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Abstract: Corrosion inhibition has become an important area of research because, corrosion
cannot be prevented but it can be controlled. The topic corrosion is inter–disciplinary and it
includes all the basic sciences, such as physics, chemistry, biology and all the disciplines of
engineering, such as civil, mechanical, electrical and metallurgical engineering. The purpose of
studying the process of corrosion is to find methods to control it. One approach is the use of
corrosion inhibitors. This research is carried out to evaluate the corrosion inhibition behavior of
hexanesulphonic acid (HS) along with nickel ion (Ni2+) on carbon steel in dam water using
weight-loss method. Results of weight loss method indicated inhibition efficiency (IE)
increased with increasing inhibitor concentration. Polarization study reveals that HS-
Ni2+system controls the anodic reaction predominantly. AC impedance spectra prove that a
protective film is formed on the metal surface. The nature of the metal surface has been
analyzed by Fourier transform infrared spectroscopy (FTIR), Scanning electron microscopy
(SEM) and Energy dispersive x-ray detector (EDAX) measurements.
Keywords -Carbon steel; Corrosion; Electrochemical techniques; FTIR; SEM; EDAX.

Introduction

Corrosion, scale and fouling by microorganisms can be initiated when natural water is used as coolant.
These effects can reduce the thermal efficiency of the cooling systems with significant economic problems. To
eliminate or to reduce these impacts, corrosion inhibitors are added to water used in cooling systems. Inhibitors
generally control metal dissolution. Organic compounds are accepted as effective inhibitors for the corrosion of
many metals and alloys. The corrosion inhibition property of an organic compound is mainly associated with
the chemical adsorption [1–5]. Most of these organic compounds contain nitrogen, sulphur, oxygen and
multiple bonds in the molecules which are adsorbed on the metal surface [6,7].

A  survey  of  the  available  literature  reveals  that  a  few  sulphonic  acids  have  been  used  as  corrosion
inhibitors [ 8-11].

For  the  present  study,  the  medium  used  is  dam  water  collected  from  Sothuparai  dam  in  the  state  of
Tamil Nadu, India, constructed across the Vaigai River. A few industries located in downstream uses the dam
water as coolant.
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Experimental Method

The chemicals used in this study, hexanesulphonic acid (inhibitor) and NiSO4 6H2O (co inhibitor) were
AR grade.

Preparation of the specimen

The dimension and chemical composition of carbon steel samples are 1.0 cm × 4.0 cm × 0.2 cm. 0.026
% sulphur, 0.06 % phosphorous, 0.4 % manganese, 0.1 % carbon and the rest iron. They were polished with
emery wheel and degreased with acetone and then stored in desiccator. Then it is used for the weight loss
method and surface examination studies.

Weight–loss method

 Carbon steel samples in triplicate were suspended in 100 ml of the medium containing various
concentrations of the inhibitor (HS) in the absence and presence of Ni2+ for 3 days. The weights of the samples
before and after immersion were measured using a Digital Balance (Model AUY 220 SHIMADZU). The
corrosion products were cleaned with Clarke’s solution prepared by dissolving 20 gms of Sb2O3 and 50 gms of
SnCl2 in one litre of Conc. HCl of specific gravity 1.9  [12]. The corrosion IE was then calculated using the
equation

IE = 100 [1–(W2/W1)] % (1)

Where W1 is the weight loss value in the absence of inhibitor and W2 is the weight loss value in the presence of
inhibitor. Corrosion rate was calculated using the formula [13] Mils penetration per year (mpy) =534 W/DAT

(2)

W = weight loss in milligrams   D = density of specimen in g/cm3

A = area of specimen in cm2 T = exposure time in hours

Potentiodynamic Polarization

Potentiodynamic polarization accountings were done using computer - controlled potentiostat, CHI
electrochemical work station with impedance mode 608E. A three- electrode cell assembly was used. Carbon
steel was the working electrode. Saturated calomel electrode was the reference electrode. Platinum was the
counter electrode.

AC impedance spectra

To record AC impedance spectra, the same instrument used for polarization study was used. The real
part (Z’) and imaginary part (Z’’) of the cell impedance were measured in ohms at various frequencies. From
the above data charge transfer resistance (Rt) and the double layer capacitance (Cdl) were calculated.

Surface examination study

For surface examination study, the carbon steel samples were immersed in various test solutions for a
period of one day after which, they were taken out and dried. The film thus formed on the surface of the metal
was subjected to various surface analysis techniques.

Fourier Transform Infrared spectra (FTIR)

A Perkin-Elmer-1600 spectrophotometer was used to record FTIR spectra using KBr pellet method.
The FTIR spectrum of the protective film was recorded by carefully removing the film, mixing it with KBr, and
making the pellet.

Scanning Electron Microscopy (SEM) and energy dispersive x-ray detector (EDAX)

The carbon steel samples after immersion in blank solution and in the inhibitor solution for a period of
one day were removed, rinsed with double distilled water, dried and observed in a scanning electron microscope
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to study the surface morphology. The surface morphology measurements of carbon steel were examined using
JEOL MODEL6390 computer controlled scanning electron microscope. The elemental analysis of the carbon
steel surface at the same condition was carried out using an energy dispersive X-ray analyzer unit attached to
the SEM machine.

Results and Discussion

Analysis of Weight–loss study

The physicochemical parameters of dam water are given in Table 1.

Table1: Water Analysis

Parameters Result
Appearance Brownish
Total dissolved solids 45 ppm
Electrical conductivity 135 µs/cm
pH 8.15
Total hardness 45 ppm
Calcium 10 ppm
Magnesium 0.6 ppm
Iron 1.2 ppm
Nitrate 10 ppm
Chloride 10 ppm
Sulphide 10 ppm

Table 2: Corrosion inhibition efficiencies (IE %) and the corresponding corrosion rates (CR) in (mpy) of
HS- Ni2+system

Inhibition efficiency (IE) and the corrosion rates (CR) in mills per year (mpy) of carbon steel in
presence of HS–Ni2+ system for a period of 3 days, immersed in dam water are given in Table 2.

The IE of HS increases as its concentration increases. From the table it is clear that Ni2+ in the absence
of inhibitor also has some IE. As the concentration of Ni2+ increases, IE also increases. A synergistic effect
exists between HS and Ni2+. It is observed from the table 2, that 250 ppm of HS has 31% IE and 30 ppm of Ni2+

has 37% IE. However, their combination consisting of 250 ppm of HS and 30 ppm of Ni2+ has  85%  IE.
Therefore the mixture of inhibitors exhibits better IE than individual inhibitors [14-16]. In the presence of Ni2+,
more amount of HS is transported towards the metal surface. On the metal surface, Fe2+–HS complex is formed
on the anodic sites of the metal surface. Thus the anodic reaction is controlled. The cathodic reaction is the
generation of OH–, which is controlled by the formation of Ni(OH)2 on the cathodic sites of the metal surface.
Thus the anodic and cathodic reactions are controlled effectively. This accounts for the synergistic effect
existing between HS and Ni2+ [17, 18].

Ni2+

0 ppm 15 ppm 30 ppm
HS
in
ppm IE% CR mpy IE% CR py IE% CR py

0 0 4.8032 25 3.6024 37 3.0260
50 10 4.3229 27 3.5063 48 2.4977

100 13 4.1787 32 3.2661 49 2.4496
150 19 3.8906 40 2.8819 51 2.3536
200 26 3.5544 44 2.6898 64 1.7292
250 31 3.3142 49 2.4496 85 0.7069
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The corrosion rates (CR) of carbon steel with various concentrations of HS and Ni2+ systems immersed
in dam water for the same period are given in table 2. From the table, it is observed that CR value decreases as
the concentration of HS as well as Ni2+ increases. This behaviour is due to the increase in the adsorption amount
of the inhibitor on carbon steel surface.

 Analysis of Polarization curves

Polarization study has been carried out to know about the formation of protective film on the metal
surface during corrosion inhibition process [19]. The potentiodynamic polarization curves of carbon steel
immersed  in  blank  (dam water)  as  well  as  in  inhibitor  Ni2+ (30 ppm), HS (250 ppm) solutions are shown in
Figure 1. The electrochemical parameters such as corrosion potential (Ecorr), corrosion current (Icorr), Tafel
slopes (βa and βc), and linear polarization resistance (LPR) are given in table 3.

Figure  1.  Polarisation  curves  of  carbon  steel  immersed  in  various  test  solutions  a)  dam water   b)  dam
water containing 250 ppm of HS and 30 ppm of Ni2+

Table 3: Corrosion parameters of carbon steel immersed in dam water in the presence and
absence of inhibitor obtained by polarization method

HS
ppm

Ni2+

ppm
Ecorr
mV vs SCE

Icorr
A/cm2

βa
mV/dec

βc
mV/dec

LPR
Ω cm2

0 0 -494 2.66 ×10-6 193 204 2.05×104

250 30 -554 5.83 ×10-7 153 178 7.23×104

When carbon is immersed in dam water, the corresponding corrosion potential is -494 mV, and when it is
immersed in the inhibitor solution, the corrosion potential is shifted to -552 mV, i.e., the corrosion potential is
shifted to the cathodic side.  From the Tafel  slopes,  it  is  observed that  the shift  in  the anodic slope (from 193
to153 mV/dec) is higher than the shift in the cathodic slope (from 204 to178 mV/dec). Hence, it can be
concluded that the same inhibitor system mainly controls the anodic reaction [20]. The corrosion current value
and LPR value for dam water are 2.66×10-6 A/cm2ohm cm2, 2.05×104ohm cm2.

In presence of the inhibitor system, the corrosion current value is declined to 5.75×10-7 A/cm2 and the
LPR value is raised to 7.53×104 ohm  cm2.  The  fact  that  the  LPR value  increases  with  decrease  in  corrosion
current implies the absorption of the inhibitor on the metal surface to block the active sites and inhibit corrosion
and reduce the corrosion rate [21].

Analysis of AC impedance spectra

The formation of film on the metal surface has been investigated using AC impedance spectra. When a
protective film is formed, it enhances the charge transfer resistance (Rt) and decreases the double layer
capacitance (Cdl) value [22]. Nyquist representations of carbon steel in dam water in the absence and presence
of the inhibitor system are shown in Figure 2.
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Figure 2. AC impedance spectra of carbon steel immersed in various test solutions  a) dam water  b)
dam water containing 250 ppm of HS and 30 ppm of Ni2+

From the  plots,  it  is  clear  that  the  impedance  response  of  carbon  steel  was  significantly  altered  after
addition of the inhibitors. The impedance diagrams obtained have an almost semicircular appearance. This
shows that the corrosion of carbon steel in aqueous solution is mostly controlled by a charge transfer process
[23]. The deviation from the perfect semicircle shape (depression) is due to the frequency dispersion of
interfacial impedance. This anomalous behavior is due to the inhomogeneity of the metal surface arising from
surface roughness or interfacial phenomena [24]. The AC impedance parameters, namely charge transfer
resistance (Rt) and double layer capacitance (Cdl) are given in table 4.

Table 4: Impedance parameters of carbon steel in dam water in the presence and absence of inhibitor
obtained by AC impedance method

When carbon steel is immersed in dam water, Rt value is 1.02×104 Ω cm2 and Cdl value is 8.33×10–10

F/cm2. When 250 ppm of HS and 30 ppm of Ni2+ are added to dam water, Rt value increases from 1.02×104 Ω
cm2 to 4.20×104 Ω cm2 and  the  Cdl decreases from 8.33×10–10 F/cm2 to 1.96×10–10 F/cm2.  This  confirms  the
formation of protective film on the surface of the metal.

 Analysis of FTIR spectra

FTIR spectrometer is a powerful instrument used to analyze the type of bonding for organic inhibitors
adsorbed on the metal surface [25]. FTIR spectrum (KBr) of pure HS is given in Figure 3a. The peak at 2932.02
cm–1 is  due  to  C–H  stretching  frequency.  The  S=O  stretching  frequency  occurs  at  1193.21  cm–1 and  S–O
stretching frequency appears at 1066.16 cm–1. The bands at 1466.15 cm–1 and 795.08 cm–1 are due to bending C–
H of methyl and methylene groups [26]. The FTIR spectrum of the film scratched from the surface of the metal
after immersion in the dam water, for one day, in presence of the inhibitor is shown in Figure 3b. The S=O and
S–O stretching frequencies have decreased from 1193.21 cm–1, 1066.16 cm–1 respectively to 1120.13 cm–1,
1020.80 cm–1 respectively.  These  shifts  indicate  that  the  electron  clouds  of  S=O and  S–O are  shifted  towards
Fe2+ resulting in the formation of Fe2+–HS complex on the anodic sites of the metal surface. The peak at 658.07
cm–1 is due to Ni–O stretching. The peak at 3463.57 cm–1 is due to –OH stretching.

HS
(ppm)

Ni2+

(ppm)
Rt
Ω cm2

Cdl
F/cm2.

0 0 1.02×104 8.33×10-10

250 30 4.02×104 1.76×10-10
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Figure  3  a).  FTIR  spectrum  of  pure  HS.  b)  FTIR  spectrum  of  film  formed  on  metal  surface  after
immersion in dam water containing 250 ppm of HS and 30 ppm of Ni2+

SEM Analysis of metal surfaces

SEM images of carbon steel after immersion  in dam water for one day in the absence and presence of
inhibitor system are given in figure 4(b) and 4(c) respectively. The SEM micrograph of the polished carbon
steel surface (control) in figure 4(a) shows the smooth surface of the metal and this indicates the absence of any
corrosion products on the metal surface. The SEM micrograph of the carbon steel surface immersed in dam
water in figure 4(b) shows the roughness of the metal surface, which confirms the corrosion of carbon steel in
dam water.  Figure 4(c)  indicates  that  in  the presence of  50 ppm of  Ni2+ and 250 ppm of HS mixture in dam
water, the surface coverage increases, which in turn results in the formation of insoluble complex in the surface
of the metal (Ni2+-HS inhibitor complex).The surface is covered by a thin layer of inhibitors that minimize the
dissolution of carbon steel [27, 28].

Figure 4. SEM micrographs of
a) Polished carbon steel (control)
b) Carbon steel immersed in dam water
c) Carbon steel immersed in dam water containing 250 ppm of HS and 30 ppm of Ni2+

Surface examination by EDAX

EDAX spectra were used to determine the elements present on the carbon steel surface before and after
exposure to the inhibitor solution [29]. The objective of this section is to confirm, the results obtained from
chemical and electrochemical measurements, when a protective surface film of inhibitor is formed on the metal
surface.  To  achieve  this  goal,  EDAX  examinations  of  the  metal  surface  were  performed  in  the  absence  and
presence of an inhibitor system. In Figure 5 spectrum (a) is the EDAX analysis of carbon steel surface
immersed in dam water. The analysis indicates the presence of corrosion products elements (Fe, O and C). In
Figure 5 spectrum (b) shows the EDAX analysis of carbon steel immersed in dam water containing 250 ppm of
HS and 30 ppm of Ni2+. The analysis shows the presence of (Ni and S), which could be due to the presence of
HS and Ni on the metal surface, resulting in the formation of a protective film.
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Figure 5.  EDAX analysis  of  a)  Carbon steel  immersed in dam water b)  Carbon steel  immersed in dam
water containing 250 ppm of HS and 30 ppm of Ni2+.

Conclusion

The present study leads to the following conclusions:

From the weight loss study, it is clear that this inhibitor system (concentration 250 ppm of HS and 30
ppm of Ni2+) has 85% IE in decreasing the corrosion of carbon steel in dam water. A synergistic effect exists
between Ni2+ and HS. Polarization study reveals that HS–Ni2+ system functions as anodic inhibitor controlling
the anodic reaction predominantly and to some extent controlling the cathodic reaction. AC impedance spectra
confirm  that  a  protective  film  is  formed  on  the  metal  surface.  FTIR  spectra  reveal  that  the  protective  film
consists  of  Fe2+–HS complex and Ni(OH)2. The SEM micrographs, and EDAX analysis corroborate the
formation of protective layer on the metal surface.
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