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The inhibiting action of (+)-catechin hydrate on the corrosion of mild steel in hydrochloric acid has 

been studied. The results from weight loss, Tafel polarization and electrochemical impedance 

measurements consistently identify (+)-catechin hydrates as a good inhibitor. Polarization curves 

indicate that (+)-catechin hydrate act as mixed type inhibitor with predominant inhibition at anodic 

site. Impedance spectroscopy revealed that the corrosion of mild steel in hydrochloric solution was 

influenced to some extent by charge transfer. The inhibition efficiencies (IE %) of (+)-catechin hydrate 

was decreased exponentially with the temperatures. Surface analyses via scanning electron microscope 

(SEM) show a significant morphological improvement on the mild steel surface in addition of (+)-

catechin hydrate. The inhibitive action of (+)-catechin hydrate follows the Langmuir adsorption model. 
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1. INTRODUCTION 

Catechin hydrate or known as taxifolin (Fig. 1) is a flavononol, a type of flavonoid. It can be 

found mostly in the Siberian larch (Larix sibirica) and in the silymarin extract from the milk thistle 

seeds. It’s also found in small quantities in red onion. Catechin hydrate is not mutagenic and low toxic 

compared to other flavonoids [1]. It acts as a potential chemopreventive agent by regulating genes via 

ARE-dependent mechanism [2]. Due to high antioxidant activity, catechin hydrate has shown to inhibit 

the ovarian cancer cell growth [3], cellular melanogenesis [4], marine skin fibroblast and human breast 

cancer [5] in a dose-dependent manner. Despite all these, there is no study that has been done on the 

corrosion behavior of metals in the presence of catechin hydrate. 

http://www.electrochemsci.org/
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Figure 1. The structure of catechin hydrate. 

 

Steel is highly susceptible to attack by acids. Hence for scale removal and cleaning of steel 

surfaces with acidic solutions, it becomes necessary to use inhibitors. In modern industry acids are 

used for the chemical cleaning of metals and alloys. Thus, to have inhibitors of the corrosion of these 

metals and alloys in acid solutions is not only beneficial but also at times indispensable. Most synthetic 

inhibitors are highly toxic [6] and thus leading to the investigations on the use of naturally occurring 

corrosion inhibitor [7-13] in the same time not harmful to both human and environment. Most of the 

potential corrosion inhibitor posses an active functional group such as nitro (-NO2) and hydroxyl (-

OH), heterocyclic compound and π electron [14-16]. Thus, the aim of this study is to evaluate the 

inhibitive effect of (+)-catechin hydrate as a natural corrosion inhibitor on the corrosion of mild steel 

in 1 M HCl solution. The assessment of the corrosion behavior was studied using weight loss and 

potentiodynamic polarization measurement, electrochemical impedance spectroscopy (EIS). Besides, 

the adsorption nature and surface morphology analysis using scanning electron microscope (SEM) was 

also determined.  

 

 

 

2.MATERIAL AND METHODS 

2.1. Materials 

Standard (+)-catechin hydarate was purchased from Sigma Aldrich, USA. Mild steel coupons 

having chemical composition (wt %) of 0.08 C, 0.01 Si, 1.26 Mn, 0.02 P and remaining Fe were used. 

The specimens were polished successively using 400, 600 and 800 gritted emery papers. Next, it were 

degreased with methanol and washed with distilled water before and after experiment. 

 

2.2. Electrolyte 

The solutions used were made of AR grade hydrochloric acid. Appropriate concentrations of 

acids were prepared by using distilled water. The concentration range of (+)-catechin hydrate standard 
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employed varied from 100 ppm to 5000 ppm for the effect of concentration, while for the effect of 

temperature, the range was from 250 ppm to 1000 ppm in deaerated solution. 

 

2.3. Weight loss method 

Weight loss of rectangular mild steel specimens with dimension of 3 cm x 4 cm x 0.1 cm were 

determined in 100 mL of electrolyte with and without the addition of different concentrations of 

standard (+)-catechin hydrate were determined after 24 hours at room temperature. The percentage 

inhibition efficiency (IE) was calculated from, 

 

                                                                                        (1) 

where Wo and W’ are the weight loss values in absence and in presence of inhibitor and to 

calculate the corrosion rate Rcorr of mild steel, the following equation is used: 

 

 

                                                  (2) 

 

where W is the weight loss (mg), ρ is the density of mild steel (7.8 g cm
-3

), A is the area of 

specimen (4.7244 in
2
) and t is the time of immersion (24 hr). The general unit for the corrosion rate is 

in mpy or mils (0.001 in) of penetration per year. 

 

2.5. Electrochemical measurements 

A three electrode cell assembly consisting of a mild steel coupon of the size 6 cm x 4 cm x 1 

mm dimension as working electrode (WE) with an exposure surface of 0.78 cm
2
, platinum rod as 

counter electrode (CE) and saturated calomel electrode (SCE) as reference electrode (RE) containing 

300 mL of electrolyte were used for electrochemical measurement. The temperature of the electrolyte 

was maintained at room temperature (30 °C). 

 

2.6. Potentiodynamic Polarization 

Potentiodynamic polarization studies were carried out using VoltaLab Potentiostat (Model 

PGP201) at room temperature without and with addition of various concentrations of 1 M HCl 

solutions of inhibitors (0, 100, 500, 1000, 2000, 3000, 5000 ppm) at a scan rate of 1 mVs
-1

. Open 

circuit potential Eocp, was measured for 30 minutes to allow stabilization of the steady state potential. 

The potential range was scanned from the Eocp values obtained (± 250 mV). The inhibition efficiency 

IE was calculated by using the following equation, 
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                                                                        (3) 

 

where Icorr and Icorr’ are referred to corrosion current density without and with addition of (+)-

catechin hydrate  in mA cm
-2

 respectively. Potentiodynamic polarization curves were produced using 

Volta Master 4 software.  

 

2.7. Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS), was carried out using Gamry Instrument 

Reference600 with the open circuit potential, Eocp of every samples was immersed for 30 min over a 

frequency range of 100 kHz to 0.01 Hz with a signal amplitude perturbation of 5 mV and scan rate of 1 

mVs
-1

. Next, it was fitted with sets of circuit using Echem Analyst software that give the best value. 

The inhibition efficiency IE was calculated by the following equations, 

 

                                                                              (4) 

 

where Rct and Rct’ are referred to charge transfer resistance without and with addition of (+)-

catechin hydrate in Ω cm
2
 respectively.  

 

2.8. Surface adsorption and morphology analysis 

The surface adsorption nature of mild steel was further understood by employing potential zero 

charge (PZC) analysis where the optimum concentration of (+)-catechin hydrate was determined using 

Gamry Instrument Reference600 AC Voltametry. The maximum frequency (fmax) of each samples 

were first identified from Bode plot. The initial and final potential range was set at -1 V to 1 V with 

voltage step value of 0.01. The surface morphology of steels specimens were evaluated by scanning 

electron microscope (SEM) analysis (Leo Supra 50VP). A test specimen that exhibit higher efficiency 

of corrosion inhibition from weight loss measurement was examined with scanning electron 

microscopy (SEM) instead of blank (without inhibitor) and fresh steel. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Effect of concentration 

3.1.1. Weight loss measurement  

Table 1 show the inhibition efficiency of mild steel with and without the addition of different 

concentrations of (+)-catechin hydrate determined after 24 hours at room temperature. It has been 
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observed that 1000 ppm of (+)-catechin hydrate works as an optimum concentration of corrosion 

inhibition. The results indicated that (+)-catechin hydrate is concentration-independent with the 

inhibition efficiency where a slight decrease is observed at higher concentration (Fig. 2).  

 

 
Figure 2. The relation between percentage of inhibition with concentration of (+)-catechin hydrate. 

 

Table 1. Effect of inhibitor concentration on inhibitor efficiency of (+)-catechin hydrate in 1 M HCl. 

 

Conc. (ppm) Weight loss (g) IE (wt %) Rcorr (mpy) 

0 2.0134 - 2.2765 

100 0.9769 51.48 1.1046 

500 0.4242 78.93 0.4796 

1000 0.2059 89.77 0.2328 

2000 0.2332 88.42 0.2637 

3000 0.2313 88.51 0.2615 

5000 0.2281 88.67 0.2579 

 

The corrosion rate of mild steel decreased on increasing the inhibitor concentration (until 1000 

ppm). This behaviour could be attributed to the increase in adsorption of inhibitor at the metal/solution 

interface on increasing its concentration. An increase of inhibitor concentration beyond 1000 ppm 

resulted in a diminished corrosion protection. This may be due to the withdrawal of adsorbate 

(inhibitor) back into the bulk solution when the concentration of inhibitor closed to or beyond the 

critical concentration [17]. The above effect leads to the weakening of metal-inhibitor interactions, 

resulting in the replacement of inhibitor by water or chloride ions (Cl
-
) with decrease in inhibition 

efficiency [18]. Interestingly, the color of working electrode consisting (+)-catechin hydrate were 
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changed to a dark blue complex which indicated the formation of a stable magnetite on the mild steel. 

The magnetite was strongly adhere to the metal surface and consequently results an impermeable layer 

to stop further corrosion process [19, 20]. 

 

3.1.2. Potentiodynamic Polarization measurement        

Fig. 3 represents the anodic and cathodic Tafel polarization curves of mild steel in different 

concentration of 1 M HCl solutions of (+)-catechin hydrate. By extrapolating the Tafel anodic and 

cathodic linear parts until they intersect as straight lines and show the corrosion current density (Icorr) 

and corrosion potential (Ecorr) as well as polarization resistance (Rp). A steady state of corrosion 

current density (Icorr) occurs when the measured curve becomes horizontal [21]. The inhibition of these 

reactions was more pronounced on increasing inhibitor concentration until 1000 ppm where the 

efficiency starts to decrease and arise back.  

 

 

 

Figure 3. Tafel curve for mild steel in 1 M HCl solution in absence and presence of (+)-catechin 

hydrate. 

 

Increasing the inhibitor concentration will decrease the corrosion current densities [22, 23]. 

According to Ahamad et al. (2010), this is may be due to the adsorption of the inhibitor on mild 

steel/acid solution interface [23]. Here, it shows that the decrease of current density of all inhibitors in 

comparison with 1 M HCl for both anodic and cathodic site may suggest the mixed type of corrosion 

inhibition behavior with predominant decrease at anodic site. Basically, anodic polarization is the shift 

of anode potential to the positive (noble) direction whereas cathodic polarization is the shift of cathode 

potential to the negative (active) direction. 
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Table 2: The polarization parameter values for the corrosion of mild steel in 1 M HCl solution 

containing different concentrations of (+)-catechin hydrate. 

 

Concentration  

(ppm) 

Ecorr,  

(mV) 

Icorr,  

(mA cm
-2

) 

Rp,  

(Ω cm
2
) 

βa 

(mV) 

-βc 

(mV) 

RCorr,  

(mm y
-1

) 

IE  

(%) 

0 -505 0.2158 86.29 78.4 100.6 2.523 - 

100 -518 0.2042 86.31 112.7 130.9 2.478 5.38 

500 

 

-504 0.1653 99.60 95.6 93.3 1.933 23.40 

1000 

 

-475 0.0591 269.72 82.0 102.7 0.691 72.60 

2000 -501 0.1630 96.60 99.0 94.9 2.324 17.92 

3000 -500 0.1491 108.86 100.3 93.8 1.744 30.58 

5000 -480 0.1088 157.86 99.5 105.5 1.272 49.58 

 

In literature [17, 23], it has been reported that if the displacement in Ecorr is >85 mV the 

inhibitor can be seen as a cathodic or anodic type inhibitor and if the displacement of Ecorr is <85 mV, 

the inhibitor can be seen as mixed type. In this study, the maximum displacement in Ecorr value was 30 

mV for inhibitors which indicates that the inhibitors act as mixed type inhibitor with predominant 

anodic effectiveness. A study of corrosion prevention and protection have supported that mixed type of 

inhibitors are generally represented by organic compounds with donor atoms Se, S, N or O instead of 

having reactive functional groups which latch on to the metal [24].  For this reason, it was comfirmed 

by potentiodynamic polarization curve that (+)-catechin hydrate exhibits a mixed-type inhibitor with 

the highest efficiency at 1000 ppm. Electrochemical corrosion parameters obtained from the Tafel 

analysis of the polarization curve from Fig. 3 were illustrated in Table 2. 

 

3.1.3. Electrochemical Impedance Spectroscopy 

The corrosion of mild steel in 1 M HCl solution were investigate using EIS at room 

temperature after an exposure period of 30 min. Nyquist plots for mild steel obtained at the interface in 

the absence and presence of (+)-catechin hydrate at different concentrations is given in Fig. 4. The 

impedance diagram obtained with 1 M HCl shows only one depressed capacitive loop at the higher 

frequency range.  

The same trend was also noticed for mild steel immersed in 1 M HCl containing inhibitors 

(100-5000 ppm). This indicates that the corrosion of mild steel in the absence and presence of the 

inhibitors is mainly controlled by a charge transfer process [13]. Table 3 lists the impedance 

parameters of Nyquist plots at different concentrations. 
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Figure 4. Nyquist plot for mild steel in 1 M HCl solution in presence of (+)-catechin hydrate. 

 

 
 

Figure 5. The Randles CPE circuit which is the equivalent circuit for this impedance spectra. 

 

Table 3. Impedance parameters and inhibition efficiency for mild steel in 1 M HCl solutions 

containing different concentrations of (+)-catechin hydrate 

 

Concentration 

(ppm) 

Rct  

(Ω cm
2
) 

Rs 

(Ω cm
2
) 

CPE  

 (µF cm
-2

) 

n % IE 

0 40.02 1.213 939.8 0.7149 - 

100 64.81 0.903 461.7 0.8029 32.25 

500 78.37 0.977 258.5 0.8122 48.93 

1000 269.3 0.986 154.9 0.8601 85.14 

2000 89.26 1.038 390.1 0.8012 55.16 

3000 113.4 1.186 361.8 0.8029 64.71 

5000 206.7 1.196 213.5 0.8381 80.31 
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Rct represents the charge-transfer resistance whose value is a measure of electron transfer 

across the surface and is inversely proportional to corrosion rate [25]. The constant phase element, 

CPE (Fig. 5), is introduced in the circuit instead of a pure double layer capacitor to give a more 

accurate fit [26].  

The diameter of Nyquist plots increases on increasing the inhibitors concentration. This 

suggested that the formed inhibitive film was strengthened by addition of inhibitors. The high 

frequency (HF) loops have depressed semicircular appearance, 0.5≤ n≤ 1, which is often referred to as 

frequency dispersion as a result of the inhomogeneity [27-29] or the roughness [30] of the solid 

surface.  

Besides, the presence of low frequency (LF) inductive maybe attributed to the relaxation 

process obtained by adsorption species like Cl
-1

ads and H
+

ads on the electrode surface. It may also 

attribute to the re-dissolution of the passivated surface at low frequency (LF) [23]. It should be noted 

that a CPE (Fig. 5) could be treated as a parallel combination of a pure capacitor and a resistor being 

inversely proportional to the angular frequency. The CPE, which is considered a surface irregularity of 

the electrode, causes a greater depression in Nyquist semicircle diagram, where the metal-solution 

interface acts as a capacitor with irregular surface [17]. The impedance of the CPE is expressed as: 

 

                                                                                           (5) 

 

where Y0 is the magnitude of the CPE, j is the imaginary unit, ω is the angular frequency (ω = 

2πf, where f is the AC frequency) and n is the CPE exponent (phase shift). The general unit for CPE is 

in F cm
-2

 (Farad cm
-2

). The EIS measurement reveals that at the concentration of 1000 ppm, the 

percentage of inhibition efficiency is highest. The result strongly supports the observation that 1000 

ppm of (+)-catechin hydrate could work best as an inhibitor. 

 

3.2. Effect of temperature 

Generally, the corrosion rate of mild steel in acidic solution increase with the rise of 

temperature. This is due to the decrease of hydrogen evolution overpotential [31]. In order to 

understand more about the performance of (+)-catechin hydrate with the nature of adsorption and 

activation processes, the effect of temperature is studied.  

For this purpose, the weight loss measurements are being employed with the range of 

temperature 303, 313, 323 and 333 K for 24 hr of immersion.  

From the Arrhenius plots obtained, the activation energy (Ea) can be calculated and thus further 

explanations on the mechanism of the inhibitive process can be discussed [32]. The degree of surface 

coverage θ for different concentrations of (+)-catechin hydrate has been evaluated using the equation: 

 

                                                                                           (6) 
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where W0 and W
’
 are the weight loss values in absence and in presence of inhibitor. Wm is the 

smallest corrosion rate. Table 4 summarized the corresponding efficiency at various temperatures. As 

(+)-catechin hydrate has been added into the solution, the degree of surface coverage values decreases 

slightly with increasing temperature in which it could be caused by the desorption of inhibitor from the 

mild steel surface. 

 

Table 4. Effect of temperature on the mild steel corrosion in 1 M HCl for various concentrations of 

(+)-catechin hydrate. 

 

Temperature 

(K) 

Concentration 

(ppm) 

W0/W’ 

(g) 

W  

(mg cm
-2

 h
-1

) 

IE  

(wt %) 

θ θ/1-θ 

303 0 0.2279 0.7913 - - - 

 250 0.1137 0.3948 50.11 0.5011 1.0044 

 500 0.0535 0.1858 76.52 0.7652 3.2589 

 750 0.0349 0.1212 84.69 0.8469 5.5317 

 1000 0.0244 0.0847 89.28 0.8928 8.3284 

313 0 0.6053 2.1017 - - - 

 250 0.3912 1.3583 35.37 0.3537 0.5473 

 500 0.1738 0.6035 71.29 0.7129 2.4831 

 750 0.1027 0.3566 83.03 0.8303 4.8928 

 1000 0.0687 0.2385 88.64 0.8864 7.8028 

323 0 1.925 6.6840 - - - 

 250 1.3338 4.6313 30.71 0.3071 0.4432 

 500 0.9137 3.1726 52.54 0.5254 1.1070 

 750 0.791 2.7465 58.91 0.5891 1.4337 

 1000 0.5842 2.0285 69.65 0.6965 2.2948 

333 0 2.7169 9.4337 - - - 

 250 2.7147 9.4260 0.809 0.0008 0.0008 

 500 2.2873 7.9420 15.81 0.1581 0.1878 

 750 2.1681 7.5281 20.19 0.2019 0.2529 

 1000 1.6614 5.7688 38.85 0.3885 0.6353 
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Figure 6. (A) Arrhenius plots and (B) Transition state plots for mild steel in 1 M HCl at different 

concentration of (+)-catechin hydrate. 

 

In order to calculate activation thermodynamic parameters of the corrosion reaction such as 

activation energy Ea, activated entropy ΔS and enthalpy ΔH, the Arrhenius equation and its alternative 

formulation called transition state equation were employed [33]: 

 

                      (7) 

 

                                                             (8) 

 

T is the absolute temperature, K is a constant and R is the universal gas constant, h is Plank’s 

constant, N is Avogadro’s number. The activation energy can be calculated from the slope (-

Ea/2.303R) by plotting the logarithm of corrosion rate versus 1/T.  

Fig. 6A shows the variations of logarithm of the corrosion rate with the presence and absence 

of inhibitor with the reciprocal of absolute temperature.  

The activation energies in the presence of (+)-catechin hydrate were observed higher than those 

in absence of (+)-catechin hydrate (Table 5). This explains that the energy barrier of corrosion reaction 

increases with the concentration of (+)-catechin hydrate. In addition, the value of activation energy that 

is around 40 to 80 kJ mol
-1

 can be suggested to obey the physical adsorption (physiosorption) 

mechanism [34]. Physiosorption is often related with this phenomenon, where an adsorptive film of 

electrostatic character is formed on the mild steel surface [31]. In addition, high value of activation 

energy will lower the corrosion rate or lower the corrosion current density. This indicates that the 

electron transfer in oxidation-reduction processes will become less dense and hence lower the 

corrosion rate [35]. 
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Table 5. Activation parameters of the dissolution reaction of mild steel in 1 M HCl in the absence and 

presence of (+)-catechin hydrate. 

 

Concentration  

(ppm)  

Ea  

(kJ mol
-1

)  

-ΔH  

(kJ mol
-1

)  

ΔS  

(J mol
-1

K
-1

)  

0  22.0902  20.9429  -35.24  

250  39.2769  38.1313  16.31 

500  47.1612  46.0172  39.23 

750  52.5994  51.4537  55.31 

1000  53.9495  52.8030  58.35 

 

The thermodynamic parameters (ΔS and ΔH) calculated from the linear regression of transition 

state (Fig. 6B), show that the dissolution reaction of mild steel in 1 M HCl in the presence of (+)-

catechin hydrate are higher than in absence of (+)-catechin hydrate (Table 5). Positive value of 

activated enthalpy, ΔH means that the process is an exothermic process and it needs more energy to 

achieve the activated state or equilibrium state [33, 35]. Also, the positive of activated entropy, ΔS of 

solution containing (+)-catechin hydrate indicates that the system passes from less orderly to a more 

random arrangement [36].  

 

3.3.  Adsorption Isotherm 

The adsorption process of inhibitor is a displacement reaction where the adsorbed water 

molecule is being removed from the surface of metal [37]: 

 

 

 

Org(sol) and Org(ads) are the organic molecules in the aqueous solution that adsorbed to the 

metal surface. While H2O(ads) is the water molecule on the metal surface in which n is the coefficient 

that represent water molecules replaced by a unit of (+)-catechin hydrate. To obtain an effective 

adsorption of an inhibitor on metal surface, the interaction force between metal and inhibitor must be 

greater than the interaction force of metal and water molecule [24]. The corrosion adsorption processes 

can be understood using adsorption isotherm. Langmuir adsorption isotherm is attributing to 

physisorption or chemisorption phenomenon while Temkin adsorption isotherm gives an explanation 

about the heterogeneity formed on the metal surface. Chemisorption is attributed to Temkin isotherm 

[36]. Here, Langmuir, Frumkin and Temkin adsorption isotherm were applied in order to explain the 

adsorption process of (+)-catechin hydrate on the mild steel surface: 

 

Langmuir: C/θ = 1/K + C                                                                                    (9) 

 

Frumkin: log {θ/(1-θ) C} = log K + gθ                                                              (10) 
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Temkin: log (θ/C) = log K – gθ                                                                   (11) 

 

θ is the surface coverage, K is the adsorption-desorption equilibrium constant, C is the 

concentration of inhibitor and g is the adsorbate parameter. Again, the weight loss measurements were 

employed in this experiment with the concentration range 250, 500, 750 and 1000 ppm at 303 K. The 

corresponding plots are shown in Fig. 7, where the r
2
 value for Langmuir isotherm (Fig. 7A) was 

0.9915, Frumkin isotherm (Fig. 7B) was 0.9981 and Temkin isotherm (Fig. 7C) was 0.8564. From this 

observation, it is concluded that Langmuir isotherm shows the best correlation with the experimental 

data. In addition, this also explains the monolayer formation of the inhibitor onto the mild steel surface 

[35, 37]. The free energy of adsorption ΔGads, also can be calculated using the following equation: 

 

ΔGads = -RT ln(K x 55.5)                                                                         (12) 

 

where 55.5 is the molar concentration of water, R is the universal gas constant and T is the 

temperature in K. The calculated value of free energy of adsorption was found to be ΔGads = -13.4570 

kJ mol
-1

, where adsorption-desorption equilibrium constant K value was obtained from the linear 

regression of Langmuir isotherm (3.7651 M
-1

).  

The negative value of ΔGads indicates that the inhibitor, in this case (+)-catechin hydrate is 

spontaneously adsorbed onto the mild steel surface. It is well known that values of ΔGads around -20 kJ 

mol
-1

 or lower are associated with the physiosorption phenomenon where the electrostatic interaction 

assemble between the charged molecule and the charged metal, while those around -40 kJ mol
-1 

or 

higher are associated with the chemiosorption phenomenon where the sharing or transfer of organic 

molecules charge with the metal surface occurs [38, 39].  
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Figure 7. (A) Langmuir, (B) Frumkin and (C) Temkin isotherm for the adsorption of (+)-catechin 

hydrate on the surface of mild steel in 1 M HCl. 

 

Hence, it is clear that (+)-catechin hydrate is physically adsorbed onto the mild steel surface. 

Moreover, the exponential correlation between inhibition efficiency with temperature may supports 

that the adsorption of (+)-catechin hydrate on the mild steel surface is physical in nature. As the 

temperature increases, the number of adsorbed molecules decreases, leading to a decrease in the 

inhibition efficiency. The adsorption is enhanced by the presence of electron donor atom of O, with 

lone pair electron and delocalized π electrons in the (+)-catechin hydrate molecules that create 
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electrostatic adsortion with the mild steel surface. As a result, insoluble stable films formed on the 

mild steel surface thus decrease the metal dissolution. 

 

3.4. Surface adsorption and morphology analysis 

The adsorption process was affected by the chemical structures of the inhibitors, the nature and 

charged surface of the metal and the distribution of charge over the whole inhibitor molecule.  

 

 

 

Figure 8. Relation between conductivity and the applied potential on a steel electrode immersed in 1 

M HCl without and with (+)-catechin hydrate. 

 

 

 

Figure 9. The schematic illustration of different modes of adsorption on mild steel/1 M HCl interface. 
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The potential zero charge (PZC) may help in determining the type of adsorption that occurs at 

the electrode surface [40]. The electrochemical impedance spectroscopy (EIS) offers a good method in 

order to determine the PZC of metal [41]. When the difference of Er = Ecorr – PZC was negative, where 

Er is the Antropov ‘rational’ corrosion potential, the working electrode surface has a negative net 

charge and the adsorption of cations was favoured. On contrary, adsorption of anions was favoured 

when Er become positive. The different charge of metals under conditions of their corrosion might be 

considered as one of the reasons for the selective action of inhibitors [42]. Thus, the PZC of mild steel 

must be calculated in studied conditions to explain the inhibiting action of inhibitors (Table 6). The 

values of PZC obtained are more negative than the corrosion potential Ecorr values. This is due to the 

change of the discharge surface of mild steel in acidic solution [43]. 

 

           

 

A)                                                                                                                   B) 

 

 

 

C) 

 

Figure 10. SEM micrographs of: a) mild steel, b) mild steel without inhibitor, 0 ppm, c) mild steel 

with (+)-catechin hydrate, 1000 ppm at magnification of 100 x. 
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The corresponding plot (Fig. 8) shows the correlation between conductivity (in Siemens) with 

potential. Conductivity is the reciprocal (inverse) of resistivity. EIS analysis has shown that in the 

presence of the inhibitor, the charge transfer resistance value Rct, will be higher whereas in the absence 

of the inhibitor, Rct value will be lower. Thus, in the presence of the inhibitor, the conductivity values 

should be lower than in absence on the inhibitor [44]. In the presence of optimum concentration of 

1000 ppm (+)-catechin hydrate in 1 M HCl solution, the conductivity seems to be lower than in 

absence of both inhibitors. Positive value of Er indicated that the positively charged mild steel will be 

specifically adsorbed by chloride ions (anions).  

 

Table 6. Values of Er for the mild steel electrode in 1 M HCl for (+)-catechin hydrate. 

 

Sample fmax  

(Hz) 

Ecorr 

(mV) 

PZC 

(mV) 

Er 

(mV) 

1 M HCl 253 -505 -545 40 

1 M HCl + 1000 ppm (+)-catechin hydrate 199 -484 -518 34 

  

The adsorption of negatively charged chloride ions on the mild steel surface creates an excess 

negative charge on the surface thus leading to adsorption of cations (protonated inhibitors). The 

protonated inhibitor molecules will adsorb on the mild steel surface via chloride ions which form an 

interconnecting bridge between positively charged mild steel surface and protonated inhibitors [41]. 

Electrostatic interaction was believed to occur between the protonated molecules and (FeCl
-
)ads species 

at anodic sites (Fig. 9). Potentiodynamic polarization measurement have proved that the inhibition of 

both inhibitors were predominately at the anodic site. Surface analysis using scanning electron 

microscope (SEM) proved a significant morphological improvement on the surface of mild steel plates 

in the presence of (+)-catechin hydrate. From Fig. 10B, a rough surface was noticed for mild steel 

immersed in 1 M HCl solution. On the other hand, a smooth surface was observed in the inhibited mild 

steel surface (Fig. 10C) and it is comparable with the polished surface (Fig. 10A). 

 

 

 

 

4. CONCLUSIONS 

 The (+)-catechin hydrate shows good corrosion inhibition properties for mild steel in 1 

M HCl. The comparative study by means of inhibition efficiency for all electrochemical tests and 

weight loss measurements were in good agreement at the concentration of 1000 ppm. 

 Potentiondynamic polarization measurements demonstrate that (+)-catechin hyrdrate 

acts as a mixed-type inhibition with anodic as its dominant. Electrochemical impedance spectroscopy 

(EIS) revealed that the corrosion of mild steel in the absence and presence of the inhibitors was mainly 

controlled by a charge transfer process. 
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 The adsorption of (+)-catechin hydrate on the mild steel surface follows the Langmuir 

adsorption isotherm. From the free energy of adsorption ΔGads values, it can be concluded that the 

adsorption process was spontaneous and physically adsorbed (physiosorption) onto the mild steel 

surface. 

 Surface analysis show that there were tremendous morphological improvements on the 

mild steel surface after being added with (+)-catechin hydrate. 
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