


CORROSION INHIBITION POTENTIAL OF NOVEL BIOSYNTHESIZED Ag-Cu-Al NANOPARTICLES FOR MILD STEEL IN 1 M HYDROCHLORIC ACID SOLUTION BY WEIGHT LOSS METHOD


ABSTRACT
In recent years, concerns have arisen over the use of most organic and inorganic substances as corrosion inhibitors due to their expensive and toxic nature. This has necessitated the search for alternative cheap and eco-friendly inhibitors. Nanoparticles undergoes physisorption/chemisorption to the corrosion metal surface and inhibit the corrosion efficiently, it also has low toxicity, low cost and is easy to produce. Trimetallic nanoparticles has of recent found unique applications in various fields owing to its superior synergistic properties compared to its monometallic and bimetallic counterparts. Novel Ag-Cu-Al trimetallic nanoparticles was biosynthesized using aqueous leaves extract of Hierochloe odorata , UV-Vis, FTIR, XRD and SEM-EDS spectroscopy were used to confirm its synthesis. The effect of Ag-Cu-Al trimetallic nanoparticles on corrosion of mild steel in 1 M HCl was investigated by gravimetric (weight loss) method. The corrosion rate of the steel sample was observed to decrease with increase in concentration of the nanoparticles and increased with increasing temperature, while the inhibition efficiency increased with increasing inhibitor concentration and decreased with increasing immersion time and temperature. The highest inhibition efficiency under optimum conditions was found to be 95 %. Kinetic data also revealed a first order kinetic reaction while investigation into thermodynamic parameters (∆G, ∆H, ∆S) showed that Ag-Cu-Al NPs were spontaneously adsorbed onto the mild steel surface by mixed adsorption (physical and chemical adsorption); the Langmuir adsorption isotherm model was found to have the best linear relationship with correlation coefficient close to unity. The process was endothermic as confirmed by the positive values of ΔH. SEM analysis of mild steel samples revealed the presence of adsorbed deposits of Ag-Cu-Al NPs which indicates the adsorption of the inhibitor onto the mild steel surface confirming its effectiveness in protecting the mild steel surface.
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1	Introduction 
[bookmark: bbib5][bookmark: bbib65][bookmark: bbib33][bookmark: bbib4][bookmark: bbib2]Corrosion is a widespread destructive occurrence in science and technological fields [1]. Carbon steels, such as mild steel and stainless steels are used in over 90 % of construction processes in the chemical and petroleum industries due to their advantageous chemical and mechanical properties [2], Despite its advantages, the vulnerability of steel to corrosion remains a significant challenge [3]. In industries, mild and stainless steels are frequently exposed to acidic environments, leading to interactions with their surroundings that can alter their properties and finally result in premature material failure due to corrosion [4]. Corrosion causes very important material and economical losses due to partial or total replacement of equipment and structures [5]. Corrosion also has social implications as it engages the safety and health of people either working in industries or living in nearby towns and villages [6]. Over time, several techniques have been established to combat corrosion, including coatings, innovative coatings, nanotechnology based approaches, smart materials with self-healing properties, and cathodic protection [7]. Recent trends in ensuring sustainability, cost reduction, and toxicity have prompted the use of green alternatives for corrosion inhibition [8]. 
[bookmark: bbib3]Nanoparticles (NPs) have recently proven to be a promising solution to the menace of corrosion because of its increased corrosion efficiency due to their unique properties, including high surface area, multiple active sites, enhanced activity, and superior photocatalytic capacity [9]. These synthesized nanomaterials have distinctive capabilities that are useful for tackling gaps in sectors such as health, energy production, drug delivery systems, and wastewater treatment [10-11]. Nanoparticles which undergo physisorption/chemisorption to the corrosion metal surface and inhibit the corrosion efficiently also have low toxicity, low cost, and easy production [12]. There are various types of nanoparticles depending on their morphology and other characteristics. Metallic nanoparticles, for example gold and silver nanoparticles, have been used in numerous applications such as biosensors, efficient drug delivery systems, active food packaging, and other medicinal uses [13]. Metallic nanoparticles have received increasing attention among the numerous types of nanoparticles due to the usefulness of their biological features, nontoxic nature, and their distinctive properties [14-15]. Due to their unique optical, electrical, and magnetic properties, metal nanoparticles have been investigated for a variety of applications [16]. Compared to monometallic nanoparticles, multimetallic nanoparticles, composed of various metals, provide a unified system that can display unique features [17]. When compared to monometallic or bimetallic nanoparticles, trimetallic nanoparticles exhibit more catalytic activity, more antibacterial effect, diversified shapes [18], highly selective detection and sensitivity, high level of stability, and chemical transformation [19]. These promising features are a result of the combined or multifunctional effects of the three metals that make up trimetallic nanoparticles. These trimetallic nanoparticles have been shown to exhibit remarkable properties like, increased photocatalytic activity, increased antimicrobial activity, corrosion inhibition potential and other therapeutic activities [20]. 
[bookmark: _Hlk144388739]Although several methods of trimetallic nanoparticles synthesis have been reported, the synthesis of trimetallic nanoparticles through biological methods is thought to be a more practical and environmentally friendly approach. In the biological method of synthesis, also known as green synthesis, of trimetallic nanoparticles, plant extracts or microorganisms are used, which serve as reducing, stabilizing, and also capping agents. Since biological agents contain various secondary metabolites, including flavonoids, terpenoids, enzymes, alkaloids, antioxidants, fungal metabolites, algal metabolites, etc. which are considered to be reducing, capping, and stabilizing agents [21]. One of such plants that can be used in the synthesis of trimetallic nanoparticles is Hierochloe odorata. Hierochloe odorata or Anthoxanthum nitens (commonly known as sweet grass, Manna grass or Vanilla grass) is an aromatic herb native to northern Eurasia and North America. It is used as a smudge, in herbal medicine and in the production of distilled beverages. It owes its distinctive sweet scent to the presence of coumarin and possess high antioxidant properties. The name Hierochloe odorata is from the Greek and Latin. Hierochloe means "holy grass" and odorata means "fragrant". Some North American indigenous people burn Sweet Grass in ceremonies to attract good spirits. [22]

This study proposes Ag-Cu-Al trimetallic NPs, synthesized via green methods with aqueous leaves extracts of Hierochloe odorata, as a novel solution to corrosion inhibition of mild steel in acidic medium. Unlike existing inhibitors, Ag-Cu-Al NPs combine silver’s noble barrier, copper’s catalytic reactivity, and aluminum’s, Al₂O₃ passivation layer, potentially surpassing bimetallic benchmarks by forming a more robust protective film.
The aqueous leaves extract of Hierochloe odorata used as capping and stabilizing agent was effective (Due to the wide range of  biomolecules present in the extract) in minimizing the average particle size and reduced the tendency of agglomeration of the biosynthesized Ag-Cu-Al nanoparticles. The biosynthesized trimetallic nanoparticles were characterized using UV-Vis spectroscopy, FTIR, XRD and SEM-EDS analysis. The biosynthesized trimetallic nanoparticles were verified for their corrosion inhibition potential on mild steel in 1 M hydrochloric acid solution by weight loss method. Also, the kinetics, thermodynamics, and the mechanism of the reaction involved in the corrosion inhibition will be considered. 

2. Materials and Methods
2.1. Materials and Chemicals
 The materials used includes mild steel of known composition obtained from the Works Unit of the University of Jos, Hierochloe odorata leaves were collected and identified from the premises of Federal College of Forestry Jos, Plateau State. Analytical grade copper (II) chloride (CuCl2), silver nitrate (AgNO3), aluminum oxide (Al2O3), with percentage purity of 99% and Hydrochloric acid (HCl) with percentage purity of 35% (w/w), was obtained from Thermo Fisher Scientific Pittsburgh, PA, United States of America.All the chemicals and reagents were used as received without further purification

2.2. Methods
2.2.1 Preparation of Aqueous leaves extract of Hierochloe odorata
Exactly 10 grams of fresh uninfected leaves of Hierochloe odorata was weighed and then washed several times with running tap water and rinsed with deionized water for removal of dust particles. Afterwards, the leaves was chopped into smaller pieces to obtain better yield of the extract. The chopped and weighed material was then transferred into a 500 ml beaker containing 100 ml of deionized water and then heat on a hotplate at 30oC. The mixture was brought to stand for 15 minutes and allowed to cool after which it was filtered using Whatman filter paper No. 1. The filtrate was then kept for onward use.
2.2.2 Preparation of 0.1 M AgNO3 and CuCl2 and Al2O3 Salt Solutions
Exactly 1.70, 1.34 and 1.02 grams of silver nitrate, copper (II) chloride and aluminum oxide salts respectively was weighed and transferred into beakers containing 100 ml of deionized water. The mixtures were stirred to ensure that the salt dissolves properly after which the salt solutions were mixed together to obtain a homogenous mixture. The prepared salt solutions was then stored for onward use
2.2.3 Synthesis of Ag-Cu-Al Trimetallic Nanoparticles
The trimetallic nanoparticles was synthesized by reducing the precursor salts of silver, copper and aluminum concurrently using aqueous leaves extract of Hierochloe odorata. 30 ml of the freshly prepared leaf extract was added drop wise to 150 ml of 0.1 M AgNO3-CuCl2-Al2O3 solution (50 ml of each salt solution) with constant stirring on a magnetic stirrer. On addition of the extract and after a period of time, a colour change was observed indicating the formation of the trimetallic nanoparticles. The trimetallic nanoparticles formed was centrifuged at 3000 rpm for 15 minutes, washed with distilled water, allowed to dry at room temperature and kept for further analysis.
2.2.4 Characterization
The biosynthesized trimetallic nanoparticles was subjected to various characterization techniques to determine the size, morphology and composition of the biosynthesized nanoparticles. UV-Visible measurements of the nanoparticles was recorded using the T70 PG Instruments’ UV- Spectrophotometer at different wavelength and absorption and. FTIR (Cary 630 Agilent Technologies) was used to identify the possible biomolecules present in the plant extract responsible for capping and stabilization of the nanoparticles. SEM–EDS analysis was carried out using Quanta 250 FEG instrument to investigate the surface morphology and elemental composition of the nanoparticles. The crystalline structure and particle size of the biosynthesized nanoparticles was analyzed using X-ray diffraction (XRD Empyrean Malvern Panalytical diffractometer). XRD spectra were obtained in the 2θ angle range of 20°–100°.
2.2.5.	Preparation of Mild Steel Specimen
ASTM A53B carbon steel of weight % composition C: 0.21, Mn: 0.76, Cu: 0.20, P: 0.04, Si: 0.28, S: 0.04 and the remaining is Fe was used.The carbon steel was taken to the Department of Mechanical Engineering, University of Jos, Nigeria, where they were press-cut mechanically to form different coupons, each of dimensions (3.0 x 2.0 x 0.4 cm3) with a tiny hole drilled at the edge of each for the purpose of suspension in the corrodant.  The surface of the coupons were thoroughly polished to mirror finish using different grit sizes of emery paper, rinsed with ethanol and distilled water, degreased in acetone and preserved in a desiccator. Subsequently, the initial weights of the coupons were taken using analytical weighing balance and then made ready for corrosion studies [23a,b].The corodant, (1 M HCl) was prepared by the dilution of analytical grade 37 % hydrochloric acid with distilled water
2.2.6.	SEM Analysis. 
Surface morphology of carbon steel was analyzed using Scanning electron micrsocopy, (PHENOM PRO X SEM) Phenomworld Eindhoven, Netherlands. These were tested before and after adsorption in order to determine the effect of the inhibitor on the surface morphology of carbon steel.
2.2.7. Corrosion Studies (Weight loss) 
Already weighed mild steel coupons as prepared above were individually tied through the tiny hole bored on the coupons and firmly held by a retort stand at an equal length and uniform spacing, and placed in 100 ml of 1 M HCl test solution in the absence and presence of various concentrations of Ag-Cu-Al nanoparticles (50, 100, 150, 200, 250) ppm in 100 ml of 1 M HCl test solution at a temperature of 298, 308, 318, 328, and 338 K. The coupons were retrieved, washed, dried and re-weighed. The weight difference of the coupons before and after immersion in the test solutions was calculated and expressed as weight loss. All tests were conducted in duplicates and the weight loss averages were used for calculations. The effect of time on the corrosion rate was examined for 24 hours using the same procedure as above with each coupon retrieved at 2 hours intervals. Using the weight loss information, the corrosion rate (CR), inhibition efficiency (I.E.), and the surface coverage (θ) of the extract at different concentrations were evaluated using the equations below respectively [24-26]. 
CR= Δw/At …………………………………………………………………………………….. (1) 
Where; CR is the corrosion rate, Δw is the weight loss in g (gram), A is the area of the coupon measured in cm3 and t is the time hours. 
IE=CR(blank)−CR(inh)/CR(blank) ×100 …………………………………………………………….. (2) 
θ=CR(blank)−CR(inh)/CR(blank) ………………………………………………………………….......(3)
3. Results and discussion
3.1.	Optical Properties
One of the distinct characteristic properties of nanoparticles is their opto-electronic properties. The optical property of the trimetallic salt solution of Ag-Cu-Al, Hierochloe odorata, leaf extracts and the trimetallic anoparticles of Ag-Cu-Al are shown on plate 1. After addition of 30 ml of aqueous leaf extract of Hierochloe odorata the colour of the 150 ml of the 0.1 M trimetallic salt solution of Ag-Cu-Al changed from grey to olive green indicating the creation of Ag-Cu-Al trimetallic nanoparticles. The excitation of the surface plasmon resonance action in the nanoparticles is responsible for the colour variations. The size and shape of metal surface plasmon oscillation, as well as their optical properties are well understood.
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Plate 1: Hierochloe odorata leaves extract (A), Ag-Cu-Al trimetallic salt solution (B), Ag-Cu-Al nanoparticle solution (C)
3.2.	UV-Visible Spectroscopy Analysis
	More information about Ag-Cu-Al trimetallic nanoparticles was obtained through the use of UV-visible spectroscopy, which was used to observe the reduction of aqueous metal ions after treatment with Hierochloe odorata leaves extract (figure 1). In the UV-visible absorption spectra of Ag-Cu-Al trimetallic nanoparticle, the typical surface plasmon resonance (SPR) is observed with an absorbance of approximately 400-407 nm with peak maxima of 405 nm, which can be attributed to the presence of Ag-Cu-Al trimetallic nanoparticles. The nearly symmetrical structure of the plasmon band suggest that the nanoparticles are not uniformly distributed and homogenous. This non-uniformity of the nanoparticles is responsible for the slightly broad absorption peak. The size, shape and capping agent of nanoparticles influence the position of the SPR band.
[image: ]
Figure 1: UV-visible spectrum of Ag-Cu-A trimetallic nanoparticle

3.3.	Fourier Transform Infra-Red Spectroscopy Analysis
	Figure 2 shows the FTIR spectra of Hierochloe odorata aqueous leaf extract mediated synthesis of Ag-Cu-Al trimetallic nanoparticles. It shows the distinct absorption bands for the functional groups involved in the reduction of the trimetallic ions. Absorbance peaks were recorded at 3317, 2938, 2080, 1735, 1367, 1217 and 1033 cm-1. The band at 3317 cm-1 corresponds to secondary amine (N-H), C-H medium stretching for alkane is responsible for the bonds found 2938 cm-1. The 2080 cm-1 can be attributed to C=C stretch for alkenes, 1735 cm-1. IR band is associated with C=O stretching for esters. 1367 cm-1 is strong band for N=O stretching for nitro compounds While 1217 cm-1 and 1033 cm-1 are attributed for C-O stretch for esters and C-C bending stretch for alkanes respectively. Aqueous leaves extract of Hierochloe odorata is known to contain phytochemicals such as tannins, alkaloids and carbohydrates, saponins and flavonoids which are rich in antioxidant properties capable of donating atoms of hydrogen and protein moieties that can bind with metallic ions and capable of reducing metal ions of silver, copper and Aluminium and also serve as stabilizing agents to the synthesized nanoparticles [27].
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Figure 2: Comparative FTIR spectra of Ag-Cu-Al nanoparticles

3.4. XRD Analysis
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Figure 3: XRD spectrum of Ag-Cu nanoparticles
From the X-ray diffraction patterns of the biosynthesized Ag-Cu-Al nanoparticles as shown in Figure 3, it is clear that the diffraction pattern of the triimetallic nanoparticles were essentially crystalline as shown with the sharp peaks [28]. Estimated diffraction peaks observed at 38.47°, 44.67°, 47.12° and 65.23°  corresponds to the (111), (200) and (220) standard face centered cubic structures of silver which confirms the presence of silver oxide in the sample [28, 29]. The XRD pattern also shows peaks of copper oxide at 28.85° and 33.26°, aluminum oxide at 57.75° and 58.60° brought about by the oxidation of copper and aluminum particles respectively [30]. The other peaks might be as a result of some bioorganic compounds or proteins present in the plant extract [31]
3.5. Scanning Electron Microscope - Energy-Dispersive X-ray Spectroscopy Analysis 
The SEM-EDS analysis was utilized to examine the surface roughness and morphology of the Ag-Cu-Al nanoparticles as shown in plate 2. The morphology shows the intricacy of the particle size to be densely packed and revealed the cylindrical nature of the nanoparticles. The image also shows a surface roughness which might be attributed to biomolecules from the leaf extract that are bound to the Ag-Cu-Al nanoparticles. The EDS also revealed the elemental composition of the nanoparticles with silver which is easily displaced and hence more active and having the highest composition thereby forming the outer shell while aluminium forms the inner core shell.
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Plate 2: SEM-EDS images of Ag-Cu-Al nanopartices
3.6. Corrosion Analysis
3.6.1. Effect of Concentration on Corrosion Rate and Inhibition Efficiency
Figures 4a, 4b and table 1 presents the impact of inhibitor concentrations on the corrosion rate (CR) and inhibition efficiency (IE) for mild steel. It was observed that the inhibition efficiency increased as the inhibitor concentration increases with the highest inhibition efficiency of 93% observed at 250 ppm while corrosion rate decreased almost linearly with inhibitor concentration. This increased inhibition efficiency and reduced corrosion rate arises as a result of the effective adsorption of the nanoparticles on the surface of the mild still due to increasing concentration. The nanoparticles interact with metal surface via functional groups like hydroxyl, carbonyl, nitrogen or aromatic rings that are present in it possessing adsorptive sites leading to strong adsorption [32]. Under acidic conditions, H3O+ on mild steel surface renders the surface positively charged which quickly adsorbs counter-anions, which is Cl-1, resulting in a net negatively charged surface or cathodic sites. Similarly, the polar –C=O and –OH groups of the phytochemicals bonded to the nanoparticles are protonated forming positively charged particles. Hence, the nanoparticles were adsorbed physically on the surface of the mild steel through electrostatic interactions between the charged metal surface and the charged inhibitor molecule [33]. The presence of high amount of these functional groups on the nanoparticles leads to high amount being adsorbed on the surface of the mild steel which in turn leads to an increased corrosion inhibition, greater surface coverage and greater inhibition efficiency [34].
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Figure 4a: Effect of Ag-Cu-Al nanoparticles concentration on the corrosion rate of mild steel in 1 M HCl at 298K
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Figure 4b: Effect of Ag-Cu-Al nanoparticles concentration of on the corrosion rate of mild steel in 1 M HCl at 298K
Table 1. Effect of Nanoparticles Concentration on Corrosion Rate and Inhibition Efficiency
	Conc. (ppm)
	Corr. Rate (gh-1cm2)
	Surface Coverage (θ)
	Inhibition Efficiency (%)

	Blank
	0.000947
	-
	-

	50
	0.000643
	0.78971
	78.97

	100
	0.000453
	0.851678
	86.67

	150
	0.000306
	0.89582
	89.58

	200
	0.000208
	0.924876
	92.49

	250
	0.000186
	0.958174
	95.22



3.6.2. Effect of Temperature on Corrosion Rate and Inhibition Efficiency
	To assess the stability of the adsorbed inhibitor layer on the mild steel surface as well as some thermodynamic parameters of the corrosion process of mild, weight loss analysis were carried out using temperatures ranging from 298 to 338 K at 10 K intervals in the absence and presence of various concentrations of inhibitor. An increase in temperature resulted in an increase in corrosion rate as shown in figure 5a. This can be associated to an increase in the average kinetic energies of the reacting component, as temperature is directly proportional to kinetic energy. Furthermore, an increase in temperature decreases the stability of corrosion protective layers (e.g. Fe3O4 or FeCO3) thereby exposing the underlying steel to corrosive agents, and can also lead to an acceleration in the diffusion of corrosive ions (e.g. Cl- and H+) and oxygen to the steel surface, and as such intensifying corrosion process [35]. Likewise, the inhibition efficiency of Ag-Cu-Al nanoparticles decreases as temperature increases (figure 5b). This is because at high temperature, there is a high probability of desorption of the inhibitor from the surface (thermal decomposition) which might in turn lead to a change in the corrosion mechanism [36]. The reduction in inhibitory efficiency with increasing temperature is described as indicative of a physical adsorption mechanism [37]. This shows that temperature has a strong influence on the stability of the nanoparticles film adsorbed on mild steel in acid medium [38].
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Figure 5a: Effect of Temperature on corrosion rate of mild steel in 1 M HCl 
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Figure 5b: Effect of Temperature on inhibition efficiency of mild steel in 1 M HCl 
3.6.3. Effect of Immersion time on Corrosion Rate and Inhibition Efficiency
	The effect of immersion time on corrosion parameters such as surface coverage, corrosion rate and inhibition efficiency was investigated in 1 M hydrochloric acid solution. This was done both in the presence and absence of different concentrations of Ag-Cu-Al nanoparticles at 2 hours interval for 24 hours at 298 K. The results generally shows a significant reduction in corrosion rate as the nanoparticles concentration increases. The corrosion rate at the initial stage was observed to be high but, decreased with time as shown in figure 6a although a bit negligible as inhibitor concentration increases. This decrease were associated with the deposition of some corrosion products on the surface of the mild steel, forming a barrier that slows corrosion. This observation corresponds to that reported by [39]. Extended immersion time can sometimes stabilize corrosion rates as the inhibitor forms a denser layer, however, beyond optimal periods, inhibitor desorption or degradation of the protective film may increase corrosion rate [40]. Also the result shows high inhibition efficiency (figure 6b) at initial immersion time as the nanoparticles rapidly adsorbs to the surface of the mild steel which then decreases with time, which may be associated with desorption of inhibitors [41]. This trend was also observed as the concentration of the nanoparticles increased. Ag-Cu-Al nanoparticles was observed to adsorb efficiently onto steel surface, achieving high surface coverage that correlates with reduced corrosion rates, however, at longer immersion times, the surface coverage decreased. This might be due again to desorption of adsorbed nanoparticles owing to temperature effects, agitation, or chemical interactions. This is similar to that reported by [42].
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Figure 6a: Effect of Immersion time on corrosion rate of mild steel in 1 M HCl 
[image: C:\Users\LENOVO\Documents\4b_FINA.JPG]
Figure 6b: Effect of Immersion time on Inhibition efficiency of mild steel in 1 M HCl 
3.6.4. Kinetic Parameters for Corrosion Process.
Kinetic parameters provide insights into the rate at which the reaction occurs, adsorption mechanisms, efficiency, and stability of nanoparticle-based inhibitors. Results obtained for the relationship between change in weight loss and time and various inhibitor concentration fitted into equation 4 below. This was used in evaluating the rate of corrosion in the presence of Ag-Cu-Al nanoparticles.
ln (wi - ∆w) = -Kt + In wi  …………………………………………………………………. ..4
wi = initial weight of metal before immersion, ∆w = change in weight, t = immersion time and K = rate constant [43]. A plot of In (wi - ∆w) versus time in (days) shows a linear relationship that confirms a first order reaction.
Figure 7 illustrates a linear plot of In (wi - ∆w) against time and shows the adsorption of Ag-Cu-Al nanoparticles on mild steel in 1 M HCl with R2 values ≥ 0.98. The plot for the various nanoparticles concentration are all linear but, showed a decrease trend in the values of ln (wi - ∆w) as the exposure time increases. The half-life (t1/2) of the corrosion were determined using equation 5.
t1/2 = ……………………………………………………………………………. 5
The plot showed that the data points are well fitted into the first order kinetics reaction. The rate constants of the mild steel corrosion at different concentrations of Ag-Cu-Al nanoparticles were obtained from the slope of the graph, while the half-lives were calculated from the rate constant (Table 2). From the results, we can infer that the rate constant of corrosion on mild steel decreases as the nanoparticles concentration increases and the half-life of the reaction increases, while both remained steady at higher concentrations. These suggests that inhibition increases as the nanoparticles concentration increases causing a decrease in the dissolution rate of the mild steel in 1 M HCl. This is an indication of the further protective action of Ag-Cu-Al nanoparticles on the metal surface. This result aligns with that reported by [44]
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Figure 7: A plot of In(wi – Δw) against Time for the adsorption of Ag-Cu-Al NPs on mild steel at room temperature
Table 2: Kinetic data for mild steel corrosion in 1 M HCl in the absence and presence of Ag-Cu-Al nanoparticles.
	Conc. (ppm)
	Rate Constant, K (hr-1)
	Half-life, t1/2 (days)

	Blank
	0.0015
	19.3

	50
	0.0008
	36.1

	100
	0.0005
	57.8

	150
	0.0004
	72.2

	200
	0.0004
	72.2

	250
	0.0004
	72.2



3.6.5. Thermodynamic Parameters for Corrosion Process.
	Thermodynamic parameters provide insights into the adsorption mechanisms, efficiency, and stability of nanoparticle-based inhibitors. These inhibitors exhibit both physical and chemical adsorption, often fitting one or more adsorption isotherms. The Arrhenius equation (6) was used to evaluate the activation energy of corrosion both in the presence and absence of inhibitor [45]
ln CR =  + In A ……………………………………………………………………………...6
where; CR is the corrosion rate, Ea is the activation energy, R is the molar gas constant, T is the temperature (measured in Kelvin), and A is for Arrhenius pre-exponential factor.
Figure 8a shows the plot of ln CR against 1/T, while the values of the apparent energy of activation were determine from the slope Ea/R as shown in table 3. It was observed that Ea increases with an increase in concentration of nanoparticles. This indicates that the nanoparticles hinder the corrosion by heightening the energy barrier for the corrosion reaction. An increase in Ea on addition of an inhibitor arises from the blocking of active (dissolution) sites on the mild steel surface, resulting in a diffusion-controlled corrosion reaction. This trend also suggests a physiosorption mechanism [46]. Higher Ea in the presence of inhibitor indicates effective barrier formation, suggesting an effective corrosion inhibition by the nanoparticles.
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Figure 8a: Arrhenius plots of ln CR versus 1/T in the absence and presence of different concentrations of Ag-Cu-Al NPs in 1 M HCl
Equation (7) was employed to determine other relevant thermodynamic properties such as enthalpy and entropy.
ln(   = ln(  + ln(  + ln( ………………………….…………………………………… 7
where; h is the Planck’s constant, N is the Avogadro’s number, T is the temperature (Kelvin), R is the molar gas constant, ∆S is the entropy of activation and ∆H is the enthalpy of reaction
A plot of the values of ln(CR/T) against 1/T were used to obtain values for ΔH and ΔS as presented in figure 8b for the corrosion rate of mild steel in blank and in the presence of various  concentrations of Ag-Cu-Al nanoparticles. A linear relationships with slope of ΔH/RT and an intercept equal to [ln (R/Nh + ΔS/R)] was obtained. The values of ΔH and ΔS are also presented in Table 3.
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Figure 8b: Eyring transition state plot for mild steel in 1 M HCl in the absence (blank) and presence of Ag-Cu-Al NPs

The positive values of ΔH in the blank indicates an endothermic process of mild steel dissolution. It was also observed that upon adsorption of inhibitor, the values of ΔH increased with increasing inhibitor concentration which indicates that the formation of activated complex from the inhibitor is the rate-determining step of the mild steel dissolution process, and thus it is considered a hindered process of steel corrosion. Also, the positive values of ΔH is attributed to the chemisorption process of the inhibitor [47]. The entropy values were observed to be negative and became less negative as inhibitor concentration increases. These entropy values indicates a decreasing disorderliness from reactants to activated complex. This establishes the fact that the adsorption process is associated with lowering the entropy that is a high chaotic degree before adsorption and then a reduced orderliness when the inhibitor gets adsorbed onto the mild steel [48].
Also, the low value of the energy of activation of the blank compared to those with inhibitor can be attributed to the fact that the inhibitor helps to heighten the energy barrier of the corrosion process consequently increasing the energy of activation hence, the low activation energy of the blank sample [46]. 


Table 3: Thermodynamic Parameters (ΔH, ΔS, ΔG and Ea) for Mild Steel Dissolution Process in 1 M HCl in the absence and presence of Ag-Cu-Al Nanoparticles.
	Conc. (ppm)
	ΔH (Jmol-1K-1)
	ΔS (Jmol-1K-1)
	ΔG (KJmol-1)
	Ea (KJmol-1)

	Blank
	53.97764
	- 85.67458
	79.50866
	13.33303

	50
	76.64044
	- 85.61626
	102.15409
	18.95304

	100
	84.10417
	- 85.59598
	109.61177
	19.78014

	150
	84.99228
	- 85.59107
	110.49842
	21.47078

	200
	85.99245
	- 85.59109
	111.49859
	21.72057

	250
	109.00003
	- 85.62358
	134.48580
	29.14827



3.6.6. Scanning Electron Microscopy (SEM)
	The surface morphology of mild steel before and after immersion in 1 M hydrochloric acid solution in the presence and absence of 250 ppm of Ag-Cu-Al nanoparticles after immersion for 24 hours was studied using scanning electron microscopy and the result is presented in Figure 9. The SEM image of mild steel before immersion revealed a fairly smooth surface with some polishing scratch (Figure 9a). Figure 9b shows cracks, pits, and scratches, as well as corrosion deposits on the mild steel surface which shows that the surface of mild steel without an inhibitor was attacked more by the corrosive agent. The rough surface with pits and cracks and some trace of corrosion product indicate the uniform corrosion of the mild steel sample [46]. 
The SEM image of the mild steel sample immersed in 1 M HCl containing 250 ppm of Ag-Cu-Al nanoparticles is shown (Figure 9c). It can be seen that the metal surface becomes smother due to deposits of Ag-Cu-Al NPs formed on the surface, and thus a protective layer/film is formed on the surface of mild steel. The presence of traces of Ag-Cu-Al particles on the surface indicates the effective adsorption of the inhibitor on the surface of mild steel, and its association with the active sites on the metal surface suggests the high inhibitory tendency of the nanoparticles at reducing corrosion and protecting the surface of the mild steel [49].
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Figure 9: SEM micrographs of mild steel in (A) the clean steel surface before immersion (B) the surface after being immersed in 1 M HCl for 24 hrs. and (C) the steel surface coated with Ag-Cu-Al NPs after immersion in 1 M HCl
4.1.1.8. Adsorption Isotherm
	The corrosion inhibition mechanism of nanoparticles is usually based on molecular adsorption. Adsorption isotherm helps to illustrate the interaction between inhibitor molecules and the active sites of the metal surface [50]. The adsorption mechanism of various concentration of the inhibitor was studied by subjecting the result to various adsorption models such as Langmuir's, Freundlich's, Temkin's and Frumkin's adsorption isotherms. The Langmuir isotherm gave the best fit with very strong correlation coefficient (R2) for the different Ag-Cu-Al nanoparticles concentrations in 1 molar hydrochloric acid at various temperature.
The Langmuir adsorption isotherm represented in equation (8), indicates that inhibitor molecules have formed a monolayer on the metal surface without interaction between their neighbors [51]. 
     =  + C …………………………………………………………………………… (8)
Where; C is the nanoparticles concentration, Kads is the equilibrium constant of adsorption and θ represents the degree of surface coverage of the nanoparticles.
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Figure 10: Langmuir adsorption isotherm plot for mild steel corrosion in 1 M HCl for Ag-Cu-Al NPs at different temperatures
As shown in figure 10, a plot of C vs C/θ results in a linear correlation wherein the values of C/θ increases as the nanoparticles concentration rises. The strong correlation (R2 = 0.998) for all nanoparticles concentration at different temperature implies that inhibitor adsorption on mild steel agrees with the Langmuir isotherm. This indicates that the adsorbing Ag-Cu-Al nanoparticles occupy certain adsorption sites on the metal surface giving efficient surface coverage. Furthermore, it also indicates the adsorption of the Ag-Cu-Al nanoparticles is associated with physical adsorption [50]. The equilibrium constant of adsorption of the biosynthesized Ag-Cu-Al nanoparticles on mild steel surface relates to Gibbs free energy of adsorption ∆G, by equation (9).
∆Gads = - RT ln (55.5 Kads) ………………………………………………………………… (9) 
where; R is the gas constant, T is the absolute temperature (K) 55.5 indicates the molar concentration of water in the solution and Kads represents the adsorption constant.
The standard free energy of adsorption ΔGads provides information on how strong the molecule's adsorption is on the surface. From the results, it was observed that as temperature increases, the adsorption constant values also increase. This indicates that the interaction between molecules and the metal surface becomes strengthened where the molecules of the inhibitor possess strong interactions with a metal surface. This also indicates an increase in the protective efficiency as the temperature increases. The values of ∆Gads evaluated from the intercept of the plot of Langmuir adsorption isotherm reflects high adsorption tendencies. The negative Gibbs free (∆Gads) values shown in table 4 indicates that the adsorption process is spontaneous and that the adsorption layer on the mild steel is very stable. 



Table 4: Calculated parameters from the Langmuir adsorption isotherm of Ag-Cu-Al NPs.
	Temperature (K)
	Kads
	ΔGads (KJmol-1K-1)
	R2

	298
	0.05987
	- 0.1446
	0.99

	308
	0.06048
	- 0.1497
	0.97

	318
	0.06446
	- 0.1513
	0.97

	328
	0.0695
	- 0.1586
	0.99

	338
	0.0712
	- 0.1677
	0.99



4. Conclusion
From the results above, novel Hierochloe odorata mediated biosynthesized Ag-Cu-Al nanoparticles was successfully synthesized and UV-Vis, FTIR, XRD and SEM-EDS spectroscopy were used to confirm and synthesis. The nanoparticles proved to be an effective and efficient corrosion inhibitor of mild steel in 1 M HCl solution. The corrosion rate of the steel sample decreased with increase in concentration of the nanoparticles and increased with increasing temperature, while the inhibition efficiency increased with increasing inhibitor concentration and decreased with increasing immersion time and temperature with optimum inhibition efficiency recorded at 95%. The inhibitor adsorption process on mild steel surface was observed to follow Langmuir adsorption isotherm. Thermodynamic studies revealed that the nanoparticles were spontaneously adsorbed onto the mild steel surface by mixed adsorption (physical and chemical adsorption), and that the process was endothermic. Kinetic data also revealed a first order kinetic reaction and an increase in activation energy which is attributed to a physiosorption mechanism. SEM analysis revealed the presence of adsorbed deposits of Ag-Cu-Al NPs which indicates the adsorption of the inhibitor onto the mild steel surface and its effectiveness in protecting the mild steel surface.
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