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Abstract: The effect of the inhibitor on the corrosion behavior of mild steel in sulphuric acid is directly 

dependent on the concentration of Tribulus terrestris fruit extract (TTFE) dissolved in the corrosive 

solution. The values for corrosion rate obtained in blank solution are much higher than those of inhibited 

solution for all the immersion time, indicating the existence of a protective film on the corroding 

surface. Corrosion rate and inhibition efficiency plots of Mild Steel with and without the addition of 

different concentrations of TTFE in 1.5N H2SO4 at 303-333K show that corrosion rate increases with 

increasing temperature both in uninhibited and in inhibited solutions while the inhibition efficiencies 

are found to decrease with increasing concentration of the solution. The thermodynamic parameters 

activation energy, enthalpy, and entropy were calculated from the mass loss measurements, suggesting 

that the adsorption is spontaneous, the corrosion process is exothermic and obeyed the Langmuir 

adsorption isotherm. The kinetic parameters were evaluated, and a pseudo-first-order kinetics 

relationship with respect to mild steel was obtained. The EIS analysis indicates that the corrosion 

impedance increases with the extract of Tribulus terrestris by forming a protective layer on the metal. 

The plant extract is a mixed-type inhibitor characterized by Taffel analysis. The SEM image of the 

untreated metal surface shows a smooth metal surface, which indicates the absence of any corrosion 

product on the metal surface. 

Keywords: corrosion, inhibition efficiency; mass loss measurements; Langmuir adsorption isotherm; 

electrochemical measurements; SEM. 
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1. Introduction 

Mild steel is a very common ferrous alloy, one of the most economical types of steel, 

having iron with a carbon content between 0.05% - 0.25% by weight and density of almost 

7.85 g/cm3, depending on grade. It is the best-preferred construction material in household and 

industrial materials, for example, in boilerplates, bridge work structures, reactors, automobiles, 

steam engine parts, etc., all across the world due to its availability, excellent mechanical 

properties, ease of fabrication, and low purchasing cost [1]. It is also used in most the chemical 

industries for fabrication material in tanks, reaction vessels, pipelines, capacitors, etc.. Still, 

due to a lack of alloying elements (like chromium, nickel, and molybdenum, which are found 

in stainless steel), mild steel is subjected to oxidation (rust) of iron easily.  

https://materials.international/
https://materials.international/
https://doi.org/10.33263/Materials63.025
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1066-2158


https://doi.org/10.33263/Materials63.025  

https://materials.international/ 2 of 16 

 

As it has weak corrosion resistance, the destructive nature of the environment causes 

the attack of this metal surface by corrosion, which causes metal dissolution, which is 

considered a prime factor for concern [2]. Highly aggressive acid solutions such as 

hydrochloric and sulphuric acids have been used for pickling baths, industrial acid cleaning, 

dealing operations, descaling processes, and oil well acidizing, which is also a big cause of 

corrosion [3]. 

The use of corrosion inhibitors is one of the most practical and cost-effective methods 

to protect materials from corrosion in the industry and extends the lifetime of metallic 

materials. Unfortunately, many of the inhibitors (organic and synthetic compounds) reported 

earlier are expensive and hazardous to the environment [4-6]. In recent years, researchers have 

been more attentive towards using green compounds that are non-toxic, biodegradble, 

economical, and compatible with current industrial technologies and the environment [7-14]. 

Tribulus terrestris, a natural herb, is used in the present study to investigate its 

anticorrosion behavior for mild steel in an acidic medium (H2SO4). It is a member of the 

Zygophyllaceae family and comprises 25 genera and about 250 species worldwide [15,16]. 

This plant, also known as Gokshura, Chhota Gokshura, or Puncture Vine, is used in different 

medical applications [17,18] as well as Ayurvedic medicinal herbs [19]. The present work aims 

to study the alcoholic extract of Tribulus terrestris fruit (TTFE) as a safe, economical, non-

toxic, and environmentally friendly inhibitor for mild steel corrosion in an acidic solution.  

1.1. Phytochemical constituents in Tribulus terrestris fruit extract (TTFE).  

The alcoholic fruit extract of Tribulus terrestris plant has been used in different 

concentrations as an inhibitor. Many researchers have already done a previous phytochemical 

study of Tribulus terrestris. Screening of phytochemical constituents of TTFE was carried out 

by Vasait Rajendrabhai in 2017 to identify its active constituents. He showed the presence of 

amino acids, proteins, carbohydrates, glycosides, tannins, terpenoids, phenols, and saponins 

[20].  

Table 1. Phytochemical Analysis of TTFE [20]. 

Phytochemicals Fruit Extracts 

 Aqueous Methanol 

Carbohydrates + + 

Amino acids and peptides + + 

Glycosides - + 

Tannins + + 

Terpenoids - + 

Phenols - + 

Saponins + + 

       

Table 2. GC – MS analysis of Tribulus terrestris [21]. 

S. No.  RT  Name of the compound  Molecular Formula  Peak Area% 

1 14.52 3,7,11,15-tetramethyl-2-hexadecen-1-o1 C20H40O  1.04 

2 16.27 n-Hexadecadienoic acid  C16H32O2  8.83 

3 16.58 Hexadecadienoic acid, ethyl ester  C18H36O2  0.74 

4 18.55 phytol  C20H40O  0.99 

5 18.86 9,12-Octadecadienoic acid (z,z)-  C18H32O2  1.86 

6 18.95 9,12,15-Octadecatrienoic acid, (z,z,z)-  C18H36O2  8.58 

7 19.26 Octadecanoic acid  C18H34O2  2.95 

8 24.82 1,2-Benzenedicarboxylic acid, disooctyl 

ester  

C24H38O4 9.27 

9 31.46 α-Amyrin  C30H50O  65.73 
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Table 1 shows the presence of phytochemicals in the TTFE. The Tribulus terrestris 

whole plant Methanolic extract studies by GC-MS analysis clearly showed the presence of nine 

compounds (Table 2) [21]. 

The presence of all the above phytochemicals has been reported to promote the 

corrosion inhibition of mild steel in an aggressive acidic solution. [22,23]. Molecules with 

nitrogen and acetylenic alcohols are claimed to form a film on the metal surface and can retard 

the metal dissolution process (an anodic reaction) as well as hydrogen evolution (a cathodic 

reaction) [24]. Previously, the Tribulus terrestris plant has been reported to inhibit the 

corrosion of mild steel in HCl Solution [11,25], H2SO4 solutions [10], phosphoric acid solution 

[26], and aluminum in Hydrochloric acid [27]. The current study, therefore, seeks to investigate 

the inhibitive and adsorptive characteristics of the methanol extract of TTFE for mild steel 

corrosion in H2SO4. 

2. Materials and Methods 

2.1. Specimen and solution preparation. 

The test specimens were made up of mild steel [MS] alloy with elemental composition, 

as shown in Table 3.  

 

Table 3. Composition of various elements present in mild steel coupons. 

Element Fe Cr S P Mn C 

Composition (%) 99.7008 0.0194 0.0128 0.0160 0.1620 0.0890 

 

The test specimens of dimension 1.5 x 2.5 x 0.072 cm3 were first mechanically polished 

with the help of emery papers of different grades, then degreased in absolute ethanol, dried in 

acetone, and weighed. The weights of the specimens before and after corrosion were 

determined using a digital analytical balance.  

The solution of 1.5N H2SO4 was made from AR-grade qualigens H2SO4 with double-

distilled water. The inhibitor was prepared by rinsing the fruit part of the plant in distilled water 

and drying it in the shade. The dried fruit then powdered and was refluxed with 80% methanol 

in the Soxhlet apparatus. The extract concentration ranges of fruit used were: 0.12%, 0.24%, 

0.36%, 0.48%, and 0.60%. All experiments were executed at 30 ±1 0C (except experiments for 

the effect of temperature). The temperature was controlled by a Bacteriological incubator. 

2.2. Methods.  

The inhibition efficiency of the inhibitor for MS in 1.5N H2SO4 was followed by 

chemical methods.  

2.2.1. Mass loss measurements.  

The mass loss measurements were conducted for different time intervals (6, 12, 24, 48, 

and 72 hrs.) at various temperature ranges from (303 – 333 K) in 1.5N H2SO4. The weighted 

and polished specimens were immersed in 50 mL of solution with and without inhibitor. After 

the specified time, the specimens were removed from the test solution, thoroughly washed with 

distilled water, dried out, weighed, and loss in mass was measured for the workout of the impact 

of different parameters, such as inhibitor concentration, time, and temperature. The percentage 

of inhibition efficiency (IE%), degree of surface coverage (θ), and corrosion rate for the 
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predefined concentration range of inhibitor were calculated [28] by eq. (1) and (2), 

respectively.  

IE% = (
ΔM0−ΔM

ΔM0
) 100                                          … (1) 

𝜃 =  
∆𝑀0 − ∆𝑀

∆𝑀0
                                                           … (2) 

Where, ΔM and ΔM0 are mass loss of metal in the presence and in the absence of inhibitor in 

acid solution, respectively.  

The Corrosion Rate (CR) can be computed [29] by eq. (3).  

CR =  
8.76x104x∆M

A x T x D
                                                   … (3) 

Where CR is in millimeters per year (mmpy), ∆M is in grams, A (area of the specimen) is in 

cm2, T (time) is in hours, and D (density of the specimen ) is expressed in gcm-3. 

2.2.2. Electrochemical measurements.  

Gamry Potentiostat/Galvanostat (Model Reference 600) with EIS software is used for 

electrochemical studies. The cell body consists of three electrodes a working electrode (metal 

specimen with an area of 1 × 1cm2), an auxiliary electrode (graphite electrode), and a reference 

(saturated calomel) electrode. The electrochemical studies, including potentiodynamic 

polarization and electrochemical impedance spectroscopy (EIS) were carried out to evaluate 

the IE of TTFE in 1.5N H2SO4. 

The inhibition efficiency in the potentiodynamic polarization method (IE %) obtained 

by the Tafel extrapolation method is calculated using eq. (4) [27] 

IE% = (
Icorr

0 − Icorr

Icorr
0 ) 100                                           … (4)   

Where the corrosion current I0
corr and Icorr are in the absence and the presence of inhibitor, 

respectively, which were carried out by scanning the potential ranging from -100 to 100 mV 

vs. reference electrode at a scan rate of 1mV per second.  

The Randle equivalent circuit [27] program was used for impedance data analysis. The 

inhibition efficiency is calculated from the charge transfer resistance Rct value using eq. (5) 

[30]  

IE% = (
Rct−Rct

0

Rct
) 100                                          … (5)    

Where R0
ct and Rct are the charge transfer resistance in the absence and in the presence of 

inhibitor, respectively which were carried out at open circuit potential under unstirred 

conditions with a stabilization period of 30 min for the frequency range from 100 kHz to 0.01 

Hz.  

2.3. Surface analysis. 

The surface morphologies for the MS metal in 1.5N H2SO4 solution in the presence and 

absence of the inhibitors (TTFE) for various immersion times were obtained by scanning 

electron microscopy (SEM) under the condition of 10 kV acceleration voltage. This was done 

at MNIT Jaipur, India, using the Nova Nano SEM 450 instrument. 
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3. Results and Discussion 

3.1. Mass loss measurement. 

The corrosion rate, surface coverage, and inhibition efficiency can be calculated using 

different gravimetric parameters obtained by the Mass Loss method at 303±1K. 

 

3.1.1. Effect of TTFE concentration.  

The corrosion behavior of mild steel in 1.5N sulphuric acid in the presence and in the 

absence of TTFE is summarized in Table 4. According to Table 4, the corrosion inhibition 

efficiency directly depends on the concentration of TTFE dissolved in the corrosive solution. 

Increasing the concentration of TTFE from 0.12% to 0.60% enhanced the corrosion inhibition 

efficiency from 73.19% to 89.08% at 303K, and it is also observed that the corrosion rate of 

MS in H2SO4 decreased from 52.38 mmpy in the absence of the inhibitor to 5.72 mmpy in the 

presence of 0.60% TTFE for 12 hrs immersion period. The results revealed that the strong 

adsorption of extract molecules on metal surfaces retards the corrosion process [31]. 

Corrosion reactions are assumed to be nullified from the metal surface covered by 

adsorbed inhibitory species, while corrosion reactions normally occur in the inhibitor-free area. 

Therefore, the effectiveness of the inhibition is directly proportional to the fraction of the 

covered surface of metal [32].  

3.1.2. Effect of immersion time. 

The data obtained for inhibition efficiency and corrosion rate of MS coupons in 

sulphuric acid in different periods explain the efficiency of the inhibitory action of TTFE 

during immersion time. 

The corrosion rate values obtained in the blank solution are much higher than those of 

the inhibited solution throughout the immersion time, indicating the existence of a protective 

film on the corrosive surface. It is observed in Table 4 and Fig. 1 that IE declines with a growing 

time period from 12 to 72 hours. The phenomenon points out that the aggressive action of the 

acid medium was increasingly felt than the absorbance of the inhibitor, so desorption of the 

TTFE molecules (protective film) from MS surface occurs with the rise in the time period, this 

increased the area that will be available for corrosive attack, or we can say the corrosive 

solution of sulphuric acid can penetrate the inhibitor film and attack the steel surface [33,34].  

 

Table 4. Gravimetric parameters for MS in 1.5N H2SO4 in various concentrations of TTFE at different times (h). 

Conc. 

of inhib.  

w/v (%) 

12 hrs. 24 hrs. 48 hrs. 72 hrs. 

CR IE% CR IE% CR IE% CR IE% 

Blank 52.38 - 45.94 - 40.21 - 37.39   

0.12 14.04 73.19 16.47 64.15 16.19 59.72 15.87 57.56 

0.24 10.06 80.80 10.48 77.18 12.67 68.49 12.92 65.44 

0.36 7.74 85.22 7.37 83.95 9.66 75.98 10.24 72.62 

0.48 6.76 87.09 5.86 87.24 6.78 83.14 6.71 82.05 

0.60 5.72 89.08 4.85 89.44 5.55 86.20 5.60 85.01 
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Figure 1. Effect of immersion time on corrosion of MS in 1.5N H2SO4 with TTFE at 30°C. 

3.1.3. Effect of temperature.  

The temperature effect on the gravimetric parameters for mild steel in 1.5N H2SO4 

solution in the absence and the presence of TTFE at a temperature range 303K – 333K for 6 h 

immersion periods is displayed in Table 5. Corrosion rate and inhibition efficiency plots of MS 

with and without the addition of different concentrations of TTFE in 1.5N H2SO4 at 303-333K 

are shown in Fig.2. Table 5 shows that corrosion rate increased with increasing temperature 

both in uninhibited and inhibited solutions while the inhibition efficiencies decreased. This 

may be due to a decrease in the strength of the adsorption process at a higher temperature, 

suggesting the physisorption of the inhibitor sample on the MS surface [35-37].  

Table 5. Gravimetric parameters for MS in 1.5N H2SO4 with various concentrations of TTFE at different 

temperatures. 

Inhib. Conc. 

w/v (%) 

CR IE% 

303K 313K 323K 333K 303K 313K 323K 333K 

Blank 40.30 84.21 133.30 240.44 - - - - 

0.12 10.40 25.04 52.93 125.89 74.20 70.26 60.30 47.64 

0.24 6.79 17.51 37.97 89.63 83.16 79.21 71.52 62.72 

0.36 5.10 12.06 27.94 70.56 87.31 85.67 79.04 70.65 

0.48 4.26 11.99 24.74 66.45 89.43 85.77 81.44 72.36 

0.60 3.89 10.97 24.15 60.43 90.32 86.98 81.89 74.87 

 

 
Figure 2. Effect of Temperature on corrosion of MS in 1.5N H2SO4 with TTFE at 6 hrs. 

3.2. Adsorption isotherms. 

Adsorption isotherms have a significant role in determining the mechanism of corrosion 

reactions.  

Gravimetric results indicated that the increase in inhibition efficiency could be due to 

the inhibition effect occurring through the adsorption of the inhibitor molecule on the metallic 
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surface. Inhibition efficiency is directly proportional to the adsorbed molecule's surface 

covered (θ).  

3.2.1. Langmuir adsorption isotherm. 

The Langmuir adsorption isotherm equation is: 

 log (
θ

1−θ
) = logC + logKads                                                                                           … (6) 

Where C is inhibitor concentration, Kads is adsorption equilibrium constant.  

When plotting a logarithm graph of (θ/1-θ) against C, displayed a straight line as shown 

in Fig.3. The linear graph having a slope of about one and high correlation coefficients (R2> 

0.9) indicates that the adsorption process of TTFE on the mild steel surface follows the 

Langmuir adsorption isotherm [38]. The Langmuir isotherm indicates monolayer adsorption of 

the inhibitory molecule. The adsorption coefficient Kads can be computed from the intercept of 

curves. This isotherm also indicates that organic components present in TTFE with polar atoms 

or groups adsorbed on the metallic surface can interact by mutual repulsion or attraction [39]. 

 

 
Figure 3. Langmuir adsorption isotherm curve for MS in 1.5N H2SO4 with TTFE (06h). 

The free energy of adsorption ( ∆Gads
0 ) can be calculated  using Kads values with the 

help of the following equation [40]  

   ∆Gads
0 = −RTln(55.5Kads)                                                                                 … (7)  

Where,   ∆Gads
0  is a change in Gibbs free energy, R is the universal gas constant (8.314 J K-1 

mol-1), T is absolute temp, and 55.5 is a concentration of water (molL-1).  

The negative values of   ∆Gads
0  as shown in Table 6 favors the spontaneous process for 

the adsorption of inhibitor molecules on mild steel surfaces [41]. The negative values of   ∆Gads
0  

around 20 kJ/mol or less consistent with electrostatic interaction (physisorption) between the 

molecule of adsorbent and adsorbate [42]. 

Table 6. Adsorption Equilibrium constant and Gibbs free energy in 1.5N H2SO4 with TTFE at different 

temperatures. 

Temperature (K) R2 𝐊𝐚𝐝𝐬    ∆𝐆𝐚𝐝𝐬
𝟎  (kJ/mol) 

303 0.9941 0.9785 -10.06 

313 0.9422 0.9535 -10.33 

323 0.9692 0.9372 -10.61 

333 0.9699 0.9005 -10.83 

3.3. Thermodynamic parameters. 

Thermodynamic parameters such as Activation energy (Ea), Enthalpy of Adsorption 

(∆Hads
0 ) and Entropy of Adsorption (∆Sads

0 ) were undertaken to know the mode of adsorption 

https://doi.org/10.33263/Materials63.025
https://materials.international/


https://doi.org/10.33263/Materials63.025  

https://materials.international/ 8 of 16 

 

mechanism involved in the corrosion inhibition process. These parameters for corrosion of 

mild steel in 1.5N H2SO4 solutions in the absence and the presence of TTFE at 303–333 K 

were calculated from the Arrhenius equation (8) [43] and the transition state theory equation 

(9).  

ln(CR) = lnA −
Ea

RT
                                                        …(8) 

Where CR = rate of corrosion, 

A = the exponential factor,  

Ea = activation energy, 

R = Universal gas constant (8.314 J/Kmol) and 

T = absolute temperature. 

A plot of log CR vs. 1/T gave a straight line with the slope of (-Ea/2.303R). It 

intercepted (logA), as revealed in Fig.4. The values of activation energy in solutions containing 

TTFE were found to be higher than uninhibited solution as shown in Table-7. The increase in 

Ea in the presence of an inhibitor could be interpreted as physical adsorption [44].  

ln
CR

T
= (ln {

R

Nh
} +

∆Sads
0

R
) −

∆Hads
0

RT
                        … (9) 

Where, h = Planck's constant (6.626176×10-34Js), 

N = Avogadro's number, (6.022×1023 mol-1), 

A plot of log CR/T against 1/T gave a straight line with a slope (-∆Hads
0 /2.303R) and 

an intercept (log R/Nh +∆Sads
0 /2.303R) are shown in Fig.5. The values of ∆Hads

0  and ∆Sads
0  

were obtained from the slopes and intercept of the graph, respectively, and listed in Table 7. 

The positive values of ∆Hads
0 revealed the endothermic nature of the adsorption of TTFE 

inhibitor on the MS dissolution process, and it can be suggested that the dissolution reaction 

was slow in the presence of the inhibitor [45]. The negative values of ∆Sads
0  in the absence and 

presence of an inhibitor, the activated Complex in the rate-determining step represents an 

association rather than a dissociation step, meaning that a decrease in disordering occurs from 

the reactant to the activated complex [46]. 

Table 7. Thermodynamic parameters for MS corrosion in 1.5N H2SO4 with TTFE. 

Concentration of inhibitor 

w/v (%) 

Activation Energy Ea 

(kJ/mol) 

Enthalpy 

∆𝐇𝐚𝐝𝐬
𝟎  (kJ/mol) 

Entropy 

∆𝐒𝐚𝐝𝐬
𝟎   (kJ/mol/K) 

Blank 48.90 46.23 -0.219 

0.12 69.06 66.42 -0.164 

0.24 71.52 68.88 -0.159 

0.36 73.13 70.49 -0.156 

0.48 75.27 72.61 -0.150 

0.60 75.77 73.11 -0.150 

 

 
Figure 4. Arrhenius plots for MS corrosion in 1.5N H2SO4 with TTFE. 
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Figure 5. Transition state plots for MS corrosion in 1.5N H2SO4 with TTFE. 

3.4. Kinetics of the corrosion process: Rate constant and half – life. 

Kinetic data analysis is considered necessary since the corrosion reaction is a 

heterogeneous process composed of anodic and cathodic reactions at the same or different rates 

[47]. The kinetic analysis of the data supports the pseudo-first-order kinetics was employed 

and evaluated using an integral method of analysis by eq. 10 below [48]: 

M𝑡 = 𝑀𝑖𝑒−𝑘1𝑡                                                                                                    … (10) 

This equation can be written as- 

log(M𝑡) =  −
𝑘1𝑡

2.303
+ log(𝑀𝑖)                                                                             … (11) 

M𝑡 = weight of coupons at time t after immersion 

 𝑀𝑖  = initial weight of coupons before immersion 

k1 = the pseudo-first-order rate constant (hr -1) 

t = Immersion time in hr 

when log(M𝑡) was plotted against time in hours, a linear variation was observed, as shown in 

Fig. 6, which confirms a pseudo-first-order reaction kinetics concerning the corrosion of mild 

steel in 1.5N H2SO4 solution in the presence and the absence of an inhibitor. The values of the 

rate constants obtained from the slopes of the plot in Fig. 5 are presented in Table 8. 

The results reveal that the rate constant (k1) decreases with an increase in the 

concentration of inhibitor and is highest for the uninhibited acid solution. This confirms the 

inhibition of mild steel corrosion in acid solution by inhibitors. 

The half-life values, t1/2, of the metal in the test solutions were calculated from the eq. 

13 when Mt = Mi/2 at time t = t1/2: 

M𝑡

M𝑖
= 𝑒−𝑘1𝑡                                                                                         … (12) 

t1/2  =  
0.693

𝑘1
                                                                                             …(13) 

and these data are also listed in Table 8. The half-life values are observed to increase with an 

increase in inhibitor concentration, indicating a decrease in the dissolution rate of the metal in 

the acid solution with increasing inhibitor concentration. It is, therefore, informative to assert 

that the presence of inhibitor extract increases the service life of the alloy [49].  

The high value of the correlation coefficient obtained showed that the experimental 

value fitted well with the first-order kinetics [50].  
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Table 8. Kinetic parameters for MS corrosion in 1.5N H2SO4 with TTFE. 

Inhibitor Conc. 

w/v (%) 

Rate Constant 

(k) (x 10-3 hr-1) 
Half-Life (t1/2) (hr) 

Correlation Coefficient 

(R2) 

Blank 22.68 30.55 0.9732 

0.12 5.96 116.18 0.9972 

0.24 4.65 148.97 0.9901 

0.36 3.55 195.40 0.9848 

0.48 2.22 311.67 0.9960 

0.60 1.82 381.17 0.9960 

 

 
Figure 6. Plot of log(Mt) against time for MS coupons in 1.5N H2SO4 solution containing the TTFE. 

3.5. Electrochemical measurement. 

3.5.1. Potentiodynamic polarization measurements.  

The inhibitor's anticorrosion behavior was analyzed through anodic and cathodic 

polarization by plotting a curve between corrosion current density and corrosion potential, 

known as the Tafel plot, which are shown in Fig.7. The experimental data’s for 

Potentiodynamic parameters such as corrosion current density (Icorr), corrosion potential (Ecorr), 

Tafel slopes (ßa and ßc) and inhibition efficiency IE (%) for corrosion of MS in 1.5N H2SO4 

containing different concentrations of TTFE at 303K are listed in Table 9. It is observed from 

the experimental values that the corrosion current density for the inhibited solution is smaller 

than that for the blank solution, which favors slowing down the corrosion process. The current 

density decreases when an inhibitor is added to the solution. This indicates that a protective 

layer is formed on the metal, reducing corrosion [51]. 

 
Figure 7. Tafel plots with and without TTFE in 1.5N H2SO4. 

The shift in Ecorr value has no definite trend in the presence of various concentrations 

of inhibitors, supporting the mixed type nature of inhibitor and simple geometric blocking 

mechanism of inhibition [52]. It influences both metal dissolution and hydrogen evolution. 
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The values of both Tafel slopes (ßa and ßc) were also found to vary with TTFE 

concentration. This clarifies that the studied compound behaved as a mixed-type inhibitor [53].   

Table 9. Potentiodynamic polarization parameters of MS in 1.5N H2SO4 at 303±1 K. 

Conc. of 

inhibit 

w/v (%) 

-Ecorr (mV) 
icorr 

(µA/cm2) 
βa (mV/dec) -βc (mV/dec) 

CR 

(mmpy) 
θ 

IE 

(%) 

Blank 467 919 158.0 243.2 10.716 - - 

0.12 465 330 53.6 181.1 3.848 0.6409 64.09 

0.36 466 185 49.6 178.1 2.157 0.7987 79.87 

0.60 470 131 46.5 169.6 1.528 0.8575 85.75 

3.5.2. Electrochemical impedance spectroscopy.  

The impedance behavior of MS in 1.5N H2SO4 solution containing different 

concentrations of TTFE is presented by complex impedance plots (Nyquist and Bode plot), as 

shown in Fig.8 and Fig. 9, respectively. The impedance parameters obtained using the Randle 

circuit via the EIS are presented in Table 10. This circuit is constituted of series solution 

resistance (Rs) with the parallel combination of charge transfer resistance Rct and double layer 

capacitance Cdl. The similar semi-circle shape of Nyquist curves is almost maintained in the 

predefined concentration range of the inhibitor, which suggests that no change in the 

mechanism of the corrosion process occurs when the plant extract is added [54]. The diameter 

of Nyquist plots increased with the increase in the concentration of inhibitor, which indicates 

an increase in impedance and the strengthening of inhibitor film on the metal surface [55]. 

Higher charge transfer resistance (Rct) could be attributed to higher inhibitor efficiency 

[56]. The value of Rct increases, whereas Cdl values decrease with the addition of inhibitor due 

to the increase in the thickness of the double layer and decrease in the dielectric constant. 

Consequently, it causes the rate of corrosion to decrease [57]. 

Table 10. Impedance parameters for MS in 1.5N H2SO4 at 303±1 K. 

Concentration of 

inhibitor 

w/v (%) 

Rsol 

(Ω.cm2) 

Rct 

(Ω.cm2) 

Cdl 

(µF cm-2) 
θ 

IE 

(%) 

Blank 1.98 12.31 100.40 - - 

0.12 5.67 37.03 29.04 0.6676 66.76 

0.36 7.47 54.03 40.56 0.7722 77.22 

0.60 8.87 90.41 17.66 0.8638 86.38 

 

 
Figure 8. Nyquist curve for MS in absence and presence of different concentrations of TTFE in 1.5N H2SO4. 
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Figure 9. Bode curve for MS in the absence and presence of different concentrations of TTFE in 1.5N H2SO4. 

3.6. SEM analysis. 

The surface morphology of MS coupons was studied through Scanning Electron 

Microscope (SEM) images of magnification (x10000). The SEM images (Fig.10a) show the 

plain untreated mild steel, (Fig.10b) MS after immersion in 1.5N H2SO4 for 24 hours, while 

(Fig.10c) reveals 0.60% fruit extract of Tribulus terrestris, respectively. The smooth metal 

surface (Fig.10a) of untreated metal indicates the absence of any corrosion product on it. 

Comparing Fig.10b with Fig.10c at the same magnifications, it can be seen that it has 

more roughness with pits and cracks in Fig.10b because of being badly attacked by a corrosive 

environment, has almost disappeared in Fig.10c, and MS surface is almost free from corrosion 

in acidic solution due to the MS surface covered by the TTFE inhibitor.  

TTFE can decrease the corrosion rate in an acidic environment because the protective 

layer it forms covers more surface area of the metal surface, which is responsible for the 

corrosion inhibition process. These observations are in agreement with the findings [58]. 

 
Figure 10. SEM images of MS (a) polished MS (b) MS in H2SO4 (blank) (c) MS in 1.5N H2SO4 with 0.60%. 

4. Conclusions 

In this study, the plant extract TTFE was shown to be an effective mixed-type corrosion 

inhibitor for mild steel (MS) in a sulphuric acid medium. The inhibition efficiency increased 

with the concentration of the inhibitor but decreased with rising temperatures from 303K to 

333K, with the maximum efficiency observed at 0.60% inhibitor concentration at 303K. The 

corrosion rate in the blank solution was consistently higher than in the inhibited solution for all 

immersion times, indicating that a protective film formed on the MS surface, reducing 

corrosion over time. 
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The adsorption of TTFE followed the Langmuir isotherm, suggesting a monolayer 

adsorption mechanism. Thermodynamic analysis showed that the corrosion reactions were 

endothermic, supported by positive enthalpy values, while negative entropy suggested an 

associative mechanism. The negative Gibbs free energy confirmed the spontaneous nature of 

the adsorption process. 

Kinetic studies showed that the inhibition process followed a pseudo-first-order 

reaction characterized by physical adsorption, the increasing half-life times with higher 

concentrations indicated a slower metal dissolution in the acid solution, further supporting the 

inhibitor's efficacy. Impedance spectroscopy revealed an increase in corrosion resistance due 

to the protective layer formed by the extract. Tafel analysis also confirmed the mixed-type 

inhibition behavior of TTFE, affecting both the anodic and cathodic reactions. 

Surface morphology studies, particularly SEM, provided visual confirmation of the 

protective film formed on the MS surface, complementing the electrochemical data. The results 

from various methods, including impedance and polarization studies, were consistent and 

mutually supportive, reinforcing the conclusion that TTFE is an effective corrosion inhibitor 

for mild steel in sulphuric acid environments. 
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