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Abstract The inhibitive effect of the piperidin-1-yl-phosphonic acid (PPA) on the corrosion of iron

Iron; in 1 M H,SO, solution has been investigated by weight loss measurement, potentiodynamic polar-

Thermodynamic parameters;
Phosphonic acid;
Inhibition

ization and electrochemical impedance spectroscopy (EIS) techniques. The presence of (PPA)
reduces remarkably the corrosion rate of iron in acidic solution. The effect of temperature on
the corrosion behavior of iron was studied in the range of 298-328 K. Results clearly reveal that

the (PPA) behaves as a mixed type corrosion inhibitor with the highest inhibition at 5x 107> M.

The adsorption of PPA on the iron surface obeys the Langmuir’s adsorption isotherm.

© 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Corrosion inhibition as a protective method is of great impor-
tance. Inhibitors often work by adsorbing themselves on the
metallic surface, protecting it by forming a film. The strength
of the adsorption bond is the dominant factor for organic
inhibitors. Their effectiveness depends on the chemical compo-
sition, their chemical structure and their affinity for the metal
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E-mail address: r.laamari@ucam.ac.ma (M.R. laamari).
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surface. A wide variety of compounds are used as corrosion
inhibitors for metals in acidic media (Schmitt, 1984; Mernari
et al., 1998; Onuchukwu, 1988; Ashassi-Sorkhabi and Nab-
avi-Amri, 2000; Ebenso, 2002; Gomma, 1998; Ayers and
Hackerman, 1963; Szauer and Brandt, 1981; Morad, 2008).
Phosphonates, which were originally introduced as scale
inhibitors in water treatment, were later proved to be good
corrosion inhibitors also (Awad and Turgoose, 2004). Their
impact on the environment was reported to be negligible at
the concentration levels used for corrosion inhibition (Awad,
2005; Jaworska et al., 2002). There are excellent sequestering
agents for electroplating, chemical plating, degreasing and
cleaning (Fang et al., 1993). The use of phosphonic acids for
the protection of iron and its alloys from corrosion in different
media has been the subject of several research works (Choi
et al., 2002; Gonzalez et al., 1996; Ebenso, 2002; Telegdi

1878-5352 © 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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et al., 2001; Amar et al., 2003, 2008; Laamari et al., 2001, 2004,
2010, 2011a, 2016).

In this work we continue our investigations on piperidin-1-yl-
phosphonic acid as inhibitors of Armco iron corrosion mainly
in 1 M H,SO,. The assessment of the corrosion behavior was
studied using weight loss, potentiodynamic polarization mea-
surement and electrochemical impedance spectroscopy (EIS).
Thermodynamic data were also obtained from adsorption iso-
therms and Arrhenius plots.

2. Experimental

2.1. Electrochemical cell

Electrochemical experiments were performed using a conven-
tional three electrode cell assembly. The working electrode is
a carbon steel rotating disk with a surface area of 1 cm? and
had the following composition (O: 0.03%, Mn: 0.03%, N:
0.018%, S: 0.018%, C: 0.012%, P: 0.004%, Fe: 99.8%). It is
abraded with different emery papers up to 1200 grade, washed
thoroughly with double-distilled water, degreased with AR
grade ethanol, acetone, and subjected to drying at room
temperature.

A saturated calomel electrode (SCE) was used as the refer-
ence electrode. All the measured potentials presented in this
paper are referred to this electrode. The counter electrode
was a platinum plate with a surface area of 2 cm?.

The aggressive solution of 1.0 M H,SO,4 was prepared by
the dilution of AR grade 98% H,SO, with distilled water.
The inhibitor is added to freshly prepared 1 M H,SOy in the
concentration range of 107% to 5x 1072 M.

The corrosion inhibitor used in this work is piperidin-1-yl-
phosphonic acid (PPA). The organic compound is synthesized
by the micro-wave technique. The obtained product is purified
and characterized by '"H NMR, C NMR, *'P NMR spectros-
copy and IR techniques. The molecular structure is shown in
Fig. 1.

2.2. Methods

2.2.1. Gravimetric measurements

Gravimetric measurements were carried out in a double walled
glass cell equipped with a thermostat-cooling condenser. The
solution volume was 100 mL of 1 M H,SO,4 with and without
the addition of different concentrations of inhibitor. The iron
specimens used have a rectangular form (2 x 2 x 0.05 cm). The
immersion time for the weight loss was 24 h at 298 K and 6 h
at other temperatures. After the corrosion test, the specimens
of Armco iron were carefully washed in double-distilled water,
dried and then weighed. The rinse removed loose segments of
the film of the corroded samples. Triplicate experiments were
performed in each case and the mean value of the weight loss
is reported. Weight loss allowed us to calculate the mean

PO(CH),

=

Figure 1  Structure of piperidin-1-yl-phosphonic acid (PPA).

corrosion rate as expressed in mg cm 2 h~!. The inhibition effi-
ciency (IE %) was determined by using the following equation:

CRy — CR
— =X

IE% =
% CRy

100 (1)
where, CR and CR, are the corrosion rates of carbon steel
with and without the inhibitor, respectively.

2.2.2. Electrochemical measurements

Two electrochemical techniques, namely DC-Tafel slope and
AC-electrochemical impedance spectroscopy (EIS), were used to
study the corrosion behavior. All experiments were performed
in one-compartment cell with three electrodes connected to a
Voltalab 10 (Radiometer PGZ 100) system controlled by the
Volta master 4 corrosion analysis software model.
Polarization curves were obtained by changing the elec-
trode potential automatically from —800 to —200 mV versus
open circuit potential (E,) at a scan rate of 1 mVs~'. The
inhibition efficiency is calculated by the following equation:

l?orr — iCOTI'
[E% = o ot 109 2)

lCOrT

Where z?m and i, are the corrosion current density values
without and with the inhibitor, respectively. EIS measurements
were carried out under potentiostatic conditions in the fre-
quency range of 100-0.1 Hz, with an amplitude of 10 mV
peak-to-peak, using AC signal at E,,. All experiments were
performed after immersion for 60 min in 1 M H,SO, with

and without the addition of inhibitor.

3. Results and discussion
3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration

Corrosion inhibition performance of organic compounds as
corrosion inhibitors can be evaluated using electrochemical
and chemical techniques. For the chemical methods, a weight
loss measurement is ideally suited for long term immersion tests.
Corroborative results between weight loss and other techniques
have been reported (EI-Naggar, 2007; Umoren and Ebenso,
2007; El-Etre, 2003; Lebrini et al., 2006).

The anodic dissolution of iron in acidic media and the cor-
responding cathodic reaction have been reported to proceed as
follows (Solomon et al., 2010):

Fe — FeX* + 2e— (3)
2H+ + 2e— — 2Hads - H2 (4)

As a result of these reactions, including the high solubility
of the corrosion products, the metal loses weight in the solu-
tion. The values of corrosion rate and inhibition efficiency
from gravimetric measurements at different concentrations of
PPT are summarized in Table 1, and the inhibition efficiency
as a function of concentration is shown in Fig. 2. The results
show that as the inhibitor concentration increases, the corro-
sion rate decreases and therefore the inhibition efficiency in-
creases. It can be concluded that this inhibitor acts through
adsorption on the iron surface and formation of a barrier layer
between the metal and the corrosive media. A detailed study
on the corrosion behavior of iron was carried out at a temper-
ature range of 298-328 K using the weight loss technique.
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Table 1 Corrosion parameters obtained from weight loss
measurements for iron in 1M H,SO, containing various
concentrations of PPT at 298 K.

C (M) CR (mgem 2h™Y) IE (%)
Blank 0.58 -
0.0005 0.23 60.34
0.001 0.17 70.69
0.002 0.10 82.76
0.004 0.05 91.38
100
754 %
Sy ——298K
50
= —— 308K
—~—328K
0 T T 1
0 0.002 0.004 0.006
Cinh (M)

Figure 2 Variation of inhibition efficiency (IE%) with concen-
tration of PPT for iron in 1 M H,SO, at different temperatures.

3.1.2. Effect of temperature

Temperature has a great effect on the rate of metal electro-
chemical corrosion. In case of corrosion in an acidic medium
the corrosion rate increases exponentially with temperature in-
crease because the hydrogen evolution over potential decreases
(Popova et al., 2003). Furthermore, the value of inhibition effi-
ciency indicates the adsorption ability of inhibitor molecules
on the metal surface; the higher inhibition efficiency results
in the higher adsorption (Shukla and Quraishi, 2009). The
effect of temperature on the adsorption behavior of PPT was
investigated using weight loss measurements in the tempera-
ture range of 298-328 K with and without inhibitor at different
concentrations in 1 M H,SO,. The values of inhibition effi-
ciency obtained are given in Table 2 and Fig. 2. It is clear that
inhibition efficiency increased as far as inhibitor concentration
increases. The maximum value of inhibition efficiency (IE %)
obtained for 5x 107> M PPT is 92% at 298 K. The inhibition
efficiencies decrease slightly with increasing temperature,
indicating that higher temperature dissolution of iron predom-
inates on adsorption of PPT at the metal surface.

In order to obtain more details on the corrosion process,
activation kinetic parameters such as activation energy (E,);
enthalpy (AH®) and entropy (AS®) are obtained from the effect
of temperature using Arrhenius law (Eq. (5)) and the alterna-
tive formulation of Arrhenius equation (Eq. (6)) (Shukla and
Quraishi, 2009; Singh and Quraishi, 2010):

E,
2.303RT (5)

CR = (2—;) exp (A%) exp (—AR—HT) (6)

where CR is the corrosion rate, R is the universal gas constant,
T is the absolute temperature, 4 is the pre-exponential factor,

log(CR) =log 4 —

Table 2 Corrosion parameters obtained from weight loss for
iron in I M H,SO, containing various concentrations of PPT at
different temperatures.

C (M) CR (mgem2h™!) IE (%)
298 308 318 328 298 308 318 328

Blank 0.58 1.02 1.70 2.5 — =
0.0005 0.23 0.56 1.17 1.96 60.34 45.10 31.18 21.60

0.001 0.17 0.38 0.86 1.76 70.69 62.75 49.41 29.60
0.002 0.10 0.25 0.61 1.22 82.76 75.49 64.12 51.20
0.004 0.05 0.16 0.39 0.72 91.38 84.31 77.06 71.20

h is the Plank’s constant (6.626176 x 1073*Js) and N is the
Avogadro’s number (6.02252 x 10** mol™}).

The plot of logCR against 1/T for iron corrosion in 1 M
H,SO, in the absence and presence of different concentrations
of PPT is presented in Fig. 3. All parameters are given in
Table 3.

In the present study, it could be seen that the activation en-
ergy was higher in the presence of inhibitor compared with the
blank. In addition, increasing concentration of PPT results in
the increasing of the activation energy. Such increase of the acti-
vation energies in the presence of inhibitor is attributed to an
appreciable decrease in the adsorption process of the inhibitor
on the metal surface with increase in temperature; and corre-
sponding increase in the reaction rate because of the greater area
of the metal exposed to acid (Abboud et al., 2009). A decrease in
inhibition efficiency upon rising the temperature, with analo-
gous increase in corrosion activation energy in the presence of
inhibitor compared to its absence, is good evidence for physi-
sorption mechanism of PPT on the iron surface (Abboud
et al., 2009; Obot and Obi-Egbedi, 2008, 2010).

Experimental corrosion rate values obtained from weight
loss measurements were used to further gain insight on the
change of enthalpy (AH®) and entropy (AS°®) of activation for
the formation of the activation complex in the transition state
using equation (Eq. (6)).

Fig. 4 shows the plot of log (CR/T) versus 1/T for iron cor-
rosion in 1 M H,SOy in the absence and presence of different
concentrations of PPT. Straight lines were obtained with a
slope of (AH°/2.303R) and an intercept of [log (R/Nh)(AS®/
2.303R)] from which the values of AH° and AS°®, respectively
were computed and listed also in Table 3. Inspection of these
data reveals that the AH®° values for dissolution reaction of
iron in 1 M H,SOy in the presence of PPA are higher (55.82—
69.95 kI mol™!) than those of in the absence of inhibitors
(40.95 kJ mol ™). The positive signs of AH® reflect the endo-
thermic nature of the iron dissolution process suggesting that
the dissolution of iron is slow in the presence of inhibitor
(Guan et al., 2004). One can notice that E, and AH® values
vary in the same way. This result permits to verify the known
thermodynamic reaction between the E, and AH® as shown in
Table 3:

AH =E, — RT (7

On the other hand, AS° increases with increasing PPA con-
centrations (Table 3) and their values were negative both in the
uninhibited and inhibited systems. The negative values of
entropies imply that the activated complex in the rate
determining step represents an association rather than a
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Figure 3  Arrhenius plots for iron corrosion rates (CR) in 1 M H,SO4 with and without different concentrations of PPT.
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Figure 4 Transition-state plots for iron corrosion rates (CR) in 1 M H,SO,4 with and without different concentrations of PPT.

Table 3 Corrosion kinetic parameters for iron in 1 M H,SOy4
with and without different concentrations of PPT.

CM) E,(kJImol™") R AH° (kITmol™") AS° (Jmol™")
Blank  43.57 0.988 37.26 —135.07
0.0005 58.43 0.992 55.82 —80.17
0.001  63.68 0.999 61.07 —65.71
0.002  68.36 0.998  65.75 —54.14
0.004  72.57 0.988  69.95 —45.09

dissociation step, meaning that a decrease in disordering takes
place ongoing from reactants to the activated complex (Herrag
et al., 2010). Moreover, AS° values are more positive in 1 M
H,SO, solutions containing PPA than those obtained in the
uninhibited solution. This behavior can be explained as a result
of the replacement process of water molecules during adsorp-
tion of PPA on the metal surface (Morad and Kamal El-Dean,
2006). This observation is in agreement with the findings of
other workers (Ahamad et al., 2010; Bouklah et al., 2006;
Singh and Quraishi, 2010; Noor and Al-Moubaraki, 2009).

3.2. Adsorption isotherm

In order to get a better understanding of the electrochemical
process on the metal surface, adsorption characteristics are

0.008

0.006
=

2 0004
O

0.002

0

0 0.002 0.004 0.006
Cinn (M)
Figure 5 Langmuir’s isotherm adsorption model of PPT on the

iron surface in 1 M H,SOy at different temperatures.

also studied for PPT. This process is closely related to the
adsorption of the inhibitor molecules (Hackerman and Sud-
bury, 1950; Hackerman, 1962; Cheng et al., 2007) and adsorp-
tion is known to depend on the chemical structure (Ateya
et al., 1984; Akiyama and Nobe, 1970). Adsorption isotherms
are very important in determining the mechanism of organic
electrochemical reactions. Several adsorption isotherms can
be used to assess the adsorption behavior of the inhibitors.
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Table 4 Thermodynamic parameters for the adsorption of
PPT on iron in 1 M H,SO, at different temperatures.

Temperature (K) R Slope  Kags AG;ds (kJ mol™")
298 0.999 1.07 10* —32.79
308 0.999 1.15 5x10° —32.12
318 0.999 1.24 3.33%x10°  —32.09
328 0.997 1.27 1.42%x10°  —30.79

The most frequently used are Langmuir, Temkin and Frum-
kin. In the hydrochloric acid solution, the organic compound
follows the Langmuir adsorption isotherm (Trachli et al.,
2002; Li and Mu, 2005; Benabdellah et al., 2011).

According to this isotherm, 0 is related to Cj,, by:

Cinh _ 1
0 B Kads

+ Cinn (8)

where 0 is the surface coverage, Ci,y, is the molar concentration
of inhibitor and K4, is the equilibrium constant of the adsorp-
tion process.From the values of surface coverage, the linear
regressions between Cg“‘ and Cj,;, are calculated and the param-
eters are listed in Table 4. Fig. 5 shows the relationship be-
tween % and Cy,, at various temperatures. These results
show that the linear regression coefficients (R) are almost close

to 1.000, indicating that the adsorption of inhibitor onto the
iron surface agrees to the Langmuir adsorption isotherm.

The equilibrium constants of the adsorption process (K,qs)
decrease upon increasing the temperature values (Table 4). It is
well known that K,4s indicates the adsorption power of the
inhibitor onto the metal surface. Clearly, PPT gives higher val-
ues of K,4s at lower temperatures, indicating that it was ad-
sorbed strongly onto the iron surface. Thus, the inhibition
efficiency decreased slightly with the increase in temperature
as the result of the improvement of desorption of PPT from
the metal surface.

The standard adsorption free energy (AG
according to the following equation:

;ds) is obtained

AG,, = —2.303RTlog(55.5K,q;) ©)

where R is the universal gas constant, 7 is the thermodynamic
temperature, and the value 55.5 is the molar concentration of
water in the solution.

The large values of AG,,, and its negative sign are usually
characteristic of a strong interaction and a high efficient
adsorption (Hosseini and Azimi, 2009). Generally, values of
AG,gs up to —20 kJ mol~! are consistent with physisorption
while those around —40 kJ mol~! or higher are associated with
chemisorption as a result of sharing or transferring of electrons
from organic molecules to the metal surface to form a coordi-
nate type of bond (Obot and Obi-Egbedi, 2008; Bouklah et al.,

o

2
‘\‘lg . T
<
= 0.0001 M
< 4] o 0.0005M
0.001 M
s 0.005M %
5 : : :
700 -600 2500 -400

E (mV/SCE)

Figure 6 Potentiodynamic polarization curves for iron in 1 M H,SO, containing different concentrations of PPT.
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Figure 7 Nyquist plot for iron in 1 M H,SO,4 with and without different concentrations of PPT.
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Table 5 Polarization parameters and the corresponding inhibition efficiency of iron corrosion in 1 M H,SO,

containing different concentrations of PPT at 298 K.

C (M) Eeore (mV/SCE) Lorr (LA cm1?) B, (mV dec™") B. (mV dec™) IE (%)
0 —485 542 41.4 —131 -

5% 107* —486 202 42.4 —107 62.73
1073 —487 145 423 —135 73.24
2% 1073 —487 80 40.5 —108 85.23
4%x1073 —488 41 38.7 —113 92.43

Table 6 Electrochemical impedance parameters of iron cor-
rosion in 1 M H,SO,4 containing different concentrations of
PPT at 298 K.

C (M) Re (ohmem?)  Cd (uF/cm?) Rp IE (%)
Blank 2.12 49.11 29.10 —
0.0005  3.64 35.81 76.44  61.93
0.001 3.69 32.42 11230  74.08
0.002 4.84 26.16 192.12 8485
0.004 4.88 14.01 358.7 91.88

2006; Ateya et al., 1984). In the present study, the calculated
values of AG,, obtained for PPT range between —30.79 and
—32.79 kJ mol™" (Table 4), indicating that the adsorption
mechanism of PPT on iron in 1 M H,SOy solution at the stud-
ied temperatures may be a combination of both physisorption
and chemisorption (Ahamad et al., 2010; Singh and Quraishi,
2010; Obot and Obi-Egbedi, 2008, 2010). However, a limited
decrease in the absolute value of AG,,, with an increase in tem-
perature was observed. This behavior is explained by the fact
that the adsorption is somewhat unfavorable with increasing
experimental temperature, indicating that physisorption has
the major contribution while chemisorption has the minor con-
tribution in the inhibition mechanism (Noor and Al-Mouba-
raki, 2009).

3.3. Potentiodynamic polarization studies

The potentiodynamic polarization behavior of Armco iron in
1 M H,SO,4 with the addition of various concentrations of
PPT inhibitor is shown in Fig. 6. The corrosion kinetic param-
eters such as corrosion potential (E.,,;), corrosion current den-
sity (I.orr), anodic and cathodic Tafel slopes (B, and B.) were
derived from these curves and given in Table 5.

As it is show in Fig. 6 and Table 5, cathodic current—poten-
tial curves give rise to parallel Tafel lines indicating that the
hydrogen evolution reaction is under activation control and
the addition of inhibitor does not modify the mechanism of
the proton discharge reaction. The cathodic and anodic cur-
rent densities decrease with the concentration of PPT. This
inhibitor causes change in the anodic and cathodic Tafel slopes
and no definite trend was observed in the shift of E.,, values
in the presence of different concentrations of the inhibitor, sug-
gesting that this compound behaves as a mixed-type inhibitor.
Also, data show that the inhibition efficiency increased with
increasing the inhibitor concentration to attain 92 at
5% 107> M of PPT. This may be due to the adsorption of
PPT on the iron/acid interface (Ahamad et al., 2010).

3.4. Electrochemical impedance spectroscopy

Electrochemical impedance measurements were carried out in
the frequency range from 100 kHz to 0.01 Hz at the open cir-
cuit potential. The Nyquist representations of the impedance
of iron in 1 M H,SO4 with and without the addition of various
concentrations of PPT are given in Fig. 7. The existence of a
single semi circle showed the single charge transfer process
during dissolution which is unaffected by the presence of inhib-
itor molecules. Deviation of perfect circular shape is often re-
ferred to the frequency dispersion of interfacial impedance.
This anomalous behavior is generally attributed to the
inhomogeneity of the metal surface arising from surface rough-
ness or interfacial phenomena (Shih and Mansfeld, 1989; Mar-
tinez and Mansfeld-Hukovic, 2003; Elayyachy et al., 2006).

Corrosion kinetic parameters derived from EIS measure-
ments and inhibition efficiencies are given in Table 6. The
charge transfer resistance (R.) and the interfacial double layer
capacitance (Cg;) derived from these curves are given in Table
6. In fact, the addition of inhibitor increases the values of R
and reduces the Cy;. The decrease in Cy; is attributed to the in-
crease in thickness of the electronic double layer (Hosseini
et al., 2007). The increase in R, value is due to the formation
of a protective film on the metal/solution interface (Bentiss
et al., 2000; Murlidharan et al., 1995). These observations sug-
gest that PPT molecules function by adsorption at the metal
surface thereby causing the decrease in Cyg; values and increase
in R values. The data obtained from the EIS technique are in
good agreement with those obtained from potentiodynamic
polarization and mass loss methods.

4. Conclusion

From the above results and discussion, the following conclu-
sions are drawn: PPT inhibits the corrosion of Armco iron
in 1 M H,SO,4. The inhibition efficiency increases with the
inhibitor concentration, but decreases slightly with the
temperature.

— PPT acts as a mixed-type inhibitor.

— The adsorption of PPT on the iron surface from 1.0 M
H,SO, obeys a Langmuir adsorption isotherm. The adsorp-
tion process is a spontaneous and endothermic process.

— The kinetic and thermodynamic parameters of corrosion
and adsorption processes are determined.

— The results obtained from weight loss, potentiodynamic
polarization and impedance spectroscopy are in good agree-
ment.
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