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Abstract Rates of corrosion of low alloy ASTM A213 grade T22 boiler steel were monitored in

aerated stagnant 0.50 M HCl solutions at different temperatures (283–303 K) using Tafel extrapo-

lation method and the non-destructive electrochemical frequency modulation (EFM) technique,

complemented with XPS examinations. Serine (Ser) was introduced as a corrosion-safe inhibitor.

Corrosion rates (in lm y�1) obtained from these two methods was in good agreement. Tafel plots

showed that Ser acted mainly as a cathodic-type inhibitor. The inhibition process was attributed to

the formation of an adsorbed film on the metal surface that protects the metal against corrosive

agents. XPS examinations of the electrode surface confirmed the existence of such adsorbed film.

The inhibition efficiency increased with increase in Ser concentration, while it decreased with tem-

perature, suggesting physical adsorption. Activation energies have been calculated in the absence

and presence of various concentrations of Ser by measuring the temperature dependence of the cor-

rosion rate obtained from the two methods employed. It was found that the activation energy in the

presence of Ser is higher than that in bare HCl solution. The adsorptive behaviour of Ser followed

Temkin-type isotherm. The standard free energy of adsorption was estimated to be �25 kJ mol�1 at

303 K. These results confirmed the occurrence of physical adsorption.
ª 2010 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.
1305 251066; fax: +44 1305

(M.A. Amin).
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1. Introduction

Inhibitors are generally used to control metal dissolution
(Behpour, 2009; Balaji and Upadhyaya, 2009; Sundararajan
et al., 2009; Rao and Singhal, 2009; Okayasu et al., 2009).

Most of the well-known acid inhibitors are organic compounds
containing nitrogen, sulfur, and oxygen atoms. The strict
environmental regulations and the increasing of ecological

awareness have resulted in the use of substitute nontoxic
compounds, acceptable from the environmental point of view
‘‘green inhibitors’’ (Lebrini et al., 2008; Oguzie et al., 2007).

mailto:maaismail@yahoo.com
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In a continuation of our previous study (Amin et al.,
2009a,b), the objective of the present work is to inhibit corro-
sion of low chromium alloy steel SA213-T22 in 0.50 M HCl

solution. To achieve this goal, serine (Ser) is applied as a corro-
sion-safe inhibitor. Measurements were conducted using Tafel
polarization and EFM techniques. Rates of corrosion mea-

sured by Tafel extrapolation method were compared with those
recorded from the EFM technique. The aim is to confirm vali-
dation of corrosion rates measured by Tafel extrapolation

method. The objective here also is to investigate the tempera-
ture dependence of the corrosion rate with the aim to obtain
the apparent activation energies of the corrosion process of
steel in 0.50 MHCl solutions in the absence and presence of dif-

ferent concentrations of Ser. It was also the purpose of the pres-
ent work to test the experimental data with several adsorption
isotherms at different temperatures, in order to determine the

standard free energies of the adsorption process and gain more
information on the mode of adsorption of the inhibitor on the
electrode surface. XPS examinations of the electrode surface in

presence of 10 mM Ser were also carried out.

2. Experimental

The working electrode employed in the present work was made
of low alloy steel (ASTM A213 grade T22), this type of alloy is
widely used as a super-heater pipe at steam power plants. The

composition of the low alloy steel was determined using En-
ergy Dispersive X-ray spectroscopy (EDX) and presented else-
where (Amin et al., 2009b). Electrochemical measurements
were carried out in a conventional electrochemical cell contain-

ing three compartments for working (with an exposed area of
1.0 cm2), a platinum foil (1.0 cm2) counter and reference elec-
trodes. A Luggin–Haber capillary was also included in the de-

sign. The reference electrode was a saturated calomel electrode
(SCE) used directly in contact with the working solution. The
experiments were conducted in a 150 cm3 volume cell at

30 �C± 2 using a temperature control water bath. The mea-
surements were carried out in aerated non-stirred 0.5 M HCl
solutions without and with various concentrations of serine

(Ser), Fig. 1, as a safe corrosion inhibitor.
Polarization measurements were carried out starting from a

cathodic potential of �0.60 V to an anodic potential of 0.0 V
at a sweep rate of 0.50 mV s�1. The linear Tafel segments of

the cathodic curves and the calculated anodic Tafel lines were
extrapolated to corrosion potential to obtain the corrosion
current densities (jcorr) Amin et al., 2009a,b. The inhibition effi-

ciency, ITafel(%), was evaluated from the measured jcorr values
using the relationship:

ITafelð%Þ ¼ 100� ½ðjocorr � jcorrÞ=jocorr� ð1Þ

where jocorr and jcorr are the corrosion current densities for

uninhibited and inhibited solutions, respectively. All the re-
corded jcorr values are converted into the corrosion rate (tTafel)
in lm y�1 (Millimeter per year; the penetration rate of corro-
Figure 1 Chemical structure of serine molecule.
sion through a metal) using the expression (Balaji and

Upadhyaya, 2009):

tTafel ¼ 3280� jcorr � ðM=ndÞ ð2Þ

where M is the atomic weight of Fe (55.85 g), n the number of
electrons transferred in the corrosion reaction (n = 2) and d

the density of Fe (7.88 g cm�3).
EFM measurements were performed with applying poten-

tial perturbation signal with amplitude of 10 mV with two sine
waves of 2 and 5 Hz. The Intermodulation spectra contain cur-

rent responses assigned for harmonical and intermodulation
current peaks. The larger peaks were used to calculate the
corrosion current density (jcorr), the Tafel slopes (bc and ba)

and the causality factors CF2 & CF3 (Bosch et al., 2001;
Abd El Rehim et al., 2006).

All Electrochemical experiments were carried out using

Gamry PCI300/4 Potentiostat/Galvanostat/Zra analyzer,
DC105 Corrosion software, EFM140 Electrochemical Fre-
quency Modulation software and Echem Analyst 5.21 for re-

sults plotting, graphing, data fitting & calculating. A
corroded sample, immersed for 24 h in 0.5 M HCl solution
containing 10 mM Ser, was subjected to XPS analysis using
a Leybold Heraeus spectrometer with a hemispherical energy

analyzer, working with a Mg anode and the MgKa line.
3. Results and discussion

3.1. Corrosion rate monitoring

Corrosion measurement employs a variety of techniques to
determine how corrosive the environment is and at what rate
metal loss is being experienced. Corrosion measurement is

the quantitative method by which the effectiveness of corro-
sion control and prevention techniques can be evaluated and
provides the feedback to enable corrosion control and preven-

tion methods to be optimized. In this study, polarization and
EFM measurements were selected as electrochemical dc and
ac techniques to monitor corrosion rate, vide infra:

3.1.1. Electrochemical measurements

3.1.1.1. Polarization measurements. The generation of polariza-

tion curves continues to be important in aqueous corrosion re-
search. The current (I) needed to maintain the metal (working
electrode (WE)) at each applied potential (Ew) is ascertained

and the potential/current data is plotted to give the experimen-
tal polarization curve (Liening, 1986). In addition, polarization
curves are useful in identifying the nature of the inhibition pro-
cess. Thus, changes observed in the polarization curves after

inhibitor addition are usually used as criteria to classify the
inhibitor as cathodic, anodic or mixed (Cubley, 1990).

Fig. 2 presents Tafel polarization plots recorded for steel in

aerated 0.50 M HCl solution without and with Ser of various
concentrations (1.0–5.0 mM) at 30 �C. It is seen that the polar-
ization curves display a well-defined cathodic Tafel region.

However, the anodic polarization curve does not display an
extensive Tafel region, may be due to passivation and pitting
(see the inflection in the anodic branch). Corrosion currents

and the other electrochemical kinetic parameters (Table 1)
associated with polarization measurements were measured
based on the method presented in our previous studies (Amin
et al., 2009a; Amin et al., 2009b).
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Figure 2 Polarization curves recorded for steel in aerated 0.50 M

HCl solutions without and with various concentrations (1.0–

50 mM) of Ser at a scan rate of 0.50 mVs�1 at 30 �C.
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As it can be seen, the corrosion potential (Ecorr) shifts in the

negative direction and both cathodic and anodic reactions of
steel corrosion were inhibited with the increase of Ser concen-
tration. In addition, values of jcorr decrease with increase in Ser
concentration. This compound therefore exerted an efficient

inhibitory effect both on anodic dissolution of the low alloy
steel and on cathodic hydrogen evolution reaction. However,
Ser suppressed the cathodic reaction to greater extents than

the anodic one. Based on these results, Ser acts mainly as a
cathodic-type inhibitor. It has been shown that the amino
acids act as inhibitors through adsorption on the metal surface

(His et al., 1990; Gommaa and Wahdanb, 1994). These amino
acids can be protonated at the amine group in acidic solution,
and can be adsorbed to cathodic sites of the electrode surface.
Thus, they hinder the cathodic reaction and acts as cathodic

inhibitors.
It is obvious that the shapes of the polarization plots for

inhibited electrodes are not substantially different from those

of uninhibited electrodes. The presence of Ser decreases the
corrosion rate but does not change other aspects of the behav-
iour. This means that the inhibitor does not alter the electro-

chemical reactions responsible for corrosion. In addition, the
absence of significant changes in the cathodic Tafel slope in
the presence of inhibitor indicates that the hydrogen evolution
Table 1 Electrochemical parameters, inhibition efficiencies (I(%)) an

measurements, for steel in 0.5 M HCl solutions without and with va

[Ser] (mM) Tafel polarization

Ecorr

(mV (SCE))

jcorr
(mA cm�2)

ba
(mV dec�1)

�bc
(mV

Blank �459 0.2 86 55

1 �461 0.16 88 54

2 �465 0.11 87 56

5 �468 0.09 85 55

10 �471 0.07 87 55

20 �475 0.04 86 57

50 �478 0.02 85 58
is slowed down by the surface blocking effect of the inhibitor.
This indicates that the inhibitive action of Ser, may be related
to its adsorption and formation of a barrier film on the elec-

trode surface. XPS examinations of the electrode surface con-
firmed the existence of inhibitor adsorbed film; see more details
in Section 3.2.

The effect of temperature on the inhibited acid-metal reac-
tion is highly complex, because many changes occur on the me-
tal surface, such as rapid etching and desorption of the

inhibitor and the inhibitor itself, in some cases, may undergo
decomposition and/or rearrangement. The effect of tempera-
ture on the cathodic and anodic polarization curves of steel
in 0.50 M HCl solution without and with various concentra-

tions of Ser was also studied (dada not shown here). The ob-
tained data showed that increasing the solution temperature,
irrespective of the absence or presence of the inhibitor, leads

to increasing the current density values of the two branches
of the polarization curves and consequently the values of jcorr.
Moreover, cathodic shifts were observed in the corrosion po-

tential (Ecorr) values at higher temperatures. This result reflects
the enhancement of both the cathodic hydrogen evolution
reaction and anodic corrosion reaction with temperature.

Table 2, as an example, collects the various electrochemical
parameters, together with the rates of corrosion and inhibition
efficiency values, recorded for steel in 0.5 M HCl solution con-
taining 10 mM Ser as a function of temperature. It follows

from the data of Table 2 that the rate of corrosion enhances,
while the inhibition efficiency values decrease with increase
in temperature.

It is seen that Ser has inhibiting properties at all the studied
temperatures and the values of I(%) decrease with temperature
increase. This shows that the inhibitor has experienced a signif-

icant decrease in its protective properties with increase in tem-
perature. This decrease in the protective properties of the
inhibitor with increase in temperature may be connected with

two effects; a certain drawing of the adsrption-desorption
equilibrium towards desorption (meaning that the strength of
adsorption process decreases at higher temperatures) and
roughening of the metal surface which results from enhanced

corrosion. These results suggest that physical adsorption may
be the type of adsorption of the inhibitor on the steel surface.

3.1.1.2. Electrochemical frequency modulation method. Com-
pared to chemical methods, electrochemical techniques can ob-
tain the instantaneous corrosion rate, implement in-situ

measurement, and provide plenty of information. Thus, they
d corrosion rates (t) associated with Tafel polarization and EFM

rious concentrations of Ser at 30 �C.

EFM

dec�1)

tTafel
(l�1)

ITafel
(%)

tEFM
(l�1)

IEFM
(%)

jcorr
(mA cm�2)

2.32 – 2.56 – 0.22

1.86 19.25 1.98 21 0.17

1.28 45.73 1.39 43.88 0.12

1.05 55 1.16 58 0.10

0.81 67 0.70 69.54 0.06

0.46 82 0.41 83.88 0.035

0.23 91 0.17 93.05 0.015



Table 2 Electrochemical parameters, inhibition efficiencies (I(%)) and corrosion rates (t) associated with Tafel polarization and EFM

measurements, for steel in 0.5 M HCl solution containing 10 mM Ser at different temperatures.

T (K) Tafel polarization EFM

Ecorr

(mV (SCE))

jcorr
(mA cm�2)

ba
(mV dec�1)

�bc
(mV dec�1)

tTafel
(l�1)

ITafel
(%)

tEFM
(l�1)

IEFM
(%)

jcorr
(mA cm�2)

283 �454 0.02 87 57 0.23 82 0.21 81 0.018

293 �465 0.05 86 55 0.58 75 0.55 76 0.047

303 �471 0.07 87 55 0.81 67 0.70 69.54 0.06

313 �477 0.12 91 65 1.39 61 1.28 60 0.11

323 �482 0.22 102 78 2.56 52 2.79 53 0.24

333 �495 0.43 118 91 5.00 38 4.77 41 0.41

396 398 400 402 404 406 408
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Figure 3 The N(1s) photoelectron spectra recorded for steel

immersed for 12 h in 0.5 M HCl solution containing 10 mM Ser at

Ecorr at 30 �C.
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are expected to be applied to detect and monitor corrosion of
metals and alloys in various corrosive media. Several electro-

chemical techniques are available to determine corrosion rate,
such as the linear polarization resistance (LPR) technique, Ta-
fel-extrapolation, and electrochemical impedance spectroscopy

(EIS).
The LPR and EIS techniques require B value to calculate

corrosion rate from polarization resistance Rp according to

the equation jcorr = B/Rp. And Tafel-extrapolation measure-
ment, despite of its application here to evaluate corrosion
rates, is time consuming and will damage the electrode surface
due to the polarization over a wide potential range. Compared

with these three electrochemical techniques, EFM technique
can quickly determine the corrosion current value without
prior knowledge of Tafel slopes, and with only a small polar-

izing signal. These advantages of EFM technique make it an
ideal candidate for online corrosion monitoring (Kus and
Mansfeld, 2006).

The main objective of performing EFM measurements is to
confirm validation of corrosion rates measured by Tafel
extrapolation method, one of the most popular DC techniques
for estimation of corrosion rate. The EFM intermodulation

spectra (spectra of current response as a function of frequency)
of steel in 0.50 M HCl solutions devoid of and containing var-
ious concentrations of Ser have been studied (data not pre-

sented here). The values of causality factors obtained under
different experimental conditions were approximately equal
the theoretical values (two and three) indicating that the mea-

sured data are of quality (Gommaa and Wahdanb, 1994).
Corrosion currents, (jcorr)EFM, were calculated as a function

of Ser concentration (see also Table 1) using equations pre-

sented elsewhere (Rehim et al., 2008). These (jcorr)EFM values
were inserted in Eqs. (1) and (2) to calculate inhibition effi-
ciency IEFM(%) and corrosion rates (tEFM), respectively. The
recorded values of IEFM(%) and tEFM were also collected in

Table 1. Addition of increasing concentrations of Ser to HCl
solution decreases the corrosion current density, indicating
that Ser inhibits the corrosion of steel through adsorption.

The calculated inhibition efficiency enhances with Ser concen-
tration. It is quite obvious that the data obtained from Tafel
extrapolation method were in a good agreement with the re-

sults obtained from the EFM technique.
The EFM parameters have also been calculated at different

temperatures and listed in Table 2. Inspection of the data of

Table 2 reveals that the temperature increase leads to an
essential decrease of the inhibition efficiency (IEFM(%)) values
which on one hand may be attributed to the corrosion rate
increase and on the other hand to the probable partial
desorption of the inhibitor under these conditions. However,
it seems that an inhibiting adsorption layer exists at any given

temperature. It may be assumed that the density of the inhib-
itor adsorbed layer within outer Helmholtz layer (OHL) de-
creases, while the diffuse part of the double electrical layer

increases with temperature. This effect is accompanied by a
certain increase in the rate of corrosion and surface roughness.
It is apparent that the inhibition efficiency increases with

increasing inhibitor concentration, while it decreases with
increasing temperature, confirming the suggestion that physi-
cal adsorption occurs. It is worth noting from Tables 1 and
2 that the rates of corrosion and the inhibition efficiencies ob-

tained from the EFM method are comparable and run parallel
with those obtained from the Tafel extrapolation method.
These findings confirm corrosion rates measured by the Tafel

extrapolation method.

3.2. XPS examinations

The formation of a protective surface film of inhibitor at the
electrode surface was further confirmed by XPS examinations
of the electrode surface. Fig. 3 presents the XPS recorded for

steel immersed in 0.5 M HCl solution containing 10 mM Ser
for 24 h at Ecorr. XPS spectra of the N(1s) confirmed the pro-
tonation of nitrogen in the Ser molecule. The N(1s) spectra
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presented in Fig. 3 can be deconvoluted into component bands
at 399.9 ± 0.2 eV (–NH–), 401 ± 0.2 eV (�NHþ2 ) and
402.9 ± 0.2 eV (quaternary N+), respectively. Two chemically

distinct adsorbed Ser species were detected in the experiment,
namely 399.9 eV for the unprotonated N (N:), and 401.3 eV
and 402.8 eV for the protonated NNHþ2 and quaternary N+).

Two possible mechanisms of Ser adsorption can be pre-
sented see the different modes of adsorption in the insert of
Fig. 3. The first may be direct physisorption (electrostatic in

nature) of protonated Ser species on the electrode surface al-
ready charged with a negative layer of chemisorbed Cl� ions
(Rehim et al., 2008). The second may be chemical adsorption
owing to the coordinate bonds formed between the lone elec-

tron pairs of the unprotonated N-atoms and the empty orbits
of Fe atoms.

3.3. Adsorption isotherms and standard free energy of the
adsorption process

The steel corrosion inhibition by Ser can be explained by its

adsorption so as to impede the adsorption of the aggressive
species in the corrosive solution. The adsorption on the cor-
roding surfaces never reaches the real equilibrium and tends

to reach an adsorption steady state. However, when the corro-
sion rate is sufficiently small, the adsorption steady state has a
tendency to become a quasi-equilibrium state. In this case, it is
reasonable to consider the quasi-equilibrium adsorption in

thermodynamic way using the appropriate equilibrium adsorp-
tion isotherms (Vracar and Drazic, 2002).

The extent of corrosion inhibition depends on the surface

conditions and the mode of adsorption of the inhibitors (Khai-
rou and El-Sayed, 2003). Under the assumptions that the cor-
rosion of the covered parts of the surface is equal to zero and

that corrosion takes place only on the uncovered parts of the
surface (ie., inhibitor efficiency is due mainly to the blocking
effect of the adsorbed species), the degree of surface coverage

(h) has been estimated from the chemical and electrochemical
techniques employed in this study as follows: h = I(%)/100
(assuming a direct relationship between surface coverage and
inhibition efficiency) (Moretti et al., 1996; de Damborenea

and Bastidas, 1997; Christov and Popova, 2004; Bentiss
et al., 1999).

The values of surface coverage to different concentrations

of inhibitors, obtained from the Tafel extrapolation and the
EFM measurements at different temperatures, have been used
to explain the best isotherm to determine the adsorption pro-

cess. Adsorption isotherms are very important in determining
the mechanism of organo-electrochemical reactions (Khairou
and El-Sayed, 2003). The most frequently used isotherms are
Langmiur, Hill de Boer, Parsons, Temkin, Flory-Huggins

and Dahar-Flory-Huggins and Bockris-Swinkel (Moretti
et al., 1996; de Damborenea and Bastidas, 1997; Christov and
Popova, 2004; Bentiss et al., 1999; Damaskin, 1971; Langmuir

and Am, 1917; Alberty and Silbey, 1997). All these isotherms
are of the general form:

fðh; xÞ expð2ahÞ ¼ KC ð3Þ

where f (h,x) is the configurational factor which depends upon

the physical model and the assumptions underlying the deriva-
tion of the isotherm, h the surface coverage degree, C the
inhibitor concentration in the bulk of solution, ‘‘a’’ the lateral
interaction term describing the molecular interactions in the

adsorption layer and the heterogeneity of the surface and is
a measure for the steepness of the adsorption isotherm. K is
the adsorption–desorption equilibrium constant.

In the range of temperature studied (283–333 K), The best
correlation between the experimental results, obtained from
the two techniques, and the isotherm functions was obtained
using Temkin adsorption isotherm (Eq. (4)).

expð2ahÞ ¼ KC ð4Þ

Fig. 4, as a representative example, shows fitting of the Ta-
fel extrapolation and EFM data obtained for steel electrode in
0.50 M HCl solutions containing various concentrations of Ser

to Temkin isotherm at 303 K. Similar plots were obtained for
the other tested temperatures. The values of correlation coeffi-
cient (R2) were used to determine the best fit isotherm. Per-

fectly linear plots were obtained with correlation coefficient
of (0.997 and 0.998). The isotherms’ parameters (K and a)
and the free energies of the inhibitor adsorption (DG0

ads) calcu-

lated from the equation (O’M. Bockris and Khan, 1993):

K ¼ ð1=55:5Þ expðDG0
ads=RTÞ ð5Þ

are shown in Table 3 as a function of temperature. The number
55.5 refers to the concentration of water in the solution in
mol l�1, R the universal gas constant, T the thermodynamic
temperature.

It follows from the data of Table 3 that the values of K are
relatively high and decrease with temperature. It is well-known
that large values of K mean better inhibition efficiency of the

inhibitor, i.e., strong electrical interaction between the double
layer existing at the phase boundary and the adsorbing inhib-
itor molecules. On the other hand, small values of K, however,

compromise such interactions between adsorbing inhibitor
molecules and the metal surface so that the inhibitor molecules
are easily removable by the solvent molecules from the surface.

These results confirm the suggestion that this inhibitor is phys-
ically adsorbed and the strength of adsorption decreases with
temperature. Positive values of ‘‘a’’ may indicate the existence



Table 3 Adsorption parameters (K and a) and the free energy of adsorption (DG0
ads) recorded for steel in 0.5 M HCl solution

containing 10 mM Ser. Data obtained from the Tafel extrapolation and the EFM methods after fitting the results with the Temkin

isotherm at different temperatures.

T (K) Tafel polarization EFM

K a �DG0
ads (kJ mol�1) K a �DG0

ads (kJ mol�1)

283 27500 3.22 33.44 26982 3.05 33.40

293 11250 2.98 32.45 10995 2.83 32.40

303 4469 2.85 31.24 4448 2.77 31.25

313 2237 2.22 30.47 2120 2.18 30.33

323 1050 1.95 29.42 866 1.91 28.90

333 320 1.87 27.04 288 1.82 26.75

Table 4 Values of the apparent activation energies (Eoa)

recorded for steel in 0.5 M HCl solutions without and with

various concentrations of Ser. Data obtained from the Tafel

extrapolation and the EFM methods after applying Arrhenius

equation.

[Ser] (mM) Eoa (kJ mol�1)

Tafel extrapolation method EFM method

Blank 56.91 57.22

1 62.88 63.12

2 65.91 66.41

5 71.00 71.21

10 75.45 75.90

20 82.54 83.00

50 92.05 91.55

0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

-3
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Tafel (10 mM Ser)
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Figure 5 Arrhenius plot of the corrosion rate, obtained from the

Tafel extrapolation and EFM methods, recorded for steel in

0.50 M HCl without and with 10 mM Ser.
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of lateral forces of attraction between adsorbate molecules in
the adsorption layer (O’M. Bockris and Khan, 1993).

The negative value of DG0
ads ensures the spontaneity of the

adsorption process and stability of the adsorbed layer on the
electrode surface. This stability of the adsorbed layer decreases
with increase in temperature. This is clearly seen from the de-

crease in the absolute value of DG0
ads with the rise in tempera-

ture (see again Table 3). This also favours physical adsorption.
Generally, values of DG0

ads lower than �40 kJ mol�1 are consis-

tent with the electrostatic interaction between the charged mol-
ecules and the charged metal (physi-sorption); those around
�50 kJ mol�1 or higher involve charge sharing or charge trans-
fer from organic molecules to the metal surface to form a coor-

dinate type of bond (chemi-sorption) Alberty and Silbey, 1997;
Schapinik et al., 1960.

Based on the data presented in Table 3, the calculated value

of DG0
ads, obtained from the two methods employed, was found

to be lower than �40 kJ mol�1. This confirms the occurrence
of physical adsorption. Thus, the most probable mechanism

of Ser adsorption is the physical type; inspect again modes of
adsorption presented in the insert of the XPS spectra (Fig. 3).
In general, the proceeding of physical adsorption requires the

presence of both electrically charged metal surface and charged
species in the bulk of the solution.

3.4. Apparent activation energy of the corrosion process

The temperature increases the rate of all electrochemical pro-
cesses and influences adsorption equilibria and kinetics as well.
Temperature investigations allow the determination of activa-

tion energy, pre-exponential factor and other thermodynamic
activation functions in absence and in presence of inhibitor.
The obtained results can elucidate the mechanism of corrosion

inhibition. In the present work, further insight into the adsorp-
tion mechanism is offered by considering the apparent activa-
tion energies (Eo

a) for the steel dissolution in HCl solutions in

the absence and presence of different concentrations of the
tested inhibitor. The apparent activation energies were ob-
tained by applying the well-known Arrhenius Equation
(O’M. Bockris and Reddy, 1977):

lnðrateÞ ¼ �ðEo
a=RTÞ þ lnA ð6Þ

Arrhenius plots obtained from the Tafel extrapolation and

EFM methods were constructed for steel in 0.50 M HCl solu-
tions containing various concentrations of Ser in the range of
temperature (283–333 K). Fig. 5 represents the Arrhenius
plots, obtained from the two methods, of steel in 0.50 M
HCl solution containing 10 mM Ser (as an example). Similar
trend was obtained for the other tested concentrations of the

inhibitor. The values of Eo
a were calculated from these plots

and listed in Table 4 as a function of Ser concentration. The
value of 57 kJ mol�1 obtained for the activation energy Eo

a of
the corrosion process in 1.0 M HCl lies in the range of the most

frequently cited values, the majority of which are grouped
around 60.7 kJ mol�1 (Riggs and Hurd, 1967). The higher val-
ues of Eo

a in presence of the inhibitor than in its absence can be

interpreted as an indication of physical adsorption.
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The increase in Eo
a is proportional to the inhibitor concen-

tration, indicating that the energy barrier for the corrosion
interaction is also increased (Szauer and Brandt, 1981; El Sherbini,

1999; Bastidas et al., 1997). This means that the corrosion
reaction will be further pushed to the surface sights that are
characterised by progressively higher values of Eo

a as the con-

centration of the inhibitor in the solution becomes larger. In
other words, the adsorption of the inhibitor on the electrode
surface leads to the formation of a physical barrier that re-

duces the metal reactivity in the electrochemical reactions of
corrosion (Mansfeld, 1987).

4. Conclusion

In this work, Tafel extrapolation method and EFM technique
were employed to monitor corrosion rates of low alloy ASTM

A213 grade T22 boiler steel in 0.5 M HCl solutions without
and with various concentrations of serine (Ser) as a safe-inhib-
itor. The principle conclusions are:

(i) Ser exhibited good inhibiting properties for low alloy
steel corrosion in 0.50 M HCl solutions.

(ii) The inhibition efficiency increases with the increase in

Ser concentration, while it decreases with temperature,
suggesting the occurrence of physical adsorption.

(iii) Tafel polarization plots of Ser indicated that this com-

pound acts mainly as a cathodic-type inhibitor.
(iv) Rates of corrosion and inhibition efficiencies obtained

from Tafel extrapolation method and EFM technique
were in good agreement.

(v) XPS examinations of the steel surface confirm the exis-
tence of a protective adsorbed film of the inhibitor on
the low alloy steel surface.

(vi) Adsorption of Ser was found to follow Temkin
isotherm.

(vii) The investigated inhibitor was suggested to be physi-

sorbed on the electrode surface on the basis of the low
values of the free energy of adsorption (DG0

ads: 26–
33 kJ mol�1).

(viii) Apparent activation energies in the presence of Ser are
higher than that in bare HCl solution. This is also
referred by many researchers to physical adsorption.
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