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Abstract: In the present work the corrosion inhibition of mild steel in hydrochloric solution by Black pepper extract
(Piper nigrum fem. Piperaceae) was studied. The techniques employed for study were mass loss measurements, poten-
tiodynamic polarisation, linear polarization resistance and electrochemical impedance spectroscopy (EIS). The results ob-
tained revealed that Black pepper extract was a good corrosion inhibitor for mild steel in hydrochloric acid medium and
maximum inhibition efficiency (98%) was found at 120 ppm at 35 °C. Potentiodynamic polarization curves showed that
black pepper extract is a mixed-type inhibitor. EIS showed that the charge transfer controls the corrosion process in inhib-
ited solutions. Adsorption of the inhibitor on the mild steel surface followed Langmuir adsorption isotherm. The value of
the free energy of adsorption, AG,gs, indicated that the adsorption of inhibitor molecules was typical of chemisorption.
The results obtained show that the Black pepper extract which mainly contains alkaloid ‘Piperine’ could serve as an excel-
lent green inhibitor for corrosion of mild steel in acid solutions.
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1. INTRODUCTION

Aqueous solutions of acids are among the most corrosive
media. The inhibition of iron corrosion by organic additives
has been studied widely [1-4]. A considerable amount of
interest has been generated in the study of organic com-
pounds as corrosion inhibitors owing to their usefulness in
several industries: during the pickling of metals, cleaning of
boilers, acidification of oil wells, etc. [5, 6]. Most acid corro-
sion inhibitors are nitrogen, oxygen and / or sulphur contain-
ing organic compounds [7, 8]. But, unfortunately most of
them are highly toxic to both human beings and environ-
ment. Hence use of natural products which are eco-friendly
and are being used as corrosion inhibitors. Now the devel-
opment of corrosion inhibitors of natural source and non-
toxic type has been considered more important and desirable

[9].

The extract of black pepper (Piper nigrum fem.
Piperaceae) is a rich source of alkaloid piperine alkaloid and
traces of other alkaloids like piperidine, piperettine and
piperanine [10]. In continuation of our work on development
of green corrosion inhibitors [11-14] we have studied the
corrosion inhibition behaviour of Black pepper extract on
mild steel in hydrochloric acid solutions.

2. MATERIALS AND METHODS

AR grade HCI (Merck) and deionised water were used
for preparing test solutions of hydrochloric acid for all ex-
periments. Preparation of Black pepper extract was made as
follows. Placed 30 gm of ground black pepper and 2 gm of
calcium carbonate in 500 ml boiling flask add 200 ml of
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isopropyl alcohol and then refluxed the contents for 1h on
steam bath. Filter the mixture and transfer the filtrate in 500
ml boiling flask and distilled off isopropyl alcohol and left
20 ml. Transfer this solution to 50 ml Erlenmeyer flask and
make it cool for crystallization of piperine. The filtered
product washed with little of methanol; Yield, 1gm [15]. The
name and structural formulae of the major constituents pre-
sent in black pepper extract are given in Fig. (1).
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Fig. (1). Chemical structure of piperine.

Mild steel coupons having composition (wt.%) of C =
0.17; Mn = 0.46, Si = 0.26, S = 0.017, P = 0.019 and re-
mainder as Fe were used for the study. MS coupons of size
2.5 cm x 2.0 cm x 0.025 cm were used for mass loss study.
The coupons were degreased with acetone and all experi-
ments for mass loss studies were performed as described
earlier [16]. The percentage inhibition efficiency (% IE) was
calculated using equation:

W —W,
IE (%) == —" <100 (1)

0

where, Wy and Wi are the mass loss of mild steel coupons in
absence and presence of inhibitor respectively. The corrosion
rate (CR) was calculated as (mm/ y) using the equation:

k w
CR (mm/y): ﬁ (2)
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where, K is the proportionality constant and equals to 87.6, w
= corrosion mass loss in mg, A = exposed area in cm?, T =
immersion time in hour, and D = density of mild steel in g/
cm’,

For electrochemical measurements, mild steel of the
same composition coated with commercially available lac-
quer with an exposed area of 1 cm? were used and experi-
ments were carried out in aerated solution without stirring at
constant temperature of 30 + 2 °C as per ASTM, American
Society for Testing and Materials [17]. The electrochemical
experiments were carried out in a conventional three elec-
trodes cell assembly consisting of a mild steel coupon of the
size 1 cm? as a working electrode, a large rectangular plati-
num foil was used as counter electrode and saturated calomel
electrode (SCE) as reference electrode. All electrochemical
measurements were carried out using G300-45050 Potenti-
ostat/Galvanostat (Gamry-Instruments Inc., USA).

The polarization studies were carried out in the potential
range -0.25 V to + 0.25 V against the corrosion potential at a
sweep rate 0.5 mVs™ to study the effect of inhibitor on the
corrosion of mild steel. The linear Tafel segments of anodic
and cathodic curves were extrapolated to corrosion potential
to obtain the corrosion current densities (icorr). The inhibition
efficiency (%IE) was evaluated from the measured ig val-
ues using the relationship:

|E O/ _ icorr - icorr(inh) 100 3
(%) =————x ©)

where |

corr AN lgory oy IS the corrosion current density value

in absence and in presence of inhibitor respectively. The
linear polarization studies were carried out from cathodic
potential of -0.02V vs corrosion potential to an anodic poten-
tial of +0.02V vs corrosion potential at a sweep rate 0.125
mVs™ to study the polarization resistance (Rp).

Electrochemical impedance measurements were per-
formed using A.C. voltage amplitude 10 mV in the fre-
quency range 100 kHz — 0.01 Hz. The values of charge
transfer resistance (R;) and double layer capacitance (Cgj)
were obtained using Nyquist and Bode plots [18]. The inhi-
bition efficiency was calculated from the charge transfer
resistance values using the following equation:

IE (%)= Ri-Ry %100 4)
Rti

where, Ry and Ry is the charge transfer resistance without

and with inhibitor. The double layer capacitance (Cq) values

have been estimated from the impedance value using bode
plot by the formula:

|z|:;
2r fmaxC
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3. RESULTS AND DISCUSSION
3.1. Mass Loss Studies

The values of percentage inhibition efficiency (% L.E.)
and corrosion rate (CR) obtained from mass loss measure-
ments at different concentrations of Black pepper extract at
35° C are summarized in Table 1. It was found that extract
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inhibits the corrosion of mild steel in HCI solution at all the
concentrations used in this study viz. 30 ppm to 120 ppm. It
was observed that inhibition efficiency increases with in-
creasing concentration of inhibitor and maximum efficiency
was observed at 120 ppm. This excellent inhibition effi-
ciency of pepper extract may be attributed to the formation
of a barrier film due to adsorption of inhibitor molecules on
metal surface involving interactions between pi electrons of
inhibitor molecules and vacant d-orbitals of Fe surface atoms
[19].

Table1l. Corrosion Parameters for Mild Steel in 1M HCI in
Absence and Presence of Various Concentrations of
Black Pepper Extract from Mass Loss Measure-
ments at 35°C for 3 h
- Concentration Mass I.E. Corrosion
Inhibitor (pm) | Loss(mg) | (%) | Rate (mmpy)
1M HCI 0.00 106 0.00 39.34
30 15 85.85 5.57
Black Pepper
Extract 60 4 96.22 1.48
120 2 98.11 0.74

The variation of inhibition efficiency with acid concen-
tration is shown in Fig. (2). It was found that inhibition effi-
ciency slightly decreases (98 % - 94 %) with increase in acid
concentration from 1 M to 2 M. The effect of immersion
time on inhibition efficiency is shown in Fig. (3). It has been
observed that increase in immersion time from 3 - 9 h did not
cause any significant change in inhibition efficiency, sug-
gesting that inhibitor is effective in acid solution over this
immersion range.
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Fig. (2). Variation of inhibition efficiency with acid concentration
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Fig. (3). Variation of inhibition efficiency with Immersion time (h).
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The variation of inhibition efficiency with solution tem-
perature is shown in Fig. (4). From the figure it is clear that
increase in temperature from 35 - 55 °C decreases the inhibi-
tion efficiency from 98 % - 88 %, again suggesting that in-
hibitor is effective over this solution temperature.
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Fig. (4). Variation of inhibition efficiency with solution tempera-
ture (°C).

The values of various thermodynamic parameters (E,,
AH’®, AS® and AG,gs) evaluated from mass loss measurements
[20] is summarized in Table 2. It is found that the apparent
corrosion activation energy (E,) in inhibited system is higher
(57.63 kJ / mol) than that in uninhibited system (22.91 kJ /
mol). This indicates that the energy barrier for the corrosion
reaction increases in presence of extract. This means that by
addition of inhibitor into the acid solution, the corrosion re-
action will be further pushed to a surface site, and is charac-
terized by higher value of E,, indicating that mild steel cor-
rosion occurs at the uncovered part of the surface.

Table2. Thermodynamic Activation Parameters for Mild
Steel in 1M HCI in Absence and Presence of 120

ppm of the Extract

Corl1r<l:ri1t::’t:t?0n Ea -AH “AS " AGag,
(ppm) (kI mol™®) | (kI mol™) | (kI mol™) | (kJ mol™)
1M HCI 2291 20.29 142.60
Black pepper extract 57.63 55.10 62.26 39.33

The values of enthalpy of activation (AH") are 20.29 and
55.10 kJ / mol in free acid solution and in presence of 120
ppm of plant extract, respectively. This indicates that addi-
tion of inhibitor retards corrosion process. The values of en-
tropy of activation (AS®) are -142.60 and -62.26 kJ / mol in
free acid solution and in presence of 120 ppm of extract,
respectively. This indicates that the activated complex in the
rate determining step represents an association rather than a
dissociation step, meaning that a decrease in disordering
occurs on going from reactants to the activated complex
[21]. Furthermore, the value of AS® for inhibited system is
small negative indicating that a number of water molecules
on the mild steel surface are displaced by inhibitor molecules
[22].

The value of free energy of adsorption (AG,gs) is -39.33
kJ / mol, suggests spontaneous adsorption of inhibitor mole-
cules on the surface of mild steel. Generally, values of AGg;s
up to -20 kJ mol™ are consistent with physisorption while
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those around -40 kJ mol ™ or higher are associated with
chemisorption as a result of sharing or transfer of electrons
from organic molecules to the metal surface to form a coor-
dinate type of bond (chemisorption). So the adsorption of
molecules of extract on mild steel surface in HCI solution
was chemisorption [23].

3.2. Adsorption Isotherm

The degree of surface coverage (6) for 120 ppm of ex-
tract in 1M HCI at 35-55°C for 3 hour immersion time were
evaluated from mass loss values. The data were tested
graphically by fitting to various isotherms. A straight line
was obtained on plotting log 6 / (1-6) versus log C as shown
in Fig. (5). This indicates that the extract as inhibitor found
to obey Langmuir adsorption isotherm [24].
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Fig. (5). Langmuir adsorption isotherm plot for the adsorption of

active substance of Black pepper extract in 1M HCI on the surface
of mild steel.

3.3. Potentiodynamic Polarization Studies

The potentiodynamic polarization curves for mild steel in
1M HCI in free acid solution and in presence of different
concentration of extract were shown in Fig. (6). The various
electrochemical parameters such as corrosion current density
(icorr), corrosion potential (Ecor), and Tafel constants (B, and
Bc) were given in Table 3. It is observed that the presence of
extract lowers the current density (icor) Values from 501.0
pAcm? to 34.2 pAcm? without causing any significant
change in corrosion potential (Eqor) suggesting that this ex-
tract is a mixed type inhibitor. It is also seen from Table 3
that Eco, values and Tafel slope constants (B, and B¢ do not
change significantly in inhibited system as compared to un-
inhibited system.
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Fig. (6). Potentiodynamic polarization curves for mild steel in 1M
HCI in presence of various concentration of Black pepper extract.
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Table 3. Electrochemical Polarization Parameters for Corrosion of Mild Steel in 1M HCI in Presence of Various Concentrations of
Black Pepper Extract
Inhibitor Concentration (ppm) Leorr (WA/CM?) Ecorr (MV) 1E (%) Ba (mV/dec) B. (mV/dec)
Blank 1M HCI 501.00 -476.0 60.30 113.40
30 85.60 -470.0 83 % 76.40 184.80
60 45.30 -455.0 91 % 74.80 171.80
120 34.20 -458.0 93 % 98.50 198.80

3.4. Linear Polarisation Studies

The values of polarization resistance (Rp) for mild steel
in 1M HCI in presence of various concentration of extract
are listed in Table 4. From table it is clear that R, value in-
creases with increasing inhibitor concentration. The percent-
age inhibition efficiency were calculated from R, values us-
ing following equation:

R, —R
IE (%) =—0 2 %100 (6)

P(inh)
where, Rp (nny and Re are polarization resistance in presence

of inhibitor and in free acid, respectively. The values % IE
are listed in Table 4.

ling both cathodic and anodic reactions. In acidic solution
the active constituent present in the extract exist as proto-
nated species. These protonated species adsorb on the cath-
odic sites of mild steel and decreases the evolution of hydro-
gen. The adsorption on anodic sites occurs through =-
electrons and lone pair of electrons on nitrogen atom of the
active alkaloids found in extracts [28].
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Table 4. Linear Polarization Parameters for the Corrosion of
Mild Steel in 1M HCI
- Concentration
Inhibitor Rp (0hms 1E (%
(ppm) P ( ) (%)
Blank 1M HCI - 28.37 -

30 227.30 87.52

Black Pepper Extract 60 353.40 91.97
120 707.40 95.98

3.5. Impedance Measurements

Fig. (7) shows impedance diagram (Nyquist plot) for
mild steel in 1 M HCI in presence of various concentration
of extract. The impedance data such as Rs, Rp and Cgy were
estimated by assuming Randles circuit (Fig. 8). The values
of charge transfer resistance (R;) and double layer capaci-
tance (Cqy) were evaluated from Nyquist and Bode plots as
described elsewhere [25]. The values of R; Cy and %IE de-
rived from these investigations are given in Table 5. The
existence of single semicircle showed that single charge
transfer process occurred during dissolution of mild steel
which is unaffected by the presence of extract. It was found
that addition of extract increases the values of R; and reduces
the Cgy values. The decrease in Cgy value is attributed to in-
crease in thickness of electronic double layer [26]. The in-
crease in Ry value is attributed to the formation of protective
film on the metal-solution interface [27].

4. MECHANISM OF CORROSION INHIBITION

Corrosion inhibition of mild steel in hydrochloric acid
solution by Black pepper extract can be explained on the
basis of adsorption. The extract inhibits corrosion by control-

Zreat (Q cm’?)

Fig. (7). Nyquist plot for mild steel in 1 M HCI in presence of dif-
ferent concentration of black pepper extract.
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Fig. (8). Randle circuit (Rs = uncompensated solution resistance, R;
= charge transfer resistance, Cqy = double layer capacitance).

5. CONCLUSIONS

1. All measurements showed that the Black pepper ex-
tract has excellent inhibition properties for the corro-
sion of mild steel in 1 N HCI solutions. The inhibition
efficiency increases with plant extract concentration
and reaches its highest value at 120 ppm.

2. The inhibition efficiencies determined by potentiody-
namic polarization, EIS, and mass loss methods are in
good agreement.

3. Potentiodynamic polarization measurements show
that the extract acts as mixed-type inhibitor.

4, EIS measurements indicate that the presence of ex-
tract increases the charge transfer resistance and
shows that the inhibitive performance depends on ad-
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Table5. Electrochemical Impedance Parameters for Corrosion of Mild Steel in 1M HCI in Presence of Various Concentrations of

Black Pepper Extract

Inhibitor Concentration (ppm) R: (@ cm?) frnax (HZ) Ca (LF/cm?) 1E (%)
Blank 1M HCI - 25.53 426.9 37.90 -

30 339.02 50.01 28.17 92.52

Black Pepper Extract 60 43141 44.13 25.62 94.17

120 1079.24 33.33 14.70 97.76
sorption of the inhibitor molecules on the metal sur- [12]1  Quraishi MA, Farooqui IH, Saini PA. A study of natural com-
face pounds as corrosion inhibitor for industrial cooling system. Corros

' Prevent Cont 1999; 45: 32-8. o

5. The adsorption model obeys the Langmuir adsorption [13] Quraishi MA, Farooqui IH, Saini PA. Investigation of some green

isotherm at 35°C.

compounds as corrosion and scale inhibitors for cooling water sys-
tems. Corrosion 1999; 55: 493-7.

6. The value of AG,s indicated that the adsorption of [14] Farooqi IH, Quraishi MA, Saini PA. Corrosion prevention of mild
alkaloid molecules present in extract was a spontane- steel in 3% NaCl by some naturally occuring substances. Corros
ous process and was typical of chemisorption Prevent Cont 1999; 46: 93-6. : -

p typ P : [15] Ault A. Techniques and Experiments for organic Chemistry. 6" ed.

Sausalito, USA: University Science Books; 1998; p. 340.
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