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ABSTRACT

In this study, the corrosion inhibition effect of aqueous extract of Aegle marmelos in 1N
hydrochloric acid has been investigated by weight loss, gasometric, potentiodynamic
polarization and impedance methods. The Aegle marmelos was found to be effective
corrosion pickling inhibitor. The effect of immersion time revealed that the extracts of
Aegle marmelos has maximum inhibition efficiency of 97.5 % in presence of an optimum
concentration of 8 % v/v of the extract at 3 hours of immersion time. Similarly, in
gasometric method, maximum efficiency was found to be 97.1 % in the same optimum
concentration. It was confirmed by potentiodynamic polarization and impedance
methods, which showed a maximum efficiency of 97.5 % and 96.6 % respectively in
the concentration 8 % in v/v. Potentiodynamic polarization studies indicated that the
plant extract behaves as mixed type inhibitor. The adsorption of Aegle marmelos follows
Langmuir adsorption isotherm. The inhibition action is due to presence of the alkaloid
aegeline in the leaves of Aegle marmelos. The protective film formed on the surface of
the mild steel was confirmed by SEM studies.

INTRODUCTION

About 90% of pickling problems can be solved by introducing appropriate picking inhibitor to the
medium. Hydrochloric acid and sulphuric acids are the medium generally being used for pickling
mild steel. Due to ease of application, environmentally safe, less toxic and cost effectiveness, the use
of inhibitors has increased manifolds during the past several years. Owing to strict environmental
legislation the emphasis is being focused on development of naturally occurring substances as corro-
sion inhibitors (Quarishi & Yadav 2008). Recently, some plant extracts such as Mentha pulegium
(Bouyanzer et al. 2006), Opuntia (El-Etre 2003), Azardiracta indica (Valek & Martinez 2006), Killah
extract (El-Etre 2005), Nypa fruticans (Orubite & Oforka 2004), Berberine (Yan Li et al. 2005),
Lawsonia (El-Etre et al. 2005), etc. were found to be very effective corrosion inhibitors for the pro-
tection of mild steel in acidic media. In this study, Aegle marmelos has been chosen as corrosion
inhibitor. It is called ‘Shivadurme’ or ‘Vilvam’, the tree of Lord Shiva. The plant is found in India,
Burma and Sri Lanka. It grows wild all over the sub-Himalayan forests, Central India and west coast
and in dry hilly places ascending to 4000 ft high. In this study the corrosion inhibition action of the
aqueous extract of Aegle marmelos in hydrochloric acid solution has been investigated using weight
loss, gasometric, potentiodynamic polarization and impedance methods.

MATERIALS AND METHODS

Material preparation: Mild steel strips of size 4.5cm × 2cm × 0.2cm containing 0.14% C, 0.35%
Mn, 0.17% Si, 0.025% S, 0.03% P and the remainder Fe were used for weight loss and gasometric
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method. For electrochemical studies, mild steel strips of the same composition coated with lacquer
with an exposed area of 1 cm2 were used. Mild steel strips were polished mechanically with emery
papers of 1/0 to 4/0 grades and subsequently degreased with trichloroethylene before use. Analytical
reagent grade HCl and double distilled water were used for preparing test solutions for all the
experiments.
Solution preparation: The leaves of Aegle marmelos were taken and cut into small pieces and dried
in an air oven at 80°C for 2 hrs and ground into powder. From this, 10g of the sample was refluxed in
100mL distilled water for 1h, filtered and made up to 100 mL using double distilled water. The
concentration of the stock solution is expressed in term of % (v/v). From the stock solution 2% to
10% v/v concentration was prepared.
Weight loss method: The experimental solution, 1N HCl with different concentrations of inhibitors
was used. The pretreated specimens were immersed in the experimental solution with the help of
glass hooks. The initial weight of the specimens was noted and they were immersed completely into
the experimental solution at 30°C for three hours. After three hours, the specimens were taken out,
washed thoroughly with distilled water, dried completely and their final weights were noted. From
the initial and final weights of the specimens, the loss in weight was calculated and tabulated. The
corrosion rate (mmpy) and the efficiency of inhibitors can be calculated using the formula:

Corrosion rate (mmpy) = KW/ATD ...(1)
Where, K = 8.76 × 10 4 (constant), W = weight loss in g, A = area in sq. cm, T = time in hours and

D = density in g/cu.cm (7.86).
Inhibition efficiency (%) =  (WB – WI)/WB × 100 ...(2)
Where, WB and WI are weight loss per unit time in the absence and presence of inhibitors.
The degree of surface coverage (θ) was calculated from the weight loss measurement results

using the formula:
Surface coverage (θ) = WB – WI /WB ...(3)
Where, WB is the weight loss in the absence of inhibitor, WI is the weight loss in the presence of

inhibitor.
Gasometric method: This technique gives accurate results compared to that of conventional weight
loss method provided that the inhibitor does not react with hydrogen and the hydrogen penetration
into the metal is small compared to the total volume of hydrogen gas. The gasometric studies were
carried out as described earlier (Shyamala & Arulanantham 2008). The inhibition efficiency was
calculated using the formula:

Inhibition efficiency (%) = V0 – V1/V0 × 100 ...(4)
Where, V0 is the volume of hydrogen evolved in the absence of inhibitor, V1 is the volume of

hydrogen evolved in the presence of inhibitor.
Potentiodynamic polarization studies: Potentiodynamic polarization measurements were carried
out using Solartron Electrochemical analyser (Model-1280). The polarization measurements were
made to evaluate the corrosion current, corrosion potential and Tafel slopes. Experiments were car-
ried out in a conventional three-electrode cell assembly. The working electrode was mild steel speci-
men of 1sq. cm area which was exposed and the rest being covered with red lacquer. A rectangular
platinum foil was used as the counter electrode. To exert uniform potential on the working electrode,
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it is designed in such a way that the counter electrode is much larger in area compared to the working
electrode. The reference electrode used was SCE. Instead of salt bridge a luggin capillary arrange-
ment was used to keep SCE close to the working electrode to avoid the ohmic contribution. A time
interval of 10-15 minutes was given for each experiment to attain the steady state open circuit poten-
tial. The polarization was carried from a cathodic potential of -800mV (vs SCE) to an anodic poten-
tial of -200mV (vs SCE) at a sweep rate of 1mV per second. From the polarization curves, Tafel
slopes, corrosion potential and corrosion current were calculated. The inhibitor efficiency was calcu-
lated using the following formula.

                    ICorr - I*CorrIE (%)   =  –––––––––– ×   100 ...(5)
                         ICorr

Where, Icorr and I*corr  are corrosion current in the absence and presence of inhibitors.
Impedance measurements: The electrochemical AC-impedance measurements were performed us-
ing Solatron Electrochemical analyser. Experiments were carried out in a conventional three elec-
trode cell assembly as used for potentiodynamic polarization studies. The working electrode was
carbon steel specimen of 1 sq. cm area which is exposed and the rest being covered with red lacquer.
A rectangular Pt foil was used as the counter electrode. A sine wave with amplitude of 10mV was
superimposed on the steady open circuit potential. The real part (Z’) and the imaginary part (Z”) were
measured at various frequencies in the range of 100 KHz to 10 MHz. A plot of Z’ vs Z” was made.
From the plot, the charge transfer resistance (Rt) was calculated and the double layer capacitance was
then calculated using the equation:

  Cdl = 1 / 2πfmaxRt ...(6)
 Where, Rt  is charge transfer resistance and Cdl is double layer capacitance. The experiments were

carried out in the absence and presence of different concentrations of inhibitors. The percentage of
inhibition efficiency was calculated using the equation:

                    Rt* – RtIE (%)   =   ———— × 100 ...(7)
                          Rt*
Where, Rt* and Rt are the charge transfer resistance in the presence and absence of inhibitors.

RESULTS AND DISCUSSION

Weight loss method: The weight loss method was done with concentrations ranging from 2% to
10% v/v. The weight loss data are listed in Table 1. It was found that with the rise in concentration of
the Aegle marmelos extract from 2.0 to 10% in v/v, the weight loss of mild steel decreased, the
corrosion rate also decreased while the inhibition efficiency increased. The optimum concentration
was found to be 8 % v/v. At the optimum concentration of 8% in v/v, Aegle marmelos has shown a
maximum inhibition efficiency of about 97.5% for a period of 3 hours. This result indicated that
Aegle marmelos could act as an excellent corrosion inhibitor.
Gasometric method: The results obtained in gasometric method reveal that the hydrogen penetra-
tion into the metal decreased as the concentration of the inhibitor increased from 2.0 to 10 % in v/v,
and showed maximum inhibition efficiency of 97.1% at 8% v/v concentration of the extract  (Table
2). This technique gives accurate result compared to the conventional weight loss method.
Potentiodynamic polarization method: The potentiodynamic polarization measurements were stud-
ied to evaluate the corrosion current, corrosion potential and Tafel slopes. The potentiodynamic
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Table 1: Corrosion parameters obtained from weight loss measurements for mild steel in 1N HCl containing different concen-
trations of Aegle marmelos extract.

Conc. of Extract Corrosion Rate Inhibition Surface
(% in v/v) (mmpy) Efficiency (%) Coverage (q)

Blank 30.67 - -
2.0 3.81 87.6 0.88
4.0 3.03 90.1 0.90
6.0 2.02 93.4 0.93
8.0 0.76 97.5 0.98
10.0 0.76 97.5 0.98

Table 2: Inhibition efficiency obtained from gasometric method for mild steel in 1N HCl containing different concentrations
of Aegle marmelos extract.

Conc. of Extract Volume of Hydrogen Inhibition Efficiency
(% in v/v) Gas evolved at 30°± 1°C (%)

Blank 7.0 -
2.0 0.9 87.1
4.0 0.7 90.0
6.0 0.5 92.9
8.0 0.2 97.1
10.0 0.2 97.1

Table 3: Potentiodynamic polarization parameters for mild steel in 1N HCl containing different concentrations of Aegle
marmelos extract.

Conc. of Extract Ecorr(V) Icorr        Tafel Slope Inhibition
(% in v/v) (mA/cm2)         mV/decade Efficiency(%)

ba bc

Blank -0.4826 3.57 78 122 -
2.0 -0.4902 0.40 78 126 88.5
4.0 -0.4874 0.31 74 124 91.3
6.0 -0.5075 0.21 74 122 94.1
8.0 -0.4753 0.09 76 122 97.5
10.0 -0.4921 0.09 76 124 97.5

Table 4: Impedance parameters for the corrosion of mild steel in 1N HCl in the absence and presence of different concentra-
tions of Aegle marmelos extract at 30°C.

Conc. of Extract Rt(Ω cm2) Cdl Inhibition
(% in v/v) (µF/cm2) Efficiency(%)

Blank 7.58 285.34 -
2.0 69.85 31.09 89.1
4.0 88.41 24.52 91.4
6.0 136.49 15.86 94.4
8.0 224.80 9.62 96.6
10.0 208.34 10.25 96.4
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polarization parameters for mild steel in 1N HCl containing different concentrations of Aegle marmelos
extract are given in Table 3 and the polarization curves are given in Fig. 1. Inspection of the figure
revealed that the polarization curves shift towards less negative potential and lower current density
values upon the addition of extract. This behaviour reflects the inhibitive action of Aegle marmelos
extract. The data in Table 3 show that the corrosion potential shifts to less negative values as the
concentration of added extract is increased. On the other hand, the corrosion current density is mark-
edly decreased upon addition of the extract. Moreover, the numerical values of both anodic and
cathodic Tafel constants decreased as the concentration of extract was increased. It was observed that
with increase in concentration of Aegle marmelos extract from 2 % to 10 %, the maximum inhibition
efficiency of 97.5% was observed at an optimum concentration of 8% in v/v.
Impedance measurement: The corrosion behaviour of mild steel in 1N HCl in the absence and
presence of Aegle marmelos extract was also investigated by EIS method. Impedance measurements
were studied to evaluate the charge transfer resistance (Rt) and double layer capacitance (Cdl) and
through these parameters the inhibition efficiency was calculated. Fig. 2 shows the impedance dia-
grams for mild steel in 1N HCl with different concentrations of Aegle marmelos extract, and the
impedance parameters derived from these investigations are given in Table 4.

As noticed from Fig. 2, the obtained impedance diagrams are almost in a semicircular appear-
ance, indicating that the charge-transfer process mainly controls the corrosion of mild steel. Devia-
tion of perfect circular shape is often referred to the frequency dispersion of interfacial impedance.
This anomalous phenomenon may be attributed to the inhomogeneity of the electrode surface arising
from surface roughness or interfacial phenomena. In fact, the presence of Aegle marmelos extract
enhanced the values of Rt in acidic solution. Values of double layer capacitance are also brought
down to the maximum extent in the presence of inhibitor and the decrease in values of Cdl follows the
order similar to that obtained for Icorr in this study. The decrease in Cdl shows that the adsorption of
this inhibitor takes place on the metal surface in acidic solution.

Moreover, the increase in the value of Rt with the inhibitor concentration leading to the increase
in inhibition efficiency. The maximum Rt value of 224.80 Ω cm2 and minimum Cdl value of 9.62
µF/cm2 is obtained at an optimum concentration of 8 % in v/v with a maximum inhibition efficiency
of 96.6 %. A good agreement is observed between the results obtained in non-electrochemical meth-
ods (weight loss method and gasometric method) and electrochemical methods (potentiodynamic
polarization method and impedance method).
Kinetics and reason for the corrosion inhibition: The inhibition action is due to the presence of the
neutral alkaloid aegelin, present in the leaf extract of Aegle marmelos.  Inspection of the chemical
structure of aegelin reveals that the compound can be adsorbed on the metal surface via the lone pair
of electrons present on their oxygen atoms. The adsorption of such compounds on the metal surface
makes a barrier for charge and mass transfer leading to decrease in the interaction of the metal with
the corrosive environment. As a result, the corrosion rate of the metal was decreased. The formation
of film layer, which essentially blocks discharge of H+ and dissolution of metal ions. Acid pickling
inhibitors containing organic N, S and OH groups behave similarly to inhibit corrosion.
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The corrosion of mild steel in HCl solution is a heterogenous one, composed of anodic and ca-
thodic reactions. Based on this, the kinetic analyses of the data were considered. The Arrehenius plot
for mild steel immersed in 1N HCl solution in the absence and presence of optimum concentration (8
%v/v) of Aegle marmelos extract is given in Fig. 3 revealing the effect of temperature. The use of
adsorption isotherms provides useful insight into the corrosion inhibition mechanism. The adsorp-
tion of different concentrations of Aegle marmelos extract on the surface of mild steel in 1N hydro-
chloric acid follows Langmuir adsorption isotherm (Fig. 4).
Surface analysis: Surface examination of mild steel specimens was made using scanning electron
microscope (SEM) with magnification of 1000X. The mild steel specimens after immersion in 1N
HCl solution for 3 hours at 30°C in absence and presence of optimum concentration 8 % v/v of the
Aegle marmelos extract were taken out, dried and kept in a desiccator. The protective film formed on
the surface of the mild steel was confirmed by SEM studies (Figs. 5 and 6).
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Fig. 1: Potentiodynamic polarization curves for mild steel
in 1N HCl solution in the absence and presence of different

concentrations of Aegle marmelos extract.
1. Blank, 2. 2.0 (%v/v), 3. 4.0 (% v/v), 4. 6.0 (% v/v),

5. 8.0 (% v/v), 6. 10.0 (%v/v)

Fig  2:   Impedance diagrams for mild steel in 1N HCl
solution in the absence and presence of different

concentrations of Aegle marmelos extract.
1. Blank, 2. 2.0 (%v/v), 3. 4.0 (% v/v), 4. 6.0 (% v/v),

5. 8.0 (% v/v), 6. 10.0 (%v/v)

Fig. 3: Arrhenius plots for mild steel immersed in 1N HCl
solution in the absence and presence of optimum

concentration (8.0 %v/v) of Aegle marmelos extract
(a) Blank, (b) Aegle marmelos

Fig. 4: Langmuir adsorption isotherm plot for the adsorption
of different concentrations of Aegle marmelos extract on the

surface of mild steel in 1N HCl solution.
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CONCLUSION

1. Aegle marmelos can be used as corrosion pickling inhibitor as it is environmentally safe, less
toxic, ecofriendly, cost effective and easily available one.

2. The corrosion inhibition of mild steel in 1N HCl with an optimum concentration of the inhibitor
(8 % in v/v) revealed that the extract of Aegle marmelos has maximum efficiency of 97.5% at 3
hours of immersion time.

3. In gasometric method, maximum efficiency was found to be 97.1 % in the same optimum con-
centration of 8 % in v/v.  Potentiodynamic polarization and impedance method, which showed a
maximum efficiency of 97.5 % and 96.6 %, respectively in the concentration of 8 % in v/v.

4. Results obtained in nonelectrochemical methods (weight loss method and gasometric method)
have good agreement with the electrochemical methods (potentiodynamic polarization method
and impedance method).

5. The corrosion inhibition action is due to the presence of the alkaloid aegelin in Aegle marmelos.
6. The adsorption of different concentrations of Aegle marmelos extract on the surface of mild steel

in 1N hydrochloric acid follows Langmuir adsorption isotherm.
7. Hence Aegle marmelos acts as efficient corrosion pickling inhibitor for mild steel in 1N hydro-

chloric acid.
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Fig. 5: SEM photograph of mild steel immersed in
1N HCl solution (blank).

Fig. 6: SEM Photograph of mild steel immersed in  1N HCl
solution containing an optimum concentration ( 8% v/v)

of Aegle marmelos

 


