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The  effectiveness  of propyl  phosphonic  acid  (PPA)  as  a corrosion  inhibitor  in association  with  a  bivalent
cation  like  Zn2+ has  been  studied.  An eco-friendly  inhibitor  in  controlling  corrosion  of  carbon  steel  in
neutral  aqueous  medium  in  the  absence  and  presence  of  Zn2+ has  been  evaluated  by  gravimetric  method.
Impedance  studies  of  the  metal/solution  interface  indicated  that the surface  film is highly  protective
against  the  corrosion  of  carbon  steel  in the  aqueous  environment.  Potentiodynamic  polarization  studies
showed  that  the  inhibitor  is a mixed  inhibitor.  X-ray  photoelectron  spectroscopic  analysis  (XPS)  of  the
orrosion inhibition
arbon steel
ropyl phosphonic acid
ravimetric
otentiodynamic
mpedance

protective  film  exhibited  the  presence  of  the  elements  viz.,  iron,  phosphorus,  oxygen,  carbon  and  zinc.
The  chemical  shifts  in  the  binding  energies  of  these  elements  inferred  that  the surface  film  is  composed  of
oxides/hydroxides  of iron(III),  Zn(OH)2 and  [Fe(II)/(III)–Zn(II)–PPA]  complex.  Further,  the  surface  analysis
techniques  viz.,  FT-IR,  AFM  and  SEM  studies  confirm  the formation  of  an  adsorbed  protective  film  on  the
carbon  steel  surface.  Based  on  all these  results,  a plausible  mechanism  of corrosion  inhibition  is proposed.
. Introduction

Carbon steel is the primary material used in the fabrication of
ooling water systems and other industrial water distribution sys-
ems. In order to control corrosion of carbon steel in such systems,
pplication of corrosion inhibitors is a widely used method [1]. Due
o environmental restrictions imposed on heavy metal ion based
orrosion inhibitors, the focus has been shifted to environmentally
riendly corrosion inhibitors [2]. The inhibitors are extremely effec-
ive that even in very small concentrations they effectively reduce
he corrosion rate. One of the main trends in inhibitor research is
he study of corrosion inhibition and scale resistance properties of
rganic compounds. The use of organic phosphonic acids to protect
arbon steel against corrosion has been the subject of various work-
rs [3–6]. They have been widely used as water treatment agents
ecause of their low toxicity, high stability and corrosion inhibition
ctivity in neutral aqueous media [7,8]. Phosphonate based formu-
ations are well known as corrosion inhibitors for carbon steel in
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibition
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

queous environments. Synergistic effect existing between phos-
honic acids and zinc ions on the inhibition of metals corrosion has
lready been studied by several researchers [9–12]. It is well known
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that short-chain substituted phosphonic acids are good corrosion
inhibitors for iron and low alloyed steels [13,14].

In the present work, the inhibitive effect with a new organic
inhibitor viz., propyl phosphonic acid (PPA) and Zn2+ ions in
controlling the corrosion of carbon steel in neutral aqueous
environment containing low chloride has been studied by the
gravimetric studies. The corrosion inhibition was further inves-
tigated by means of polarization curves and electrochemical
impedance spectroscopy (EIS). Surface analytical techniques, viz.,
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FT-IR), atomic force microscopy (AFM) and scanning
electron microscopy (SEM) were used to investigate the nature of
protective film formed on the metal surface. A plausible mecha-
nism of inhibition of corrosion is proposed. For all these studies,
aqueous solution of 60 ppm chloride has been chosen as control
because of the water used in cooling water systems is generally
either demineralized water or unpolluted surface water.

2. Experimental

2.1. Material
 behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

Propyl phosphonic acid (PPA) obtained from Alderich Chemical
Company Inc., USA, was  used as such in the present study. The
molecular structure of the PPA is shown in Fig. 1. Zinc sulphate
(ZnSO4·7H2O), sodium chloride and other reagents were analytical

dx.doi.org/10.1016/j.apsusc.2013.03.138
dx.doi.org/10.1016/j.apsusc.2013.03.138
http://www.sciencedirect.com/science/journal/01694332
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Fig. 1. Molecular structure of propyl phosphonic acid (PPA).

rade chemicals. All the solutions were prepared using triple
istilled non-deaerated water.

.2. Preparation of specimens

Carbon steel specimens (0.02–0.03% S, 0.03–0.08% P,
.4–0.5% Mn,  0.1–0.2% C and the rest iron) of dimensions
.5 cm × 1.5 cm × 0.2 cm,  were polished to a mirror finish with 1/0,
/0, 3/0, 4/0, 5/0, and 6/0 emery polishing papers respectively,
egreased with acetone, dried and used for gravimetric measure-
ents, FT-IR, AFM and SEM for surface studies. The dimensions

f the specimens with 1.0 cm × 1.0 cm × 0.1 cm was used for XPS
nalysis.

.3. Gravimetric measurements

In all gravimetric experiments, the polished specimens were
eighed and immersed in duplicate, in 100 mL  control solution

n the absence and presence of inhibitor formulations of different
oncentrations, for a period of 7 days and pH 7.0 was maintained
or all test solutions. Then, the specimens were reweighed after
ashing and drying. The weights of the specimens before and after

mmersion were determined with mettler electronic balance AE
40 model with a readability of 0.1 mg.  Corrosion rates of carbon
teel in the absence and presence of various inhibitor formulations
re expressed in mdd. Inhibition efficiencies (IE) of the inhibitor
ere calculated by using the formula:

Eg(%) =
[

CR0 − CR1

CR0

]
× 100 (1)

here CR0 is the corrosion rate in the absence of inhibitor and CR1
s the corrosion rate in the presence of inhibitor

.4. Atomic absorption spectroscopy

Analysis of Zn2+ present in the test solution after immersion of
arbon steel in inhibitor containing Zn2+ ions and phosphonate for
even days was carried out using PerkinElmer Atomic Absorption
pectrophotometer, model AAnalyst 100.

.5. Electrochemical studies

Both the polarization and electrochemical impedance spec-
roscopic (EIS) studies were carried out using Electrochemical
nalyzer model CHI 160D provided with a rectangular specimen
f carbon steel as working electrode, platinum foil as the counter
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibitio
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

lectrode and saturated calomel electrode as reference electrode.
he reference electrode was placed close to the working elec-
rode to minimize IR contribution. The three electrode set up was
mmersed in control solution of volume 100 mL  both in the absence
 PRESS
e Science xxx (2013) xxx– xxx

and presence of various inhibitor formulations and allowed to
attain a stable open circuit potential (OCP).

The polarization studies were made in the potential range of
±200 mV  from the open circuit potential at a sweep rate of 1 mV/s.
the corrosion potential (Ecorr), corrosion current (Icorr) and anodic
Tafel slope (ba) and cathodic Tafel slope (bc) were obtained by
extrapolation of anodic and cathodic regions of the Tafel plots.
The values of inhibition efficiencies (IEp) were calculated from Icorr

values using the equation,

IEP(%) =
[

Icorr − I′corr

Icorr

]
× 100 (2)

where Icorr and I′corr are the corrosion current densities in case of
control and inhibited solutions, respectively.

Electrochemical impedance spectra in the form of Nyquist plots
and Bode plots were recorded at OCP in the frequency range from
60 kHz to 10 mHz. The impedance parameters viz., charge transfer
resistance (Rct) and constant phase element (CPE) were obtained
from the Nyquist plots. The inhibition efficiencies (IEi) were calcu-
lated using the equation,

IEi(%) =
[

R′
ct − Rct

R′
ct

]
× 100 (3)

where Rct and R′
ct are the charge transfer resistance values in the

absence and presence of the inhibitor.

2.6. Surface examination studies

The carbon steels were immersed in various test solutions for
a period of seven days. Then, they were taken out and dried. The
nature of the film formed on the surface of the metal specimen was
analyzed by XPS, FTIR, AFM and SEM.

2.6.1. X-ray photoelectron spectroscopy
XPS measurements of the protective films were carried out with

a Kratos analytical photoelectron spectrometer model AXIS 165
with monochromated Al K� X-ray source (1486.6 eV) operated at
100 W and with a resolution of 0.1 eV. Both the survey spectra and
deconvolution spectra were recorded at four spots on each speci-
men. The average of the four measurements is reported. The spectra
were collected at an electron take-off angle of 90◦. Analyzer pass
energy was 80 eV, with a step of 0.1 eV for the elements of interest,
namely Fe 2p, P 2p, C 1s, O 1s, Zn 2p and Cl 2p. Binding ener-
gies for the deconvolution spectra were corrected individually for
each measurement set, based on a value of 285.0 eV for the C C
component of C 1s.

2.6.2. FT-IR studies
FTIR spectra of pure PPA and the surface film were recorded

using KBr pellet method using JASCO 460 PLUS Spectrophotometer
in the wave number range of 4000–400 cm−1 with a resolution of
4 cm−1.

2.6.3. Atomic force microscopy
Atomic force microscope was  used for surface morphology

studies. The protective films were examined with atomic force
microscope (AFM) Nano Surf Easy Scan-2. The topography of the
entire samples for a scanned area of 5 �m × 5 �m (25 �m2) is eval-
uated for a set point of 20 nN and a scan speed of 10 mm/s. The
three and two-dimensional topography of surface films gave vari-
ous roughness parameters of the film.
n behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

2.6.4. Scanning electron microscopy
The polished carbon steel specimens were immersed in 60 ppm

chloride solutions in the absence and in the presence of the
inhibitor. After 7 days, the specimens were taken out, washed with

dx.doi.org/10.1016/j.apsusc.2013.03.138
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Table  1
Inhibition efficiencies (%) obtained by gravimetric studies of carbon steel in absence
and presence of inhibitor (PPA–Zn2+).

PPA (ppm) Zn2+ (ppm)

0 10 20 50 75 100 125 150

0 – 17 25 2 6 3 2 11
10  12 24 30 4 9 5 5 13
20  17 21 31 7 10 36 22 23
50  14 27 35 28 39 45 42 56
75  12 26 30 45 70 90 70 67
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%
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pH
100  10 12 26 35 77 66 76 82
125  4 20 30 32 73 57 85 87
150  3 17 33 20 18 55 72 84

istilled water and dried. The SEM photographs of the surfaces of
he specimens were obtained using HITACHI S-3000H model with

 resolution of 3.5 nm.

. Results and discussion

.1. Evaluation of corrosion inhibition

.1.1. Gravimetric studies
The results of corrosion rate and inhibition efficiency (IE %),

btained from gravimetric method at different concentrations of
nhibitor for the corrosion of carbon steel immersed in an aque-
us solution containing 60 ppm Cl−, in the absence and presence of
n2+, are given in Table 1. Fig. 2 shows the inhibition efficiency as

 function of concentration of PPA. It is evident that PPA by itself
s a poor corrosion inhibitor. Also, zinc ions are found to be cor-
osive. However, interestingly PPA–Zn2+ ions combination offers
ood corrosion inhibition at 75 ppm of PPA and 100 ppm of Zn2+

ons. At low concentrations of 10, 20 and 50 ppm of Zn2+ ions along
ith PPA (10–150 ppm), only moderate inhibition efficiencies were

bserved. When the concentration of Zn2+ ions and PPA were raised
o 80 ppm of Zn2+ ions and 75 ppm of PPA, respectively an inhibition
fficiency of 70% was observed. But, with increasing concentration
f Zn2+ ions, keeping PPA constant at 75 ppm, the maximum inhi-
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibition
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

ition efficiency was achieved. This may  be explained as follows.
t lower concentrations of Zn2+ ions, the PPA is precipitated as
PA–Zn2+ complex in the bulk of the solution. PPA is not transported
owards the metal surface. Only on increasing concentrations of

0 20 40 60 80 10 0 12 0 14 0 16 0

0

20

40

60

80

100

I.
E

 (
%

)

Concentration  of  PP A (p pm)

 10 ppm Zn
2+

 20 ppm Zn
2+

 50 ppm Zn
2+

 75 ppm Zn
2+

 10 0 pp m Zn
2+

 12 5 pp m Zn
2+

 150 ppm Zn
2+

Fig. 2. Inhibition efficiency as a function of concentration of PPA.
Fig. 3. Effect of pH.

Zn2+ ions, the maximum inhibition efficiencies are obtained. A syn-
ergistic effect is noticed between PPA and Zn2+ ions. When 100 ppm
of Zn2+ ions are added to PPA, PPA–Zn2+ complex is in solubilized
form. It diffuses from bulk of the solution to metal surface. The
[Fe(III)/Fe(II)–PPA–Zn2+] complex is formed. A thin multicolored
film is observed on the surface of the inhibited metal during the
gravimetric studies. The maximum inhibition efficiency obtained
from the above formulation is 90%. It can be interpreted that at
lower concentrations of Zn2+ ions, the Zn2+ ions were insufficient
to form a protective film with PPA on the metal surface.

3.1.2. Effect of pH
The influence of pH on corrosion rate of carbon steel in the

presence of inhibitor system and the maximum inhibition effi-
ciency obtained in the gravimetric measurements were studied.
The effect of pH for the synergistic formulation consisting of PPA
(75 ppm) + Zn2+ (100 ppm), in the pH range of 3–11 is shown Fig. 3.
The highest inhibition efficiency could be obtained in the pH range
6–8. But, when the pH is decreased from 6 to 3, the inhibition effi-
ciency is reduced to 6% and on increasing pH range from 8 to 11, the
inhibition efficiency is reduced to 18%. The reasons for decrease in
inhibition efficiency in more alkaline and acidic environments are
explained under the mechanistic aspects.

3.2. Atomic absorption spectroscopy

The solution containing 60 ppm chloride, 75 ppm PPA and
100 ppm Zn2+ ions in which carbon steel specimens were immersed
for 7 days was  analyzed for Zn2+ ions by AAS. The results show
that out of 0.1529 mmol  of Zn2+ ions, 0.1445 mmol of Zn2+ ions
have diffused from the bulk of the solution to the metal surface.
The results are provided in Table 2. It can be interpreted that the

2+
 behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

appreciable amount of Zn ions have diffused from the bulk of the
solution to the metal surface and incorporated in the protective
film.

Table 2
Analysis of solution for zinc ions.

[Zn2+] present in
solution (100 mL)
before immersion of
metal specimen

[Zn2+] present in solution
(100 mL)  after immersion
of metal specimen for 7
days (mmol)

[Zn2+] diffused from bulk
of the solution to metal
specimen (mmol)

0.1529 0.0084 0.1445

dx.doi.org/10.1016/j.apsusc.2013.03.138
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ig. 4. (a) Potentiodynamic polarization curves of carbon steel immersed in vario
ontrol  solution and inhibitor solution.

.3. Potentiodynamic polarization studies

The potentiodynamic polarization curves of carbon steel elec-
rode in control solution containing 60 ppm chloride solution at pH

 in the absence and presence of various inhibitor combinations are
hown in Fig. 4a. Various Tafel parameters, i.e., corrosion potential
Ecorr), corrosion current density (Icorr), anodic Tafel slope (ˇa),
athodic Tafel slope (ˇc) and the inhibition efficiencies (IEp) are
isted in Table 3. An examination of Table 3 shows that the corrosion
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibitio
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

otential (Ecorr) in case of the control is −487.62 mV/SCE and the
orresponding corrosion current density (Icorr) is 22.68 �A/cm2.

hen of PPA alone was added to the control, the corrosion
otential is shifted to a more anodic side and its corrosion current

able 3
orrosion parameters of carbon steel immersed in the absence and in the presence of inh

Concentration (ppm) Tafel parameters

PPA Zn2+ Ecorr (mV/SCE) Icorr (�A/cm2) 

– – −487.62 22.68 

75  – −441.99 8.02 

–  100 −633.83 23.30 

75  100 −501.92 4.29 
t solutions. (b) Potentiodynamic polarization curves of carbon steel immersed in

density is reduced to 8.02 �A/cm2. The anodic Tafel (ˇa) slope
for PPA has been shifted more anodically (118 mV/decade) than
the cathodic Tafel (ˇc) slope (62 mV/decade). In the literature, it
was reported that phosphonates in general are anodic inhibitors
[9]. When 100 ppm of Zn2+ is added to the control, the corrosion
potential is shifted to the cathodic side and the shift in cathodic
Tafel slope is greater. Contrary to the result obtained in the case of
PPA, Zn2+ increased the rate of corrosion as implied by increase in
corrosion current density. In the presence of Zn2+, the increase in
n behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

corrosion current density leads to increase in corrosion rate [15].
From the polarization curves shown in Fig. 4b, it is clear that for
the combination of 75 ppm PPA and 100 ppm Zn2+, the corrosion
potential is shifted to −501.92 mV/SCE and its corrosion current

ibitor obtained by potentiodynamic polarization studies.

ˇa (mV/decade) ˇc (mV/decade) I.E.P (%)

209 212 –
327 274 65
208 209 –
198 276 81

dx.doi.org/10.1016/j.apsusc.2013.03.138
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Fig. 5. Nyquist plots of carbon steel immersed in various test solutions. (a) 60 ppm
C
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l− ions; (b) 60 ppm Cl− ions + 100 ppm Zn2+ ions; (c) 60 ppm Cl− ions + 75 ppm PPA;
d) 60 ppm Cl− ions + 75 ppm PPA + 100 ppm Zn2+ ions.

ensity is also reduced when compared to the control. Thus, it
s evident that this formulation acts as an effective mixed type
nhibitor. There is a slight shift in corrosion potential to a more
athodic side and the shift in cathodic Tafel slope (64 mV/decade)
s greater than the shift in anodic Tafel slope shift (11 mV/decade).
he corrosion current is significantly decreased from 22.68 �A/cm2

o 4.29 �A/cm2, corresponding to an inhibition efficiency of 81%.
hus, the synergistic mixture of 75 ppm PPA and 100 ppm Zn2+

s proved to be an effective corrosion inhibitor for carbon steel.
hese results indicate that the binary inhibitor formulation retards
oth the anodic dissolution of carbon steel and oxygen reduc-
ion at cathodic sites in the corrosion inhibition process. Similar
hosphonate-based formulations were reported to be mixed

nhibitors [16]. A significant observation related to the inhibition
fficiency values is to be noted. If the inhibition efficiency values
btained from gravimetric (IEg), polarization (IEp), and EIS (IEi)
tudies are compared, slight differences are observed. It is sug-
ested that the inhibition efficiency values obtained from various
ethods may  not be strictly comparable when the immersion

imes used in these methods are not the same [17].

.4. Electrochemical impedance studies

Nyquist plots for carbon steel immersed in 60 ppm of Cl− solu-
ion at pH 7 in the absence and presence of various formulations are
hown in Fig. 5 (Bode plots are not shown). The impedance param-
ters calculated from the Nyquist plots are given in Table 4. The
mpedance diagrams obtained are not perfect semicircles and this
ifference has been attributed to frequency dispersion as a result of
oughness in homogenates of the electrode surface [18]. The charge
ransfer resistance (Rct) values are calculated from the difference
n impedance at lower and higher frequencies, as suggested by
suru et al. [19]. To obtain the double layer capacitance (Cdl), the
requency at which the imaginary component of the impedance

aximum, (−Zmax
′′), is found and Cdl values are obtained from the

quation:

 (−Z ′′
max) = 1

2�CdlRct
(4)

The inhibition efficiency of the inhibitor on the corrosion of steel
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibition
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

s calculated by charge transfer resistance given in Eq. (3).
The experimental data obtained from Nyquist plots are fitted by

he equivalent electrical circuit shown in Fig. 6. Such an equivalent
ircuit was also discussed by several researchers who obtained
Fig. 6. Nyquist plots are fitted by the equivalent electrical circuit.

similar depressed semicircles with single time constant [20–22].
In this case, the constant phase element, CPE is introduced in the
circuit instead of a pure double layer capacitor to give a more
accurate fit [23]. The impedance function of a CPE is described by
the equation:

ZCPE = Y−1(jω)−n (5)

where Rs is solution resistance, Rct is the charge transfer resistance
and CPE is a constant phase element, Y is the magnitude of the CPE,
ω is the angular frequency (2Пfmax) and the deviation parameter n
is a valuable indicator of the nature of the metal surface and reflects
microscopic fluctuations of the surface. For n = 0, ZCPE represents
a resistance with R = Y−1; for n = −1 an inductance with L = Y−1, for
n = 1 an ideal capacitor with C = Y [24]. The value range of n for a
real electrode is often between 0 and 1. The smaller value of n is
rougher electrode surface and more serious corrosion of electrode
[25].

In the present study, a small semicircle with an Rct value of
943 � is observed for the control alone. A similar semicircle is also
obtained when 100 ppm of Zn2+ is added to the control. Due to
Zn2+ ions, Rct is increased and CPE value is decreased with a slight
increase in the value of n. By the addition of 75 ppm of PPA to
the control, a single and slightly depressed semicircle with high
Rct value is obtained. The capacitance value is decreased and n
value is increased. These observations can be attributed to the pres-
ence of organic inhibitor molecules in the double layer and control
of the corrosion processes to some extent. When, the combina-
tion of 75 ppm of PPA and 100 ppm of Zn2+ is considered in the
presence of the control, a large depressed semicircle is observed
from high frequency to low frequency regions in the Nyquist plot,
indicating that the charge transfer resistance becomes dominant
in the corrosion processes due to the presence of a protective
film on the metal surface. This result is supported by the signif-
icant decrease in CPE and an increase in n value. The semicircle
obtained in the presence of PPA/Zn2+ represents an Rct value of
6271 �,  which is greater than that observed in case of the con-
trol. The CPE value at the metal/solution interface is found to
decrease from 578 �F cm−2 in the case of the control to 452 �F cm−2

in the case of the binary inhibitor formulation. This is because
of the replacement of water molecules in the electrical double
layer by the organic molecules having low dielectric constants
[26].

The value of n is considerably increased to 0.86 in the pres-
ence of the binary inhibitor system, suggesting a decrease of
inhomogeneity of the interface during inhibition process. These
results indicated that there is formation of a non-porous and pro-
tective film in the presence of the binary inhibitor formulation.
The inhibition efficiency obtained from impedance studies is found
to be 85%. Several authors who  studied the inhibitory effects of
phosphonate-based corrosion inhibitors have also reported that
there is formation of a thick and less permeable protective film
on the metal surface [9,16]. They also concluded that the protec-
 behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

tive film consists of phosphonate–metal complexes. The results also
imply the synergistic action operating between PPA and Zn2+. This
is in agreement with the inferences drawn from gravimetric studies
and polarization studies.

dx.doi.org/10.1016/j.apsusc.2013.03.138
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Table 4
A.C. impedance parameters of carbon steel immersed in the presence and absence of inhibitor obtained by A.C. impedance spectra.

Concentration (ppm) Charge transfer resistance Rct (�) Constant phase element CPE (�F/cm2) Constant exponent n I.E. (%)

PPA Zn2+

0 0 943 578 0.60 –
100  0 1067 489 0.68 11

9 

2 

3

3

s
n
r
d
e
m
o
2
a
o
w
a
d

t
fi
T
s
o
T
p
o
a
p
c
s
n
2
t
6
T
F
F
r
o
o
1

F
i

0  75 2266 37
75  100 6271 45

.5. Surface examination studies

.5.1. X-ray photoelectron spectroscopy
XPS patterns of the protective films formed on the carbon steel

urface immersed in aqueous environment of 60 ppm chloride at
eutral pH in the absence and the presence of the inhibitor were
ecorded. The XPS were interpreted with the help of the literature
ata for various elements exhibiting peaks at characteristic binding
nergy levels. The XPS deconvoluted spectra of the individual ele-
ents for the above system (control) relating to chlorine, carbon,

xygen and iron are not shown in Figures. The peaks at 287.5 eV and
90.4 eV correspond to C 1s which appeared even in the absence of
ny inhibitor. These carbon peaks are due to residual carbon from
il vapours of the diffusion pump while recording the XPS spectrum
ith the instrument. Similar carbon peaks are reported in the liter-

ture in XPS spectrum for the same reason. These peaks appeared
ue to surface contamination [27–30].

The presence of adsorbed water molecules is reported to exhibit
he peak at 533.2 eV [31,32]. However, there is formation of a brown
lm consisting of oxides/hydroxides of iron on carbon steel surface.
herefore, the broad peak due to O 1s at 533.4 eV in the present
tudy also, can be interpreted to occur due to the presence of iron
nly, adsorbed H2O molecules and also oxides/hydroxides of iron.
his interpretation can be seen along with the interpretation of iron
eak discussed below. In the Fe 2p deconvoluted spectrum in case
f the control, two peaks appear for iron, one at 713.9 eV and that
t 727.1 eV. The former peak corresponds to Fe 2p3/2 and the latter
eak corresponds to Fe 2p1/2. The shifts in both the peaks from the
orresponding binding energy values of elemental iron are quite
ignificant. The peak due to Fe 2p3/2 is interpreted for the determi-
ation of chemical state of iron in the surface film. The peak of Fe
p3/2 at 713.9 eV is the one shifted from 707.0 eV, the characteris-
ic elemental binding energy of Fe 2p3/2 [33]. Such a large shift of
.9 eV, suggest that iron is present in Fe3+ state in the surface film.
he peak at 713.9 eV can also be ascribed to the presence of �-Fe2O3,
e3O4 and FeOOH [16,34–36]. The peak at 727.1 eV corresponds to
e 2p1/2 which also indicates the presence of iron oxides. The chlo-
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibitio
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

ine 2p1/2 peak at 201.11 eV indicates the presence of lower amount
f chlorine in the surface film. The XPS pattern of the surface film
f carbon steel immersed in 60 ppm chloride ions, 75 ppm PPA and
00 ppm Zn2+ ions for a period of 7 days is given in Fig. 7. The

ig. 7. XPS spectrum of the general survey of the inhibited surface film (60 ppm Cl−

ons + 75 ppm PPA + 100 ppm Zn2+ ions).
0.74 58
0.86 85

XPS deconvoluted spectra of the individual elements of phospho-
rous, carbon, oxygen, zinc, iron and chlorine are given in Fig. 8a–f.
Two peaks of P 2p3/2 are observed, one at 132.9 eV and 134.1 eV
(Fig. 8a). The shifts in the binding energy are noticed from 130 eV
for the P 2p3/2 and 131 eV for P 2p1/2 elemental binding energy
of phosphorous compounds and iron [14,37,38]. Labjar et al. [39]
had studied ATMP treated carbon steel surface by XPS spectra of P
2p and concluded that a binding energy of 133.5 eV and 132.8 eV
were attributable to the phosphonates, the other peak was mainly
attributed to CH2P(O)(OH)2 [40–42]. Kar and Singh have reported
that the phosphorous showed two peaks one at 139.1 eV and other
at 130.1 eV and identified that the shifts were due to presence of
phosphonate in NTP which leads to the formation of protective film
on the metal surface [43].

The binding energy of the FePO4 has been reported in the range
between 133.3 and 133.8 eV. The binding energies for phospho-
nates in the surface film for iron or steel immersed in solution
containing phosphonates, ortho phosphonates or poly phosphates
are also reported to be in the range between 132.9 and 133.8 eV
[37,38]. Therefore, the shift in the peak observed in the present
study is attributable to Fe–phosphonate complex. The C 1s spec-
trum has 3 peaks, one is the more intense peak at 284.7 eV and
other two are less intense peaks at 285.7 and 287.75 (Fig. 8b).
The presence of multiple peaks in the C 1s spectrum in the case
of the inhibitor can be attributed to various carbon environments
present in PPA. The intensity of the C 1s peaks in the presence of
the inhibitor is about twice as that of the peak in the case of control.
This interpretation can be supported from studies reported in the
literature [20,28,29,37].

In the O 1s spectrum, the peaks were observed at 530.6 eV and
531.8 eV (Fig. 8c). The O 1s peak observed at 530.6 eV is due to O2−,
the presence of O2− in the surface film may  be in the form of oxides
and hydroxides of Fe(III) [16,29,44]. The O 1s peak of high intensity
was observed at 531.8 eV. It may  be interpreted as follows. The XPS
of the surface film shows the presence of carbon, phosphorous, iron
and zinc. It means that PPA is present on the surface, zinc is present
as Zn2+ and the interpretation given in the case of Fe 2p indicates
the presence of Fe2O3, Fe3O4 and FeOOH. Hence, the O 1s peak
observed in the inhibited surface films can be ascribed to the pres-
ence of Zn(OH)2, Fe2O3, Fe3O4, FeOOH and/or Fe (OH)2 and oxygen
of PPA in the inhibited film [14,16,28,45]. The disappearance of the
peak at 533.4 eV (from control solution) in the case of the inhibitor
formulation indicates the absence of water molecules in the surface
film, as they have been replaced by the inhibitor molecules. When
the intensities of uninhibited (control solution) and inhibited one
are compared, the intensities found in the case of inhibited surface
film is more intense than in the case of control. This means that the
water molecules have been replaced by the inhibitor molecules.

The binding energy of Zn 2p3/2 is shifted from 1021.4 eV for ele-
mental zinc to 1022.4 eV and binding energy of Zn 2p1/2 is shifted
from 1044 eV to 1045.3 (Fig. 8d). The Zn 2p3/2 peak is normally
interpreted and ascribed to the presence of Zn(OH)2 in the inhibited
n behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

surface film and also to the involvement of Zn2+ in the complex
formation with PPA [28,46]. XPS deconvoluted spectrum of iron is
shown Fig. 8e. The Fe 2p3/2 peaks at 711.6 eV and 713.9 eV have
shifted from 707 eV for elemental iron. Similar shifts were also

dx.doi.org/10.1016/j.apsusc.2013.03.138
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3.5.2. FT-IR studies
The FT-IR spectrum of pure Propyl phosphonic acid is shown in

Fig. 9a. The stretching frequency made of P O band in the region
1380–1140 cm−1 and another band in the region 970–1188 cm−1.
Fig. 8. XPS deconvolution spectra of (a) P

bserved by Felhosi et al. and Karman et al. [31,32]. The Fe 2p1/2
eaks which have also shifted from 720 eV to 725 eV. The peaks are
ot due to Fe2+, Fe3+ oxides and hydroxides but also due to Fe2+/Fe3+

n complxation with PPA (inhibitor molecule). The absence of any
ron peak in this region in the present study also supports that
ron does not exist in the Fe2+ state. Paszternak et al., reported that
he Fe 2p3/2 and Fe 2p1/2 peaks were decomposed into two  main
ompounds; the metallic iron (Fe 2p3/2 at 707 eV and Fe 2p1/2 at
19.5 eV) and the mixture of Fe3+ and Fe2+ (Fe 2p3/2 at 711 eV and
e 2p1/2 at 724 eV) and confirmed the dominant chemical state in
he oxide is the Fe3+ in their alkyl phosphonated film on iron surface
47].

Along with the elements discussed above, the deconvoluted XPS
pectrum in the case of chlorine in inhibited surface is shown in
ig. 8f. A peak at 200.1 eV appeared for chlorine where as in the
ase of control, a low intensity chlorine peak is seen at 201 eV. Lab-
ar et al. have pointed out that a peak which appears at 713.8 eV is
ttributed to the presence of a small amount of FeCl3 on the metal
urface [39]. Moreover, Rossi and co-workers have suggested that
hlorine has been repelled by PO3

3− away from the metal surface
48]. This indicates the decreased adsorption of chlorine leading to
igher resistance against localized corrosion. The present study also
hows that the presence of smaller amounts of chlorine and subse-
uent adsorption of aggressive ions on metal surface is decreased
hereby allowing inhibitor molecules to cover the entire surface
nd protecting the metal. The results of the XPS clearly revealed
he shifts in binding energies for the elements P, C, O, Fe and Zn.
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibition
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

t is suggested that there is formation of an insoluble complex
y the inhibitor molecules. Fang et al., confirmed the presence of

 complex between Fe(II) and ATMP on the metal surface from
PS analysis. Thus, the protective surface film consists of mainly
 C 1s (c) O 1s (d) Zn 2p (e) Fe 2p (f) Cl 2p.

[Zn(II)–PPA] complex, Zn(OH)2, and small amounts of oxides and
hydroxides of iron. The complex formed may be chemisorbed on
the metal surface and got attached to the Fe(III) ions predominantly
[17]. From XPS, it is seen that the protective film is formed upon the
iron oxide film/layer, which is built upon iron metal. The inhibitor
molecules are seen to be distributed throughout the oxide layers.
From P 2p, it is clearly seen that the PPA is present in the protective
film.
 behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

Fig. 9. FTIR Spectra of (a) pure PPA, (b) surface film.

dx.doi.org/10.1016/j.apsusc.2013.03.138
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face immersed in 60 ppm Cl− ion solution indicating the formation
of iron oxides by the increased Rms  value 95 nm and �Z  value
of 579.2 nm. Fig. 12 shows one and 3-D images of carbon steel

Table 5
AFM parameters in different environments.

Environment Period of immersion AFM parameters

Rms value
(nm)

�Z value
(nm)

Polished metal – 12 7.15
Polished metal + 60 ppm 7 days 95 579.2
Fig. 10. AFM images and cross sec

he peak at 1139.72 cm−1 was assigned to P O group while the
eak at 993.16 was assigned to P OH group [49,50]. The FTIR
pectrum of 60 ppm Cl−, 75 ppm PPA and 100 ppm Zn2+ ions
surface film) is shown in Fig. 9b. In this case the inhibited surface
lm formed by the peak due to P O is shifted from 1139.72 cm−1

o 1058.73 cm−1. The P OH stretching located at 993.16 cm−1 has
isappeared. These results can be interpreted in terms of inter-
ction between P+ O− present in the phosphonate with metallic
pecies, viz., Zn(II) and iron to form P O Zn and P O Fe bonds.
his interpretation was also given by several authors, who worked
n corrosion inhibition of carbon steel by phosphonates [9,10,51].
his also suggests that phosphonates are coordinated with metal
ons resulting in the formation of [metal–phosphonate] complexes
n the surface. The peak at 1407.78 cm−1 indicates the presence
f Zn(OH)2 on the metal surface film [12]. The broad band of the
H stretching and bending mode of water or hydroxides within

he protective film appeared at 3405.67 cm−1. There are many
eak bands in the region between 1200–400 cm−1 and a peak

f high intensity appeared at 433.91 cm−1 implying the presence
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibitio
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

f ferric and ferrous oxides and hydroxide in the protective film
52,53]. The FTIR spectra suggests that what the protective film

ay  consist of [Fe(II)/Zn(II)–PPA], Zn(OH)2 and small amounts
xides and hydroxides of iron.
nalysis of polished metal surface.

3.5.3. Atomic force micrographs
Table 5 shows various AFM parameters obtained for the carbon

steel surface immersed in different environments. Fig. 10 shows
one and 3D AFM images of polished metal surface. Rms  value 12 nm
and �Z  value 7.15 nm when compared with other thin film coated
surface values indicate the absence of iron oxides on the smooth
surface. Fig. 11 shows one and 3-D images of polished metal sur-
n behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

Cl−

Polished metal + 60 ppm
Cl− + 75 ppm
PPA + 100 ppm Zn2+

7 days 52 152.5

dx.doi.org/10.1016/j.apsusc.2013.03.138


ARTICLE IN PRESSG Model

APSUSC-25428; No. of Pages 12

M. Prabakaran et al. / Applied Surface Science xxx (2013) xxx– xxx 9

f polis

i
i
i
i
b
s
c
p
l

3

s
t
i
F
m
p
F
i
s
d
c
H

3

f

Fig. 11. AFM images and cross section analysis o

mmersed in 60 ppm Cl− + 75 ppm PPA + 100 ppm Zn2+ ions solution
n which increased Rms  value 52 nm and �Z  value 152.5 represent-
ng the formation of protective thin film on the metal surface. These
ncreased values strongly imply the formation of an inhibitive film
y the addition of Zn2+ along with the phosphonic acid inhibitor
ystem on the metal surface. These results are confirmed by the
learly visible differences among the typical cross section analysis
rofile of the samples. Similar reports have been observed in the

iterature [16,54,55].

.5.4. Scanning electron microscopy
The SEM images of carbon steel containing 60 ppm Cl− ions are

hown in Fig. 13a. A SEM backscatter image of a carbon steel sample
hat had been exposed to an environment containing 60 ppm Cl−

ons, 75 ppm PPA and 100 ppm Zn2+ ions for seven days is shown in
ig. 13b and c. Fig. 13a shows an aggressive attack of the corroding
edium on the steel surface. It further shows that the corrosion

roducts appear very uneven and the surface layer is too rough.
ig. 13b and c reveals that SEM images of polished carbon steel
mmersed in the inhibitor solutions are in better conditions having
mooth surface. This indicated that the inhibitor molecules hin-
ered the dissolution of iron by forming protective film on the
arbon steel surface and there by reduced the rate of corrosion.
ence, the inhibitors protect carbon steel in control solution [17].
Please cite this article in press as: M. Prabakaran, et al., Corrosion inhibition
aqueous solution, Appl. Surf. Sci. (2013), http://dx.doi.org/10.1016/j.apsusc

.6. Mechanism of protection

A plausible mechanism of corrosion inhibition is proposed as
ollows,
hed metal surface immersed in control solution.

Carbon steel undergoes initial corrosion to form Fe2+ ions at the
anodic sites.

Fe → Fe2+ + 2e− (6)

Fe2+ further undergoes oxidation in the presence of oxygen
available in the aqueous solution.

Fe2+ [O2]−→Fe3+ + e− (7)

The corresponding reduction reaction at the cathodic sites in
neutral and alkaline media is:

O2 + 2H2O + 4e− → 4OH− (8)

Fe3+ ions produced at anodic areas and OH− ions produced at
cathodic area combine to form Fe(OH)3. Apart from Fe(OH)3, there
is formation of other oxides and hydroxides like FeOOH, �-Fe2O3,
etc., on the metal surface before the formation of protective film.

When, PPA and Zn2+ ions are added to the aqueous solution,
PPA react with Zn2+ to form a [Zn(II)–PPA] complex. This complex
diffuses to the metal surface and reacts with Fe2+/Fe3+ ions available
at the anodic sites to form [Fe(II)/Fe(III)/Zn(II)–PPA] complex which
covers the anodic sites and controls the corresponding reaction at
anodic sites.
 behavior of propyl phosphonic acid–Zn2+ system for carbon steel in
.2013.03.138

[Zn(II)–PPA] + Fe2+/Fe3+ → [Fe(II)/Fe(III)/Zn(II)–PPA] (9)

Free Zn2+ ions which are available in the bulk of the solution
diffuse to the metal surface and react with OH− ions produced at the

dx.doi.org/10.1016/j.apsusc.2013.03.138
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Fig. 12. AFM images and cross section analysis of polished metal surface immersed in 60 ppm Cl− ion + 75 ppm PPA + 100 ppm Zn2+ ions.

Fig. 13. SEM images of carbon steel immersed in (a) 60 ppm Cl− , (b) and (c) 60 ppm Cl− solution containing inhibitors 100 ppm Zn2+ + 75 ppm PPA.
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athodic sites to form a precipitate of Zn(OH)2.This precipitate gets
eposited on the cathodic sites and controls the cathodic reaction.

n2+ + 2OH− → Zn(OH)2 (10)

Thus, PPA and Zn2+ ions play a very important role in the syn-
rgistic effect in controlling corrosion through the formation of a
rotective film on the metal surface. Similar reports of complex
ormation have been observed in the literature [12,15,17].

. Conclusion

1) Showed an excellent synergistic effect in the PPA–Zn2+ system.
2) The binary system 75 ppm PPA and 100 ppm Zn2+ is effective

and has 90% IE.
3) The binary inhibitor system is effective in the pH range 6–8.
4) The inhibitor formulation acts as a mixed inhibitor predomi-

nantly cathodic in nature.
5) In presence of the inhibitor, the charge transfer resistance is

significantly increased. The double layer capacitance of surface
film is markedly decreased.

6) The protective film may  consists of [Fe(III)/Fe(II)/Zn(II)–PPA]
complex, Zn(OH)2, hydroxides and oxides of iron.

7) This multi component formulation consisting of PPA and Zn2+

can be used as a potential inhibitor to prevent the corrosion of
carbon steel in near neutral aqueous media.
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