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Thermodynamic Parameters of African Cherry (Chrysophyllum albidum) seed Extract as Green Corrosion Inhibitor on Mild steel in Acidic medium 
		
Abstract
Thermodynamic parameters of green corrosion inhibitor capacity of African cherry (Chrysophyllum albidum) seed extraction (ACSE) on mild steel in 2M HCl on varying working temperature using standard analytical procedure and thermodynamic equations were investigated. African cherry seed extract (ACSE) was found to be an effective corrosion inhibition and the efficiency of ACSE increases with rise in temperature. Thermodynamic parameters; ΔH, ΔG, ΔS and the energy of activation (Ea) showed positive values of free energy (ΔG˃0) and enthalpy (ΔH˃0) of the inhibitor which signaled non-spontaneous and endothermic process thereby, protecting the metal steel surface from the environmental heat by minimizing the effect of the mild acid corrosion and the inhibitor was found to be chemisorbed on the metal surface.   
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Introduction
The extracts from plant resources contain abundant phytochemicals that possess considerable potential as inexpensive, non-toxic and renewable wide range of green organic chemicals of industrial uses. The yield of these natural products as well as the corrosion inhibition abilities of the plant extracts vary widely depending on the part of the plant and its location (1). The term green inhibitor or eco-friendly inhibitor refers to the substances that have biocompatibility in nature; the inhibitors like plant extracts presumably possess biocompatibility due to their biological origin (2) and green inhibitors pose no detrimental effect on both humans an the nvironment. Apart from being eco-friendly, they are biodegradable, low cost and simple methodologies (3). Most of the metals found in nature are in the form of their compounds except the noble metals such as gold and platinum. This is due to the fact that the metals in their compound state are thermodynamically more stable than their elemental state (4). Most metals exist in the form of oxides and during their extraction into uncoordinated state, a lot of energy is required. The available energy enables them to be reconverted back to their coordinated state when they are exposed to environmental factors such as moisture, oxygen etc. For instance, when iron is exposed to the atmosphere, corrosion takes place and it turns a brown hydrated ferrous oxide (Fe2O3. x H2O) which is opposite to metal extraction.
[image: ]                                     Equation 1
Sometimes, corrosion also takes place in essentially clean and unpolluted waters at a temperature of about 130oC on the product side. This type of corrosion is classical hot spot corrosion (5). Corrosion is a function of temperature, relative humidity and pH. The rate of corrosion increases with the rise in temperature. The rate of corrosion is expected to be almost double for every 10o rise in temperature, provided other biological conditions are kept constant. This increase is usually represented by an exponential curve and any change in temperature also modifies the influence of other factors (6). The rate of corrosion increases sharply above a certain level of relative humidity called critical humidity. The increase in corrosion with relative humidity is as result of the oxide film absorbing moisture thereby creating electrochemical-corrosion reaction on the surface. In addition, the atmospheric moisture may furnish electrolyte and hence, electrochemical reaction is set up. Also, the lower the pH value the higher the corrosion. This implies that acidic medium having pH range of 1 to 4 is more aggressive and corrosive than alkaline or neutral medium.
Fig.* illustrates the mechanism of corrosion assembly before and after the application of green inhibitor (Chrysophyllum albidum) seed extract on the mild steel in acidic medium. The metal forms a complex with the inhibitor thereby, coating the entire metal surface from the attack of aggressive particles.   
[image: ]
Fig. * Mechanism of Corrosion /Aggressive particles – Inhibitor molecules Assembly
Source: Darya et. al. (7)
[bookmark: _GoBack]Thermodynamics deals with relationship between various kinds of energy and their diverse manifestations. Levine (8) defined thermodynamics as a macroscopic science that studies the interrelationships of the various equilibrium properties of a system and the changes in equilibrium properties in processes. One of the most fundamental manifestations in nature is the energy changes or inter-conversion associated with all physical and chemical transformations (9). Generally, thermodynamics is also the study of energy transformations accompanying chemical reactions. Thermodynamic parameters include: enthalpy, entropy, work and energy.  
The African cherry (Chrysophyllum albidum) is from the family Sapotaceae and of the order Ericales, commonly known as African star apple and widely consumed because of its fleshy pulp but the seeds are often discarded (10). In Nigeria, the fruits mature in the month of July as dark green balls and turn yellow or orange as it ripens. The pulp is usually very sweet if the colour of the fruit is yellow and fairly sweet, if the colour is a mixture of green and yellow. Those that have orange colour are most preferred by the rural dwellers. The ripe fruit can be found in the market between December and March. Yearly, a huge amount of the fruit is lost due to deterioration during gathering, transportation and storage (11). There is a need to look for more acceptable environmental friendly, ecological and renewable naturally occurring substances as inhibitors (12). It is worth noting that African cherry seeds are usually discarded as waste and therefore, because is a non-edible seed, may not interfere with the food chain and thereby, guarantee global food security. 
This research work was aimed to evaluate the thermodynamic parameters of green corrosion inhibition of African cherry (Chrysophyllum albidum) seed extract on mild steel in acidic medium.
Materials and Methods
Materials
The materials used for this study include: mild steel, African cherry (Chrysophyllum albidum) seeds, hydrochloric acid, distilled water, ethanol, talcum powder, thermostat water-bath, vernier-caliper, emery paper, thermometer, 4-digit analytical balance (OPD-E104 model), Whatman filter paper and glassware for classical analysis. All chemicals used were of analytical grade.
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Plate A: African cherry (Chrysophyllum albidum) fruits and seeds
Collection and Preparation of the Specimen
The mild steel specimen used for the experimental work was obtained and pressed cut into coupons of dimensions 18 x 15 x 5 mm at the Department of Material and Metallurgical Engineering, School of Engineering and Engineering Technology, Federal University of Technology Akure, Nigeria. The coupons were abraded with very fine emery paper, rinsed with tap water, dried with handkerchief, further air-dried and temporarily stored in talcum powder to prevent oxidation of the polished surface prior to studies. Prior to the use of coupons for corrosion studies, all the coupons were washed thoroughly with distilled water, degreased with ethanol and air-dried. The weights each coupon (steel) sample before (W1) and after immersion into the acid medium (W2) was taken using 4-digit OPD-E104 analytical balance. Also, the length, breadth and height of each coupon were measured using digital Vanier caliper (0-150mm).
The weight of the metal sheet after experimental period is given as:
ΔW=W1-W2									Equation 2
Where W1 and W2 are the weights of the metal sample before and after exposure to the corrosive solution in the absence and presence of the plant extract.
Collection and Preparation of the Seed Extract
The African cherry seeds (Chrysophyllum albidum) used for this research were purchased from the Oba Adesida Central market in Akure, Nigeria.
The African cherry seeds were cracked and the fleshy inner part of the seed pulp air-dried to constant weight. After the complete drying, the seeds were ground into fine powder by an electrical blender in order to facilitate maximum effective contact of the solvent. The pulverized sample was sieved with a sieve 1 mm of moderate mesh size and later stored in a clean, dry and sealed container for the chemical analyses. Ethanol extracts of the powdered sample was obtained by soaking 500 g of the sample in 2.5 litres of 98% ethanol in an air tight, clean flat bottomed container for 6 days at room temperature with occasional stirring and shaking (13). The extract was filtered using a sieve of mesh size (850 micron meter) and finally with Whatman no. 4 filter paper. The filtrate was further subjected to evaporation over a water-bath set at 78°C to remove the ethanol. The crude extract obtained was used to prepare different concentrations ranging from 0.1 to 0.5 g/mL for the experiment.
Temperature variation studies
The effect of temperature on the corrosion rate of the steel coupons in a 100 mL 2 M HCI solution at 308, 318, 328 and 338 K was also studied with the same concentration of the extract for immersion periods of 3 hours in a thermostat water bath (14). The pre-weighed coupons were immersed in blank solution and varied concentrations of the inhibitor and after 3 hours, the steel coupons were retrieved, washed with distilled water and ethanol, dried at room temperature and re-weighed. The results obtained were used to estimate thermodynamic parameters from the following equations (8):
Arrhenius equation expressed as reported by Levine (8)
 Log CR =    + Log A						Equation 3
Where CR is the corrosion rate, Ea is the activation energy, R is the molar gas constant, T is the absolute temperature (in Kelvin) and A is the Arrhenius constant/pre-exponential factor/frequency factor.
The logarithm of corrosion rate obtained by weight loss measurement was plot against 1/T to obtain a straight line graph, where A, Ea and CR were deduced as described by Sharma and Sharma (9).
The other thermodynamic parameters were obtained using an expanded modified generalized Arrhenius equation: 
Log   = Log  +  -  x 				Equation 4
 Where h is the plank's constant, N is the Avogadro's number, T is the absolute temperature, R is the universal gas constant (8.314 J/Mol/K), ΔS is the entropy of activation and ΔH is the enthalpy of activation. The logarithm of CR/T was plotted against the reciprocal of T (1/T) to give a straight line graph with slope of (-ΔH/2.303R) and an intercept ((Log (R/Nh) + ΔSo/2.303R)), when extrapolated to y-axis. 
The Gibb’s Free Energy (ΔG) which is a state function also determined using equation 5 expressed as: 
 ΔG = ΔH – TΔS                          					Equation 5
Where ΔG is the Free energy, ΔS is the entropy of activation and ΔH is the enthalpy of activation. The value of Free energy (ΔG) was calculated at the room temperature.
The electrode potential was obtained using equations 6 and 7 as follows:
ΔG = -nFE                                                      				Equation 6
E = -ΔG/nF								Equation 7 
Where, ΔG is the free energy, n is the number of moles of electron transferred, F is the Faraday’s constant (1 F = 96500 Coulombs) and E is the electrode potential of the surface.  
   Results and Discussion
Thermodynamic Studies
Thermodynamic parameters are important to further elucidate the adsorption process of inhibitor on metal/solution interface (15). The adsorption of organic compounds can be described by two main types of interactions: physisorption and chemisorption. They are influenced by the nature of the charge on the metal, the chemical structure of the inhibitor, pH, the type of the electrolyte and temperature. Therefore, in order to asses the inhibitive properties of the inhibitor (African cherry seed extract) and the temperature dependence on the corrosion rate, the apparent activation energy (Ea) for the corrosion process in the absence and presence of the inhibitor was evaluated from Arrhenius equation (16).
Estimation of Activation Energy (Ea)
Based on the Arrhenius equation, the natural logarithm of the corrosion rate (log CR) is a linear function with the reciprocal of temperature (1/T) for the acid corrosion of steel. A plot of logarithm of corrosion rate obtained by weight loss measurement versus 1/T gave a straight line graph as shown in Figure 1 with a slope of -Ea/2.303R. Thermodynamics parameter such as the apparent activation energy (Ea) was calculated using the equation 3; Log CR =    + Log A. Where CR is the corrosion rate, Ea is the apparent activation energy, R is the molar gas constant, T is the absolute temperature (in Kelvin) and A is the Arrhenius/pre-exponential/frequency factor. The values of activation energy were obtained from the slope of the linear plots and are reported in Table 1. It is observed that Ea values in the presence of different concentrations of the extracts are lower than that obtained in their absence. It has been reported that decrease in activation energy value in the presence of inhibitor as observed in this study is an indication of chemical adsorption (chemisorption) mechanism while the increase in the Ea in the presence of inhibitor indicates physical adsorption (physisorption) mechanism (17). In addition, Dehri and Ozean (18) reported that, inhibitors whose percentage inhibition efficiency increases with increase in temperature, the activation energy values of the inhibited solution is usually found to be lesser than that of the uninhibited solution and this is associated with chemisorption. Ea is the estimation of the energy that must be surmounted before products are formed. The decrease in enthalpy when the inhibitor was added suggested that the inhibitor had lowered the activated complex of the corrosion reaction pathway thereby, resulting in inhibition. In general, there was a shift in equilibrium towards the right (product) side, thereby, favoring forward reaction, the formation of Metal-Inhibitor complex on the metal surface (Equation 8) as follows: 
Metal + Inhibitor  (Metal-Inhibitor)Ads  Complex 					8
Metals have been found to form complex with inhibitors (19). The percentage inhibition efficiency decrease with increase in temperature, and the value of activation energy is found to be higher in the presence of an inhibitor than its value in an uninhibited solution, it is associated with physisorption. Chemical adsorption is specific and involves forces much stronger than physical adsorption. So the activation energy for chemical adsorption is of the same magnitude as the heat of the chemical reactions which indicates that the corrosion rate varies with temperature according to the activation energy (Ea) (100 - 150 kJ/mol) in the Arrhenius equation (20), while equilibrium is usually rapidly attained and easily reversible in physical adsorption, because the energy requirement is small (usually not more than 20 kJ/mol) because the Vander Waal forces involved are weak. In this study, a chemical adsorption mechanism is proposed due to the Ea values that ranged between 100 and 150 kJ/Mol or < 200KJ/Mol. The present result corroborates the report of increase in inhibition efficiency with increase in temperature as the inhibitor was applied on the metal surface (21).


Figure 1: Arrhenius plots of log CR versus 1/T in the absence and presence of different concentrations of African cherry seed extract in 2 M HCI
Table 1: Values of thermodynamic parameters (entropy, enthalpy and activation energy) for mild steel dissolution process in 2 M HCI in the absence and presence of African cherry seed extract.
	Conc. (g/L)
	∆H (kJ/Mol)
	∆S (kJ/Mol)
	ΔG (KJ/Mol)
	Ea (kJ/Mol)

	Blank
	0.4666
	-77.1580
	22.945
	130.1776

	0.2
	0.4785
	-77.1849
	23.000
	127.5142

	0.4
	0.4579
	-77.2500
	23.020
	120.6270

	0.6
	0.4687
	-77.2270
	23.013
	123.1238

	0.8
	0.4579
	-77.2634
	23.024
	119.4437

	1.0
	0.4699
	-77.2289
	23.014
	122.9400



Estimation of Enthalpy (ΔH) and Entropy (ΔS)
Other thermodynamic parameters such as change in enthalpy (ΔH) and entropy (ΔS) of the inhibitor were evaluated from the effect of temperature on the corrosion rate of mild steel in 2 M HCl using the equation 4; Log   = Log  +  -  x 			
Where h is the planck's constant, N is the Avogadro's number, T is the absolute temperature, R is the universal gas constant, ΔS is the entropy change and ΔH is the enthalpy change. A plot of log CR/T versus 1/T (Figure 2) gave a straight line with slope of (-ΔH/2.303R) and an intercept ((Log (R/Nh) + ΔSo/2.303R)). The result presented in Table 1 shows that the enthalpy of activation are all positive. These positive signs of enthalpy (ΔH) reflected the endothermic nature of the steel dissolution process. Also, entropy values are negative indicating that the activation complex in the rate-determining step represents an association rather than dissociation step. This finding was in congruent with some reports (22, 23). However, enthalpy change is as result of energy interaction with the environment where the reaction takes place. An exothermic reaction emits heat; therefore, the final energy state is lower than initial energy state to give a negative enthalpy change. On the other hand, an endothermic reaction absorbs heat and its final energy state becomes greater than the initial energy state to give a positive enthalpy (ΔH). A positive value of ΔH obtained in this study is an indication that the adsorption of African cherry seed on mild steel is endothermic. Therefore, a quantum of energy is needed to bring about the bond formation because the bond is short and energy is needed to overcome the repulsive force of attraction as this inhibitor bind to the metal surface. An external source of heat energy is needed for the endothermic reaction to occur. High temperature favors an endothermic reaction and it has been discovered that chemisorption occurs due to the formation of stronger bonds at high temperature (24).


Figure 2: Eyring transition state plot for mild steel in 2 M HCI in the absence (Blank) and presence of ethanol extract of African cherry seed.
The values of ΔS in the absence and presence of the tested inhibitor which were negative implies that, a decrease in disordering has taken place on going from reactants to the activated complex (25). Moreover, the negativity of the entropy means that the process of adsorption is accompanied by a decrease in entropy, which might be that before the adsorption of inhibitor onto the steel surface, the chaotic degree was high but when inhibitor molecules were orderly adsorbed onto the steel surface, as a result, a decrease in entropy (26). Also, a positive ΔS value confirms the increased randomness. In this study, inhibition in acidic medium takes place as a result of increase in extract's orderliness which allowed proper adsorption of the inhibitor. However, entropy is an indication of the system degree of freedom and the reversibility of the system. For a system communicating to an external heat sources, entropy must increase or remain the same. As the entropy increases, the uniformity of the system is improved and therefore the process occurs spontaneously
The Free Energy which is a state function also estimated using Gibb’s equation 5; ΔG = ΔH – TΔS. Free energy is a state function that is very central to thermodynamics, it has been observed that absolute free energy can be estimated from three different experimental methods, they are:  through calorimetric calculation of ΔH and ΔS for the reactants and products using equation 4 and then via the electromotive cell as well as through equilibrium constant (27). In the present work, we used equation 5. The thermodynamic functionality of the free energy can not be overemphasized because it signaling the state of corrosion reaction either spontaneous or non-spontaneous, while enthalpy indicates exothermic and endothermic process. It is also a pointer to whether a reaction will proceed or feasible or not. It is worth noting that, if the value of the free energy ΔG of a corrosion reaction is negative (ΔG˂0), the reaction would be feasible and spontaneous, likewise positive ΔG indicates non feasible and non spontaneous hence, endothermic process but if ΔG is equal to zero, then it is a case of equilibrium process. The inhibitor caused scarcity or deficiency of electron population on the surface thereby, reducing corrosion on the metal surface. The present results reveal that the value of ΔG for the corrosion reaction was generally positive and non spontaneous. The positive value of ΔG (ΔG˃0) obtained indicated that the adsorption of the African cherry seed extract was endothermic in nature. This observation corroborates that reported for the enthalpy. Endothermic nature of African cherry seed extract suggests that it may have the capacity to retard heat from the environment thereby, protecting the metal steel surface from the environmental heat by annihilating and minimizing the effect of the mild acidic corrosion on the steel. 
The electrode potential was estimated using equations 6 and 7 (E = -ΔG/nF). Where, ΔG is the free energy, n is the number of moles of electron transferred, F is the Faraday’s constant and E is the electrode potential of the surface. The positive value of the electrode potential was calculated using equation 7. Electrode potential is the ability of the metal surface to knock out electrons. The higher (positive) value obtained in the current research, precludes that the African cherry seed extract has tendency not to inhibit the metal surface to form metal ions and hence, inhibit corrosion on the surface. It has been discovered that the more negative the electrode potential, the greater the tendency to form metal ions and then corrode.


Conclusion: 
It can be concluded that African cherry (Chrysophyllum albidum) seed extract contained viable thermodynamic parameters that have good capacity to mitigate the corrosion on the surface of metal steel. Both the change in enthalpy and free energy were positive which indicated endothermic and non-spontaneous process. With this quality, it could retard maximally the environmental heat thereby, preventing heat from percolating the metal surface. Also, African cherry seed extract has high activation energy and thus capable of lowering the activation complex of the corrosion reaction profile on the metal surface. The equilibrium shift to the right (M-Inhibitor) complex corroborates it potential for efficient inhibition. 
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0.00324675324675325	0.00314465408805031	0.00304878048780488	0.0029585798816568	-0.0175549058606614	-0.0118684070367295	-0.0110162026125623	-0.0099277794307706	0.4	
0.00324675324675325	0.00314465408805031	0.00304878048780488	0.0029585798816568	-0.0175221029201815	-0.0118407368357853	-0.0111208284031383	-0.0101997993152569	0.6	
0.00324675324675325	0.00314465408805031	0.00304878048780488	0.0029585798816568	-0.0181056760956999	-0.0123725297768473	-0.0115660092470522	-0.0106314160216404	0.8	
0.00324675324675325	0.00314465408805031	0.00304878048780488	0.0029585798816568	-0.0181060877189443	-0.0125252424146975	-0.0117577591998593	-0.0107963838605671	1.0	
0.00324675324675325	0.00314465408805031	0.00304878048780488	0.0029585798816568	-0.0183868063269738	-0.0126638412336253	-0.0118621231953293	-0.0108913357663714	1/T (K-1)

Log CR/T
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