corrosion protective coating 

(Hamindon&Hussin, 2020). Moreover, Figure 6 displays 

the OCP versus time curves of the sample, which 

indicates that the sample exhibited stable state potentials 

between 50 and 120 seconds of immersion. (Benoit et al., 

2021). 

 

Table 4: Tafel data for aluminium and ZnONP inhibitors 

1.0 M HCL 35 oC 

 

Figure 5:  LSV Plot for Aluminium and ZnONP 

Inhibitor 1.0 M HCl at 35 oC 

 
Figure 6:  OCP Plot for Aluminium and ZnONP 

Inhibitor 1.0 M HCl at 35 oC 

Inhibitor  

Dosage  

(ppm) 

Ecorr, Obs 

(V) 

Jcorr 

 (A/cm2) 

CR 

 (mm/year) 

PR 

 (ohms) 

Ecorr, 

 Calc 

(V) 

[ba] 

(V/dec) 

[bc]  

(V/dec) 

Control -1.0737 7.1647× 10−7 0.083253 4.5389× 105 -1.5552 2.0211 1.18950 

30 -1.2355 2.0277× 10−7 0.0023562 5.6899× 105 -1.0506 0.95531 0.367980 

110 -1.1462 1.6751× 10−7 0.0019465 8.4726× 105 -1.1137 0.91846 0.507280 

190 -0.83049 2.7132× 10−7 0.000315270 3561 -

0.83353 

0.036958 0.055893 
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Table 5 and Figure 7 display the polarisation data and 

polarisation curves for the corrosion inhibition of 

aluminium metal using a ZnONP inhibitor in 1.0 M HCl 

at 45°C, respectively. The 30 ppm ZnONP exhibited 

better corrosion resistance than the control sample, as 

shown in Table 2. This indicates that the 30 ppm ZnONP-

coated sample provided a better inhibitive effect against 

the adsorption of the HCl solution onto the active sites of 

the aluminium metal (Fayomi& Akande, 2018). The 30 

ppm ZnONP coatings exhibited better corrosion 

resistance compared to both the 110 ppm and 190 ppm 

ZnONP coatings.  Relative to the entire sample, the 30 

ppm ZnONP-coated sample exhibited the lowest CR 

0.00195530 mm/year and the lowest jcorr of 1.6827×
10−6Acm-2, and higher polarization resistance 

1.1016E06Ω, respectively. This indicated that the 190 

ppm ZnONP coating provided the least corrosion 

resistance (151.0600 Ω) against the deteriorating effect of 

the corrosive ions from the 1.0 M HCl solution at 45 °C. 

The reason for this could be the doping effect of the ZnO 

nanoparticles, which provides a supportive covering 

against the diffusion of chloride to the anodic and 

cathodic sites of the aluminium metal (Pan et al., 2018). 

However, Figure 7 further indicated that the 30 ppm 

ZnONP and 190 ppm ZnONP coatings acted 

predominantly as cathodic corrosion protective coatings 

while 110 ppm ZnONP acted predominantly as an anodic 

corrosion protective coating (Hamindon&Hussin, 2020). 

Moreover, Figure 8 displays the OCP versus time curves 

of the samples, indicating that the samples exhibited a 

stable state potential between 90 and 120 seconds of 

immersion time (Fayomi et al., 2019). 

Table 5: Tafel data for aluminium and ZnONP inhibitor 

1.0 M HCl 45 oC 

 

 
 

Figure7: LSV Plot for Aluminium and ZnONP inhibitor 

for 1.0 M HCl at 45oC 

 

 
Figure 8:  OCP Plot for Aluminium and ZnO NP 

Inhibitor 1.0 M HCl at 45 oC 

 

 

 

 

 

 

 

 

 

 

 

Inhibitor 

Dosage  

(ppm) 

Ecorr, Obs 

(V) 

 

Jcorr 

(A/cm2) 

 

CR 

(mm/year) 

 

PR 

 (ohms) 

 

Ecorr,Calc 

(V) 

 

[ba] 

(V/dec) 

 

[bc]  

(V/dec) 

Control -0.97865 8.7482× 10−7 0.0101650 3.787× 105 -0.90952 2.2234 1.16120 

30 -1.2653 1.6827× 10−7 0.0195530  1.1016× 106 -1.13990 -1.56310 1.14410 

110 -0.82203 4.2509× 10−7 0.0493950 3817.000 -0.81711 0.098335 0.060274 

190 -1.04530 1.5583× 10−7 0.1810700 151.0600 -1.03590 0.010205 0.011559 
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Table 6 and Figure 9 display the polarisation data and 

polarisation curves for aluminium and ZnONP inhibitor 

at 1.0 M HCl at 55°C, respectively. The 30 ppm ZnONP 

exhibited the least corrosion resistance of the control 

sample. In contrast, the control sample possessed the 

corrosion rate (CR) of 0.0042575 mm/year, corrosion 

current density, jcorr of 3.6640× 10−7Acm-2 and 

polarization resistance (PR) of 7.1064× 105 Ω, the 30 

ppm ZnONP coated sample exhibited CR of 0.8108900 

mm/ year, jcorr of 6.9784× 10−8Acm-2 and a low PR of 63. 

098 Ω. This indicates that the 30 ppm ZnONP-coated 

sample provided the least inhibitive effect against the 

entrance of the HCl solution onto the active sites of the 

aluminium metal (Fayomi& Akande, 2018). The 30 ppm 

ZnONP coating exhibited the least corrosion resistance 

compared to the 110 ppm ZnONP and 190 ppm ZnONP 

coatings. Relative to the entire sample, the 190 ppm ZnO 

NP coated sample exhibited the lowest CR of 0.0012276 

mm/year and the lowest jcorr of 1.0565× 10−8Acm-2, and 

higher polarization resistance 1.1676× 106Ω. This 

indicated that the 190 ppm ZnONP coating provided the 

best corrosion resistance of 1.1676× 106Ω, against the 

deteriorating effect of the corrosive ions from the 1.0 M 

HCl solution at 55 oC. The reason for this could be the 

doping effect of the ZnO nanoparticles. The 190ppm 

ZnONPprovides more supportive coverage against the 

diffusion of the chloride to the anodic and cathodic sites 

of the aluminum metal due to more molecules on the 

surface of the Aluminum Metal in comparison to the 

30ppm and 110ppm ZnONP (Pan et al., 2018). The result 

also shows that the corrosion rate increases as the 

temperature increases from 35 °C to 55 °C for all the 

concentrations of ZnONP investigated in this study. 

Notably, for 30 ppm ZnONP, the corrosion rate increases 

from 0.002 mm/yr to 0.81 mm/yr as the temperature 

increases from 35 °C to 55 °C. While for 110ppm, the 

corrosion rate increases from 0.0019mm/yr to 

0.067mm/yr asthe temperature increases from 35 °C to 55 

°C, and lastly, for the 190ppm ZnONP, the corrosion rate 

increases from 0.0003mm/yr to 0.0012mm/yr as the 

temperature increases from 35 °C to 55°C,respectively. 

The reason for this increase could be as a result of a 

decrease in activation as the temperature increases, due to 

a higher fraction of the molecules surpassing the 

activation energy, thus, accelerating the corrosion rate 

(Gayakwad, Patil, & Rao, 2022; Zhao et al., 2022). In 

addition, higher temperature fosters rapid formation and 

growth of corrosion particles while enabling quicker ion 

migration, increasing localized corrosion rates (Quan, et 

al., 2021). 

However, Figure 9 further indicated that the 30 ppm 

ZnONP and 110 ppm ZnONP coatings acted 

predominantly as anodic corrosion protective coatings. In  

comparison, the 190 ppm ZnONP coating acted 

predominantly as a cathodic corrosion protective coating 

(Hamindon&Hussin, 2020).  Moreover, Figure 10 

displays the OCP versus time curves of the samples, 

which indicates that the samples exhibited stable state 

potentials between 80 and 120 seconds of immersion 

(Fayomi et al., 2019). 

 

Table 6: Tafel data for aluminium and ZnONP inhibitor 

1.0 M HCl 55 oC 

 

 

 
 

Figure 9: LSV Plot for Aluminium and ZnONP 

Inhibitors 1.0 M HCl at 55oC 

 

 

 

 

 
Figure 10: OCP Plot for Aluminium and ZnONP 

Inhibitor 1.0 M HCl at 55 oC 

 

Thermodynamics Parameter Study 

The corrosion rate was determined at various 

concentrations of the inhibitor and acid solution using 

linear polarisation resistance measurements. The values 

were fitted into the Arrhenius equation to determine the 

best fit by comparing their R² values. The slopes obtained 

from the plots are therefore used in estimating the 

activation energy of the process at different temperatures. 
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The activation energy (Ea), R², and exponential factor (K) 

at different inhibitor concentrations are presented in 

Table 7. 

 

 

 
 

Figure 11: Plot of CR against 1/T at 1.0M HCl 

 

Table 7: Result of activation energy (Ea), rate constant 

(K), and R2 at 1.0M HCl 

 

 

Table 7 shows that the activation energy is higher for the 

inhibited process (110 ppm) than for the control, 

indicating that the inhibitor hinders the corrosion of 

aluminium metals. It is also lower for the inhibited 

process (30 ppm and 190 ppm) than for the control, which  

indicates that the inhibitor did not hinder the corrosion of 

the aluminium metal. This trend suggests that the 

inhibited process (110 ppm) is attributed to physisorption, 

whereas chemisorption occurs at 30 ppm and 190 ppm, 

respectively (Hegazy et al., 2014). The corrosion rate 

obtained at different concentrations of the Inhibitor and 

acid solution from the linear polarisation resistance 

measurement was fitted into the Arrhenius transition 

equation to determine the best fit by comparing the 

coefficient of variation (R²) value. The slopes obtained 

from the plots are therefore used to estimate the enthalpy 

and entropy of the process at different temperatures. The 

enthalpy (∆H), entropy (∆S), and R² value at different 

inhibitor concentrations are presented in Table 8. 

 
Figure 12: plot of log CR against 1/T at 1.0M HCl 

 

Table 8: Result of enthalpy (∆H), Entropy (∆S) and R2 

at 1.0M HCl 

Inhibitor 

dosage  

(ppm) 

∆H(J/mol) ∆S(J/mol) R2 

 Control 65487.05 74.07 0.8139 

30ppm 242881.4 490.53 0.9687 

 110ppm 147632 185.9 0.8255 

 190ppm 95266.6 35.46 0.9982 

 

Table 8 shows that the enthalpy change (∆H) of the 

inhibited sample is higher than that of the control. The 

positive enthalpy change value indicates that adsorption 

on the aluminium metal is endothermic (Mohammed et 

al., 2024), consistent with chemisorption (Eddy et al., 

2013). The entropy change (∆S) was positive, indicating 

that the disorderliness of the inhibitor on the aluminium 

surface increased.    

R² = 0.9063

R² = 0.2243

R² = 0.7132

R² = 0.8888
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0

0.00305 0.00315 0.00325 0.00335

C
R

1/T

30pp
m
110p
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Inhibitor  

Dosage 

(ppm) 

Ecorr, 

Obs 

(V) 

Jcorr 

 (A/cm2) 

CR 

(mm/year) 

PR 

 (ohms) 

Ecorr, 

 Calc (V) 

[ba] 

(V/dec) 

[bc]  

(V/dec) 

Control -1.00450 3.6640× 10−7 0.0042575 7.1064× 105 -0.98225 1.300900 1.112100 

30 -0.83173 6.9784× 10−8 0.8108900 63.098 -0.82857 0.019102 0.021608 

110 -0.85825 5.7480× 10−8 0.0667910 4590.20 -0.85511 0.162880 0.096892 

190 -1.21360 1.0565× 10−8 0.0012276 1.1676× 106 -1.23500 0.73655 0.462340 

Inhibitor 

dosage 

(ppm) 

Ea(J/mol) R2 K 

 Control -1976.9 0.888 0.479 

 30ppm -47879.3 0.9063 0.00011 

 110ppm -1730.5 0.2243 0.552 

 190ppm -13738.07 0.7132 0.0062 
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CONCLUSION 

 The electrochemical measurement shows that the 

inhibitor concentration exhibited better corrosion 

resistance than the control. This indicates that the coated 

sample provided an inhibitive effect against the entrance 

of the hydrochloric acid solution into the active site of the 

aluminium metal. This coating acts predominantly as an 

anodic, cathodic, and mixed-type inhibitor in 1 M HCl 

solution. The effectiveness of this inhibitor was 

confirmed by the polarisation resistance and corrosion 

rate results obtained from the LPR and OCP 

measurements. The corrosion rate from the 

electrochemical test indicates a gradual decrease as the 

inhibitor concentration increases—this increased 

polarisation resistance. From the thermodynamic study, 

the enthalpy change (∆H) obtained is higher than that of 

the control, and its value is positive, indicating that the 

adsorption of the inhibitor on the aluminium metal is 

endothermic and involves chemisorption. The entropy 

change (∆S) was positive, indicating an increase in the 

rate of disorderliness of the inhibitor on the aluminium 

surface. The ZnONP particle behaves as a type inhibitor 

on the aluminium metal surface. 
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