CORROSION INHIBITION OF MILD STEEL USING PLANT EXTRACTS OF CAESALPINIA PULCHERRIMA FLOWER, CARICA PAPAYA AND VERNONNIA AMYGDALINA IN HCL ACID SOLUTIONS
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ABSTRACT
Maintaining the integrity of asset and infrastructure is pertinent to the existence of all industries and the oil and gas industry is not left out in this effort as its entire value chain largely depends on assets made from corrosion-vulnerable mild steel for its operations and the movement /storage of its products. As industries shift toward sustainable and eco-friendly practices, there arises a critical need to explore alternative and environmentally friendly corrosion inhibition approaches that offer comparable or superior effectiveness over traditional corrosion inhibitors, like disodium hydrogen phosphate (DSHP) which pose environmental hazards despite being currently wide used. The weight loss method is used to study the performance of Caesalpinia pulcherrima (CPFE), Carica papaya leaf (Pawpaw leaf or CPLE) and Vernonia amygdalina (Bitter leaf or VAE) in inhibiting corrosion. The viability of the novel potential eco-friendly corrosion inhibitors extracts was tested on mild steel in 1M HCl solution over a 24 hours period. Investigations revealed that CPFE, CPLE and VAE demonstrate an increase in inhibition efficiency with increasing concentrations but decrease with prolonged immersion time. A maximal inhibition efficiency of 91.14%, 89.97% and 88.41% was observed with CPFE, CPLE and VAE respectively at a concentration of 1.5g/L after 24 hour positioning them as promising green or eco-friendly alternatives for inhibiting corrosion of mild steel.
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1. Introduction
Corrosion is a naturally occurring phenomenon that results in the deterioration of a metal due to electrochemical reaction with the environment [31]. Corrosion can occur in various forms, including uniform corrosion, pitting corrosion, crevice corrosion, inter-granular corrosion, and stress corrosion cracking, each characterized by different mechanisms and effects on the material [22]. Corrosion mechanisms are primarily electrochemical. For instance, in the corrosion of iron, the metal loses electrons (oxidation) at anodic sites and gains electrons (reduction) at cathodic sites, often resulting in the formation of iron oxides or rust [11]. Corrosion stands as an enduring and prevalent global challenge with far-reaching implications across diverse industries [2]. The consequences of corrosion extend beyond mere financial burdens, encompassing compromised structural integrity, safety hazards, the accelerated degradation of critical infrastructure and even brand reputation damage, [4] [13],[12],[14].
According to the protocols outlined in ASTM G15-2008, a corrosion inhibitor is a chemical substance or combination of substances that, when present in the proper concentration and forms in the environment, prevents or reduces corrosion [3]. Corrosion inhibitor is a chemical substance that, when present in the corrosion system at a suitable concentration, decreases the corrosion rate without significantly changing the concentration of any corrosive agent [10]. 
Corrosion inhibition is the process of reducing the corrosion rate of metals by adding specific chemicals, known as inhibitors, to the corrosive environment [1]. Corrosion inhibitors are like protectors that help prevent the harmful effects of corrosion on different materials, especially metals [5]. As chemical compounds strategically introduced into corrosive environments, these inhibitors aim to mitigate the chemical, electrochemical, and biological processes responsible for material degradation, [28]. The fundamental objective is to impede corrosion reactions, thereby preserving the integrity and functionality of the protected materials [30].
These inhibitors can significantly prolong the lifespan of metals and alloys in aggressive conditions by forming a protective layer on the metal surface or by altering the electrochemical reactions that drive corrosion [29]. 

One of the most environmentally friendly and sustainable alternatives to conventional, costly, and toxic corrosion inhibitors is the use of extracts from natural sources such as plants, herbs, weeds, and other natural resources [15]. These extracts offer several advantages over traditional hazardous and environmentally unfriendly corrosion inhibitors, including high efficiency, wide commercial availability, non-hazardous properties, cost-effectiveness, and reduced impact on soil, aquatic, and terrestrial life [23;21]. The environmental impact of corrosion is equally a concern [17]. 
Conventional corrosion mitigation strategies often involve the use of synthetic inhibitors, coatings, and materials, contributing to pollution and ecological harm [27]. The pursuit of corrosion inhibition methods that are sustainable and environmentally friendly has thus led to extensive research on corrosion inhibition methods, including the use of natural products as eco-friendly inhibitors [16;28]. One of the most environmentally friendly and sustainable alternatives to conventional, costly, and toxic corrosion inhibitors is the use of extracts from natural sources such as plants, herbs, weeds, and other natural resources [7; 9]. These extracts offer several advantages over traditional hazardous and environmentally unfriendly corrosion inhibitors, including high efficiency, wide commercial availability, non-hazardous properties, cost-effectiveness, and reduced impact on soil, aquatic, and terrestrial life [18].
These inhibitors typically contain compounds such as flavonoids, alkaloids, tannins, and essential oils, which possess antioxidative properties that protect metal surfaces from oxidative damage [2]. They are considered environmentally friendly alternatives to traditional synthetic corrosion inhibitors, which can be toxic and harmful [6].
In a recent study, [24] noted that plant extracts contain several simple to complex phytochemicals that can effectively build protective shields over the metal surface.

A dialkyl-diamide derivative synthesized from coffee bagasse oil was investigated as a corrosion inhibitor for API-X52 steel in a CO₂-saturated brine environment at 60 °C. Results demonstrated that the inhibitor achieved a corrosion suppression efficiency of up to 99% at a concentration of 25 ppm, significantly reducing metal dissolution [8]. According to [25] reported that Cefotaxime sodium a broad-spectrum antibiotic used in treatment of susceptible infection in respiratory tract, skin and skin structure showed 95.8% inhibition efficiency when tested in mild steel in 1 M HCl solution. Also, Streptomycin is a commercially available first line drug for plague and on combination with other drugs; it is widely used for the treatment of tuberculosis was studied using the weight loss technique for corrosion inhibition and found to be effective [26].
Corrosion resistance performance of Cinnamoum Tamala leaves extract for mild steel (LCS) in the solution of 0.5 M H2SO4 was tested and found to be effective [6].
The highest inhibition efficiency was 93.29% when Corchorus olitorius stem extract was tested for corrosion inhibition of mild steel in 0.5M H2SO4 solution and was considered a good corrosion inhibition [19].

The inhibition efficiency green corrosion inhibitors increase with increase in concentration and temperature. The effect of Vernonia amygdalina (bitter leaf) extract on corrosion of mild steel was investigated at varying extract concentration (0.1%, 0.2%, 0.3%, 0.4%, 0.5% v/v) and temperatures (303 K, 313 K, 323 K, 333 K) in acidic medium [20].
This research investigates the viability of Caesalpinia pulcherrima, Carica papaya (Pawpaw) leaf and Vernonia amygdalina (Bitter leaf) extract as novel eco-friendly corrosion inhibitors for mild steel.

2. Methodology 
2.1 Materials and Equipment
The materials and equipment used for this experiment included: Mild Steel Coupons, dried Caesalpinia pulcherrima, dried Carica papaya (Pawpaw) leaf, dried Vernonia amygdalina ( Bitter leaf) extract, Acetone 99.5% ACS Grade, Distilled Water, HCl 37% ACS Grade, Ethanol 95% Analytical Grade, Ice Block, Aluminum Foil, Cotton Wool, Whatman Filter Paper, Polyester Thread, Electric Blender, Industrial, Grinding Machine, Soxhlet Apparatus, Chiller, Electronic Weighing Balance, Heating Mantle, Hot Water Bath, Beaker, Graduated Cylinder, Glass Rod, Volumetric Flask, Desiccator.
	
2.2 Extraction and Preparation of Specimen
To ensure cleanliness of Caesalpinia pulcherrima, Carica papaya (Pawpaw) leaf and Vernonia amygdalina (Bitter leaf) extract, the leaves were thoroughly washed to remove any dirt. After cleaning, the leaves were air-dried for a period of time. This drying process aimed to eliminate all residual moisture. Once the leaves were completely dried, they were processed into a powder using an industrial grinding machine.

2.3 Soxhlet Extraction of Caesalpinia pulcherrima, Carica papaya and bitter leaf 
1. A quantity of 100g of powdered leaf was carefully measured using an electronic weighing balance to ensure accuracy.
2. This was followed by the placement of 500ml of analytical grade ethanol into a round-bottomed flask, which was then securely attached to the Soxhlet apparatus.

3. The powder was subsequently positioned within the extraction chamber of the Soxhlet extractor.
4. The setup included a heating mantle arranged beneath the round-bottomed flask. The temperature of the mantle was regulated to maintain a steady 80º Celsius, specifically chosen to heat the ethanol solvent within the flask.
5. Upon reaching 78º Celsius, the boiling point of ethanol, the solvent began to vaporize. 
The ethanol vapors travelled upwards through the Soxhlet extractor, subsequently completing the solvent cycle and ensuring thorough contact with the powdered leaf.
6. Ice blocks were introduced periodically into the chiller during the extraction process. This allowed the chiller to supply the cold water needed to condense the ethanol vapor to the condenser.
7. This extraction process was sustained over a period of six hours. Throughout this duration, the ethanol consistently cycled through the system, effectively extracting the desired constituents from the powdered leaf.
8. Upon the completion of the six-hour period, the heating mantle was deactivated and sufficient time was allotted for the apparatus to cool down. Handling of the flask and the extract was delayed until it was safe to proceed to avoid any risk of injury.
2.4 Preparation of Coupons
Mild steel, widely used due to its mechanical properties and cost-effectiveness, is particularly susceptible to corrosion in aggressive environments. 
The mild steel coupons with uniform dimension of 3cm x 4cm were used. Before exposure to experimental conditions, the coupons underwent a cleaning process to remove any contaminants that could potentially interfere with the results. They were thoroughly degreased using analytical grade acetone, a solvent known for its effectiveness in removing greasy residues. This step was carried out to ensure that the surface of the mild steel was entirely free of oils and other substances. The next phase of the preparation involved modifying the coupons to facilitate their handling during the experiment. A hole was carefully bored into the center of each coupon. This structural adaptation was not merely for the convenience of manipulation but also served a functional purpose. The hole was created so that the coupons could be suspended. This suspension method required threading a suitable material through the hole; therefore, a polyester thread was used for this specific task. 

2.5 Preparation of Acidic Medium
To prepare 2 liters of a 1M hydrochloric acid solution from a concentrated stock solution (37%w/w), which has a molarity of 12.178M, the following steps were undertaken:
 1. The required volume of the stock solution needed for the dilution was calculated using the formula: 
𝐶𝑓 × 𝑉𝑓 = 𝐶𝑠 × 𝑉𝑠 				                                                                      (1)
Where:
Cf = Final concentration desired (1M)
Vf = Final volume desired (2 liters)
Cs = Stock concentration (12.178M)
Vs = Volume to be calculated.
𝑉𝑠 =  (Cf × 𝑉𝑓)/Cs                                                                                                               (2)                                                                                                                        
𝑉𝑠 =   1 × 2       
   12.178
𝑉𝑠 = 0.164
Upon computation, Vs was determined to be 0.164 liters, or 164 milliliters.
2. A volume of 164ml of the concentrated 37% HCl solution was measured precisely using a graduated cylinder.
3. Separately, 500ml of distilled water was measured and carefully poured into a 2-L   volumetric flask to serve as the solvent base for the dilution.
4. The measured 164ml of concentrated HCl was then slowly and cautiously added to the volumetric flask containing the 500ml of distilled water.
5. The mixture in the flask was stirred with a glass rod to aid in the dissolution and even distribution of the hydrochloric acid within the distilled water. Stirring was performed in a consistent and thorough manner to ensure proper mixing.
 6. Following the stirring, additional distilled water was added to the mixture until the final volume reached the 2-L mark on the volumetric flask, completing the dilution process to achieve a 1M HCl solution. A pictorial representation of mild steels suspended inside well labelled beakers containing a mixture of 100ml of 1M HCl and the inhibitors at various concentrations, including the blank sample is given below.
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Figure 1:  Mild Steel in Acid Solution at Different Extracts Concentrations.

2.6 Mass Loss Measurements
The inhibitory effects of different concentrations of Caesalpinia pulcherrima, Carica papaya (Pawpaw) leaf and Vernonia amygdalina (Bitter leaf) extract on the corrosion of mild steel was investigated. The concentrations used for this study were 0.3g/L,0.6g/L, 0.9g/L, 1.2g/L, and 1.5g/L.

2.7 Suspension of Mild Steel in 1M HCl with Varying Inhibitor Concentrations
The prepared mild steel coupons were then fully submerged in the acidic solutions in their respective, clearly labelled beakers. The suspension of the coupons within the beakers was accomplished using a polyester thread, which kept them completely immersed in the acidic medium without any contact with the beaker walls, thus eliminating any positional effects on the corrosion process. The immersion proceeded over 24 hours, duration deemed sufficient for observing the inhibitory action. During this time, each coupon underwent a daily extraction, cleaning, and weighing protocol. Cleaning with acetone ensured the removal of corrosion products and other substances adhering to the steel surfaces.

2.8 Weight Loss Measurement
Post-cleaning, the coupons’ weights were measured to discern the precise mass lost due to corrosion. This loss was determined by calculating the difference between the original mass and the mass measured after each daily extraction. The weight loss is calculated as follows:
∆𝑊𝑏 = 𝑊0 − 𝑊𝑏				                                                                      (3)
∆𝑊𝑖 = 𝑊1 − 𝑊𝑖				                                                                      (4)
𝐶R=∆𝑊/Axt                                                                                                                       (5)         
            
𝜃 = (𝐶𝑅𝑏 – 𝐶𝑅𝑖)/CRb                                                                                                        (6)        

Also, inhibition efficiency is defined mathematically as:
           I.E = {CRb -CRi / CRb} x 100%     	                                                                     (7)
Where:	
ΔWb = Weight loss of the blank sample (g)
ΔWi = Weight loss of sample containing inhibitor (g)
W0 = Initial weight of the blank sample (g)
Wb = Weight of blank sample at a time (g)
W1 = Initial weight of sample containing inhibitor (g)
Wi = Weight of sample containing inhibitor at a time (g)
CR = Corrosion rate (g/cm2 day)
CRb = Corrosion rate of the blank sample (g/cm2 day)
CRi = Corrosion rate of sample containing inhibitor (g/cm2 day)
A = Area (cm2)
t = Time (day)
θ = Surface coverage
IE = Inhibition efficiency (%)
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Figure 2: A Picture of the Electronic Weighing Balance used During the Experiment
3. Results and Discussion
3.1 Phytochemical elements
Table 1 presents the quantitative phytochemical analysis of Caesalpinia pulcherrima, Carica papaya (Pawpaw) leaf, and Vernonia amygdalina (Bitter leaf). The flower of Caesalpinia Pulcherrima was found to contain 17 mg/kg of tannins and 18 mg/kg of flavonoid and the leaf of Carica papaya had 3.82 mg/kg of tannins and 19.73 mg/kg of saponins while Vernonia amygdalina (bitter leaf) contains 15.41 mg/kg of tannins and 6.94 mg/kg of saponins. The presence of tannins, saponins and flavonoid in the three plants suggests that the three plants could serve as effective natural corrosion inhibitors.

Table 1: Quantitative Phytochemical Analysis of the Plant Extracts.
	Plant Extracts
	Quantity of Constituent (mg/kg)

	
	Tannins
	Flavonoids
	Saponins

	Caesalpinia pulcherrima
	17
	18
	-

	Carica papaya
	3.82
	-
	19.73

	Vernonia amygdalina
	15.41
	-
	6.94






3.2 Inhibition Efficiency
Table 2:Inhibitor Efficiency of Caesalpinia pulcherrima Flower Extract (CPFE) at Different Concentrations.
	Time (Hours)
	Inhibitor Efficiency (%) at Different Concentrations

	
	0.3g/L
	0.6g/L
	0.9g/L
	1.2g/L
	1.5g/L

	1 
	53.32
	73.30
	80.00
	84.11
	88.5

	3 
	66.33
	74.99
	82.25
	86.11
	90.34

	5 
	70.49
	78.95
	83.00
	86.48
	91.05

	7 
	77.00
	79.80
	83.69
	87.06
	91.14

	24 
	51.51
	63.33
	68.66
	82.83
	85.20





Table 3. Presents the inhibition efficiency of Carica papaya Leaf Extract (CPLE) at varying concentrations and durations.
	Time 
	Inhibitor Efficiency (%) at Different Concentrations

	
	0.3g/L
	0.6g/L
	0.9g/L
	1.2g/L
	1.5g/L

	1 hour
	52.44
	65.56
	75.18
	82.55
	84.82

	3 hours
	67.03
	76.45
	82.56
	86.62
	89.97

	5 hours
	71.11
	79.58
	83.81
	84.89
	88.19

	7 hours
	77.74
	78.61
	80.91
	84.51
	87.50

	24hours 
	49.78
	62.99
	68.38
	70.96
	79.57





Table 4: Inhibitor Efficiency of Vernonia amygdalina Extract (VAE) at Different Concentrations.
	Time 
	Inhibitor Efficiency (%) at Different Concentrations

	
	0.3g/L
	0.6g/L
	0.9g/L
	1.2g/L
	1.5g/L

	1 hour
	52.12
	66.16
	71.95
	78.38
	80.65

	3 hours
	64.77
	71.65
	72.49
	81.71
	84.06

	5 hours
	68.08
	73.33
	79.25
	84.18
	88.16

	7 hours
	74.28
	75.22
	80.87
	85.61
	88.41

	24 hours
	50.64
	60.35
	71.42
	75.05
	79.39







Figure 3: Inhibitor Efficiency versus Immersion Time for Inhibitor Concentration (CPFE).
 
It shows the inhibition efficiency versus immersion time for the various concentration of Caesalphinia pulcherrima flower extract (CPFE). It demonstrates the decreasing trend of inhibition efficiency over time for this weight concentration. For this weight concentration, the inhibition efficiency of (CPFE) decreased from 91.14% to 85.20% after 24 hours.









Figure 4: Inhibitor Efficiency versus Immersion Time for Inhibitor Concentration (CPLE)

It shows the inhibition efficiency versus immersion time for the various concentration of Carica papaya leaf extract (CPLE). It demonstrates the decreasing trend of inhibition efficiency over time for this weight concentration. For this weight concentration, the inhibition efficiency of (CPLE) decreased from 89.97% to 79.57% after 24 hours.

Figure 5: Inhibitor Efficiency versus Immersion Time for Inhibitor Concentration (VAE)

It shows the inhibition efficiency versus immersion time for the various concentration of Vernonia amygdalina Extract (VAE). It demonstrates the decreasing trend of inhibition efficiency over time for this weight concentration. For this weight concentration, the inhibition efficiency of (VAE) decreased from 88.41% to 79.39% after 24 hours.






Figure 6: Inhibition Efficiency versus Concentration.
The natural inhibitor Caesalpinia pulcherrima flower extract (CPFE), showcase superior performance over the other two inhibitors (Carica papaya and Vernonia amygdalina) in all level.

Figure 7: Inhibition Efficiency versus Concentration.
Figure 7 shows the lowest inhibition efficiency observed for the inhibitors versus concentration. This trend confirms that the inhibition efficiency of the inhibitors increases with concentration even at the inhibitors’ lowest efficiency. These findings suggest that the inhibitors’ stability is concentration-dependent.
Figures 5 to 7 illustrate the inhibition efficiency of mild steel in 1M HCl when treated with plant extracts versus a synthetic inhibitor at various concentrations. The results reveal that the efficiency of Caesalpinia pulcherrima Flower Extract (CPFE), Carica papaya leaf extract (CPLE), and Vernonia amygdalina Extract (VAE) as inhibitors decline with longer immersion time. This observed decrease in the efficiency of the inhibitors over prolonged exposure aligns with findings reported by Okewale et al., (2019) and Putra et al., (2022), who also noted similar declines in the effectiveness of natural inhibitors due to the degradation of bioactive compounds.
The study's findings indicate that Caesalpinia pulcherrima Flower Extract (CPFE), demonstrates a rapid degradation rate than Carica papaya leaf extract (CPLE), and   Vernonia amygdalina Extract (VAE) when introduced into 1M HCl. This pattern of degradation is systematically illustrated in figures 3 to 7. It follows, therefore, that CPFE displayed more durable inhibitory qualities over time.



4. Conclusion
Novel carrion inhibitors were successfully formulated from the flower Caesalpinia pulcherrima   and the leaves of Carica papaya and Vernonia amygdalina. Quantitative phytochemical analysis of the flower of Caesalpinia Pulcherrima was found to contain 17 mg/kg of tannins and 18 mg/kg of flavonoid and the leaf of Carica papaya had 3.82 mg/kg of tannins and 19.73 mg/kg of saponins while Vernonia amygdalina (bitter leaf) contains 15.41 mg/kg of tanins and 6.94 mg/kg of saponins. The presence of tannins, saponins and flavonoid in the three plants suggests that the three plants could serve as effective natural corrosion inhibitors. Investigations reveal that the corrosion inhibition efficiency of these plant extracts improved with higher concentrations, as they provide more extensive coverage on the steel surface or at the solution interface. However, extending the immersion time resulted in diminished inhibition efficiency likely due to the breakdown of their active compounds over time.  The enhanced corrosion inhibition by these plant extracts indicates they may be an eco-friendlier option, owing to their biodegradability, which could minimize environmental impact and of the three extracts Caesalpinia pulcherrima proves to be more effective than Carica papaya leaves and Vernonia amygdalina in inhibiting corrosion.
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Caesalphinia Pucherrima Flower Extract (CPFE)
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Carica Papaya Leaf Extract (CPLE)
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Inhibition efficiency (%)



Vernonia Amygdalina Extract (VAE)
0.3g/L	1	3	5	7	24	52.12	64.77	68.08	74.28	50.64	0.6g/L	1	3	5	7	24	66.16	71.650000000000006	73.33	75.22	60.35	0.9g/L	1	3	5	7	24	71.95	72.489999999999995	79.25	80.87	71.42	1.2g/L	1	3	5	7	24	78.38	81.709999999999994	84.18	85.61	75.05	1.5g/L	1	3	5	7	24	80.650000000000006	84.06	88.16	88.41	79.39	Immersion Time (hours)

Inhibition Efficiency (%)



Highest Inhibition Efficiency Observed for CPFE, CPLE, VAE.
0.3g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya leaf	Vernonia Amygdalina Extract	77	77.739999999999995	74.28	0.6g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya leaf	Vernonia Amygdalina Extract	79.8	79.58	75.22	0.9g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya leaf	Vernonia Amygdalina Extract	83.69	83.81	80.87	1.2g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya leaf	Vernonia Amygdalina Extract	87.06	86.62	85.61	1.5g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya leaf	Vernonia Amygdalina Extract	91.14	89.97	88.41	Concentration (g/L)

Inhibition Efficiency (%)



Lowest Inhibition Efficiency Observed for CPFE, CPLE, VAE.
0.3g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya Leaf Extract	Vernonia Amygdalina Extract	51.51	49.78	50.64	0.6g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya Leaf Extract	Vernonia Amygdalina Extract	63.33	62.99	60.35	0.9g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya Leaf Extract	Vernonia Amygdalina Extract	68.66	68.38	71.42	1.2g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya Leaf Extract	Vernonia Amygdalina Extract	82.83	70.959999999999994	75.05	1.5g/L	Caesalphinia Pucherrima flower extract 	Carica Papaya Leaf Extract	Vernonia Amygdalina Extract	85.2	79.569999999999993	79.39	Concentration (g/L)

Inhibition Efficiency (%)
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