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Abstract

In this second part, the adsorption and thermodynamics properties of a polyacrylamide PA on corrosion inhibition of in
1.0 M HCl solution were analyzed by means of potentiodynamic polarization and electrochemical impedance spectroscopy
techniques. Besides, the effects of temperature as well as the immersion time, on the inhibition efficiency, at 3 x 10 mol L~!
of PA, were also investigated. The adsorption data were modeled using six linearized forms of adsorption isotherms cor-
responding to Langmuir, Flory—Huggins, Temkin, Frumkin, Freundlich as well as the kinetic—thermodynamic model of
El-Awady. The Langmuir model was first ruled out notwithstanding the highest value of linear regression coefficient and
a slope close to unity. Secondly, it was found, according to both El-Awady and Flory—Huggins models, that exactly three
molecules of water were replaced by one PA molecule. Thirdly, it was shown the presence of repulsive lateral interactions
in the adsorbed inhibitory layer confirmed by the negative sign of the interaction parameters of Temkin and Frumkin iso-
therms. The effect of immersion period revealed significant improvement of the charge transfer resistance and accordingly
the inhibiting efficiency which reach circa 96% after 6 h. The confrontation of thermodynamic (K, A,G,4, ) along with
the kinetic parameters (A, E,) showed that the adsorption of PA molecules onto C-steel surface involved both chemical and

physical adsorption but predominantly chemisorption.
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1 Introduction

It is a well-known fact that C-steel, due to its availability,
low cost and its particular and unique properties, is espe-
cially recommended, compared to other materials, in various
fields of technology where it is frequently intentionally or

< M. Beniken
mustapha.beniken @yahoo.fr

Laboratoire d’Ingénierie des Matériaux, de Modélisation
et d’Environnement (LIMME), Faculté des Sciences,
Université Sidi Mohamed Ben Abdellah, USMBA, B.P.
1796, 30000 Atlas — Fes, Morocco

2 LCAE-URACIS, Faculté des Sciences, Université Mohamed
Premier, BP 717, 60000 Oujda, Morocco

Laboratoire d’Ingénierie des Matériaux et Environnement
: Modélisation et Application (LIMEMA), Faculté des
Sciences, Université Ibn Tofail, B.P. 133, 14000 Kenitra,
Morocco

Department of Chemistry, University of Sharjah,
P.O. Box 27272, Sharjah, United Arab Emirates

unintentionally exposed to acid solutions. However, C-steel
is susceptible to corrosion in acid media. On the other hand,
the high cost of C-steel corrosion affects numerous indus-
tries, domestic applications, and public sectors worldwide
then highlights the need for improved effective corrosion
inhibition.

It has been shown that the polymers manifest excellent
corrosion inhibition which has attracted several researchers
due to their abundantly use, cost effectiveness, as well as
eco-friendliness in addition to their inherent stability and
multiple adsorption centers [1]. Some recent reports on the
successful use of homopolymers such as polyacrylamide
[2], polyvinylpyrrolidone [3], polyacrylic acid [4], polyeth-
yleneimine [5], polyaniline [6], polyvinylpyridine [7], and
polyvinyl imidazoles as corrosion inhibitors can be found in
the literature [8, 9]. Besides, the employ of copolymers such
as styrene—maleic acid and maleic acid—styrene—acrylic ester
terpolymer as inhibitors has also been reported [10, 11]. In
addition, studies conducted, in the literature, on corrosion
inhibition with polymers, have concerned not only C-steel
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but several metals such as aluminum and zinc in various
aqueous environments [1-20].

Generally, corrosion inhibitors are found to protect steel
corrosion in acid solutions by adsorption. These inhibitors
act at the metal-solution interface and replace water mol-
ecules. The improved performance of polymers is related to
the fact that a single polymeric chain displaces, thanks to
the large repeating units of its bulky structure, many water
molecules from the metal surface, thus making the adsorp-
tion process entropically favorable along with the presence
of multiple bonding sites which makes the desorption of
polymers a slower process. Furthermore, the corrosion inhi-
bition activity of polymers could be due to their ability to
form complexes with metal ions, through their functional
groups, which occupy large area, thereby blanketing the
surface and protecting the metals against corrosive agents
present in solution [1]. The kind of interaction between the
inhibitor and metallic surface can be provided by thermody-
namic adsorption parameters deducted from the adsorption
isotherm results, along with kinetic corrosion parameters
linked to the effects of temperature and immersion time.
The adsorption may be physisorption, chemisorption or a
combination of both.

The present work is a continuation of the previous work
concerning the study on inhibition efficiency of polyacryla-
mide (PA) (Fig. 1) on corrosion of C-steel in 1.0 M HCI. In
fact, in the previous work (part 1), the experimental condi-
tions of PA synthesis with high molecular weight have been
specified and the results of characterization of its chemical
structure by different spectroscopic techniques were pre-
sented. The inhibitive action of PA on corrosion of C-steel in
1.0 M HCl has been investigated at different concentrations
and at 298 K using mass-loss (ML), potentiodynamic polari-
zation (PP), and electrochemical impedance spectroscopy
(EIS) techniques. A very good concordance was obtained
from the three techniques. PA was mixed-type inhibitor with
predominant control of anodic reaction. The adsorption of
PA was established by both physical and chemical inter-
actions of non-protonated and protonated molecules. The
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Polyacrylamide
Poly(1-carbamoylethylene)

Fig.1 Chemical structure of PA repeat unit
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inhibition efficiency of PA was slightly ameliorated in 0.5 M
H,SO, at 298 K.

The present work (Part 2) illustrates the evaluation of
kinetic activation and adsorption parameters referring to the
studies of both effects of temperature as well as immersion
time period investigated by means of PP and EIS techniques.
In addition, different adsorption isotherms at 298 K are con-
sidered. A confrontation of these isotherms is conducted
in order to develop the most probable mechanism of PA
adsorption onto C-steel in terms of number of water mol-
ecules to be substituted by one PA molecule, the presence
or not of interaction between adsorbed PA molecules and
its nature.

2 Experimental Details
2.1 Materials and Methods
2.1.1 Materials

The C-steel samples, containing in wt%: 0.210% C, 0.360%
Si, 1.250% Mn, 0.046% S, 0.025% P, 0.160% Cr, 0.160% Ni,
0.081% V, 0.017% Sn, 0.410% Cu, 0.003% Al, 0.017% Mo,
and the remainder iron Fe, were prepared by the conven-
tional method widely reported in the literature [21]. Appro-
priate concentrations of PA inhibitor in aggressive solutions
of 1.0 M HCl were prepared to perform the measurements.

2.1.2 Electrochemical Tests

Electrochemical measurements were carried out in a con-
ventional three-electrode glass cell and were conducted by
a potentiostat/galvanostat (Radiometer-analytical PGZ 100)
and controlled with analysis software (Voltamaster 4). The
working electrode was used as a rectangular specimen of
C-steel with only one face of the electrode with a constant
1 cm? surface area exposed. Ag/AgCl (3 M KCl) was used as
reference electrode, and a rectangular platinum foil was used
as counter electrode. The working electrode was immersed
in 50 mL of the test solution during 30 min until a quasi-
steady state of the open circuit potential (E,,) was achieved.
Polarization curves were recorded by scanning the electrode
potential at first in the cathodic direction from —900 to E,,
420 mVpg/aqc) @nd then in the anodic direction from E,,
=20 mVpg/pec; to — 100 mV with the same scanning rate of
1 mV s~!. The corrosion parameters such as cathodic Tafel
slope (B.), corrosion current density (i) and corrosion
potential (E,,,,) were evaluated by using Ec-Lab software.
Impedance spectra were recorded, at the open circuit poten-
tial, in the frequency range, from 100 kHz to 100 mHz with 10
points per decade, at alternating current amplitude of +10 mV
ac voltage peak-to-peak. The impedance spectra, given in the
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Nyquist and Bode representations, were analyzed in terms of
an appropriate equivalent electrical circuit implemented in the
Ec-Lab software.

3 Results and Discussion
3.1 Adsorption Isotherms

The adsorption isotherm experiments are performed to have
more insights into the mechanism of corrosion inhibition, since
they describe the molecular interaction of inhibitor molecules
with the active sites on C-steel surface [22]. Given that, the
solvent water molecules, in uninhibited medium, first adsorb
at the metal/solution interface. So, in inhibited medium, the
adsorption of organic inhibitor molecules can be regarded as
a quasi-substitution process between the organic compound in
the aqueous solution Org,, and the water molecules already
adsorbed on the metallic surface HyO,4 as shown in Eq. (1):

Org o1y + ¥H30(45) © Orgyq5) + ¥*Hy O (501 €))

where x is the size factor ratio representing the number of
water molecules replaced by one molecule of organic inhibi-
tor. It is assumed to be independent of coverage or charge
on the electrode [23].

The degree of surface coverage (8), which represents the
part of the metal surface covered by inhibitor molecules, sug-
gests that a barrier is formed between the metal atoms and
the corrosive medium. The molecules may be adsorbed at the
metal/solution interface by the formation of either electrostatic
or covalent bonds between the adsorbates and the metal sur-
face atoms.

In the present study, values of 8, corresponding to different
concentrations of PA at 298 K, given in Table 1, are easily
determined from mass-loss (6, ), potentiodynamic polariza-
tion curves (dpp) and electrochemical impedance spectroscopy
(fgs) methods. These values are calculated in each case by
the ratio 7% /100 if one assumes that the values of #% do no
differ substantially from 6, according to Egs. (2), (3), and (4),
respectively:

9ML =1- (Wcorr, inh/Wcorr,()) = r/ML%/IOO (2)

ePP =1- (icorr, inh/ icorr,O) = nPP%/IOO (3)

Table 1 Surface coverage degree obtained from mass-loss (Oyy),
potentiodynamic polarization (fpp), and electrochemical impedance
spectroscopy (fg;s) methods for C-steel in 1.0 M HCI at different con-
centrations of PA inhibitor at 298 K

Cipp (mol L) Onr Opp Opis

1%x107° 0.806 0.789 0.792
2x107° 0.840 0.835 0.832
3x107° 0.862 0.851 0.852
4%1076 0.869 0.855 0.853

Oprs = 1 - ((1/Rct, inh)/(l/ RC[,O)) = g %/100 @)

The most commonly used adsorption isotherms are
tested to fit the experimental data, such as Langmuir,
Flory—Huggins, Temkin, Frumkin, Freundlich as well as
the kinetic—thermodynamic model of El-Awady. Indeed,
electrochemical systems are often referred either to ideal
or non-ideal adsorptions because of the different assump-
tions on which each adsorption isotherm is based. All
these isotherms obey a common general expression given
below by Eq. (5) [24]:

f(0, x) exp(=2a6) = K,4Cipp &)
where f(6, x) is the configurational factor which depends
upon the physical model and the assumptions underlying the
derivation of the isotherm; C;;, is the inhibitor concentration
in the electrolyte; a is the molecular interaction parameter
depending on the molecular interactions in the adsorption
layer and on the degree of heterogeneity of the surface, and
K, 4 1s the equilibrium constant of the adsorption process

which is temperature dependent and it is related to the free
energy of adsorption according to Eq. (6):

A,G,, = —RT In (55.5 K,y) (6)

where R is the universal gas constant (R=8.314 J K™!
mol™") and 7T is the thermodynamic temperature (K). In the
above equation, 55.5 mol L~ 'is used for molar concentration
of water in solution.

In fact, all these isotherms can be described by their
conventional and linear forms as shown in Table 2.

Figure 2 shows the linear fit according to the three
curves derived from gravimetric and electrochemical tech-
niques. The choice of PA concentrations was limited up
to 4x 1075 mol L~! because any further increase of PA
concentration was found to deviate from the tested adsorp-
tion isotherms (data not reported here). On the basis of
the three previous methods, the adsorption parameters
deduced from the different isotherms and values of the
determination coefficient R? are recorded in Table 3.

Table 3 shows that the best fit is obtained with the use
of Langmuir adsorption isotherm with regression coef-
ficient R? of 0.9999, whereas the slope of the correspond-
ing equation deviates slightly from unity. Accordingly,
the Langmuir model seems to be suitable to describe the
adsorption process as usually reported by several research-
ers [25, 26].

However, such deviation may take its roots from the
Langmuir assumptions certainly not respected. In fact, the
Langmuir model remains hypothetical and often referred
to an ideal adsorption which is not really applicable in
concrete electrochemical systems. For this reason, in the
present study, we were obliged to look for other isotherm
models taking into account the non-ideal character of the
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Table 2 Conventional and linear

Conventional form

Linear form

Isotherm
forms of the most commonly
used adsorption isotherms Langmuir
El-Awady

Flory—Huggins

9/] -0= Kadscinh

1
0/1-9)
9/}6(1 - G)X = Kadscinh

/
Y= Kads Cinh

Cinh/e = 1/[(ads + Cinh
log (/1 = 0) = ylog (K,4) +ylog (Cyyy)

log (8/Ciyy) = log (xK,q4) +xlog (1 - 0)

Temkin exp (—2a0) = K,4.Cin 0 =—1/2aln (K,) +—12a/In (Cyy)
Frumkin (0/1 = 6)exp (—2ab) = K,q,C In (6/C,(1 = 0)) =1n (K,q4,) + 2a0
. n
Freundlich 6 = Kyas(Cinn) Ing =In (K,q,) +nln (Cyy)
5
B Mass Loss (ML) A m  Mass Loss (ML)
® Polarisation Potential (PP) .8 ® Polarisation Potential (PP)
N imi p py (EIS) Z A imi P py (EIS)
Linear Fit of ML data 7 0,80 + ar Fit of ML data
4 Linear Fit of PP data / ar Fit of PP data
= - -~=Linear Fit of EIS data = Linear Fit of EIS data
= &
35 R
E 5 / s 0,72 4
-
e 7 ]
o 2
x A El Awady
o 24 Langmuir 0,64 4
e e
4]
=g 0,56
T T T T T T T T
1 2 3 4 -6,0 -5,8 -5,6 -5,4
. 6 4 -
Concentration, 10" xC_ / mol L log(e/C, )/ mol” L
6,0
m  Mass Loss (ML)
m  Polarisation Potential (PP) 1™ MassLossML)
= El o p py (EIS) o Polarlsatl.on'Po(entlal (PP)
—— Linear Fit of ML data 0,86 A y ! P Py (EIS)
—— Linear Fit of PP data — ::'"ea’ E“ °: "P""; ga" .
© N = Linear Fit of lata
5,8 { = Linear Fit of EIS data i Linear Fit of EIS data
-
' 0,84
o
£ .
~x 56 @
o.s 0,82+
E’ Fl. H i 1
ory-| ns
_g’ ry-fuggl Temkin
5,4 0,80
: T : T : T : T . 078 . . : :
-0,90 -0,85 -0,80 -0,75 -0,70 -14,0 -13,6 -13,2 -12,8 -12,4
log(1-6) congentration, InC,_ / mol L™
®  Mass Loss (ML) 15.3
® Polarisation Potential (PP) ’ .
0154 4 Electrochimical Impedance Spectroscopy (EIS) Frumkin
"7 | =—Linear Fit of ML data 1
Linear Fit of PP data e -
— Linear Fit of EIS data 3 15,0
£
-0,18 = J
® i
£ \‘E 14,7
(]
-0,21 2 = Mass Loss (ML)
. £ 144 @ Polarisation Potential (PP)
Freundlich ’ A Electrochimical Impedance Spectroscopy (EIS)
Linear Fit of WL data
| = Linear Fit of PP data .
-0,24 = Linear Fit of EIS data
T T T T T T T T 14,1 T T T T
-14,0 -13,6 -13,2 -12,8 12,4 0,78 0,80 0,82 0,84 0,86
InC_ /molL" 0
inh

Fig. 2 Different adsorption isotherms tested for C-steel corrosion in 1.0 M HCI containing PA at 298 K
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Table 3 AdsorpFion parameters Isotherm Method ~ R? K4 (L mol™") A,G,y (kI mol™")  TIsotherm
ded.ucted from l.mea.lrlzmg property
various adsorption isotherms for
C-f}tleel Corrosionfi;/iotl;’lggg Langmuir ML 0.9999  7.69 10° —49.20 Slope 1.12
tn the presence oL £A & PP 0.9999  7.69 10° —49.20 1.14
EIS 0.9999  8.33 10° —49.40 1.14
El-Awady ML 0.9914  5.81 10’ —54.20 1y 2.84
PP 0.9634  5.46 10’ —54.10 2.97
EIS 09641  6.37 107 —54.50 3.06
Flory—Huggins ML 0.9904  4.59 107 —53.70 x 3.17
PP 0.9606  4.10 10’ —53.40 3.27
EIS 0.9607  4.79 107 —53.80 3.36
Temkin ML 0.9893  2.6510" —86.50 a —10.60
PP 0.9523  1.18 10" —84.50 —-10.30
EIS 0.9573  2.2510" —86.10 —10.06
Frumkin ML 0.9774 227 10" —74.70 a —6.76
PP 0.9021  0.87 10" —72.40 —6.34
EIS 09122  1.6510" —74.00 -6.71
Freundlich ML 0.9844  1.7600 —11.40 n 0.056
PP 0.9492  1.8000 —11.40 0.059
EIS 0.9552  1.7500 —11.30 0.057

adsorption process. Thus, El-Awady, Flory—Huggins, Tem-
kin, Frumkin as well as Freundlich isotherms were under-
taken. In the first stage, the values of the determination
coefficient were very close to unity, what encouraged us
to deepen more the investigation.

Indeed, the reciprocal of ‘y’ obtained from El-Awady
isotherm is circa 3; approximately equal to the value of
size parameter ‘x’ deduced from Flory—Huggins isotherm
implying that three water molecules have been replaced by
one PA molecule in the course of the inhibition process.
Accordingly, the adsorbed species are attached to more than
one active site on the metal surface in perfect disagreement
with Langmuir hypothesis which stipulates that the metal
surface contains a fixed number of adsorption sites and
each one holds only one adsorbate inhibitor molecule. This
result suggests that certain functional groups of the poly-
mer are adsorbed on the C-steel surface while other parts
of PA remain free in solution; i.e., only a certain number of
segments of the long polymer chain are directly in contact
with the metal surface while the other parts form lops and/
or tails are in the solution. So, it can be concluded that the
PA inhibitor, is probably, vertically adsorbed on the C-steel
surface while the occurrence of flat adsorption by the studied
compound PA may be completely ruled out. Similar results
were reported by Noor [27] when studying the effect of some
quaternary N-heterocyclic compounds on the corrosion of
C-steel in phosphoric acid solutions.

On the other hand, the fact that the PA adsorption process
also follows the Temkin and Frumkin isotherms constitutes
an indication of the existence of molecular interaction in the

adsorbed layer, that non-totally ideal as suggested by Lang-
muir isotherm. It is further confirmed by the negative sign
of the intermolecular interaction parameter in the adsorption
layer ‘a’ of Temkin isotherm and the negative sign of the
interaction parameter between molecules adsorbed on the
metal surface ‘a’ of Frumkin isotherm, indicating highly
repulsive lateral interactions in the adsorbed layer.

From Table 3, it is clear that the value of K, 4, obtained
from different isotherms is large, except for the Freundlich
isotherm model, indicating strong adsorption of PA inhibi-
tor onto the metal surface. The values of K, and therefore
of A,G,,, obtained through Freundlich adsorption isotherm
are, however, very low questioning the applicability of this
isotherm to the system. Indeed, the ‘n’ value of the Fre-
undlich isotherm is far from the typical value of 0.6 [28],
meaning that the studied adsorption process cannot be rea-
sonably modeled by the Freundlich isotherm, despite the
seemly good R values obtained from the corresponding
plots.

In addition, from the obtained results, the standard free-
energy of adsorption has higher absolute values of A, G, .’
which demonstrate that the PA adsorption onto the C-steel
surface is highly favored in acidic medium. A, G, values
around 40.0 kJ mol™! or higher are associated with charge
sharing or charge transfer from the inhibitor molecules to
the metal and indicate that chemisorption is involving in
the mechanism operating in the system. Furthermore, owing
to the acidity of the medium, the protonation cannot be
neglected and can occur, according to Fig. 3, by the reaction
of the amino group with HCI. PA molecules (form II) may
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Fig. 3 Protonation reaction of _ -
polyacrylamide (PA) molecules
4 CH—CH——
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also adsorb through electrostatic interactions between the
positively charged nitrogen atoms and the negatively charged
metal surface. Such protonated species are often adsorbed
at cathodic sites on the metal surface and hence retard the
hydrogen evolution reaction. It is noteworthy that chloride
ions present in the test solution have the tendency to be spe-
cifically adsorbed on metal surface, where they facilitate
adsorption of protonated inhibitor species by forming inter-
mediate bridges between the metal surface and the inhibitor.
Being specifically adsorbed, they create an excess negative
charge towards the solution and favor more adsorption of the
cations [29]. PA molecules may also adsorb on anodic sites
through the nitrogen atoms, which are electron-donating
groups, and decrease anodic dissolution of C-steel.

It may be assumed, owing to the adsorbed water mol-
ecules on the surface of C-steel that the adsorption occurs
first via the electrostatic interaction, and then the removal of
water molecules from the surface is accompanied by chemi-
cal interaction between the metal surface and the adsorb-
ate as reported in reference [30]. The increase in inhibition
efficiency observed with concentration of PA is because of
the availability of larger number of PA molecules in both
forms for adsorption, neutral and protonated, at higher
concentrations up to 4x 107 mol L~!. The inhibiting mol-
ecules already adsorbed on the surface, start thus to desorb
with increasing of PA concentration beyond 4 x 10~° mol
L~!, probably because of their mutual repulsion as well as
their eventual repulsion with inhibitor molecules present in
solution. With increasing concentration of the PA inhibitor,
these interactions become stronger, leading to the desorp-
tion which becomes more pronounced than the adsorption,
that explains the observed decrease in inhibition efficiency
with increase in PA inhibitor concentration above 4 x 107
mol L1,

Further deductions of the mechanism of inhibitor adsorp-
tion require a study of the dependence of inhibition effi-
ciency on immersion time and temperature.

3.2 Effect of Immersion Time
The effect of immersion time constitutes an important fac-

tor in assessing the stability of inhibitive behavior of PA
inhibitor. In the present study, the effect of immersion time

@ Springer

from 0.5 to 12 h is studied at the optimum concentration of
3% 107° mol L~! by EIS, since this technique is not destruc-
tive and does not significantly disturb the double layer at the
metal/solution interface, and therefore the results are more
reliable. The Nyquist and Bode diagrams versus immersion
time in uninhibited and inhibited PA inhibitor at 298 K are
given in Fig. 4.

It is noted that the Nyquist diagrams exhibit one capaci-
tive loop very similar to that obtained when varying the
inhibitor concentration, attesting that there is only one-time
constant whatever the immersion period. This indicates that
the corrosion reaction is controlled by a charge transfer pro-
cess. All the Nyquist diagrams were analyzed in terms of
the same equivalent circuit, used previously, represented in
Fig. 5.

The evolution of the characteristic parameters associated
with this capacitive loop against time period is summarized
in Table 4.

It is clearly seen from Table 4 that the increase of immer-
sion time leads to maintenance of the inhibitory efficacy of
the C-steel, at about 95.7%, even after 6 h of exposure to the
aggressive solution. These results justify that the inhibitive
film formed on the metal surface is very stable at higher
immersion time and provides remarkable prevention against
corrosion. Accordingly, the chemisorption mechanism
remains the most probable process that can occur when PA
inhibitor is added to the aggressive medium. Figure 6 illus-
trates the variation of the charge transfer resistance and dou-
ble layer capacitance at different immersion time periods.

Figure 6 confirms that after 6 h of immersion, the val-
ues of R decrease while the values of Cy increase with
immersion time. This supports the idea that the corro-
sion of C-steel is controlled by a charge transfer process
[31] whose rate increases with time increase. The charge
transfer resistance at 3 x 107 mol L™! of PA changes from
257.9 Q cm? after 0.5 h to 394.9 Q cm? after 6 h immer-
sion. It means that the medium corrosiveness is lowered
by 1.5 times when compared to the first stage. At the same
time, the capacitance values decreased from 50.74 to 21.12
uF cm~2; i.e., 2.3 times more than the shortest immer-
sion period. This evolution of R and Cy, is probably due
to the displacement of water molecules by the Cl™ ions
of the acid and the adsorption of organic molecules onto
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(a’, b") of PA at 3% 107 mol L' and 298 K

Fig.5 Equivalent circuit model Rs
used to fit the EIS experiment
data for C-steel in 1.0 M HCI VAV

the metal surface, decreasing the rate of metal dissolu-
tion reaction and reduction of protons H*. These results
indicate that the inhibitive action of PA may be related to
its adsorption and thus formation of a barrier film on the
C-steel surface.

3.3 Effect of Temperature

The temperature is an important kinetic factor that impacts
the inhibition efficiency and can modify the adsorption
of inhibitor on the electrode surface. In order to study
the effect of this parameter on the corrosion inhibition
characteristics, the experiments are conducted by both PP
and EIS methods in the range of temperature from 298 to
328 K at an interval of 10 K.

CPE
Hs  solution resistance
Rct  charge transfer resistance
CPE constant phase element
Ret

3.3.1 EIS Results

The Nyquist and Bode diagrams of C-steel are obtained in
1.0 M HCI solution without and with PA at 3 x 107% mol
L~! at different temperatures and shown in Fig. 7. First, the
Nyquist diagrams exhibit one capacitive loop whatever the
temperature, indicating that the corrosion reaction is con-
trolled by a charge transfer process. Electrochemical imped-
ance parameters extracted from these diagrams, analyzed in
terms of the same equivalent circuit represented in Fig. 5,
are given in Table 5.

From the results given in Table 5, it can be seen that
the increase of temperature reduces the values of R, and
enhances those of Cy; or Q values both in uninhibited and
inhibited solutions. However, it is to be noted that this
evolution is much marked in the absence of PA inhibitor.

@ Springer
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I(Trblcegtelerlrllfi)di/rllﬁgﬁi Inhibitor Time (h) R, (Qcm?) R, (Qcm?) Cy@Fem™) QG Qlem™?) n Mers (%)
t3h§ ?gfgrﬁzlaﬁélpéisgzcaet%f%  Blank 05 1.676 37.86 364.1 763 0.8273 -
and at different immersion ! 1.658 32 402.4 860 0.8255 -
periods 2 1.626 24.9 470.8 1200 0.7892 -
4 1.551 20.95 522.8 1360 0.7887 -
6 1.474 16.98 563.1 1530 0.7846 -
8 1.368 13.96 708.7 2130 0.7614 -
10 1.259 11.31 901.2 3190 0.7243 -
12 1.176 8.115 1292 5150 0.6966 —
PA 0.5 1.857 257.9 50.74 88 0.8730 85.3
1 2.060 284.1 4197 712 0.8807 88.7
2 2.105 3119 32.43 51.2 0.9007 92
4 2.129 349.9 26.79 37.7 0.9266 94
6 2.452 394.9 21.12 25 0.9649 95.7
8 1.733 212.3 98.49 257 0752 934
10 1.613 183.3 129.6 349 0.7354 9338
12 1.421 1335 1325 428 0.7094 939
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Fig.6 Variation of charge transfer resistance R and double layer capacitance Cy versus immersion time at 298 K in the absence (a) and in the

presence (b) of 3x 107 mol L™! of PA

These results confirm that PA acts as an efficient inhibi-
tor for C-steel in 1.0 M HCI in the range of the studied
temperature.

It is also observed from Table 5 that the inhibition effi-
ciency is improved significantly from 308 to 318 K. It can
be suggested that PA inhibitor molecules block the sur-
face of C-steel via adsorption mechanism. The observed
improvement in inhibition efficiency with rise of tem-
perature can be attributed to a change in the nature of
adsorption, wherein the inhibitor molecules is physically
adsorbed at lower temperature whilst protonated inhibitor
species, chemisorption is favored at higher temperature.
In our case, the fact that the inhibition efficiency remains
constant if not ameliorate when temperature increases
beyond 318 K suggests that the inhibitor film becomes
more compact and protective.

@ Springer

3.3.2 Potentiodynamic Polarization Results

The influence of temperature on the inhibition efficiency
of PA is also studied by potentiodynamic polarization. The
steady-state curves obtained for C-steel in 1.0 M HCI with-
out and with 3 107 mol L™" of PA inhibitor in the temper-
ature range 298-328 K are shown in Fig. 8. Electrochemical
parameters extracted from these curves are given in Table 6.

As can be seen from Table 6, it is apparent that the
increase of current density is much pronounced with the
rise of temperature in the uninhibited solutions than in the
inhibited solution. The observed increase in the inhibi-
tion efficiency of PA from 303 to 318 K suggests again
that the molecules may be chemically adsorbed on the
metal surface. However, the slight decrease in inhibition
efficiency observed is an indication that protonated PA
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PA at 3x107° mol L™! (a’, b’) and at 298 K

Table 5 Electrochemical

. Inhibitor T(K) R, (Qcm?) R,(Qcm?) Cy@Fem™) Q@E"Q'em™) n Ners (%)
impedance parameters for
C-steel in 1.0 M HCl in the Blank 208 1.676 37.86 364.1 763 0.8273 -
gbj?(’)cj i‘;‘gllirff‘;‘fa‘t’gifferent 308 1.673 30.99 804.4 1570 0.8185 -
{emperatures 318 1432 16.01 2304 4920 0.7699 -
328 1.016 10.00 2636 6280 0.7613 -
PA 208 1.857 257.9 50.74 88 0.8730  85.3
308 1.664 207.1 104.1 240 0.7824  85.0
318 1.570 168.6 130.2 306 0.7761  90.5
328 1.207 97.06 216.5 536 0.7650  89.7

species can also be absorbed by electrostatic interaction
with chloride ion already adsorbed on the iron surface.
This is further confirmed from the enhancing values
obtained of inhibition efficiency. Therefore, it is con-
cluded that the adsorption of PA molecules is a mixed
type of chemical and physical adsorptions, and that the
chemical interactions should be dominant for the adsorp-
tion of PA molecules on the C-steel surface.

3.3.3 Activation Parameters of C-Steel Dissolution

The activation energy for C-steel dissolution in the absence
and the presence of PA is calculated from both corrosion
current density (E,) and charge transfer resistance (E,") using
the Arrhenius expression, in logarithmic form, Egs. (7) and

(8):
In (icr) =InA — (E,/RT) @)

@ Springer
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Fig.8 Polarization curves at different temperatures for C-steel a in the absence of PA and b in the presence of PA at 3x 107% mol L™

Table 6 Polarization parameters

for C.steel corasion in 1.0 M Inhibitor T (K) "Eorr MV gage)) ~B. (mV dec™) iore (MA cm™2) 1pp (%)
HCl in the abse_réce a{li Plrestence Blank 298 495 168 598 _
gff?e?e?ltt ?efnlpflratr:llr(::s ! 308 487 173 731 -
318 477 164 1421 -
328 462 193 2298 -
PA 298 465.5 136 89 85.1
308 476.5 138.8 110 84.9
318 498.1 172.7 133 90.6
328 497.5 159.5 232 89.9
In (1/R,) = InA’ — (Ea'/RT) ®) It should first be noted, as shown in Table 7, that the

where A, A" are the Arrhenius pre-exponential factors.

Plots of the natural logarithm of corrosion current den-
sity i, and of 1/R_ versus 1/T are given in Fig. 9. The
E, and values obtained from the slope and the intercept,
respectively, of the Arrhenius plots are given in Table 7.

The enthalpy and entropy of C-steel dissolution process
may also be evaluated from the temperature effect from the
alternatives formulations of Arrhenius equations, taken in
logarithmic form (9) and (10).

In (icore/T) = (AS % /R)+1n (R/N h) + (~AH * /RT)
©)

In 1/R,T)=(AS * /R)+1In (R/N h)+ (—AH * /RT)
(10)
where £ is Planck’s constant (h=6.6252 1073 J s); N is
Avogadro’s number (N=6.023 10% mol™"); AS* is the
entropy of activation and AH* is the enthalpy of activation.
Straight lines are obtained from Fig. 9 with a slope of
(—AH*/R) and an intercept of (AS*/R)+ In (R/N h) from
which the values of AH* and AS* are calculated and also
listed in Table 7.

@ Springer

results obtained from potentiodynamic polarization data are
in good agreement with those obtained from EIS measure-
ments. The activation energy value in the presence of PA is
lower than the one in uninhibited solution. In the same way,
the pre-exponential factor A decreases dramatically in the
presence of PA. The decrease of E, as well as A in the pres-
ence of PA indicates the easier adsorption of PA on C-steel
surface. This observation further supports the proposed
chemisorption mechanism. Indeed, unchanged or lowered
E, in inhibited systems when compared to the blank has been
reported to be indicative of chemical adsorption mechanism,
while increased E, suggests a physical adsorption mecha-
nism. On the other hand, the decrease of activation energy
accompanying the increase the inhibition efficiency of PA,
previously observed (Table 5), at higher temperatures is due
to the changing nature of the adsorption. These results pro-
vide evidence that the adsorption of PA onto the surface of
C-steel is of mixed interactions: predominant chemisorption
and weak physisorption.

It is shown in Table 7 that the values of E, and AH* are
close to each other as expected from the concept transition
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Table 7 Activation parameters

! ! Kinetic parameter Method A E, (K mol™") AH*(kImol™') AS*(JK~!'mol™') E,— AH*
for C-steel in 1.0 M HCl in the (kJ mol~1)
presence and the absence of
3x 10_16 mol t_l of PA obtained  Bapk EIS  9.4x10° 37.70 35.10 —46.24 2.60

rom electrochemical and | PP 2.5%10° 38.10 35.50 —73.74 2.60

potentiodynamic polarization
measurements PA EIS 1.1x10* 2533 22.75 —102.64 2.58
PP 1.7x10° 24.69 22.11 —133.23 2.58

state theory and vary in the same manner on the addition
of inhibitor. This result permits to verify the well-known
thermodynamic relation between E, and AH* as shown
in Eq. (11):
E,—H*=RT an
The calculated value of the difference (Table 7) is close
to the experimental value of RT7, i.e., 2.56 kJ mol~! at 308 K.
On the other hand, the positive sign of the enthalpy AH* in
the absence and presence of inhibitor reflects the endother-
mic nature of the metal dissolution process, which suggests

the slow dissolution of C-steel. The entropy of activation
AS* in the absence and presence of the inhibitor are larges

negative. This indicates that the activated complex in the rate
determining step which represents an association rather than
a dissociation step, meaning that, a decrease in disorder-
ing is taking place on going from reactants to the activated
complex.

4 Conclusion
From the above analyses and discussion of the kinetic—ther-

modynamic parameters, the following main conclusions can
be drawn:

@ Springer
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1. The overall data suggest that the corrosion inhibition
takes place by adsorption of the PA molecules on the
C-steel surface through both chemical and physical
interactions and this adsorption is a spontaneous and
endothermic process accompanied by a decrease in
entropy.

2. The adsorption of PA on C-steel surface is characterized
by negative interaction coefficients of Frumkin and Tem-
kin isotherms, indicating repulsive lateral interactions in
the adsorbed inhibitor layer.

3. According to Flory—Huggins isotherm and the kinetic—
thermodynamic model of El-Awady, three water mol-
ecules are displaced and replaced by one PA molecule.

4. The inhibition efficiency remains stable around 90%
despite the increase of temperature till 328 K.

5. The corrosion rate of C-steel in 1.0 M HCI solution
without and with PA depends on immersion time from
0.5 to 12 h, with an optimum result registered at the 6th
hour of exposure.

Funding This study was supported by BENIKEN.
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