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Abstract: The performance of Senna auriculata leaves (SCL) extract as a corrosion inhibitor for
carbon steel in 1 N HCI was thoroughly investigated by chemical and electrochemical methods. The
inhibition efficiency obtained by both these methods has good agreement with each other. The
effects of temperature and immersion time on carbon steel in 1 N HCI were also studied. The
maximum inhibition efficiency of 75.65% was obtained at the best concentration of 800 ppm of SCL
extract. The polarization studies revealed that the inhibition action of SCL extract was under mixed
control. The free energy of adsorption and the influence of temperature on the adsorption of SCL
extract on carbon steel have also been reported. The adsorption of SCL extract on the surface of
carbon steel was found to obey the Langmuir adsorption isotherm. The mechanism of inhibition was
confirmed by kinetic and thermodynamic parameters obtained from 303 K to 363 K temperatures
using weight loss method. The metallurgical microscope results established the formation of a
protective layer on the carbon steel surface.

Keywords: Corrosion inhibitors, Senna auriculata extract, Carbon steel corrosion, Langmuir
adsorption isotherm, Mixed type inhibitor

Introduction

Automobile and chemical industries, most widely use carbon steel as a constructional
material due its excellent mechanical properties and low cost'. The main problem
concerning carbon steel applications is its relatively low corrosion resistance in acidic
solutions’. Since hydrochloric acid is mainly used for chemical cleaning, descaling, pickling
and oil-well acidizing, it leads to corrosive attack®™. Corrosion causes awful damage to
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metal and alloy structures causing great economic losses and environmental pollution. Due
to these harmful effects, corrosion ought to be prevented’. Among the several methods of
corrosion control and prevention, the use of corrosion inhibitors, is very popular®. Most of
the efficient inhibitors are organic compounds, but their use is limited because they are
expensive and toxic for the environment’. This has initiated the search for alternate nontoxic
and inexpensive corrosion inhibitors in different parts of plant extract"'’. There is a close
proximity between the phytochemical compounds present in the plant extract to those of
conventional organic inhibitors, which justified the use of plant products as corrosion
inhibitors''. Scientific corrosion literature has descriptions and lists of numerous plant
extracts'”® such as Garcinia mangostana, Vernonia amygdalina, Ficus benghalensis,
Canavalia ensiformis, Mangifera indica, Artemisia pallens, Paniala, Murraya koenigii,
Stevia rebaudiana, Haloxylon scoparium, Pavetta indica, Aquilaria crassna, exhibit
inhibitive properties for carbon steel in acidic solutions.

The present work continues to focus on the application of extract obtained from Senna
auriculata leaves (SCL) on the corrosion inhibition of carbon steel in 1 N HCI, using weight
loss, gas evolution, potentiodynamic polarization and AC-impedance studies. From this, a
suitable mechanism regarding the mode of inhibition was also proposed. Surface
examination of the carbon steel in the absence and presence of inhibitor was made to
confirm the protective layer on the surface of carbon steel.

Experimental

HCI (AR) and double distilled water were used throughout the studies for preparing the
aggressive solutions (1 N HCI). The composition of the carbon steel sample used in this
experiment was (wWt%) is 0.18 C, 0.30 Mn, 0.15 Si, 0.02 S, 0.02 P and the balance being Fe.
The rectangular shape carbon steel of dimension 4.5 X 2 X 0.2 cm containing a small hole of
about 2 mm diameter near the upper edge was employed for weight loss and gasometric
studies. The specimens used were polished mechanically followed by different grades of
emery papers and then degreased with acetone. A cylindrical carbon steel specimens with an
exposed area of 1 cm’ (remaining area covered with Teflon holder) were used for
electrochemical studies.

Preparation of senna auriculata leaves (SCL) extract

Senna auriculata is a legume tree in the subfamily of Caesalpinioideae. It is commonly
known by its local names ranawara or avaram. It occurs in the dry regions of India and Sri
Lanka. It is common along the sea coast and the dry zone in Sri Lanka”**®. Leaves of Senna
auriculata (Aavaram) were cleaned and cut into small pieces. They were dried in an air oven
at 70 °C for 2 h. The dried leaves were pulverized and make it well into powder. 10 g of the
leaf powder was refluxed in 100 mL of distilled water for an hour. The refluxed solution was
filtered through Whatmann No.1 filter paper and then the filtrates were heated on a water
bath to evaporate the moisture content fully to get the dried compound®’. Corrosion test
solutions range from 200 ppm to 800 ppm were prepared by dissolving specified amount of
dried SCL extract in 1 N HCI solution and used for corrosion study.

Weight loss studies

Previously polished and degreased specimens of size 4.5 X 2 X 0.2 were used for weight loss
studies. Already weighed carbon steel specimens were separately immersed in 100 mL of
1 N HCI solutions containing 200, 400, 600 and 800 ppm of the SCL extract for 3 h. After the
specified time, the carbon steel specimens were taken out from the acid solution
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and then washed immediately with double distilled water, dried and re-weighed. Duplicate
tests were also conducted for each experiment. The same experiment was carried out at four
different temperatures of 303, 323, 343 and 363 K. From the measured weight loss data, the
corrosion rate (mmpy) and the inhibition efficiency (IE) were calculated using the equation:

Corrosion rate (mmpy) = kW/ATD

Where k = 8.76x104 (constant), W = weight loss in g, A= area in square cm, T= time in
hours and D= density in g/ cu.cm

Inhibition Efficiency (%) = W — W/ Wg X100

Where Wg and W, are weight loss per unit time in the absence and presence of the
extract in 1 N HCI solution.

Weight loss measurements were performed at a different immersion time from 3 hours
to 24 hours at the best concentration of 800 ppm of SCL extract at 30 °C. From the initial
and final weight of the specimen, the weight loss of the specimen was calculated and the
inhibitor efficiency at different immersion time was also calculated.

The degree of surface coverage (0) was calculated from the weight loss measurement
results using the following formula®®;

Surface coverage ) = Wy W,
WB

Where Wy is the weight loss in the absence of the SCL extract, W is the weight loss in
the presence of the SCL extract in IN HCI solution. From these data, a suitable isotherm
were fitted graphically.

Gasometric studies

Comparing weight loss studies, the gasometric studies will give more accuracy result in
which the SCL extract does not react with hydrogen gas as well as the hydrogen penetration
into the metal is small compared to the total volume of hydrogen gas. The design of the
studies is described elsewhere®. The carbon steel specimen was suspended from the hook of
the glass stopper and was introduced into the sample cell containing 100 mL of 1 N HCI
solution. At constant atmospheric pressure, 30 °C temperature was maintained constant
throughout the experiment. The volume of hydrogen gas liberated will be measured for a
period of three hours in all the cases. From the volume of hydrogen gas liberated, the
inhibition efficiency was calculated using the formula:
_Vo-Vi

Vi

Where V, is the volume of hydrogen evolved in the absence of SCL extract and Vj is
the volume of hydrogen evolved in the presence of SCL extract in 1 N HCI solution.

Electrochemical polarization studies

The electrochemical measurements were performed in a conventional three-electrode
assembly containing a cylindrical carbon steel specimen with an exposed area of 1 cm” as
working electrode (WE), a platinum foil of surface area 2 cm” as counter electrode and a
saturated calomel electrode (SCE) provided with a Luggin capillary as a reference electrode.
They were immersed in 1 N HCI solution until a steady-state open circuit potential (OCP)
was obtained. The HCI solution was degassed with ultrapure nitrogen bubbling to avoid any
reactions with dissolved oxygen. Tafel polarization measurements were made for a potential
range of -200 mV to +200 mV with respect to OCP at a scan rate of 1 mV/s.

Inhibition efficiency (%) = X 100
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From the electrochemical studies, corrosion potential and corrosion current were
calculated. The inhibitor efficiency was calculate;d using the formula®:
IE (%) = —Leonleon X 100
ICOIT
Where 1., and I*., are corrosion current in the absence and presence of the SCL
extract in 1 N HCl solution.

Electrochemical impedance studies

Electrochemical impedance studies (EIS) has been widely used in investigating the
corrosion inhibition process. Since, it provides more information on both the resistive
and capacitive behaviors at the metal/solution interface. The corrosion behavior of
carbon steel in 1 N HCI solution in the absence and presence of the extract was
investigated by using an electrochemical analyzer (BioLogic-VSP, France). The
impedance measurements were carried at the open circuit potential in the frequency
range of 100 kHz to 1 mHz. A plot of Z’ vs. Z” were made. From the Nyquist plot, the
charge transfer resistance (R;) was calculated. The double layer capacitance (Cg4) was
calculated using the following equation®":

1
Ca=

27 fnax Re
Where R. is charge transfer resistance and Cgy is the double layer capacitance. The
experiments were carried out in the absence and presence of the best concentrations of SCL
extract in 1 N HCI solution. The percentage of inhibition efficiency was calculated using the
equation:
R-R,
R
Where R* and R, are the charge transfer resistance in the presence and absence of SCL
extract in 1 N HCI solution.

IE (%) = X 100

Surface morphological studies

The carbon steel specimens were immersed in 1 N HCI in the absence and presence of
the best concentration of the SCL extract for 3 hours at 30 °C. After 3 hours, the
specimens were taken out, dried and kept in desiccators. The protective film formed on
the surface of carbon steel was confirmed by metallurgical microscope studies with the
magnification of 1000x.

Results and Discussion
Weight loss studies

Weight loss of carbon steel in 1 N HCI was determined at 303 K in the absence and presence
of SCL extract concentrations ranging from 200 to 800 ppm. The obtained corrosion
parameters are depicted in Table 1. It is cleared from the table that the percentage of
inhibition efficiency increases with concentration of SCL extract. The decrease in corrosion
rate with an increase in concentration of SCL is due to the fact that the surface coverage of
metal increases by the adsorption of inhibitor molecules. A maximum inhibition efficiency
of 76.1% is obtained at the concentration of 800 ppm of extract. The increase in corrosion
rate with an increase in temperature is due to increase in the rate of desorption of SCL
molecules from the carbon steel surface at higher temperature.



Chem Sci Trans., 2015, 4(4), 927-939 931

Table 1. Corrosion parameters obtained from weight loss measurements for carbon steel in
IN HCI containing various concentrations of SCL extract

Conc. of Initial Final  Weight Corrosion Inhibition  Surface
SCL Extract, Weight, Weight, Loss, Rate, Efficiency, Coverage
ppm g g g mmpy % 0

Blank 37096  3.6601 0.0495 20.4581 - -
200 39339 39482 0.0143 5.8959 71.2 0.712
400 4.1066 4.1202 0.0136 5.6073 72.6 0.726
600 3.7411 3.7539 0.0128 5.2774 74.2 0.742
800 3.7420 3.7538 0.0118 4.8651 76.1 0.761
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Figure 1. Variation of inhibition efficiency with various concentrations of SCL extract on
carbon steel in 1 N HCI solution

Effect of immersion time

The effect of immersion time from 3 hours to 24 hours on inhibition efficiency was studied
and depicted in Table 2. The effect of immersion time on percentage inhibition efficiency of
carbon steel in 1 N HCI at 30 °C in presence of the best concentration (800 ppm) of SCL
extract is shown in Figure 2. The inhibition efficiency was found to decrease from 76.1% to
73.5%, when immersion time was increased due to desorption of adsorbed SCL extract
constituents. Hence, using weight loss method, the minimum inhibition efficiency of 73.5%
was found at 30 °C for SCL extract which acted as a corrosion inhibitor at the best
concentration of 800 ppm for a period of 24 hours.

Table 2. Effect of immersion time on percentage inhibition efficiency of carbon steel in 1 N
HCI at 30 °C in presence of the best concentration (800 ppm) of SCL extract

Inhibition efficiency, %
Time, h
3 6 9 12 15 18 21 24
800 76.1 758 754 749 744 741 738 735

Conc. of SCL extract,
ppm
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Figure 2. Effect of immersion time on percentage inhibition efficiency of carbon steel in
1 N HCl at 30 °C in presence of the best concentration (800 ppm) of SCL extract

Gasometric studies

The volume of hydrogen gas evolved is decreased from 7.4 to 1.7 mL with an increase in the
concentration of SCL extract from 200 to 800 ppm. The inhibition efficiency increased from
71.4 to 76.4% is shown in Table 3. Hence, the best concentration of SCL extract was found
to be 800 ppm. It revealed that SCL extract had the tendency to inhibit carbon steel
corrosion in acid medium.

Table 3. Inhibition efficiency obtained from gasometric measurements for carbon steel in
IN HCI containing various concentrations of SCL extract at 30 °C

Conc. of SCL Volume of hydrogen Inhibition
extract, % in v/v gas evolved, mL Efficiency, %
Blank 7.4 -
200 2.1 71.4
400 2.0 73.0
600 1.9 74.3
800 1.7 76.4

Electrochemical polarization studies

The calculated electrochemical polarization parameters such as corrosion potential (Ecoy),
corrosion current (I¢o), anodic and cathodic Tafel slope (b, and b.) values and IE are given
in Table 4. It was obvious from Figure 3 that Tafel curves are not shifted markedly to the
corrosion potential for the optimum concentration (800 ppm) of SCL extract. It indicates that
the SCL extract works through mixed mode of inhibition. The I, value for the best
concentration of SCL extract was decreased when compared to blank solution. This decrease
in I, 1s an indication of a decrease in corrosion reaction, since corrosion current is
proportional to the magnitude of corrosion reaction. The I, b, and b, values were changed
upon the addition of SCL extract, which means the extract molecules are adsorbed both on
the anodic and cathodic sites. This results in the inhibition of both anodic metal dissolution
and cathodic hydrogen evolution reactions.
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Table 4. Electrochemical polarization parameters of carbon steel in 1 N HCI in the absence
and presence of the best concentration of SCL extract

Conc. of SCL extract, Tafel slope, Inhibition efficiency,
n Ecorr Teorss mV/decade Y
pp Vvs.SCE mA/em® b, b, °
Blank -0.442 3.785 204.6 2248 -
800 -0.463 0.889  184.0 200.8 76.50
2
14
5
< 0-
En
g
2
Blank
SCL (800 ppm)
-3 T T T T
0.7 -0.6 -0.5 -0.4 -0.3 -0.2

E, Vvs. SCE

Figure 3. Electrochemical polarization curves of carbon steel in 1 N HCI solution in the
absence and presence of the best concentration of SCL extract

AC- impedance studies

The calculated impedance parameters such as double layer capacitance (Cg), charge transfer
resistance (R;) and IE are listed in Table 5. It can be observed from the Nyquist plot (Figure 4)
that a single semicircle has been observed is attributed to charge transfer takes place at an
electrode/solution interface. It was apparent from the Table 5 that the presence of SCL
extract in acid medium leads to decrease in Cgy. The decrease in Cgy values can be attributed
to the decrease in local dielectric constant and/or an increase in the thickness of electrical
double layer. Meanwhile, the increase in R, value indicates that the extent of adsorption
increases in presence of the best concentration (800 ppm) of SCL extract and also the
adsorbed extract form a protective film on the carbon steel surface which becomes a barrier
to hinder the mass and charge transfer processes. These results are an increase in the
inhibition efﬁciency”. The maximum R, value of 83.58 Q c¢cm? and the minimum Cj value
of 28.49 pF/cm® was obtained at the best concentration of 800 ppm of the SCL extract,
which gave the maximum inhibition efficiency of 75.35 %. This result has good concurrence
with the results obtained from non-electrochemical methods.

Table 5. Impedance parameters for the corrosion of carbon steel in 1N HCI in the absence
and presence of the best concentration of SCL extract at 30 °C

Conc. of SCL R, Ca, Inhibition
extract, ppm Qcm’ uF/cm’ Efficiency, %
Blank 20.65 116.9

800 83.58 28.49 75.35
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Figure 4. Impedance diagrams of carbon steel in 1 N HCI solution in the absence and
presence of the best concentration of SCL extract

Effect of temperatures

The influence of temperature on the corrosion behaviour of carbon steel in acidic medium
was studied in the absence and presence of the SCL extract between 30 °C to 90 °C using
weight loss measurements (Table 6). The corrosion rate of carbon steel increased with
temperature both in the absence and presence of the SCL extract at the best concentration
of 800 ppm. The presence of inhibitor leads to a decrease in the corrosion rate. The
increase in corrosion rate was more pronounced with the rise of temperature. The
inhibition efficiency was found to slightly decrease from 76.1% to 70.2% (Figure 5), when
the temperature increased from 30 °C to 90 °C. The reason for the decline in efficiency
was due to the physical adsorption process occurred between the metal and the SCL
extract.

Table 6. Corrosion of carbon steel in the absence and presence of the best concentration of
SCL extract in 1 N HCI at different temperatures obtained by weight loss method

Conc. of SCL extract, Temperature, Corrosion rate, Inhibition efficiency,

in ppm °C mmpy %
30 122.46 -
Blank 50 152.92 -
70 189.46 -
90 241.60 -

30 29.19 76.1

800 50 39.04 74.4

70 51.78 72.6

90 71.82 70.2

Mechanism of corrosion inhibition

To elucidate the mechanism of inhibition, the Arrhenius plot employed in the absence and
presence of the best concentration (800 ppm) of SCL extract in 1 N HCI medium is shown in
Figure 7. Arrhenius equation is as follows:
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Figure 5. Effect of temperature on the corrosion inhibition efficiency of carbon steel in 1 N
HCI solution in presence of the best concentration (800 ppm) of SCL extract

Inr=A- E
RT

Where 1 is the corrosion rate, A is the constant frequency factor, E, is the apparent
activation energy and R is the gas constant. It showing a straight line according to the
Arrhenius equation and revealing the effect of temperature. The calculated values of activation
energy (E,), enthalpy of adsorption (AH), free energy of adsorption (AG®) and entropy of
adsorption (AS) for carbon steel in the absence and presence of the best concentration of SCL
extract in IN HCI solution are shown in Table 7. The activation energy (E,) was found to be
12.58 kJ mol™ for blank and increased to 16.93 kJ mol” in presence of the SCL extract in
IN HCI suggesting that the adsorbed organic matter creates a physical barrier to charge and
mass transfers, leading to reduction in corrosion rate. The higher value of Ea in presence of the
SCL extract compared to that in the absence of the extract is due to physical adsorption®. The
free energy of adsorption was calculated using the following equation:

AG’ ,s=-RT In (K 55.5)

where the value of 55.5 is the concentration of water in solution (mol L™). K is the
degree of surface coverage on the metal surface, R is the universal gas constant and T is the
absolute temperature.

Adsorption process is caused by electrostatic attraction between charged metal surface
and charged organic molecules.In this study, the AG® values are in the range of -9.34 kJ mol™
at 363 K. As the values of free energy of adsorption are less than -20 kJ mol”, where the
mode of inhibition is due to physisorption®’. The negative sign of free energy of adsorption
indicates that the adsorption of SCL extract on carbon steel surface is a spontaneous process.
The major constituents present in SCL extract is alkaloids. These compounds adsorbed on
the carbon steel surface made a barrier for charge and mass transfers leading to a decrease in
the interaction of carbon steel with the corrosive environment. As a result, the corrosion rate
of carbon steel decreased. The formation of film layer prevents the corrosion of carbon steel.
The literature survey revealed that luteolin, quercetin and kaempferol are the principal
alkaloids present in the leaves extract of Senna auriculata®®. These alkaloids contain
hydroxyl groups which show inhibition action of SCL extract (Figure 6). The inhibitor SCL
extract adsorb over the carbon steel surface and forms a compact protective thin layer.
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Figure 6. Structure of Luteolin, Quercetin and Kaempferol

The positive values of AH both in the absence and presence of SCL extract reflect the
endothermic nature of the carbon steel corrosion process. It is also obvious that the
activation energy supporting the proposed inhibition mechanism. Low and positive values of
AS entropies imply that the process was slow and the activated complex is the rate
determining step represents an association rather than a dissociation step, meaning that a
decrease in disordering takes place on going from reactants to the activated complex. Similar
observation has been reported in the literature®’.

Table 7. Calculated values of activation energy (E,), enthalpy of adsorption (AH), free
energy of adsorption (AG®) and entropy of adsorption (AS) for carbon steel in the absence
and presence of the best concentration of SCL extract in 1 N HCl solution

Conc. of SCL  Temp. E.,, AG®, AH, AS,
extract, ppm K kJ mol! kJmol™ kJmol™ kJmol™
303 - - - -
Blank 323 9.04 - 6.35 -
343 9.87 - 7.02 -
363 12.58 - 9.56 -
303 - -7.80 - -
800 323 11.83 -8.31 9.14 0.054
343 13.00 -8.83 10.15 0.055
363 16.93 -9.34 13.91 0.064
2.6
= Blank)
24 ® SCL (800 ppm)
2.2
&~
O 20+
1.84
1.64
14 L L) L

L) L) L L)
27 28 29 30 31 32 33 34 35
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Figure 7. Arrhenius plots of carbon steel immersed in 1 N HCI solution in the absence and
presence of the best concentration (800 ppm) of SCL extract
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Adsorption isotherm

Adsorption isotherm provides information regarding the interaction between the SCL extract
and the carbon steel surface. The value of surface coverage (0) has been obtained from
weight loss measurements. The values of 0 were fitted to different isotherms and Langmuir
isotherm was found to be the best description behavior of adsorption for SCL extract. A plot
of C/6 versus C gives a straight line with a unit slope suggesting that the adsorption of SCL
extract on the surface of carbon steel in 1 N HCI solution follows Langmuir adsorption
isotherm (Figure 8).
1200

11004
10004
900 4
800 4
700 4

C/0

600 -
500+
400
300+
200+
100 +————————————1——1—
100 200 300 400 500 600 700 800 900
C, ppm

Figure 8. Langmuir adsorption isotherm plot for the adsorption of various concentrations
of SCL extract on the surface of carbon steel in 1 N HCI solution

Surface morphological studies

The surface morphology of the samples was studied by metallurgical microscope with the
magnification of 1000x. The micrographs obtained for carbon steel immersed in 1 N HCI
solution without and with 800 ppm of SCL extract are shown in Figure 9 (a & b). The results
showed that the dissolution of carbon steel without inhibitor (Figure 9a) and the formation of
smooth surface on carbon steel with SCL extract (Figure 9b).

Figure 9(a). Metallurgical microscope Figure 9(b). Metallurgical microscope image
image of carbon steel in 1 N HCI of carbon steel immersed in 1 N HCI solution
solution (blank) containing 800 ppm of SCL extract
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Conclusion

The electrochemical polarization studies showed that the aqueous extract of SCL acts as a
mixed inhibitor for carbon steel in 1 N HCl solution. The inhibition efficiency increases with
increase in concentration of SCL extract and decreases with temperature. The adsorption of
the extract follows Langmuir adsorption isotherm. The percentage inhibition efficiency
obtained from weigh loss measurements is comparable with those obtained from
electrochemical measurements. The obtained thermodynamic parameters indicate that the
adsorption of the SCL extract on carbon steel may be due to physisorption process. Surface
morphological studies showed that the carbon steel in 1 N HCl with the SCL extract was
found smother than without the SCL extract.
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