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Abstract
The inhibitive effect of the piperidin-1-yl-phosphonic acid (PPA) on the corrosion of iron in 0.5 M H2SO4
solution has been investigated by weight loss measurement, potentiodynamic polarization 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. Our results clearly reveal that the (PPA) behaves as a mixed type
corrosion inhibitor with the highest inhibition at 5 mM. The adsorption of PPA on the iron surface obeys to
the Langmuir's adsorption isotherm.
Key words: iron; thermodynamic parameters; phosphonic acid; inhibition.

1. Introduction
The use of inhibitors is one of the most practical methods for metals protection against corrosion in acidic
media [1]. Acidic solutions are used extensively in chemical and several industrial processes such as acid
pickling, acid cleaning, acid descaling and oil wet cleaning among others uses [2]. Chemical inhibitors are
often used for these processes mainly to control the metal dissolution and acid consumption. Most of wellknown acid corrosion inhibitors are organic compounds containing nitrogen, sulfur or oxygen atoms [3–7]. It
has been found that most of the organic inhibitors act by adsorption on the metal surface [8]. This
phenomenon is influenced by the nature and surface charge of metal, the type of aggressive electrolyte and
the chemical structure of inhibitors [9]. A large number of organic compounds were studied as corrosion
inhibitors for iron and low alloyed steels [10-12]. Most of them are toxic in nature. This has led to the
development of non-toxic corrosion inhibitors such as tryptamine [13], cefazolin [14], mebendazole [15,16],
2.3-diphenylbenzoquinoxaline [17].
Phosphonates, which were originally introduced as scale inhibitors in water treatment, were later
proved to be good corrosion inhibitors also [18]. Their impact on environment was reported to be negligible
at the concentration levels used for corrosion inhibition [19-20]. There are excellent sequestering agents for
electroplating, chemical plating, degreasing and cleaning [21]. The use of phosphonic acids for the protection
of iron and its alloys from corrosion in different media has been the subject of several researcher works [2230].
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In this contribution, we report on our attempt to use electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization, weight loss, and scanning electron microscopy (SEM) to investigate the nature
of adsorption of PPA on iron surface.

2. Experimental
2.1. Electrochemical cell
Electrochemical experiments were performed using a conventional three electrode cell assembly. The
working electrode is An Armco iron rotating disk with surface area of 1 cm2 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 drying at room temperature.
A saturated calomel electrode (SCE) was used as the reference electrode. All the measured potentials
presented in the experimental work are referred to this electrode. The counter electrode was a platinum plate
with a surface area of 2 cm2.
The organic compound tested is piperidin-1-yl-phosphonic acid (PPA). It is synthesized by the microwave
(mono-mode Prolabo Synthewave 402) technique by the following reaction:

PO(OH) 2

H 3 PO 3 , HCOH
NH

N

CH 2

HCl , H 2 O
The obtained product was purified and characterized using 1H, 13C, 31P nuclear magnetic resonance (Fourier
BrukerAC250 multinuclear) and infra-red spectroscopic (Pekin Elmer 16 PC FT-IR spectrometer) methods
[27]. The molecular structure of the studied phosphonic acid compound is shown Fig. 1.

PO(OH)2
N

CH2

Figure 1 Structure of Piperidin-1-yl-phosphonic acid (PPA)
The aggressive solutions, 0.5 M H2SO4 were prepared by dilution of analytical grade 98% H2SO4 with
distilled water. The inhibitor is added to freshly prepared 0.5 M H2SO4 in the concentration range of 0.1 –
5 mM.
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 0.5 M H2SO4 with and without addition of different
concentrations of inhibitor. The iron specimens used have a rectangular form (2 cm × 2 cm × 0.05 cm). The
immersion time for the weight loss was 24 h at 298 K and 6 h at the other temperatures. After the corrosion
test, the specimens of 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
corrosion rate as expressed in mg cm-2 h-1. The inhibition efficiency (IE %) was determined by using the
following equation:

IE % =

CR0 − CR
× 100
CR0

Where, CR and CR0 are the corrosion rates of iron with and without the inhibitor, respectively.
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2.2.2. Electrochemical measurements
Two electrochemical techniques, namely DC-Tafel slope and AC-electrochemical impedance spectroscopy
(EIS), were used to study the corrosion behaviour. 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.
Polarisation curves were obtained by changing the electrode potential automatically from −800 to -300 mV
versus open circuit potential (Eocp) at a scan rate of 1 mVs−1. The inhibition efficiency is calculated by the
following equation:
0
icorr
− icorr
IE % =
× 100
0
icorr

(2)

0
Where icorr
and icorr are the corrosion current density values without and with inhibitor, respectively.
EIS measurements were carried out under potentiostatic conditions in the frequency range
100 - 0.01 Hz, with amplitude of 10 mV peak-to-peak, using AC signal at Eocp. All experiments were
performed after immersion for 60 min in 0.5 M H2SO4 with and without addition of inhibitor.

2.2.3. Surface morphology
For morphological study, surface features (0.9 × 0.8 × 0.2cm) of Armco iron were examined after exposure
to 0.5 M H2SO4 solution after 1 day with and without inhibitor. JEOL JSM-5500 scanning electron
microscope was used for this investigation.

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 test. Corroborative results between weight loss and other techniques have
been already reported [31–34].
The anodic dissolution of iron in acidic media and the corresponding cathodic reaction has been reported to
proceed as follows [35]:
Fe → Fe2+ + 2e2H+ + 2e- → 2Hads → H2

(3)
(4)

As a result of these reactions, including the high solubility of the corrosion products, the metal loses weight
in the solution. The values of corrosion rate and inhibition efficiency from gravimetric measurements at
different concentrations of PPA 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 corrosion
rate decreases and therefore the inhibition efficiency increases. It can be concluded that this inhibitor acts
through adsorption on iron surface and formation of a barrier layer between the metal and the corrosive
media.
Table 1 Corrosion parameters obtained from weight loss measurements for iron in 0.5 M H2SO4 containing
various concentrations of PPA at 298 K.
C (M)
Blank
0.0001
0.0005
0.001
0.005

CR (mg cm−2 h−1)
0.43
0.24
0.14
0.10
0.02
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IE %
44
67
77
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Figure 2 Variation of inhibition efficiency (IE%) with the concentration of PPA for iron in 0.5 M H2SO4
3.1.2. Effects of temperature
Temperature has a great effect on the rate of metal electrochemical corrosion. In case of corrosion in an
acidic medium the corrosion rate increases exponentially with temperature increase because the hydrogen
evolution over potential decreases [36]. Furthermore, the value of inhibition efficiency indicates the
adsorption ability of inhibitor molecules on the metal surface; the higher inhibition efficiency results in the
higher adsorption [37]. The effect of temperature on the adsorption behavior of PPA was investigated using
weight loss measurements in the temperature range of 298–328 K with and without inhibitor at different
concentrations in 0.5 M H2SO4. The values of inhibition efficiency obtained are given in Table 2 and Fig. 3.
It is clear that inhibition efficiency increased as far as inhibitor concentration increases. The maximum value
of inhibition efficiency (IE%) obtained for 5 mM PPA is 95% at 298 K. The inhibition efficiencies decrease
slightly with increasing temperature, indicating that higher temperature dissolution of iron predominates on
adsorption of PPA at the metal surface.

Figure 3 Variation of inhibition efficiency (IE%) with concentration of PPA for iron in 0.5 M H2SO4 at
different temperatures.
In order to obtain more details on the corrosion process, activation kinetic parameters such activation
energy (Ea); enthalpy (∆H°) and entropy (∆S°) are obtained from the effect of temperature using Arrhenius
law (Eq. (5)) and the alternative formulation of Arrhenius equation (Eq. (6)) [12,14]:
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Ea
2.303RT
RT
∆
S
°




 ∆H ° 
CR = 
 exp
 exp −

 Nh 
 R 
 RT 
log(CR ) = log A −

(5)
(6)

where CR is the corrosion rate, R is the universal gas constant, T is the absolute temperature, A is the preexponential factor, h is Plank’s constant and N is Avogadro’s number.
The plot of logCR against 1/T for iron corrosion in 0.5M H2SO4 in the absence and presence of different
concentrations of PPA is presented in Fig.4. All parameters are given in Table 3. In the present study, it
could be seen that the activation energy was higher in the presence of inhibitor compared with the blank. In
addition, increasing concentration of PPA results in the increasing of the activation energy. Such increase of
the activation 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 corresponding increase in the
reaction rate because of the greater area of the metal exposed to acid [38]. A decrease in inhibition efficiency
upon rising the temperature, with analogous increase in corrosion activation energy in the presence of
inhibitor compared to its absence, is a good evidence for physisorption mechanism of PPA on the iron
surface [38-40].
Table 2 Corrosion parameters obtained from weight loss for iron in 0.5 M H2SO4 containing various
concentrations of PPA at different temperatures.
C (M)
T/ K
Blank
0.0005
0.001
0.002
0.004

298
0.43
0.241
0.145
0.106
0.021

CR (mg.cm−2.h−1)
308
318
0.82
1.30
0.54
0.97
0.38
0.76
0.28
0.51
0.07
0.21

IE %
328
2.25
1.86
1.56
1.12
0.52

298
44
66
75
95

308
34
53
66
91

318
25
41
60
84

328
17
30
50
77

Figure 4 Arrhenius plots for iron corrosion rates (CR) in 0.5 M H2SO4 with and without different
concentrations of PPA.
Experimental corrosion rate values obtained from weight loss measurements was used to further gain
insight on the change of enthalpy (∆H°) and entropy (∆S°) of activation for the formation of the activation
complex in the transition state using equation (Eq. (6)).
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Fig. 5 shows the plot of log(CR/T) versus 1/T for iron corrosion in 0.5 M H2SO4 in the absence and
presence of different concentrations of PPA. Straight lines were obtained with slope of (∆H°/2.303R) and an
intercept of [log (R/Nh) (∆S°/2.303R)] from which the values of ∆H° and ∆S° respectively were computed
and listed also in Table 3. The positive signs of ∆H° reflect the endothermic nature of the iron dissolution
process [41]. By comparing the values of entropy of activation ∆S°, it is clear that entropy of activation
increased in presence of the studied inhibitor compared to free acid solution. Such variation is associated
with the phenomenon of ordering and disordering of inhibitor molecules on the iron surface. The increased
entropy of activation in the presence of inhibitor indicated that disorderness is increased on going from
reactant to activated complex [42]. Therefore, the decrease in corrosion rate is mostly decided by higher
values of Ea and ∆H° since both parameters increases with concentration resulting in the reduction of the
corrosion rate of iron. The results obtained are in agreement with Eq. (5) and (6) which indicate that higher
Ea and ∆H° lead to lower corrosion rate.

Figure 5 Transition-state plots for iron corrosion rates (CR) in 0.5 M H2SO4 with and without different
concentrations of PPA.
Table 3 Corrosion kinetic parameters for iron in 0.5 M H2SO4 at different concentrations of PPA.
Cinh (M)
Blank
0.0005
0.001
0.002
0.004

Ea (kJ mol-1)
41.11
50.07
57.3
61.06
83.08

R

∆H° (kJ mol-1)

0.998
0.998
0.996
0.998
0.998

41.48
51.92
60.6
59.57
84.11

∆S° (J mol-1)
-112.75
-81.89
-63.37
-57.29
5.97

3.3. Adsorption isotherm
Adsorption depends mainly on the charge and nature of the metal surface, electronic characteristics of the
metal surface, adsorption of solvent and other ionic species, temperature of corrosion reaction and on the
electrochemical potential at solution-interface. Adsorption of inhibitor involves the formation of two types of
interaction responsible for bonding of inhibitor to a metal surface. The first one (physical adsorption) is weak
undirected interaction and is due to electrostatic attraction between inhibiting organic ions or dipoles and the
electrically charged surface of metal. The second type of interaction (Chemical adsorption) occurs when
directed forces govern the interaction between the adsorbate and adsorbent. Chemical adsorption involves
charge sharing or charge transfer from the adsorbate to the metal surface atoms in order to form a
coordinative type of bond. Chemical adsorption has a free energy of adsorption and activation energy higher
than physical adsorption and, hence, usually it is irreversible [43]. Adsorption isotherms are very important
in determining the mechanism of organic electrochemical reactions. Several adsorption isotherms can be
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used to assess the adsorption behavior of the inhibitors. The most frequently used are Langmuir, Temkin and
Frumkin. In order to obtain the adsorption isotherm, the degree of surface coverage (θ) for various
concentrations of the inhibitor has been calculated according to the equation:

θ=

CR0 − CR
CR0

(7)

Where, CR and CR0 are the corrosion rates of iron with and without the inhibitor, respectively. Langmuir
isotherm was tested for its fit to the experimental data. Langmuir isotherm is given by following equation:

C inh

θ

=

1
+ C inh
K ads

(8)

where θ is the surface coverage, Cinh is the molar concentration of inhibitor and Kads is the equilibrium
constant of the adsorption process.
From the values of surface coverage, the linear regressions between

C inh

θ

the parameters are listed in Table 4. Fig. 6 shows the relationship between

and Cinh are calculated and

C inh

θ

and Cinh 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 iron surface agrees to the Langmuir adsorption isotherm.

Figure 6 Langmuir’s isotherm adsorption model of PPA on the iron surface in 0.5 M H2SO4 at different
temperatures.
Table 4 Thermodynamic parameters for the adsorption of PPA on the iron in 0.5 M H2SO4 at different
temperatures.
Temperature (K)
R2
Kads
∆G°ads (kJ mol-1)
298
0.998
5×103
-31.08
308
0.999
2×103
-29.77
318
0.999
1.66×103
-30.26
328
0.999
1×103
-29.18
The equilibrium constants of the adsorption process (Kads) decrease upon increasing the temperature
values (Table 4). It is well known that Kads indicates the adsorption power of the inhibitor onto the metal
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surface. Clearly, PPA gives higher values of Kads at lower temperatures, indicating that it was adsorbed
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 PPA from the metal surface.
The standard adsorption free energy (∆G°ads) is obtained according to the following equation:

∆G° ads = −2.303RT log(55.5 K ads )

(9)

where R is the universal gas constant, T the thermodynamic temperature and the value 55.5 is the molar
concentration of water in the solution.
The large values of ∆G°ads and its negative sign are usually characteristic of a strong interaction and
a high efficient adsorption [44]. Generally, values of ∆G°ads up to −20 kJ mol−1 are consistent with
physisorption while those around −40 kJ mol−1 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 coordinate type of
bond [39-41]. In the present study, the calculated values of ∆G°ads obtained for PPA range between -29.18
and -31.08 kJ mol-1 (Table 4), indicating that the adsorption mechanism of PPA on iron in 0.5 M H2SO4
solution at the studied temperatures may be a combination of both physisorption and chemisorption
(comprehensive adsorption) [30,45].
3.3. Potentiodynamic polarization studies
The potentiodynamic polarization behavior of iron in 0.5 M H2SO4 with the addition of various
concentrations of PPA inhibitor is shown in Fig.7. The corrosion kinetic parameters such as corrosion
potential (Ecorr), corrosion current density (Icorr), anodic and cathodic Tafel slopes (ba and bc) were derived
from these curves and given in Table 5.

Figure 7. Potentiodynamic polarization curves for iron in 0.5 M H2SO4 containing different concentrations of
PPA.
From the experimental values it appears that the addition of the inhibitor decreases the dissolution rate of
iron in acid media. The Icorr values showed a decrease from 425 to 25 µA cm−2 on the addition of PPA
inhibitor to the acid medium producing an IE% of 94%.
Data from Table 5 shows that cathodic and anodic Tafel slope values ba and bc are almost the same with and
without inhibitor, which indicates that the inhibitor adsorbs on metal surface by simply blocking the active
sites. The mechanism of anodic and cathodic reactions is not affected. Behaviour of this type has been
observed for iron in H2SO4 and HCl solutions containing other inhibitors [29,46,47]. The addition of PPA
does not alter significantly the value of Ecorr indicating the mixed type of inhibiting behaviour of the added
inhibitor.
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Table 5 Polarization parameters and the corresponding inhibition efficiency of iron corrosion in 0.5 M
H2SO4 containing different concentrations of PPA at 298 K.
Cinh (M)
blank
0.0001
0.0005
0.001
0.005

Ecorr(mV/SCE)

I corr (µA cm-2)

ba (mV dec-1)

bc (mV dec-1)

EI %

-504.8
-512.3
-512.3
-511.4
-510.6

425
240
142
55
25

59
63.1
55.4
51
50.2

-157.2
140
-140.5
-137.3
-1.37

43
66
87
94

3.4. Electrochemical impedance spectroscopy
Electrochemical impedance measurements were carried out the frequency range from 100 kHz to 0.01 Hz at
open circuit potential. The Nyquist representations of the impedance of iron in 0.5 M H2SO4 with and
without addition of various concentrations of PPA are given in Fig. 8. The existence of single semi circle
showed the single charge transfer process during dissolution which is unaffected by the presence of inhibitor
molecules. Deviation of perfect circular shape is often referred to the frequency dispersion of interfacial
impedance. This anomalous behaviour is generally attributed to the inhomogeneity of the metal surface
arising from surface roughness or interfacial phenomena [48–50].
The simplest fitting is represented by Randles equivalent circuit (Fig. 9), which is a parallel combination of
the charge-transfer resistance (Rct) and a constant phase element CPE, both in series with the solution
resistance (Rs). The impedance of the CPE is expressed :

Z CPE =

1
Y0 ( jω ) n

(10)

where Y0 is the magnitude of the CPE, n is the exponent (phase shift), ω is the angular frequency and j is the
imaginary unit. Depending upon the values of n, CPE may be resistive for n = 0, capacitance for n = 1,
Warburg impedance for n = 0.5 or an inductance for n = -1.

Figure 8 Nyquist plot for iron in 0.5 M H2SO4 with and without different concentrations of PPA.

Figure 9 The electrochemical equivalent circuit used to fit the impedance spectra
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The charge transfer resistance (Rct) and the constant phase element CPE derived from these curves are given
in Table 6. In fact, the addition of inhibitor increases the values of Rct and reduces the CPE. The decrease in
CPE is attributed to increase in thickness of electronic double layer [51]. The values of n obtained were close
to unity which shows that the interface behaves nearly capacitive. The increase in Rct value is due to the
formation of protective film on the metal/solution interface [52,54]. These observations suggest that PPA
molecules function by adsorption at metal surface thereby causing the decrease in CPE values and increase
in Rct values. The data obtained from EIS technique are in good agreement with those obtained from
potentiodynamic polarization and mass loss methods.
Table 6 Electrochemical impedance parameters of iron corrosion in 0.5 M H2SO4 containing different
concentrations of PPA at 298 K.
Cinh (M)

Rs (Ω cm2)

CPE (µF/cm2)

n

Rct (Ω cm2)

EI%

blank

6

46

0.90

46

-

0.0001

5.25

38.26

0.92

85

44

0.0005

8.06

30.21

0.92

133

65

0.001

7.04

12.05

0.92

284

83

0.005

7.82

5.11

0.93

600

92

3.5. SEM analysis
With the presence of PPA, the film formed is able to protect iron from corrosion according to the results of
the electrochemical measurements. In order to further confirm the corrosion resistance ability of the PPA
film, scanning electron microscopy was applied to study the surface morphology of Armco iron with and
without inhibitor. As can be seen from the Fig. 10, there are distinct differences between the two iron
surfaces with and without inhibitor. The SEM photograph Fig. 10(a) shows that the surface is highly
damaged in the absence of the inhibitor while Fig. 10(b) shows the formation of a film on the metal surface
which causes the corrosion inhibition. The phenomenon implied that the presence of PPA film can protect
the Armco iron from corrosion efficiently.

Figure 10 SEM micrographs of samples after immersion in 0.5 M H2SO4 (a) without (b) with 5 ×10−3 of
PPA.
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3.6. Mechanism of inhibition
As follows from weight loss, potentiodynamic polarization and EIS measurements, corrosion of Armco iron
in 0.5 M H2SO4 is retarded in the presence of different concentrations of PPA. The results clearly showed
that the inhibition mechanism involves blocking of iron surface by inhibitor molecules via adsorption. The
compound inhibits corrosion by controlling both the anodic and cathodic reactions. In acidic solutions the
inhibitor exists as protonated species. These protonated species adsorb on the cathodic sites of iron and
decrease the evolution of hydrogen. The adsorption on anodic sites can occur either directly on the basis of
donor acceptor interactions between the π electrons of the heterocycle compound and lone pair of electrons
of nitrogen and oxygen atom which decrease the anodic dissolution of Armco iron [54].

Conclusion
1. PPA is an efficient inhibitor and the inhibition efficiency increases upon increasing the concentration
but decreases upon rising the temperature.
2. The inhibition efficiencies obtained by polarization, EIS and weight loss measurements are in good
agreement.
3. Polarization curves show that the inhibitor is a mixed type one.
4. The adsorption of PPA on iron surface was found to be in accordance with Langmuir adsorption
isotherm model. From the thermodynamic point of view, the adsorption process is accompanied by a
decrease in entropy of the system.
5. The corrosion inhibition potential can be attributed to adsorption which is revealed by SEM studies.
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