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Abstract: The high cost of production and potentially harmful effects of inorganic corrosion inhibitors 

on the ecosystem necessitated the search for a low-cost, efficient, and environmentally friendly 

alternative. Due to their high surface-to-volume ratio and capacity to create self-assembled films on 

metal surfaces, benign nanoparticles present a good alternative. In this study, Eastern Nigerian propolis 

extracts were utilized to synthesize silver nanoparticles and were characterized spectroscopically. The 

composites were then tested for corrosion-inhibitive potentials in HCl solution. The characteristic 

surface plasmon resonance (SPR) absorption bands were obtained at around 420 nm. The XRD results 

showed that the resultant crystalline silver nanoparticles of  Eastern Nigerian Propolis Extract (ENPE-

AgNPs) has FCC structure, with a mean nanoparticle size of 5.067 ± 1.465. The STEM image revealed 

several oval structures that were densely filled with AgNPs, which appeared as white spots, with 

patterns that appeared homogeneous. In the presence of 1000 ppm ENPE-AgNPs, the results showed 

high inhibition efficiency of 98.23 and 91.34 % for EIS and gravimetric technique, respectively. Also, 

the thermodynamic and adsorption characteristics of ENPE-AgNPs on CS in HCl solution were 

calculated. It was discovered that the ENPE-AgNPs performed well as an inhibitor of CS corrosion in 

HCl. 
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1. Introduction 

Metals frequently dissolve more quickly when they come into contact with a hostile 

environment. This irreversible degradation drastically reduces the useful life of metallic 

materials, affecting home and industrial properties [1,2]. The World Corrosion Organization's 

most recent survey estimates that the global direct cost of corrosion is between €1.3 and €1.4 

trillion, or 3.1 to 3.5% of a country's GDP, excluding the harm that corrosion causes to the 

environment, the waste of resources, the loss in production, or personal injury [3].  

Carbon steel is the most widely used metal in the industry, making up about 85% of the 

steel produced each year [4,5]. This suggests carbon steel is significantly involved in corrosion, 

making it one of the most sensitive metals. Due to their efficiency, affordability, and 

environmental friendliness, organic compounds are now the preferred replacement for 

synthetic inhibitors, which have been banned due to their toxicity to humans and the 
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environment [6]. Heteroatoms such as nitrogen, oxygen, sulfur, and phosphorus present in the 

compounds make it easier for such compounds to bind to metal surfaces and form protective 

films that block the active sites, reducing the metal's contact with environmental elements [7,8].  

Propolis has comparatively high flavonoid content. These flavonoids have features that 

can be used as corrosion inhibitors, such as conjugated double bonds, electronegative atoms, 

and aromatic rings [9]. Honeybees prepare the resinous glue known as propolis from flowers 

and leaf buds to serve as a crack sealer, wall smoother, temperature and moisture content 

regulator, as well as preserve the hive environment aseptic throughout the year. The season in 

which propolis is gathered, the time it was formed, the plants from which the ingredients are 

obtained, the location of the hive, and the types of bees used all play a role in propolis' color 

and composition [10,11]. Most propolis has been discovered to contain a blend of waxes, 

pollen, essential and aromatic oils, and other organic materials, including bee enzymes. Since 

it possesses a wide range of biological features and uses in medicine, propolis has attracted the 

interest of researchers. 

With a few adjustments, corrosion inhibition research can make use of remarkable 

capacity of nanomaterials to build self-assembling coatings on metal surfaces. Silver 

nanoparticles are particularly recognized to have greater reactivity toward acidic aqueous 

solutions [12–13]. Recent studies have shown that composites made of organic molecules and 

nanoparticles are excellent at preventing carbon steel from corrosion under acidic conditions 

[14–16]. 

2. Materials and Methods 

To create 6.00 cm2 surface area coupons, 0.12 cm thick carbon steel (CS) was cut into 

3  x 2 cm coupons. The coupon samples underwent polishing, ethanol degreasing, acetone 

drying, and storage in a desiccator. The corrosive media for the experiment was a 1.0 M 

solution of hydrochloric acid Reagents of analytical grade were utilized in this experiment. 

Before usage, the solvents n-hexane, ethyl acetate, and methanol underwent one more 

distillation. Water that had been twice distilled was used to prepare all the reagents. 

2.1. Preparation and extraction of propolis samples. 

Samples of propolis were obtained from a bee farmer in Enugu, Eastern Nigeria (Figure 

1). The propolis samples were mashed with a pestle and mortar after being air-dried for two 

weeks. The 100 g of finely ground materials were first macerated for 72 hours at room 

temperature to remove fat using n-hexane. The marc was re-extracted using ethyl acetate and 

methanol after filtration with Whatman No. 1 filter paper using a vacuum pump. A rotating 

vacuum evaporator was used to extract the solvents from the mixture entirely. Until used, the 

powdered extracts were then stored in opaque vials at 4 °C. 

2.2. Synthesis of propolis silver nanoparticles (ENPE-AgNPs). 

The method used to synthesize ENPE-AgNPs was identical to that described in [17]. 

Reducing silver nitrate solution in the presence of the propolis extract constituted the basis for 

producing ENPE-AgNPs composite. 100 mL of de-ionized water was added to a beaker 

holding 1.0 g of propolis extract with vigorous shaking for 1 hour. 100 mL of 1.0 mM AgNO3 

was then added, and the mixture was stirred at 25 °C for 48 hours. Visual observation of color 
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change was by UV/Vis spectrophotometer. The pellets were collected and stored after 

centrifuging to separate the produced silver nanoparticles. The supernatant was discarded.  

 
Figure 1. Propolis samples. 

2.3. Characterization of ENPE-AgNPs. 

The spectroscopic evaluation was used to keep track of the bioreduction of silver ions. 

Using a JENWAY 6405 UV-visible spectrophotometer with a resolution of 0.1 nm, bandwidth 

of 5 nm, and a scan speed of 1000 nm/min, absorption measurements in the 190-1100 nm range 

were performed. X-ray Diffractometer Thermo Scientific model: ARL'XTRA goniometer 

system, with h, k, and l values, was used to conduct the X-ray diffraction (XRD) examination. 

SEM (Phenom Pro, 800-07334, Netherlands) operating at 15 kV was used to examine the 

surface morphology of ENPE-AgNPs. GeminiSem-500-70-18 Scanning Transmission 

Electron Microscopy was used to conduct additional research on the image and the diffraction 

pattern (STEM). Fourier Transfer-Infra Red (FT-IR) spectroscopy (Agilent Cary 630 FTIR 

fitted with ZnSe optics and a DTGS detector) was used to examine the functional groups on 

the sample. 

2.4. Corrosion inhibition test. 

2.4.1. Gravimetric measurement. 

Pre-weighed CS coupons were submerged in 200 mL of 1.0 M HCl. The ENPE-AgNP 

concentrations utilized in this study ranged from 200, 400, 600, 800, and 1000 ppm. Tests were 

run for 24, 48, 72, 96, 120, 144, and 168 hours at room temperature. For three hours of 

immersion duration, the effect of temperature was also tested at 303, 313, 323, and 333 K, 

respectively. The CS coupons were taken out of the acid-inhibitor system once the immersion 

period had passed, cleaned, dried, and weighed. The weight loss was taken to be the difference 

between the coupon's initial and final weight at a particular period. Every test was carried out 

in duplicate. The inhibition efficiency (%IE) and corrosion rate of mild steel were calculated 

from the weight loss results, according to equations 1 and 2 [18], 

1001
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where W is the weight loss, A is the coupon area, and t is the immersion time. 

2.4.2. Electrochemical impedance spectroscopy (EIS). 

The experiments were conducted at 303 K using 200 mL of test solution. A 

conventional three-electrode system consisting of CS as a working electrode, an auxiliary 

electrode, and a reference electrode was used for the measurements. The %IE were calculated 

from the charge transfer resistance (Rct) values by using the equation  

%IE =  
Rct− 𝑅𝑐𝑡

0

Rct
 × 100                                          (3) 

where, 𝑅𝑐𝑡
0  is the charge transfer resistance of MS without inhibitor, and Rct is the charge 

transfer resistance of CS with an inhibitor. The double layer capacitance (Cdl) was calculated 

using Equation 4 

𝐶𝑑𝑙 =
1

2𝜋𝑓𝑚𝑎𝑥𝑅𝑐𝑡
                                                                                                                        (4) 

where 𝑓𝑚𝑎𝑥 is the frequency at which the imaginary component of impedance is maximum. 

3. Results and Discussion 

3.1. Synthesis and characterization. 

The reduction of Ag+ was confirmed by the change in color of the reaction mixture 

from milky to yellowish brown (Figure 2). The apparent color change has been attributed to 

the excitation of Surface Plasmon vibration in silver nanoparticles [19]. 

 
Figure 2. Optical color change of raw propolis extracts in de-ionized water and the final silver dispersion 

formed after reduction of 1 mM AgNO3 solution with ENPE. 

The synthesized ENPE-AgNPs' UV-vis absorption spectra (Figure 3) revealed that the 

Surface Plasmon Resonance band occurred between 414 and 422 nm, forming a peak at roughly 

420 nm [20]. According to studies, UV/Vis light with a wavelength of 420 nm is absorbed by 

tiny particles with diameters between 5 and 10 nm [21]. The ENPE-AgNPs have modest 

diameters, less than 20 nm, as indicated by the maximum at 420 nm. 

The ENPE-AgNPs' X-ray diffractogram (Figure 4) reveals three Ag-related diffraction 

peaks at 2 = 38.25, 44.68, and 65.74. The (111), (200), and (220) planes are represented by 

these three primary peaks, respectively. The face-centered cubic structure (fcc) of AgNPs from 

ENPE, which is the basis for the Bragg reflection crystallographic planes, supported the 

crystallinity of the Ag nanoparticles. 
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Scherer's equation (5) was used to determine the average crystallite size, which was 

discovered to be 4.44 nm [22,23]. 

D =
Kλ

βCosƟ
         (5) 

More information on the morphology and size characteristics of the silver nanoparticles 

is revealed by SEM/EDX. Examination of the SEM/EDX image (Figure 5) reveals a 

homogeneous distribution of ENPE-AgPs. It was discovered that all nanoparticles had a 

spherical shape, which is in good accord with the shape of the Surface Plasmon Resonance 

(SPR) band in UV-Vis spectra. Due to silver's dominance, the findings of the EDX study 

revealed a significant absorption peak of silver at 3 keV. The existence of a substrate on which 

the NP sample was supported during SEM imaging likely caused the emergence of additional 

elements. As can be observed from the grain size distribution histogram of silver nanoparticles 

in Figure 6, further processing of the SEM results resulted in a mean particle size of 5.06782 ± 

1.46578. This is in agreement with previous data and XRD results [24,25]. 

The invention of Scanning Transmission Electron Microscopy nanodiffraction, STEM, 

allows for the simultaneous acquisition of the image and the diffraction pattern of single 

nanostructures [26,27]. Different nano-objects investigated in vacuum have been subject to 

STEM nanodiffraction, including ferritins [28], nanotubes [29], nanoalloys [30], nanoparticles 

[31], and hard alloys [32]. Due to its quick and potentially automated acquisition approach for 

nanodiffractions, this method has advantages. 
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Figure 3. UV-vis absorption spectra of ENPE-

AgNPs. 

Figure 4. X-ray Diffraction Spectrum of ENPE-

AgNPs. 

Figure 5. Scanning Electron Microscopy/Energy Dispersive  

(SEM/EDX) of  ENPE-AgNPs. 

Figure 6. Scanning Transmission 

Electron Microscopy (STEM) 

Spectra of  ENPE-AgNPs. 
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Another benefit of the method is the potential for comprehensive structural 

investigation of nanomaterials with a considerably better information limit than direct imaging. 

This is due to the fact that in reciprocal space, the level of structural complexity is only 

constrained by the observable range of electron scattering. 

STEM nanodiffraction enables identifying the individual structure of significantly more 

randomly oriented nano-objects in an assembly in real-world applications. Size and shape 

impacts on the structural characteristics of nanostructures were revealed by such statistically 

significant structural investigations [33]. 

The STEM image (Figure 6) showed several oblong or circular structures that were 

densely filled with AgNPs, which are visible as black spots and have a homogeneous pattern. 

The level of Ag-NP overlap in these picture regions was sufficiently low to distinguish between 

and possibly count individual NPs, resulting in a uniform distribution of the AgNPs across the 

studied areas. This distribution suggests that the NPs are localized [34]. 

3.2. Corrosion inhibition test. 

3.2.1. Weight loss measurements. 

Table 1 presents the inhibition efficiencies of the inhibitor on mild steel in 1.0 M HCl 

calculated from equation 1. The results show that as the inhibitor's concentration was raised, 

the effectiveness of the inhibition increased. Figure 7 displays the corrosion rates in the absence 

and presence of the inhibitors using Equation 2. It was discovered that the corrosion rate 

increased with time but decreased with a rise in inhibitor concentration. This behavior may be 

explained by the fact that if the inhibitor's concentration increases, more of it will bind to the 

metal or the solution's surface [35]. The increased surface-to-volume ratio of the nanoparticles 

due to their sizes is linked to the high inhibitory efficiency [36]. Additionally, Ituen et al., 2021 

have linked improved adsorption capability and the existence of larger electron clouds around 

heteroatoms such as O, N, S, and other atoms to higher inhibitory efficiency of nanoparticles 

than raw extracts [37]. The corrosion rates discovered by investigation in the absence and 

presence of the inhibitors, as shown in Figure 8, increased over time but decreased with an 

increase in inhibitor concentration. 

At 303, 313, 323, 333, and 343 K, in the absence and presence of various concentrations 

of the inhibitor, it was examined how temperature affected the inhibitor's ability to inhibit the 

corrosion of CS in 1.0 M HCl. The results are presented in Table 2. The inhibition efficiencies 

rise with higher inhibitor concentrations but fall with higher temperatures, following a similar 

pattern to the findings for the influence of time, however, with varying inhibition efficiencies 

that are weaker with the effect of temperature. Additionally, it was discovered that the corrosion 

rates rose with temperature, as illustrated in Figure 9. This is proof that ENPE-AgNPs 

effectively prevent the corrosion of CS in hydrochloric acid. The adsorption type, where the 

inhibitor is physically adsorbed at lower temperatures but chemisorption is preferred at higher 

temperatures, has also been implicated in decreased inhibitory efficacy with rising 

temperatures [38]. Here, physisorption was preferred. 

Table 1. Inhibition efficiencies of ENPE-AgNPs on CS in 1.0 M HCl. 
Time 

(hrs) 

Inhibitor Concentration (ppm) 

Blank 200  400 600  800  1000  

24 - 71.27 74.81 74.90 76.05 76.73 

48 - 71.49 74.61 76.12 77.28 80.51 

72 - 72.22 74.30 75.03 77.73 78.92 
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Time 

(hrs) 

Inhibitor Concentration (ppm) 

Blank 200  400 600  800  1000  

96 - 81.33 82.19 84.00 84.28 86.95 

120 - 87.00 87.19 90.35 90.44 95.21 

144 - 88.03 89.21 89.62 90.48 96.09 

168 - 91.30 93.54 95.48 96.65 98.23 

 

 

Table 2. Inhibition Efficiencies of the Inhibitors on CS in 1.0 M HCl at 303 – 343 K. 
Temperature 

(K) 

Inhibitor Concentration (ppm) 

Blank 200 400 600 800 1000 

303 - 62.37 65.76 78.46 82.54 94.93 

313 - 60.02 60.66 63.93 67.21 68.85 

323 - 57.21 58.48 61.13 63.54 66.81 

333 - 56.42 57.65 57.89 60.12 65.06 

343 - 48.45 53.15 51.58 55.34 59.43 

3.2.2. Electrochemical measurements. 

Electrochemical Impedance Spectroscopy (EIS) measurements at open-circuit potential 

were carried out to determine the kinetic parameters for electron transfer reactions at the 

steel/electrolyte interface and simultaneously regarding the surface properties of the 

investigated system. A suitable equivalent circuit was used to analyze the impedance data, 

depending on the shapes of the Nyquist plots. A simplest Randles equivalent circuit (Figure 9) 

was used to fit the Nyquist plot in the absence and presence of the inhibitor in a 1.0 M 

hydrochloric acid solution. It consists of a fast charge transfer process R1, the surface layer 

resistance R2, and one constant phase element (CPE). By adding R1 and R2 at various inhibitor 

doses, the polarization resistance Rp, which is comparable to charge transfer resistance Rct, 

was obtained. The % inhibition efficiency from equation 3 was then calculated using the 

resulting Rct. Additionally, using equation 4, the double layer capacitance (Cdl) was computed. 

The charge transfer resistance (Rct), constant phase element (CPE), and inhibitory efficiencies 

are the parameters acquired from the measurement of EIS, as indicated in Table 3. 

The carbon steel electrode's Nyquist plots in 1.0 M HCl solution in both the absence 

and presence of various inhibitor concentrations are shown in Figure 10. According to the 

Nyquist plot, raising the inhibitor concentration results in a rise in both the diameter of the 

semicircles. One single depressed semicircle shape was produced using the impedance 

diagram. This suggests that charge transfer mostly regulates the corrosion process [39]. 

Without the inhibitors, the modulus of the Nyquist plots in 1.0 M HCl solution was significantly 

lower than it was with the inhibitors. The diameter of the semicircles and the values of Rct 
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increased as the inhibitor concentration increased, as shown by the Nyquist plots. This effect 

can be attributed to the increased concentration of absorbed inhibitor molecules on the surface 

of the mild steel. 

Additionally, this suggests an improvement in corrosion inhibition effectiveness (Table 

3). According to the ohmic rule, which states that V = iR, the more resistance (Rct), the less 

electrical current I flows, and the fewer electrons that pass the metal surface. Mild steel's 

cathodic oxidation is so prevented. The semicircles' identical shapes in both the absence and 

presence of the inhibitors point to a similar corrosion mechanism regardless of the inhibitors' 

presence. As a result, adding inhibitors has little effect on how the CS corrodes in 1.0 M HCl 

solution. The surface heterogeneity is the reason why the value of "n" is less than 1, according 

to [40,41]. 

 

 
Figure 11. (a). Bode impedance ; (b). Bode phase plots for CS electrode in the absence presence of ENPE-

AgNPs in 1.0 M HCl. 

The Nyquist diagrams are not perfect semicircles, a phenomenon that is referred to as 

the frequency dispersion of interfacial impedance. This is due to the surface roughness or 

inhomogeneity of the metal surface associated with solid metal electrodes because of the 

presence of a non-ideal frequency response for which constant phase element CPE was used 

[42]. 

R1 CPE 

R
2
 

Figure 9. Equivalent circuits used to fit experimental EIS 

data for the corrosion of the CS in 1.0 M hydrochloric acid 

solution in the absence and presence of the inhibitor. 

Figure 10. Nyquist plots for the CS specimen in 

1.0 M HCl in the absence and presence of 

different concentrations of ENPE-AgNPs. 
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The Bode impedance and Bode phase charts for the CS electrode in the presence and 

absence of ENPE-AgNPs in 1.0 M HCl solution are shown in Figure 11, respectively. It is clear 

that the Bode plot only contains a single capacitive loop. An increase in the inhibitor 

concentration led to larger negative phase angle values at the intermediate frequency, as shown 

from the Bode phase plot. Phase angle readings became more negative as the concentration of 

the different inhibitors rose. This suggests that the inhibitive behavior happened due to more 

inhibitor molecules being adsorbed at the surface of mild steel [43]. 

Table 3. Impedance parameters for the corrosion of CS in 1.0 M HCl in the absence and presence of various 

concentrations of the inhibitors. 
Concentration  

(ppm) 

R1 

(Ω cm2) 

R2  

(Ω cm2) 

Rct  

(Ω cm2) 

Cdl 

(µF cm-2) 

n %IE    

Blank 1.205 10.414 11.619 9.34 x 10-4 0.88 - 

200 12.243 22.400 34.643 2.62 x 10-4 0.97 66.46 

400 17.534 44.349 61.883 1.18 x 10-4 0.86 81.22 

600 22.546 57.979 80.525 6.76 x 10-5 0.88 85.57 

800 41.653 72.124 113.777 6.68 x 10-5 0.89 89.79 

1000 52.144 82.095 134.239 2.21 x 10-6 0.91 91.34 

3.2.3. Thermodynamic consideration. 

In order to understand the mechanism by which ENPE-AgNPs inhibit the corrosion of 

CS in 1.0 M HCl, the thermodynamic behavior of the inhibitors was carefully examined. The 

transition state plots were used to determine thermodynamic parameters such as the energy of 

activation (EA), standard enthalpy (H), and the entropy changes of adsorption (S). The 

corrosion rate is related to these thermodynamic factors by the transition state equation 

(equation 6), which was further reduced to a linear formula (7). 



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
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


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
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−
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
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
=








RT

H

R

S

Nh

R

T

CR adsads

303.2303.2
loglog

      (7) 

The Arrhenius curve for the corrosion of CS in 1.0 M HCl with varying inhibitor 

concentrations is shown in Figure 12A. The calculated parameters are listed in Table 4. The 

Table shows that the values for the activation energy are larger when the inhibitor is present 

than when it is absent. With an increase in inhibitor concentration, the Ea values likewise went 

up. 

 
Figure 12. (a) Arrhenius and (b) Transition State plot for the corrosion of CS in 1.0 M HCl containing the 

various concentration of ENPE-AgNPs. 
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In the absence of ENPE-AgNPs, the lowest value of Ea (14.68 KJmol-1) was found. Ea 

values grew steadily with increasing inhibitor concentrations, reaching their highest values of 

41.71 KJmol-1 in the presence of 1000 ppm of the inhibitor. Because of the energy barrier and 

mass transfer provided by the adsorbed ENPE-AgNPs, the corrosion rate has decreased [44]. 

According to reports, a value of Ea larger than 80 KJ mol-1 indicates chemical adsorption as 

opposed to physical adsorption, which occurs when Ea is less than 80 KJ mol-1 [45]. The fact 

that all of the Ea values obtained through experimentation are less than 80 KJmol-1 indicates 

that the additives were physically adsorbed onto the coupons. Therefore, it may be said that the 

multilayer protective coverage on the entire surface of the CS was achieved. 

Table 4. Transition state and Arrhenius parameters for the corrosion of CS in 1.0 M HCl containing various 

inhibitor concentrations. 
Concentration 

(ppm) 
∆𝑺𝒂𝒅𝒔 

𝟎  

(J/mol) 

∆𝑯𝒂𝒅𝒔 
𝟎  

(J/mol) 

Ea (J/mol) R2 

Blank -199.68 -11.97 14.68 0.99 

200 -134.47 -37.02 39.72 0.90 

400 -131.48 -38.27 40.12 0.84 

600 -134.81 -38.41 40.89 0.87 

800 -139.97 -38.59 41.47 0.87 

1000 -132.74 -38.76 41.71 0.93 

The enthalpy and entropy of adsorption of the inhibitor are related to the corrosion rate 

of a metal by equation 8; 








 −







 

= RT

H

R

S adsads

Nh

RT
CR expexp         (8) 

with CR representing the corrosion rate of the CS, while R and N stand for gas constant 

Avogadro's number, respectively, Planck's constant and temperature are denoted with h and T, 

respectively. The entropy adsorption of the inhibitor on a metal is ΔSads and ΔHads is the 

enthalpy of adsorption of the inhibitor on the CS [46]. Equation (8) can be transformed into a 

linear form by taking the logarithm of both sides of the equation to obtain equation (9), 


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
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
=








RT

H

R

S

Nh

R

T

CR adsads

303.2303.2
loglog       (9) 

From equation (9), a straight line graph of log (CR/T) versus 1/T was obtained (Figure 

12), giving ΔHads/2.303R and (log(R/Nh) + ΔSads/2.303R), as the slope and intercept, 

respectively. Figure 12B shows the transition state plots for the corrosion of CS in 1.0 M HCl 

in the absence and in the presence of the various concentration of the inhibitor. The 

corresponding transition state parameters obtained from the plots are recorded in Table 4. The 

exothermic nature of the CS dissolution in 1.0 M HCl is confirmed by the negative values of 

the enthalpy of activation for the inhibitor established. The values of ΔHads are less than 100 

kJ/mol, supporting the physisorption nature of the CS dissolution in 1.0 M HCl. The values of 

ΔS are negative and decreased progressively with an increase in the inhibitor concentration, 

indicating that the inhibitor molecules freely moving in the bulk solution were adsorbed orderly 

onto the carbon steel surface. This implies that the activation complex represents association 

steps and that the reaction was spontaneous and feasible [47]. 

3.2.4. Adsorption consideration. 

The Langmuir isotherm plots of log C/θ against log C for the adsorption of ENPE-

AgNPs at various temperatures are shown in Figure 13. The equilibrium constant of adsorption 
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of the inhibitors on the CS surface is related to the standard free energy of adsorption ΔG0
ads 

by equation 10.  

ΔG0ads = −2.303RT log (55.5Kads)                (10) 

where R is the molar gas constant, T is the absolute temperature, and 55.5 is the water 

concentration in solution expressed in mol L-1. Langmuir parameters for the corrosion of mild 

steel in 1.0 HCl containing various concentrations of the inhibitor calculated from the slope 

and intercept of the plots are presented in Table 5. 

The effectiveness of organic compounds as corrosion inhibitors can be ascribed to the 

molecules' adsorption through their polar functions on the metal surface. Adsorption isotherm 

values are important to explain the corrosion inhibition mechanism of organo-electrochemical 

reactions of metals and alloys. Equation 23 shows the general form of adsorption isotherms. 

Different adsorption isotherms were tested in order to obtain more information about the 

interaction between the mild steel surface and at various temperatures. The linear regression 

coefficients (R2) were used to determine the best fit. Langmuir adsorption isotherm was found 

to be the best fit, in which case the linear regression coefficients (R2) were close to unity. 

Langmuir adsorption isotherm assumes that the solid surface contains a fixed number of 

adsorption sites, and each site holds one adsorbed species [48]. 

 
Figure 13. Langmuir isotherm for the adsorption of ENPE-AgNPs on CS surface in 1.0 M HCl solution at 

various temperatures. 

Table 5. Langmuir parameters for the corrosion of CS in 1.0 HCl containing various concentrations of the 

studied inhibitor. 
T (K) Slope Intercept R2 kads ΔG0

ads 

(kJ/mol) 

303 0.2607 -2.7233 0.9362 0.0019 -5.68 

313 0.0915 -2.9039 0.9192 0.0012 -6.95 

323 0.0975 -2.6895 0.9788 0.0020 -5.85 

333 0.0869 -2.5851 0.9652 0.0026 -5.36 

343 0.1181 -2.3403 0.9633 0.0046 -3.91 

3.2.5. FTIR study. 

Table 6 lists the frequencies and peaks that can be inferred from the ENPE-AgNPs' 

spectra (Figure 14). The outcome demonstrates the formation of two novel alcohol-induced IR 

adsorption bands. In the corrosion product, O-H stretching at 3383 cm-1 changed to 3275 cm-1 

with weaker intensity. This change indicates how the ENPE-AgNPs and carbon steel interact 

[49]. Since they are absent from the spectrum of the corrosion products, other IR absorption 

bands in the frequency range of 2922-833 cm-1 in the spectrum of ENPE-AgNPs were used for 
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adsorption on the surface of the carbon steel. C-H stretching, C=O stretching, N-O stretching, 

C=C stretching, C-O stretching, and C-N stretching are among the affected functional groups. 

 
Figure 14. FTIR spectrum of (A) ENPE-AgNPs and (B) Corrosion product when ENPE-AgNPs was the 

inhibitor for the corrosion inhibition of mild steel in 1.0 M HCl.  

Table 6. Frequencies and peak intensities of FTIR absorption by ENPE-AgNPs and the corrosion product of the 

CS in the presence of ENPE-AgNPs. 

ENPE before adsorption Corrosion product in the presence of ENPE Functional 

group/assignment Frequency (cm-1) Intensity Frequency (cm-1) Intensity 

  3736.07 weak alcohol 

  3713.40 weak alcohol 

3383.68 Broad, strong 3275.61 weak O-H stretching 

2922.21 Strong, sharp   O-H stretching 

2852.22 strong   C-H  stretching 

1703.30 strong   C=O  stretching 

1651.58 medium   C=C  stretching 

1514.59 medium   N-O  stretching 

1455.14 strong   O-H Alcohol 

1376.60 strong   O-H bending 

1159.02 medium   
C-O stretching tertiary 

alcohol 

1029.68 strong 1022.07 medium C-N stretching 

887.04 strong   C-H bending 

833.92 strong   C-H stretching 

4. Conclusion  

Synthesis and characterization of ENPE-AgNPs were effectively carried out. The mean 

particle size of the synthesized nanoparticles was found to be 5.06782 ± 1.46578. Treatment of 

the face-centered cubic structured (fcc) crystalline ENPE-AgNPs by Scherer's equation gave 

ENPE-AgNPS 

https://doi.org/10.33263/LIANBS131.021
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS131.021  

 https://nanobioletters.com/ 13 of 16 

 

the average crystallite size of 4.44 nm. ENPE-AgNPs have proven to be a good inhibitor for 

the corrosion of carbon steel in HCl. The %IE using gravimetric and electrochemical 

impedance spectroscopy methods was found to increase to a maximum of 98.23 and 91.34, 

respectively, in the presence of 1000 ppm. The effectiveness of this inhibitor was, however, 

lowered by the rise in temperature. The negative values of entropy change of adsorption (ΔS) 

imply that the inhibitor molecules freely moving in the bulk solution were adsorbed orderly 

onto the carbon steel surface. Also, the activation complex represents association steps, and the 

reaction was spontaneous and feasible. Also, results showed that all the enthalpy of activation 

(ΔH) for the inhibitors are negative, reflecting the exothermic nature of the CS dissolution 

process in HCl. The physically adsorbed ENPE on the mild steel surface in HCl was found to 

obey Langmuir adsorption isotherm. The results of this study reveal that the ENPE-AgNPs are 

a low-cost, green, and effective inhibitor of the corrosion of CS. 
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