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1.  Introduction

Carbon steel is the primary building material for industrial cooling water systems.[1] 
Corrosion of carbon steel is one of the major challenges in such systems. Corrosion is the 
deterioration of materials by chemical interaction with their environment. The corrosion in 
cooling water systems deeply affects the health of human being and economic level of the 
world. The use of inhibitors is one of the most economical and convenient methods of reduc-
ing corrosive attack on metals.[2,3] The inhibitors are tremendously effective even in very 
small concentrations and efficiently reduce the corrosion rate. The use of organic molecules 
as corrosion inhibitor is one of the most practical methods for protecting against the corro-
sion and it is becoming increasingly popular.[4] Commonly, organic molecules containing 
nitrogen, sulfur, oxygen, phosphorus, and aromatic rings or multiple attachments in their 
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2    M. Prabakaran et al.

molecular structure have been accounted to be efficient inhibitors.[5–7] These compounds 
get adsorbed onto the surface of metal from the bulk of environment, forming a protective 
film on the metal surface.[8] The inhibition efficiency increases in the order O < N < S < P.[9] 
This trend is probably linked to the disposition of an atom to donate electrons and is hence 
related to the electronegativity of the atom. Oxygen has the highest electronegativity value 
(3.44) and thus it receives the least propensity to donate electrons while phosphorus has the 
least electronegativity value (2.19) and has the highest tendency to donate electrons. The 
common corrosion inhibitors such as chromates,[10] nitrites,[11] and aromatic heterocyclic 
compounds [12] are environmentally hazardous. The replacement of these inhibitors with 
new environment-friendly materials is essential. Amino acids are naturally occurring, non-
toxic, biodegradable, relatively inexpensive, and completely soluble in aqueous media. Amino 
acids were reported as good corrosion inhibitors for many metals in different aggressive 
media.[13–17] The environment-friendly aspartic acid is chosen as the corrosion inhibitor 
for this present work. Aspartic acid (AS) used as a corrosion inhibitor for brass in aqueous 
sodium chloride solution has been reported in the literature [18]. Kolata and Silverman 
[19] showed the corrosion inhibition of steel by aspartic acid. Also aspartic acid has been 
reported as a corrosion inhibitor for brass,[18] copper,[20] aluminum,[21], and cobalt.[22] 
Synergism has become an increasingly important phenomenon and serves as the basis for 
most modern corrosion inhibiting formulations. Synergistic effect existing among amino 
acid and Zn2+ on the corrosion inhibition of metals has been studied in the literature[18]. So, 
the synergistic effect of Zn2+ ions on the capability of amino acid has also been examined in 
order to ascertain the specific manner in which the compound exerts its inhibiting action.

In the present work, the inhibitive effect with a new organic inhibitor viz. AS and Zn2+ 
ions in controlling the corrosion of carbon steel in neutral aqueous environment contain-
ing low chloride has been studied by the gravimetric studies. The corrosion inhibition was 
further investigated by means of electrochemical studies, viz. potentiodynamic polarization 
and electrochemical impedance spectroscopy (EIS). Surface characterization studies, viz. 
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to 
examine the nature of protective film formed on the metal surface. A plausible mechanism 
of corrosion inhibition is proposed.

2.  Experimental

2.1.  Materials

In all the studies, the specimens were chosen from a single sheet of carbon steel with the 
following composition: 0.026% S, 0.035% P, 0.58% Mn, 0.104% C and the rest iron. For gravi-
metric measurements and FTIR, the specimens with dimensions of 3.5 cm × 1.5 cm × 0.2 cm, 
were polished to a mirror finish with 1/0, 2/0, 3/0, 4/0, 5/0, and 6/0 emery polishing papers, 
respectively, degreased with acetone, and dried. The dimensions of the specimens are 
1.0 cm × 1.0 cm, and 0.2-cm thickness of the electrode was encapsulated by araldite paste and 
the effective exposed surface area is 1 cm2 was used for electrochemical studies. Specimens 
with dimensions 1.0 cm × 1.0 cm × 0.2 cm were used for surface examination studies.

The molecular structure of AS is shown in Figure 1. The tested compound, namely 
AS purchased from Sigma-Aldrich was used without further purification. Zinc sulfate 
(ZnSO4·7H2O), sodium chloride, and other reagents were analytical grade chemicals. All 
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the solutions were prepared using triple distilled water. For all these studies, an aqueous 
solution of 60 ppm chloride has been chosen as control because the water used in cooling 
water systems is generally either demineralized water or unpolluted surface water

2.2.  Gravimetric studies

The carbon steel specimens of volume 3.5 cm × 1.5 cm × 0.2 cm were abraded consecutively 
with different grades of emery papers (1/0, 2/0, 3/0, 4/0, 5/0, and 6/0) washed with triple 
distilled water, cleaned with acetone, dried, and kept in moisture-free desiccator. After 
being weighed accurately by a Mettler balance, AE 240 model with high sensitivity, the 
specimens were immersed in control solution with and without various concentrations of 
the inhibitor formulations at room temperature. After 7 days of immersion, the specimens 
were taken out, rinsed thoroughly with triple distilled water, dried, and weighed accurately 
again. Experiments were carried out in triplicate. The average weight loss ∆W (mg) was 
calculated using the following equation:

where W1 and W2 are the average weight of specimens before and after immersion, 
respectively.

2.3.  Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

Inductively coupled plasma-optical emission spectrometer was used to analyze the gravi-
metric solutions. The collected gravimetric solutions were analyzed for the presence of Fe, 
Zn, and P in the test solution after the immersion of carbon steel in the control and inhibitor 
solution for seven days using Optima 5300 DV, Perkin Elmer.

2.4.  Electrochemical studies

The electrochemical experiments, viz. potentiodynamic polarization and electrochemical 
impedance spectroscopy, were performed using CHI Electrochemical analyzer model 760D 
and the experimental data were analyzed by the use of EC-Lab software. The analyzer had 

(1)ΔW = W1 −W2

Figure 1. Molecular structure of AS.
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a three-electrode cell setup having a carbon steel working electrode (WE) embedded in a 
Teflon holder with exposed surface area of 1.0 cm2 in corrosive environment, a saturated 
calomel electrode (SCE) as reference electrode, and a platinum wire as counter electrode 
(CE). The reference electrode was placed close to the working electrode to minimize IR 
contribution. The working electrode was first immersed in the test solution for 1  h to 
establish a steady-state open circuit potential (Eocp). After measuring the open circuit poten-
tial, potentiodynamic polarization curves were obtained with a scan rate of 1 mV/s in the 
potential range between ± 200 mV relative to the Eocp. Corrosion current density values 
were obtained by the Tafel extrapolation method at points 50 mV more positive and more 
negative than the corrosion potential (Ecorr). From the Tafel extrapolation method, other 
electrochemical parameters such as corrosion potential, anodic Tafel slope, and cathodic 
Tafel slope were also obtained. The inhibition efficiencies (IEp) were calculated from Icorr 
values using the following relation:
 

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

EIS experiments were performed at a potential open circuit in the frequency range from 
100 kHz to 80 mHz, with a signal amplitude perturbation of 5 mV. The electrochemical 
impedance parameters such as charge transfer resistance (Rct), constant phase element 
(CPE), and CPE exponent (n) were obtained from Nyquist plots. The inhibition efficiencies 
(IEi) were calculated using the following equation:

 

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

the inhibitor, respectively.

2.5.  Surface examination studies

The nature of the protective film formed on the surface of the carbon steel specimen was 
characterized by XPS, FTIR, SEM, and AFM.

2.5.1.  X-ray photoelectron spectroscopy
XPS measurements of the protective films were performed an AXIS 165 from the Kratos 
analytical photoelectron spectrometer. The carbon steel specimens were irradiated with 
the monochromated Al Kα X-ray source (hv = 1486.6 eV) operated at 100 W. The spectra 
were recorded at an electron take-off angle of θ = 90°. Deconvolution spectra were recorded 
with an analyzer pass energy of 80 eV, with a step of 0.1 eV for the elements of interest 
namely Fe 2p, O 1s, C 1s, N 1s and Zn 2p. Binding energies 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)IEP(%) =

[

Icorr − I
�corr

Icorr

]

× 100

(3)IEI(%) =

[

R
�
ct
− Rct

R
�
ct

]

× 100
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2.5.2.  FTIR spectra
FTIR spectra were recorded with a frequency ranging from 4000 to 400 cm−1 with a reso-
lution of 4 cm−1. The FTIR spectra of pure AS and the protective film were recorded by the 
use of the KBr pellet method using JASCO 460 plus model instrument.

2.5.3.  Scanning electron microscopy
The polished carbon steel specimens were immersed in solutions containing 60 ppm chlo-
ride ions in the absence and in the presence of the inhibitor formulation. After 7 days, the 
carbon steel specimens were taken out, washed with triple distilled water and dried. The SEM 
photographs of the surfaces of the carbon steel specimens were obtained using a VEGA3 
TESCAN model scanning electron microscope with a resolution of 3.5 nm.

2.5.4.  Atomic force microscopy
The protective films were examined with AFM images using NTEGRA PRIMA–NTMDT, 
Ireland. AFM topographical images of the entire samples for a scanned area of 10 × 10 μm. 
The three- and two-dimensional topography of surface films gave various roughness param-
eters of the protective film i.e., root mean square (RMS) value.

3.  Results and discussion

3.1.  Gravimetric measurements

In general, the efficiency of an organic substance as an inhibitor for metallic corrosion 
depends on the structure and the concentration of the inhibitor, the nature of the metal, 
and the other experimental conditions.[19] The corrosion rate CR (mgdm−2 days−1) and the 
values of inhibition efficiency IEg (%) obtained from gravimetric measurements of carbon 
steel after 7 days of immersion in control solution containing 60 ppm chloride ions with 
and without the addition of various concentrations of the inhibitor formulations is shown 
in Table 1. The values of CR and IEg were calculated using the following equations
 

(4)CR(mdd) =
[

ΔW

St

]

× 100

Table 1. Corrosion rate (mdd) and inhibition efficiencies (%) of carbon steel in the absence and presence 
of inhibitor system (AS–Zn2+) obtained by gravimetric studies.

Note: Bold values indicate the higher inhibition efficiency.

AS (ppm)

Zn2+ (ppm)

0 10 20 50 75 100 125 150

CR IE CR IE CR IE CR IE CR IE CR IE CR IE CR IE
0
10 9.54 28 2.53 81 1.90 86 8.18 38 6.33 52 8.08 39 7.48 44
25 8.84 34 1.37 90 2.72 80 8.21 38 7.12 46 5.71 57 5.23 61
50 9.20 31 1.57 88 0.94 93 6.27 53 5.41 59 6.59 50 5.64 58
75 9.92 25 1.66 88 1.46 89 3.13 76 4.82 64 5.01 62 5.74 57
100 8.99 32 1.24 91 0.52 96 2.07 84 2.10 84 2.17 84 5.16 61
150 8.220 38 0.93 93 0.72 95 4.37 67 3.92 71 1.56 88 7.32 45
200 7.78 41 1.64 88 0.62 95 5.29 60 4.65 65 2.07 84 8.22 38
250 8.65 35 1.35 90 0.72 95 6.49 51 6.57 51 1.34 90 6.26 53
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6    M. Prabakaran et al.

 

where ∆W  (mg) is the weight loss, S  (dm2) is the surface area, t  (days) is the immer-
sion period, CR0 and CRI are corrosion rates in the absence and the presence of inhibitor, 
respectively.

The carbon steel was immersed in control solution in the absence and presence of various 
concentrations of the AS (10–250 ppm) and Zn2+ (10–150 ppm). The results of the gravimet-
ric studies using the inhibitor system AS–Zn2+ at various concentrations of both constituents 
are shown in Figure 2. Initially, carbon steel corroded in control solution and showed a 
very high corrosion rate with the heavy metal loss. The corrosion rate decreased and the 
inhibition efficiency increased appreciably by the addition of 50 ppm Zn2+ and 100 ppm 
AS and the efficiency reached up to 96%. It is evident from gravimetric result that AS by 
itself is a poor corrosion inhibitor. Addition of Zn2+ ions to control solution accelerated the 
corrosion of carbon steel and the maximum acceleration was observed at 150 ppm Zn2+ ion 
concentration. However, a combination of AS and Zn2+ ion exhibited interesting behavior. 
In the combination consisting of 10 ppm Zn2+ ions and AS 10–250 ppm, corrosion inhibi-
tion was observed. The formulation consisting of 10 ppm Zn2+ and 100 ppm AS shows an 
inhibition efficiency of 32%. But, with increasing concentration of AS, keeping Zn2+ ions at 
10 ppm, the inhibition efficiency was found to decrease. A similar trend was observed even 
in the other concentrations of Zn2+ ions, viz. 20–150 ppm. On increasing the concentration 
of Zn2+ from 10 to 20 ppm, the inhibition efficiency of 91% was obtained at 100 ppm AS. 
Increasing the concentration of Zn2+ ions, keeping AS at 100 ppm, the inhibition efficiency 
was found to increase. With the increasing concentration of AS beyond 100  ppm, the 
inhibition efficiency decreased. The combination containing 50 ppm Zn2+ and 100 ppm 
AS has achieved high inhibition efficiency (IE) of 96%. In this way, a synergistic corrosion 
inhibition effect is noticed. After this concentration, no appreciable change in efficiency 
was observed. It can be interpreted that low concentrations of Zn2+ are insufficient to form 

(5)IEg(%) =

[

CR0 − CRI

CR0

]

× 100

Figure 2. Inhibition efficiency as a function of the concentration of AS.
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a protective film with AS on the carbon steel surface. At lower concentrations of Zn2+, the 
AS is precipitated as AS–Zn2+ complex in the bulk of the solution. AS is not transported 
towards the carbon steel surface. Only on increasing concentrations of Zn2+ from 50 ppm 
to 150 ppm, the maximum efficiency 90% is obtained. A thin multicolored protective sur-
face film is observed on the surface of the carbon steel during the gravimetric studies. The 
synergistic combination of 50 ppm Zn2+ and 100 ppm AS offered the maximum inhibition 
efficiency of 96%. The anodic reaction is controlled by the formation of Fe2+–AS complex 
at the sites on the carbon steel surface. The cathodic reaction is controlled by the formation 
of Zn(OH)2 on the cathodic sites on the carbon steel surface.

3.2.  Effect of pH

The inhibitor system containing AS (100 ppm) and Zn2+ (50 ppm) was selected for further 
studies at the pH range of 3–11 because of its good inhibition efficiency. The effect of pH 
on the corrosion inhibition efficiency of 100 ppm AS and 50 ppm Zn2+ ions is shown in 
Figure 3. It is evident from the results obtained that the inhibition efficiency decreases on 
increasing the pH from 7.0 to 9.0 in alkaline medium and also on decreasing the pH from 
5.0 to 3.0. The highest inhibition efficiency could be obtained in the pH range 5.0–7.0. 
However, interestingly, the corrosion inhibition efficiency again increases from pH 10.0 
to 11.0. This is due to formation of sodium zincate over the metal surface, protecting the 
metal due to passivation. This inhibitor formulation is effective in the pH range 5.0–7.0 
and also at pH 11.0.

3.3.  Inductively coupled plasma-optical emission spectroscopy

The solution containing 60 ppm chloride, 100 ppm AS, and 50 ppm Zn2+ ions in which 
carbon steel specimens were immersed for 7 days was analyzed for Fe and Zn2+ by ICP-OES. 
Inspection of obtained results, given in Table 2, clearly shows that the concentration of iron 

Figure 3. Effect of pH.
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8    M. Prabakaran et al.

in the solution without inhibitor was very high, the presence of the inhibitor solution limited 
the passage of the iron in solution. Indeed, the obtained value of inhibition efficiency is in 
good agreement with that obtained using gravimetric measurements. The results show that 
out of 50 ppm Zn2+ ions, 45.80 ppm Zn2+ ions have diffused from the bulk of the solution 
and adsorbed on the metal surface. The results show that an appreciable amount of Zn2+ 
ions has diffused from the bulk of the solution to the metal surface and incorporated in 
the protective film.

3.4.  Electrochemical impedance spectroscopy

Impedance method provides information about the kinetics of the electrode process and 
simultaneously about the surface properties of the investigated systems. Mechanistic infor-
mation about the reaction at the surface can be explained from the shape of the Nyquist 

Table 2. The analysis results of the solution immersion by ICP-OES.

Sample Fe (ppm) IE (Mi – Mf)/Mi % Zn (ppm)
Control solution Mi = 40.00 – Before immersion of metal specimen 50.00
AS–Zn2+ Mf = 2.20 95 After immersion of metal specimen for 7 days 4.20

Figure 4. Nyquist plots for carbon steel immersed in different test solutions.

Table 3. Tafel parameters obtained from potentiodynamic polarization studies of carbon steel immersed 
in the absence and in the presence of inhibitor system.

Concentration 
(ppm)

Tafel parameters

AS Zn2+ Ecorr (mV/SCE) Icorr (μA/cm2) βa (mV/decade) βc (mV/decade) IEP (%)
– – −487.62 22.68 209 212 –
– 50 −633.83 23.30 208 209 –
100 – −557.60 13.55 235 187 40
100 50 −578.01 1.57 157 148 93
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plots. This method is most widely used to study the corrosion inhibition process.[20] 
Nyquist plots of carbon steel in control solution with and without inhibitor formulations 
are presented in Figure 4. The charge transfer resistance (Rct) and double layer capacitance 
(Cdl) were the parameters obtained from the impedance spectroscopy. The inhibition effi-
ciencies (IEi) were calculated using the following equation:
 

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

of the inhibitor, respectively. The calculated impedance parameters are given in Table 3. 
In the case of the electrochemical impendence spectroscopy, inhibition efficiency (IEI) is 
calculated by charge transfer resistance using the Equation 3. The double layer capacitance 
(Cdl) and the frequency at which the imaginary component of the impedance is maximum 
(−Zmax) are represented in the equation

where ω = 2πfmax
From Nyquist plots in Figure 4, it is clear that the impedance diagrams in most cases do 

not show a perfect semicircle. This behavior can be attributed to the frequency dispersion 
as a result of inhomogeneities of the electrode surface.[21] These curves are dispersed in 
nature. Also, these curves show a single semicircle indicating the occurrence of a single 
charge transfer reaction. Li et al.[22], have observed this type of dispersed semicircles and 
reported that this kind of phenomenon is called the dispersing effect. All the Nyquist plots 
obtained in the present study are characterized by a single time constant. Figure 5 is the 
equivalent circuit used to fit the EIS data. Such an equivalent circuit was also discussed by 
several researchers [23–25] who obtained similar depressed semicircles with single time 
constant. In this equivalent circuit, Rs represents the solution resistance between the refer-
ence and working electrode, Rct represents the charge transfer resistance corresponding to 
the corrosion reaction at the metal/electrolyte interface and CPE represents the constant 
phase element describing the interface double layer. CPE is substituted for the respective 
capacitor of Cdl in order to fit the depressed semicircles better.[26]

(4)IEI(%) =

[

R
�
ct
− Rct

R
�
ct

]

× 100

(5)Cdl = 1∕�Rct

Figure 5. Equivalent electrical circuit used to fit the Nyquist plots.
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10    M. Prabakaran et al.

The impendence of CPE is defined as
 

where Yo is the magnitude of the CPE, j is the imaginary root, ω is the angular frequency, 
and n is the CPE exponent which gives details about the degree of surface inhomogeneity 
resulting from surface roughness, inhibitor adsorption, porous layer formation, etc.[27] 
Depending on the value of exponent n, ZCPE represents a resistance with R = Y−1; for n = −1, 
an inductance with C = Y.[28] The value range of a real electrode of n is often between 0 
and 1. The smaller the value of n, the rougher the electrode surface and the more serious, 
the corrosion of the electrode.[29]

In the present study, the surface film formed in the presence of the synergistic combi-
nation containing AS (100 ppm) and Zn2+ ions (50 ppm) has an Rct value of 12,854 Ω cm2, 
which is higher than the values of the Rct obtained in the presence of the individual con-
stitutents, i.e., 1248 Ω cm2 for 100 ppm AS and 790 Ω cm2 for 50 ppm Zn2+ ions. A larger 
value of Rct implies the high inhibition efficiency, giving consequently a decrease in the 
corrosion rate. The corrosion inhibition efficiency of the synergistic combination obtained 
from impedance studies is 93%, which is in agreement with the efficiency obtained from the 
gravimetric studies. The CPE value of the metal/solution interface was 582 μF cm−2 in the 
absence of the inhibitor. A decrease in the CPE value (198 μF cm−2) of the metal/solution 
interface is obtained in the presence of the inhibitor. The high CPE value is due to a large 
increase in the surface area caused by the presence of corrosion products on the carbon steel 
surface. Thus, for the inhibited solution a decrease in the CPE value can be explained by a 
decrease in the quantity of the corrosion products due to increase in the inhibition effect. 
Decrease in the capacitance, which can result from a decrease in the local dielectric constant 
and/or an increase in the thickness of the electrical double layer, strongly suggests that the 
inhibitor molecules adsorbed at the metal/solution interface.[30] The value of n consider-
ably increases to 0.94 in the presence of the inhibitor system, suggesting a decrease of the 
inhomogeneity of the interface during the inhibition process. These results indicated that 
there is a formation of protective film at the metal/solution interface.[31] The impedance 
result of the present study also implies the synergistic action operating between AS and Zn2+. 
This is in agreement with the inferences drawn from gravimetric studies and EIS studies.

3.5.  Potentiodynamic polarization studies

Potentiodynamic polarization measurements were carried out in order to gain knowledge 
concerning the kinetics of the anodic and cathodic reactions. Polarization experiments 
were carried out potentiodynamically in control solution in the absence and presence of 
various inhibitor combinations and the obtained polarization curves are shown in Figure 
6. The corrosion kinetic parameters derived from these curves are presented in Table 4. 
The corrosion potential (Ecorr) in the case of the control is −537 mV versus SCE and the 
corresponding corrosion current density (icorr) is 22.87 μA/cm2. AS alone shifts the Ecorr 
value to a more anodic side. In the presence of AS alone, the icorr value is reduced slightly to 
16.35 μA/cm2. The shift in anodic Tafel slope (βa) is greater than the shift in cathodic Tafel 
slope (βc) in the presence of AS alone. When Zn2+ is considered, 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 AS, Zn2+ increased the rate of corrosion as implied by an 

(6)ZCPE = Y
−1
o
(j�)−n
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increase in corrosion current density. In the presence of Zn2+, the increase in corrosion 
current density leads to increase in corrosion rate.[32] From the polarization curves shown 
in Figure 6, it is clear that the combination of AS (100 ppm) and Zn2+ (50 ppm) significantly 
decreased corrosion current density values when compared to the control and also individ-
ual components. There is a slight shift in corrosion potential to a more cathodic side, and 
the shift in cathodic Tafel slope is greater than the shift in anodic Tafel slope. The corrosion 
current density is significantly decreased from 22.87 to 2.28 μA/cm2, corresponding to an 
inhibition efficiency of 90%. Thus, the synergistic mixture of 100 ppm of AS and 50 ppm 
of Zn2+ is proved to be an effective corrosion inhibitor for carbon steel. An inhibitor can be 
classified as an anodic or cathodic type when the change in Ecorr value is larger than 85 mV. 
But in the present study, the maximum displacement is 5 mV/SCE in AS and Zn2+ ions 
system, which indicates that the inhibitor acts as a mixed-type inhibitor. On the other hand, 
the anodic and cathodic slope values of inhibited solution have changed with respect to 
uninhibited solution which also reiterates that the inhibitor is a mixed-type inhibitor. The 
obtained protection efficiency values are in good correlation with the values of gravimetric 
measurements and electrochemical impedance spectroscopy.

Figure 6. Potentiodynamic polarization curves for carbon steel immersed in different test solutions.

Table 4. Impedance parameters obtained from the AC impedance spectra of carbon steel immersed in 
the presence and absence of inhibitor system.

Concentration (ppm)

Rct (Ωcm2) CPE (μF/cm2) n IE (%)AS Zn2+

0 0 958 582 0.78 –
0 50 781 681 0.84 –
100 0 1840 302 0.92 48
100 50 12,154 172 0.94 92
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3.6. Surface examination studies

3.6.1.  X-ray photoelectron spectroscopy
XPS is mostly used to determine the composition of the protective film on the metal sur-
face.[33] XPS provides binding energy data permitting identification of elements or groups 
contained in the film being studied. In the XPS experiment, basically the surface of the 
sample is irradiated by a source of X-rays under ultra-high vacuum conditions (10–9 to 
10–10 torr). The photoelectrons which result due to photoionization on the sample surface 
have a kinetic energy (Ek) which is expressed by Einstein’s equation:

Figure 7. XPS spectrum of the general survey of the inhibited surface film (60 ppm Cl− inos + 100 ppm 
AS + 50 ppm Zn2+ions).

Figure 8. XPS deconvolution spectra of (a) C 1s (b) O 1s (c) N 1s (d) Fe 2p (e) Zn 2p (f ) CI 2p.
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where hν is the energy of the incident beam, Eb is the binding energy of the photoelec-
trons and Φ is the work function of the spectrometer. The excited core electrons have 
different kinetic energies depending on their binding energies. The identification of the 
given electron can be done using the binding energy of that electron. The intensity of the 
beam observed depends on the concentration of atoms on the surface. XPS spectra were 
acquired by recording the total electron current vs. kinetic energy in a computer system. 
Wide spectra covering the binding energy ranging from 0 to 1100 eV can be recorded for 
identifying the elements of the unknown sample. The binding energies of the intense lines 
present in the spectrum are then compared with the values reported in the literature. Even 
for the electrons of inner core shells, the binding energies are considerably affected by the 
oxidation state which changes the effective field force of the nucleus. This change in shift is 
called the chemical shift and it ranges from 0.1 to 10 eV. An extensive list of chemical shifts 
for various oxidation states for most of the elements has been compiled and is available in 
the literature[34]. This information on chemical states from the binding energy variation 
of photoelectron lines gives XPS a major advantage over other techniques.

In the present study, XPS patterns of the protective film formed on the carbon steel sur-
face immersed in an aqueous environment of 60 ppm chloride at neutral pH in the absence 
and the presence of the inhibitor were recorded. The XPS pattern was interpreted with the 
help of the literature data for various elements exhibiting peaks at characteristic binding 
energy levels. The XPS patterns of the individual elements for the above system relating to 
chlorine, carbon, oxygen, and iron are not shown in figures. The Cl 2p1/2 peak appeared at 
201.11 eV. The peaks at 287.5 and 290.4 eV correspond to C 1s which appeared even in the 
absence of any inhibitor. These carbon peaks are due to residual carbon from oil vapors of 
the diffusion pump while recording the XPS spectrum with the instrument. Similar carbon 
peaks are reported in the literature in the XPS spectrum for the same reason. These peaks 
appeared due to surface contamination.[35–38] The presence of adsorbed water molecules 
is reported to exhibit the peak at 533.2 eV.[39–41] However, there is a formation of a brown 
film consisting of oxides/hydroxides of iron on the iron surface. Therefore, the broad peak 
due to O 1s at 533.4 eV in the present study can be interpreted to occur due to the presence 
of not only the adsorbed H2O molecules but also oxides/hydroxides of iron. This interpreta-
tion can be seen along with the interpretation of the iron peak discussed below. Two peaks 
appeared for iron, one at 713.9 eV and the other at 727.1 eV. The former peak corresponds 
to Fe 2p3/2 and the latter peak corresponds to Fe 2p1/2. The shifts in both the peaks from the 
corresponding binding energy values of elemental iron are quite significant. These shifts are 
due to the formation of iron oxides/hydroxides on the carbon steel surface.

The XPS pattern of the protective surface film of carbon steel specimen immersed in 
60 ppm chloride ions, 100 ppm AS, and 50 ppm Zn2+ for a period of 7 days is also given 
in Figure 7. The XPS deconvoluted spectra of the individual elements of carbon, oxygen, 
nitrogen, iron, zinc, and chlorine are given in Figure 8(a)–(f).

The C1s spectrum has three peaks; one is the more intense peak at 284.62 eV and other 
two are less intense peaks at 285.94 and 288.13 (Figure 8(a)). The shift from 285 eV, which 
is characteristic for elemental carbon. 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 the 
AS. The intensity of the C 1s peaks in the presence of the inhibitor is about twice as that of 

(7)Ek = h�Eb − �
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the peak in the case of control. This interpretation can be supported from studies reported 
in the literature[24,36,37,42]. Labjar et al. [43] had studied ATMP-treated carbon steel 
surface by XPS spectra of C 1s which showed three peaks and concluded that a binding 
energy of 284.7 eV was attributable to the C–H, the second peak may be assigned to the 
C–N bond in the ATMP ring at 286.7 eV, the last peak may be ascribed to the C–O or C–P 
in the ATMP ring at 288.9 eV.

In the O 1s spectrum, the peaks were observed at 530.75 and 532.30 eV (Figure 8(b)). 
The O 1s peak observed at 530.75 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).[37,44]. The peak at 532.30 eV may 
be due to the coordination of oxygen to the metal ion resulting in complex formation. 
Similar findings were reported by Felhosi et al. [39] and Karman et al. [40] The O 1s peak 
of high intensity was observed at 530.75 eV. It may be interpreted as follows. The XPS of the 
surface film shows the presence of carbon, iron, and zinc. It means that AS 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 presence of Zn(OH)2, Fe2O3, Fe3O4, FeOOH and/or Fe 
(OH)2 and oxygen of AS in the inhibited film.[36,44,45] Ochoa et al. [42] interpreted that 
the O 1s peak at 533.2 eV corresponds to O=C group which is bonded to iron surface. It 
may also be due to the presence of the adsorbed H2O molecules.

Figure 8(c) shows the N 1s peaks in the XPS spectrum of the surface film, one at 398.79 eV 
and another at 402.23 eV. This peak is shifted from the characteristic elemental binding 
energy value of 398.0 eV for nitrogen.[46] This shift may be attributed to the presence of 
AS molecules in the surface film in the form of a complex with Fe(III) and Zn(II).[47] 
Meneguzzi et al. [48] reported that the peak at 399.9 eV could be attributed to the neutral 
imine (–N=) and amine (–N–H) nitrogen atoms. Li et al. [49] reported that the peaks at 
401.3 and 402.8 eV can be assigned to protonated amine. Therefore, the peak that appeared at 
402.23 eV in the present study may be due to absorbed and complexes AS through nitrogen.

The XPS spectrum of Fe 2p in the case of the inhibitor formulation is shown in Figure 
8(d). It shows two peaks, one with a lower binding energy value (711.38 eV) correspond-
ing to Fe 2p3/2 electron and the other one with a higher binding energy value (724.51 eV) 
corresponding to Fe 2p1/2 electron. The peak due to Fe 2p3/2 is interpreted for the determi-
nation of the chemical state of iron in the surface film. The Fe 2p3/2 peak at 711.38 eV has 
shifted from 707 eV for elemental iron.[34] The Fe 2p1/2 peak has also shifted from 720 to 
724.51 eV. Similar shifts were also observed by Felhosi et al. and Karman et al. [39,40] Such 
a large shift suggests that iron is present in Fe3+ state in the surface film. This shift may be 
ascribed to the presence of iron in the Fe3+ state in the form of Fe(OH)3, FeOOH, γ-Fe2O3, 
and [Fe(III)–AS] complex.[44,46,50] The binding energy of Fe2+ state in iron oxides is 
reported to be around 708.5 eV.[41] The absence of any peak in this region in the present 
study also supports that iron does not exist in Fe2+, but in Fe3+ state in the surface film. 
Paszternak et al., reported that the Fe 2p3/2 and Fe 2p1/2 peaks were decomposed into two 
main compounds; the metallic iron (Fe 2p3/2 at 707 and Fe 2p1/2 at 719.5 eV) and the mix-
ture of Fe3+ and Fe2+ (Fe 2p3/2 at 711 and Fe 2p1/2 at 724 eV) and confirmed the dominant 
chemical state in the oxide is the Fe3+ in their alkyl phosphonated film on iron surface.[51]

Figure 8(e) shows the Zn 2p spectrum, the peaks that were observed at 1021.4 and 
1044.84 eV. The binding energy of Zn 2p3/2 is shifted from 1021.4 eV for elemental zinc to 
1022 eV and the binding energy of Zn 2p1/2 is shifted from 1044 to 1044.84 eV. Aramaki 
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reported the Zn peak at 1022.7 and 1021.7 eV in the spectra of Zn 2p3/2 and concluded that 
the surface layer consisted of Zn(OH)2 at the outer layer and ZnO at the inner part mostly.
[52] Aramaki [53] studied the effect of sodium phosphate on protective films on a zinc 
electrode by XPS where the Zn peak of Zn(OH)2, appeared at 1022.8 eV. In the present study 
also Zn 2p3/2 peak appeared at 1022.13 eV, which confirms the formation of Zn(OH)2.[52] 
This peak may also be due to the involvement of Zn(II) in complex with AS.

Along with the elements discussed above, the deconvoluted XPS spectrum in the case of 
chlorine in inhibited surface is shown in Figure 8(f). A peak at 199.09 eV appeared for chlo-
rine whereas in the case of control, a low-intensity chlorine peak is seen at 200.80 eV. This 
indicates the decreased adsorption of chlorine leading to higher resistance against localized 
corrosion. The present study also shows that the presence of small amounts of chlorine and 
subsequent adsorption of aggressive ions on metal surfaces is decreased, thereby allowing 
inhibitor molecules to cover the entire surface and protecting the metal.

After consolidating all the inferences drawn from the XPS of individual elements (Fe, 
N, C, O, Zn and Cl) present in surface films, it is suggested that the surface film consists 
of mainly [Zn(II)–AS] complex, Zn(OH)2, and small amounts of oxides / hydroxides of 
Fe(III) in the case of the inhibitor system. The complex may be chemisorbed on the metal 
surface and got attached to the Fe(III) ions.[54]

3.6.2.  Fourier transform infrared spectroscopy
FTIR spectra have been used to analyze the protective film formed on the metal surface. 
The FTIR spectrum of KBr pellet of pure AS is shown in Figure 9(a). The C=O stretching 
frequency of carboxyl group appears at 1689 cm−1. The C–N stretching frequency appears 
at 1139 cm−1. The N–H stretching frequency of the amine group appears at 3139 cm−1.
[55] The FTIR spectrum of AS with Zn2+ is shown in the Figure 9(b). The C=O stretching 
frequency has shifted from 1689 to 1618 cm−1. The C–N stretching frequency has shifted 
from 1139 to 1018 cm−1. The N–H stretching frequency has shifted from 3139 to 3252 cm−1. 
The peak at 1401 cm−1 indicates the presence of Zn(OH)2 on the metal surface film.[56] 

Figure 9. FTIR spectra of (a) pure AS and (b) surface film.
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The broad band of the OH stretching and bending mode of water or hydroxides within the 
protective film appeared at 3389 cm−1. There are many weak bands in the region between 
1200 and 400 cm−1 and a peak of high intensity appeared at 437 cm−1 implying the presence 
of ferric and ferrous oxides and hydroxide in the protective film.[53,57] The FTIR spectra 
suggests that what the protective film may consist of [Fe(II)/Zn(II)–AS], Zn(OH)2 and small 
amounts oxides and hydroxides of iron.

3.6.3.  Scanning electron microscopy
The surface images of the carbon steel were examined in the presence and absence of 
inhibitors (AS–Zn2+). The SEM micrograph of carbon steel after exposure for 7 days in a 
solution without inhibitor is shown in Figure 10(a). The image has several pits and cracks. 
The pits that appear in the image show that the metal was corroded severely and contains 
iron oxides as corrosion product. Several white patches seen in the image show the presence 
of some other form of corrosion products also.

The surface of carbon steel after the immersion of 7 days in an aqueous solution contain-
ing 60 ppm Cl−, 50 ppm Zn2+ and 100 ppm AS is shown in Figure 10(b). It can be seen that 
the adsorbed protective film is formed and consequently retards the dissolution of metal. 
It is important to know that when AS was present in the solution, the surface morphology 
of the carbon steel is quite different from the previous one and the AS forms some kind of 
complex with iron on the substrate. It may be concluded the SEM micrograph reveals that 
the protective surface film formed by the inhibitor system exhibits good inhibitive properties 
for carbon steel in aqueous environment.

3.6.4.  Atomic force microscopy
AFM is a powerful method to examine the surface morphology at nano- to micro-scale 
and has become a new choice to study the influence of inhibitors on the generation and 
the progress of the corrosion at the metal–solution interface.[58] The topography of the 
surfaces recorded in 2D and 3D images was examined and surface roughness, RMS, and 
mean roughness factor (Ra) were determined from the respective images. Figure 11(a) 

Figure 10. SEM images of carbon steel immersed in (a) control solution and (b) presence of inhibitor 
system.
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shows the AFM image of the polished metal surface, with an Ra value of 6.83, RMS value 
of 9.47 nm, and ∆Z value of 56.65 nm when compared with other thin film coated surface 
values indicating the absence of iron oxides on the smooth surface. A severely corroded 
surface morphology (Figure 11(b)) is observed after immersion in the control in the absence 
of the inhibitor, with an increased Ra value of 183.84 nm, RMS value of 230.36 nm, and 
∆Z value of 826.53 nm, indicating the formation of iron oxides. The RMS value is found 
to be 230.36 nm, which clearly indicates the high roughness of the corroded surface. The 
microstructure of the surface shows several smaller and larger corrosion product deposits. 
However, Figure 11(c) shows that the carbon steel immersed in inhibitor, 100 ppm AS, and 
50 ppm Zn2+ showed a decreased Ra value of 38.85 nm, RMS value of 52.45 nm, and ∆Z value 
of 268.76 nm, which indicates the formation of a protective film on the metal surface.[59]

3.7.  Mechanism of corrosion protection

The following plausible mechanism of corrosion inhibition can be proposed,
Carbon steel immersed in an aqueous solution undergoes initial corrosion to form Fe2+ 

ions at the anodic sites.
 

(7)Fe → Fe2+ + 2e−

Figure 11. AFM topographical images of carbon steel surface after immersion in control in the absence 
and presence of the inhibitor: (a) polished carbon steel, (b) control solution, and (c) inhibitor system.
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18    M. Prabakaran et al.

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

The corresponding reduction reaction at cathodic sites
 

Fe2+ ions formed at anodic sites and OH- ions formed at cathodic sites combine to form 
Fe(OH)2. Apart from Fe(OH)2, there is formation of other oxides and hydroxides like 
FeOOH, γ-Fe2O3, etc., on the carbon steel surface before the formation of the protective film.

When AS and Zn2+ ions are added to the aqueous solution, AS reacts with Zn2+ to 
form a complex [Zn(II)–AS]. This complex diffuses into the metal surface and reacts with  
Fe2+/ Fe3+ ions available at the anodic sites to form [Fe(II)/Fe(III)/Zn(II)–AS] complex which 
covers the anodic sites and controls the corresponding reaction at anodic sites.

 

Free Zn2+ ions available in the bulk of the solution diffuse into the metal surface and react 
with OH- ions produced at the cathodic sites to form a precipitate of Zn(OH)2. This pre-
cipitate gets deposited on the cathodic sites and controls the cathodic reaction.

 

Thus, AS and Zn2+ play a very important role in the synergistic effect in controlling corro-
sion through the formation of a protective film on the carbon steel surface. Similar reports 
of complex formation have been noted in the literature[44,56,59].

4.  Conclusions

Based on the above results, the following conclusion can be drawn:

(1) � All the measurements showed that the AS–Zn2+ system has excellent inhibition 
properties for the corrosion of carbon steel in an aqueous solution. The gravimetric 
measurements showed that the inhibition efficiency increases on increasing the 
concentration of AS.

(2) � The inhibitor system 100 ppm AS and 50 ppm Zn2+ is effective and has 96% IE.
(3) � This inhibitor formulation is effective in the pH range of 5.0–7.0 and also at pH 11.0.
(4) � Potentiodynamic polarization measurements showed that the AS acts as a mixed-

type inhibitor predominantly of cathodic nature. EIS measurements also indicate 
that the inhibitor concentration increases, with an increase in the charge transfer 
resistance and showed that the inhibitive property depends on the adsorption of 
the molecules on the metal surface.

(5) � The protective film may consist of [Fe(III)/Fe(II)/Zn(II)–AS] complex, Zn(OH)2., 
hydroxides, and oxides of iron.

(6) � This multi-component formulation consisting of AS and Zn2+ can be used as a 
potential inhibitor to prevent the corrosion of carbon steel in neutral aqueous 
solution.

(8)Fe2+
[O2]

��������������→ Fe3+ + e−

(9)O2 + 2H2O + 4e− → 4OH−

(10)[Zn(II) - AS] + Fe2+/Fe3+ → [Fe(II)/ Fe(III)/Zn (II) - AS]

(11)Zn2+ + 2 OH−
→ Zn(OH)2
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