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bstract

The corrosion and corrosion inhibition of lead in aqueous solutions with different pHs (2, 7 and 12) were investigated. The corrosion rate was
alculated in the absence and presence of the corrosion inhibitor using polarization and impedance techniques. Amino acids have been used as
nvironmentally safe corrosion inhibitors. The inhibition efficiency of the different amino acids at a concentration of 0.025 M was calculated.
orrosion inhibition efficiency up to 87% was recorded with glutamic acid in neutral solutions. The experimental impedance data were fitted to

heoretical values according to an equivalent circuit model to explain the behavior of the metal under different conditions. The corrosion inhibition

rocess was found to depend on the adsorption of the amino acid molecules on the metal surface; and the adsorption free energy in each case was
alculated. The free energy of adsorption of glutamic acid on Pb was found to be equal to −2.9 kJ/mol, which reveals that the inhibitor is physically
dsorbed on the metal surface. The results are obeying Langmuir adsorption isotherm.

2007 Published by Elsevier B.V.
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. Introduction

Lead is frequently used in chemical plants and laboratories
or fume ducts, hoods, bench tops and floors [1]. Lead is also
sed in buildings for roofing, gutters and downspout [2]. The
ost important application of lead is its widespread usage in

cid storage batteries [3]. For these reasons, the corrosion inhi-
ition of lead by different organic compounds has been studied
n considerable details [4–8]. Pyrazol derivatives were found to
nhibit the lead corrosion in acidic chloride solutions, and the
nhibition of the corrosion process was explained to be due to
he stabilization of PbCl2 which is formed as a barrier layer on
he metal surface protecting it from continuous corrosion [9,10].

Generally, very little work has been performed on the use
f amines as inhibitors for the corrosion of lead in aggressive

cidic media [11]. Amino acids were reported as good corro-
ion inhibitors for many metals in various aggressive media
12–16]. They were tested as corrosion inhibitors for lead in

∗ Corresponding author.
E-mail addresses: wbadawy@wbadawy.csc.org.eg, wbadawy@Chem-
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.24 M HClO4 using potentiodynamic measurements [17]. The
esults have shown that methionine (MET) is the best inhibitor
nd its corrosion inhibition efficiency reached a value of 95% at
0−3 M (MET). The inhibitor was found to be adsorbed on the
ead surface according to Temkin isotherm model, and the cor-
osion inhibition efficiency (η%) was found to be independent
f temperature in the range of 30–60 ◦C.

The objective of the present work is to study the effect of
ifferent amino acids on the corrosion of lead in aqueous solu-
ions of different pH (2.7 and 12). In this respect, different amino
cids have been used. It is aimed at the specification of the best
nhibitor and the optimum conditions for the corrosion inhibition
rocess.

. Experimental details

The working electrodes were made from spectroscopically pure lead 99.99%
Alderich-Chemie). The electrode consists of massive rods, mounted into glass

ubes by two-component epoxy resin leaving a surface area of 0.385 cm2 to
ontact the solution. The cell was a three-electrode all-glass cell with a plat-
num counter electrode and saturated calomel reference electrode. Before each
xperiment, the working electrode was polished mechanically using successive
rades of emery papers up to 2000 grit, rubbed with a smooth polishing cloth,

mailto:wbadawy@wbadawy.csc.org.eg
mailto:wbadawy@Chem-sci.cu.edu.eg
mailto:wbadawy50@hotmail.com
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hen washed with triple distilled water and transferred quickly to the electro-
hemical cell. The measurements were carried out in aqueous solutions of pH 2,
and 12, the solutions were prepared from analytical grade reagents and triple

istilled water. The buffer solutions were prepared according to the following
ompositions:

H Composition

2 62.5 ml (0.2 M) boric acid + 62.5 ml (0.05 M)
borax + 62.5 ml (0.4 M) H3PO4 and complete into 250 ml

7 127.8 ml (0.1 M) COOKC6H4COOH + 122.2 ml (0.1 M)
HCl and complete to 250 ml

2 100 ml (0.2 M) KH2PO4 + 163.7 ml (0.2 M) NaOH

The electrochemical impedance investigations and polarization mea-
urements were performed using the voltalab 10 PGZ 100 “All-in-one”
otentiostat/Galvanostat system. The potentials were measured against and
eferred to the saturated calomel electrode (SCE). All potentiodynamic polar-
zation measurements were carried out using a scan rate of 10 mV/s. The amino
cids used in these investigations include:

. Aliphatic amino acids: glycine, alanine and valine;

. Sulfur containing amino acids: cysteine;

. Acidic amino acids: glutamic acid;

. Basic amino acids: histidine.

The corrosion current densities were measured in each case and the corrosion
nhibition efficiency, η, was calculated from the values of the corrosion current
ensities of the metal before and after the addition of the amino acids to the
orrosive medium.

. Results and discussion

.1. Open-circuit potential measurements

The open-circuit potentials of Pb in the absence and pres-
nce of amino acids at constant concentration of (0.025 M) were
raced over 60 min from the electrode immersion in the aque-
us solutions of pH 2, 7 and 12. The results are presented in
ig. 1a–c. The steady state potential is reached within the first
0 min of the electrode immersion in the test solution. In the pres-
nce of amino acids in acidic solution, the steady state potential
id not show any remarkable change (cf. Fig. 1a). In the case
f neutral solutions, the steady state potential gets more nega-
ive in the presence of amino acid (cf. Fig. 1b). The presence of
he amino acid, especially glutamic acid in basic solutions has
hifted the steady state potential towards more positive values
cf. Fig. 1c). The direction of potential shift depends on the type
f the amino acid and the metal surface. The potential shift can
e attributed to the adsorption of the amino acids molecules on
he active sites and/or the deposition of corrosion products on
he electrode surface.

.2. Potentiodynamic polarization measurements

.2.1. Behavior of Pb electrode in inhibitor-free aqueous

olutions

The electrochemical behavior of lead was investigated under
olarization conditions, the linear polarization and Tafel extrap-
lation techniques were used. Unless otherwise stated the

c
o

P

ig. 1. Variation of the open-circuit potential with time for Pb electrode after
0 min of the electrode immersion in aqueous solutions at different pHs with
ifferent amino acids at 25 ◦C: (a) pH 2, (b) pH 7 and (c) pH 12.

olarization experiments were carried out at a scan rate of
0 mV/s. Fig. 2a presents the potentiodynamic polarization
urves of the lead electrode after holding the metal at the open-
ircuit potential for 60 min in naturally aerated solutions of pH
, 7 and 12. The effect of the solution pH on the corrosion current
ensity is presented in Fig. 2b. It is clear that the measured cur-
ent density in neutral solutions is less than the values obtained
n basic and acidic solutions. In acidic solutions, the calculated
alue of icorr reached 60.7 �A/cm2, which is more than three
imes that obtained in basic solutions (15.9 �A/cm2) and about
2 times that measured in neutral solutions (4.69 �A/cm2). The

orrosion of the metal in aqueous solutions is represented by the
verall two-electron transfer reaction:

b = Pb2+ + 2e− (1)
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ig. 2. (a) Potentiodynamic polarization curves of Pb after 60 min of the elec-
rode immersion in solutions of pH 2, 7 and 12 at 25 ◦C. (b) Relation between
orrosion current density and the pH of the electrolyte after 60 min of the
lectrode immersion at 25 ◦C.

This reaction occurs in a sequence of steps in which the for-
ation of monovalent intermediate is possible. The formation

f monovalent intermediates and corrosion products leads to the
ormation of a passive film, most probably of PbO. The stability
f the formed oxide film on the metal surface and the rate-
etermining step of the corrosion/passivation process depend
n the solution pH. In neutral or slightly basic solutions, the
ormed PbO is transformed to higher lead oxides according to:

PbO + H2O = Pb3O4 + 2H+ + 2e− (2)

b3O4 + 2H2O = 3PbO2 + 4H+ + 4e− (3)

Both Pb3O4 and PbO2 are stable in neutral or basic solutions,
hich explains the observed passive behavior of Pb and the rel-

tively low corrosion current values recorded in these solutions.
n acidic solutions, the metal surface corrodes continuously and
niformly, since PbO cannot impart passivity in acidic solutions,
t dissolves readily leading to the formation of Pb2+.

.2.2. Behavior of Pb in inhibitor-containing aqueous
olutions
The corrosion parameters, corrosion potential, Ecorr, corro-
ion current density, icorr, and the corrosion resistance, Rcorr, of
b electrode in amino acid free and amino acid containing nat-
rally aerated stagnant aqueous solutions of different pHs (2, 7

t
t
e
r

mmersion in amino acid free and amino acid containing aqueous solutions of
ifferent pH, at 25 ◦C: (a) pH 2, (b) pH 7 and (c) pH 12.

nd 12) were calculated from the potentiodynamic polarization
urves. The potentiodynamic polarization curves of Pb recorded
n the amino acid free aqueous solutions of different pHs and
hose recorded in solutions containing a constant concentration
0.025 M) of each of three representative amino acids namely,
lutamic acid, alanine and histadine are presented in Fig. 3a–c.
imilar polarization curves were obtained in the presence of
ther amino acids like glycine, valine and cysteine (not shown).
he calculated corrosion parameters of Pb in the different solu-

ions are presented in Tables 1–3 for the acidic, neutral and basic
olutions, respectively. It is clear from the potentiodynamic data
hat the presence of the amino acid in the solution decreases

he corrosion rate, i.e. the value of icorr decreases. The inhibition
fficiency, η, was calculated from the values of the corrosion cur-
ent density without inhibitor, icorr, and its value in the presence
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Table 1
Corrosion parameters of Pb after 60 min of the electrode immersion in acidic solutions, pH 2 using different amino acids at a constant concentration of 0.025 M at
25 ◦C

Ecorr (mV) Rcorr (k� cm2) icorr (�A/cm2) βa (mV/dec) βc (mV/dec) Corrosion rate (�m/Y) η (%)

pH 2 −510.6 0.274 60.68 77.7 −107.6 1.8 × 106 –
Glycine −518.7 0.349 55.32 74.2 −221.4 1.6 × 106 8.83
Alanine −516.6 0.349 43.90 69.8 −110.7 1.3 × 106 27.65
Valine −520.8 0.324 47.89 73.8 −109.9 1.4 × 106 21.08
Histidine −525.5 0.246 44.33 43.9 −65.2 1.3 × 106 26.94
Glutamic −519.1 0.342 31.64 53.0 −118.8 0.94 × 106 47.90
Cysteine −526.4 0.078 98.30 44.4 −65.5 2.92 × 106 −ve

Table 2
Corrosion parameters of Pb after 60 min of the electrode immersion in neutral solutions, pH 7 using different amino acids at a constant concentration of 0.025 M at
25 ◦C

Ecorr (mV) Rcorr (k� cm2) icorr (�A/cm2) βa (mV/dec) βc (mV/dec) Corrosion rate (�m/Y) η (%)

pH 7 −455.3 4.040 4.69 119.4 −78.2 139.40 –
Glycine −458.8 5.490 2.95 105.2 −58.4 86.07 37.20
Alanine −483.9 8.030 1.39 69.5 −60.3 40.53 70.40
Valine −429.2 3.520 2.54 53.3 −62.8 75.34 45.96
Histidine −462.5 3.290 3.02 62.6 −93.5 89.59 35.70
G
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lutamic −531.8 17.620 0.49
ysteine −719.3 0.511 9.95

f the inhibitor, icorr(inh), according to:

= icorr − icorr(inh)

icorr × 100
(4)

The calculated values of the Pb corrosion inhibition effi-
iency with the different amino acids in the acidic, neutral and
asic solutions are also included in the same tables. The values
f η show that the effect of the inhibitor depends on two fac-
ors, its molecular structure and the electronic structures of both
he inhibitor and the metal [18,19]. The inhibition efficiency
ncreases with an increased chain length of the amino acid due
o the ability to cover larger surface area, so alanine has higher
nhibition efficiency than glycine. The degree of chain branching
ppears to have the opposite effect to the chain length. The chain
ranching prevents the dense packing of the adsorbed layer, thus
educing the effect of protection, so valine is less protective than
lanine. In the case of glutamic acid, the corrosion inhibition

fficiency increases up to 87% in neutral solutions. This can be
ttributed to the fact that glutamic acid is a large molecule, its
overage ability will be more than the other investigated amino
cids and hence it gives higher inhibition efficiency. The corro-

d
a
c
t

able 3
orrosion parameters of Pb after 60 min of the electrode immersion in basic solution
5 ◦C

Ecorr (mV) Rcorr (k� cm2) icorr (�A/cm2) β

H 12 −693.5 0.962 15.94 1
lycine −669.6 1.090 12.43
lanine −665.0 1.120 11.82
aline −679.2 1.060 13.93
istidine −670.0 1.360 8.06
lutamic −612.6 2.030 6.11
ysteine −900.7 1.020 6.73
58.3 −41.4 14.53 87.67
51.0 −80.4 0.295 × 106 −ve

ion inhibition process is based on the adsorption of the amino
cid molecules on the active sites of the metal surface [20]. In
eutral solutions, the amino acid molecules are presented usually
s Zwitter ions in the form:

(5)

In neutral and acidic solutions, the amino acid molecule is
dsorbed through the +NH3 on the electrode surface (cathodic
egions of the local corrosion cell) and decrease the rate of the
athodic reaction, thus the rate of the anodic reaction (dissolution
rocess) will be decreased. In basic solutions, the presence of
he amino acids shifts the value of Ecorr to more positive values
−693.5 to −612.6 mV) with a decrease in the anodic current

ensity, i.e. the amino acid acts as anodic inhibitor, where it is
dsorbed on the metal surface, blocking the active sites for the
orrosion process, thus decreasing the exposed free metal area
o corrosive medium.

s, pH 12 using different amino acids at a constant concentration of 0.025 M at

a (mV/dec) βc (mV/dec) Corrosion rate (�m/Y) η (%)

16.1 −78.6 473.2 –
94.1 −75.8 362.8 21.99
95.8 −75.4 345.0 25.8
98.9 −75.8 406.4 12.6
74.8 −80.9 235.1 49.4
88.3 −70.1 178.3 61.6
29.2 −60.7 199.7 57.8
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absence and presence of the different amino acids in acidic, neu-
tral and basic solutions are presented in Tables 4–6, respectively.
Generally, the Bode plots show a single phase maximum at inter-
mediate frequencies, which indicates the presence of one time

Table 4
Equivalent circuit parameters of Pb after 60 min of the electrode immersion in
acidic solutions, pH 2 using different amino acids at a constant concentration of
0.025 M at 25 ◦C

Rs (� cm2) Rcorr (k� cm2) Cdl (�F/cm2) α

pH 2 27.6 0.09819 22.69 0.993
Glycine 32.49 0.09736 16.34 0.993
Alanine 31.02 0.1011 15.70 0.992
ig. 4. Adsorption isotherm for the adsorption of glutamic acid on Pb in neutral
olutions at 25 ◦C.

.3. The adsorption isotherm

To obtain more information about the interaction between
he amino acid molecules and the electrode surface, different
dsorption isotherms were investigated. The degree of surface
overage, θ, at different concentrations of the amino acids in
eutral solutions was calculated from the corresponding elec-
rochemical polarization measurements according to [21]:

= icorr − icorr(inh)

icorr
(6)

The obtained values of θ were fitted to different isotherms
ncluding Langmuir, Frumkin, Temkin, etc. The Langmuir
sotherm, Eq. (7), was verified in the case of glutamic acid,
hich is based on the assumption that all adsorption sites are

quivalent and that particle binding occurs independently from
earby sites being occupied or not [22].

C = θ

1 − θ
(7)

here C is the concentration of the inhibitor, θ the fractional
urface coverage and K is the adsorption equilibrium constant.
he value of K is related to the free energy of adsorption �Gads
s [22,23]:

= 1

Csolvent
exp

(−�Gads

RT

)
(8)

here Csolvent represents the molar concentration of the solvent
hich is 55.5 mol/dm3 in the case of water, R the universal gas

onstant and T is the temperature. The Langmuir adsorption
sotherm can be rearranged to obtain the following mathematical
ormulation:

C

θ
= 1

K
+ C (9)

A linear relationship can be obtained on plotting C/θ as a
unction of C, with a slope of unity, and the value of the intercept

s the reciprocal of K. The results of the adsorption of glutamic
n Pb in neutral solutions are presented in Fig. 4, the expected
inear relationship is obtained and the value of the free energy
f adsorption of glutamic acid on Pb, �Gads, was calculated to

V
H
G
C
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e −2.9 kJ/mol. A value of −40 kJ/mol is usually adopted as
threshold value between chemi- and physisorption [24]. The

alculated value for the adsorption of glutamic on Pb electrode
ndicates that adsorption is of a physical nature, and there is
o chemical interaction between the inhibitor molecule and the
etal surface.

.4. The electrochemical impedance measurements

The results of the potentiodynamic polarization experiments
ere confirmed by impedance measurements, since the electro-

hemical impedance spectroscopy (EIS), is a powerful technique
n studying corrosion mechanisms and adsorption phenomena
25]. The experimental impedance results are simulated to pure
lectronic models that can verify or role out mechanistic models
nd enables the calculation of numerical values corresponding
o the physical and/or chemical properties of the electrochemical
ystem under investigation [26–28]. The effect of the presence
f the different amino acids on the corrosion behavior of Pb
lectrode in aqueous acidic, neutral and basic solutions was
nvestigated. The Bode plots for Pb electrode in amino acid free
nd then in the presence of alanine, glutamic or histidines in
queous solutions of different pH are presented in Fig. 5a–c
or the acidic, neutral and basic solutions, respectively. Similar
ode plots are obtained for Pb in presence of other amino acids,
lycine, valine and cysteine (not shown). Bode plots are rec-
mmended as standard impedance plots, since all experimental
mpedance data are equally represented and the phase angle, as a
ensitive parameter to interfacial phenomena, appears explicitly
25,26]. The phase maximum at the intermediate frequencies
roadens in the presence of the amino acid, which indicates
he presence of passivation phenomenon [29]. The impedance
ata were analyzed using software provided with the electro-
hemical workstation, where the dispersion formula was used.
n this formula an empirical factor α (0 ≤ α ≤ 1) is introduced
o account for the deviation from the ideal capacitive behavior
ue to surface inhomogeneties, roughness factors and adsorp-
ion effects [26–29]. The experimental values are correlated to
he simple equivalent circuit model (Randles model) presented
n Fig. 6. The calculated equivalent circuit parameters for Pb in
aline 32.07 0.1273 12.49 0.992
istidine 31.83 0.1233 12.90 0.993
lutamic 31.36 0.1241 32.05 0.993
ysteine 31.44 0.01431 12.45 0.901
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Fig. 5. Bode plots for Pb after 60 min of the electrode immersion in aqueous
solutions of different pHs using different amino acids at 25 ◦C: (a) pH 2, (b) pH
7 and (c) pH 12.

Fig. 6. Equivalent circuit model for a simple electrochemical cell (Randles
model).

Table 5
Equivalent circuit parameters of Pb after 60 min of the electrode immersion in
neutral solutions, pH 7 using different amino acids at a constant concentration
of 0.025 M at 25 ◦C

Rs (� cm2) Rcorr (k� cm2) Cdl (�F/cm2) α

pH 7 40.15 2.793 18.00 0.993
Glycine 32.01 2.804 5.67 0.999
Alanine 32.90 5.168 5.48 0.999
Valine 26.23 6.723 4.21 0.999
Histidine 34.71 4.270 6.63 0.999
Glutamic 55.53 4.425 2.27 0.923
Cysteine 28.30 0.0691 8.12 × 103 0.994

Table 6
Equivalent circuit parameters of Pb after 60 min of the electrode immersion in
basic solutions, pH 12 using different amino acids at a constant concentration
of 0.025 M at 25 ◦C

Rs (� cm2) Rcorr (k� cm2) Cdl (�F/cm2) α

pH 12 12.62 1.242 40.47 0.999
Glycine 13.44 1.294 38.84 1
Alanine 14.18 1.422 35.36 1
Valine 9.57 1.397 34.74 0.999
Histidine 13.40 1.540 32.64 0.999
G
C
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c
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R

lutamic 14.28 1.482 33.92 0.998
ysteine 12.78 0.559 56.98 0.999

onstant representing the electrode process. The values of the
orrosion resistance, Rcorr, and the thickness of the passive film,
/Cdl [30,31], increase in the presence of the amino acids, which
an be attributed to the adsorption of the amino acid molecules on
he electrode surface. The increase of Rcorr and 1/Cdl is remark-
ble in both the neutral and basic solutions and glutamic acid
hows the highest value of 1/Cdl indicating a strong adsorption
n the active sites of the electrode surface, and the formation of
hicker adsorption layer.

. Conclusions

Amino acids, especially glutamic acid show promising inhi-
ition efficiency for the corrosion of Pb in neutral and basic
olutions. The mechanism of the corrosion inhibition process
s based on the adsorption of the amino acid molecule on the

etal surface. The lead corrosion inhibition efficiency of the
nvestigated amino acids in neutral solutions follows the order:

Glutamic acid > alanine > valine > glycine > histidine

> cysteine

The adsorption of glutamic acid on Pb follows the Langmuir
dsorption isotherm and the free energy of adsorption in neu-
ral solutions amounts to −2.9 kJ/mol, indicating the physical
dsorption of the amino acid molecules on the metal surface.
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