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Abstract

The inhibition efficiency (SMV) — melonic acid system is controlling corrosion of carbon steel in an aqueous solution
containing 60 ppm of CI- has been evaluated by weight loss method.250 ppm of SMV has 56% of IE. Addition of melonic acid
to SMV improves the inhibition efficiency of the system. Formulation consisting of 250 ppm of SMV and 250 ppm of melonic
acid has 96% IE. Synergistic effects exist between SMV and melonic acid, if the synergism parameters are greater than 1.
Mechanistic aspects of corrosion inhibition have been studied by electro chemical studies like polarization and electro
chemical impedance spectroscopy. FTIR spectra reveals that the protective film consists of Fe2+ - SMV complex and Fe2+ -

melonic acid complex, the protective film has been analyzed by fluorescence spectra, SEM and AFM .
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Introduction

Vanadium —based oxyanions, also referred to as vanadate, have
been investigated as corrosion inhibitors for Al alloy. However
they have not gained much attention probably due to the
relatively large solubility of vanadium oxides in aqueous
solution™. Smith et al explored the release kinetics and
protection performance of vanadate —based pigment in epoxy
coated MA2014-T6 panel. A later investigation by cook et al
screened and compared several inhibitors including vanadates,
molybdates, and ion of rare earth elements like Ce, Y, and La’.
The author analyzed the behaviour of aqueous solutions
containing vanadium oxoanions and concluded that
metavanadate, ie., vanadate oligomers including V1, V2, V4
and VS5 co-ordination are not potent inhibitors of oxygen
reduction reaction (ORR) but significally lower the anodic
dissolution kinetics®. Recently chamber et al studied the
synergism of several binary and ternary mixture including
vanadate, phosphate, molybdate and rare earth elements. The
author concluded that the maximum synergistic effect occurred
for vanadate-phosphate solution in ratio 50:50”.

The co-ordination chemistry of vanadium oxoanions in aqueous
solutions is rather complex. It involves several
protonation/deprotonation reactions, as well as polymerization
to form oligomers of varied depending upon pH and

. 812
concentration™ .

pH values between 6 and 9 leads to formation of colourless (or)
yellow metavanadate [V3093-] [13-16] this suggest that
vanadates are inhibitors of corrosion, and it seems likely the
inhibition depends on speciation.
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The objective of this work: Clear metavanadate solutions
containing monovanadate exhibited strong inhibition of the
oxygen reduction reaction, to a level similar to chromate. At a
fixed pH, increased NaVO3 concentration in clear metavanadate
solution increased inhibition efficiency.

Material and Methods

Preparation of extract: Sodium metavanadate was prepared by
dissolving 1g of SMV in double distilled water and making up
to 100 ml. This solution was used as a corrosion inhibitor in the
present study.

Preparation of Specimens: Carbon steel specimens (0.0267%
S, 0.06% P, 0.4% Mn, 0.1% C and the rest iron) of dimensions
1.0 cm x 4.0 cm x 0.2 cm were polished to a mirror finish and
degreased with trichloroethylene.

Weight loss Method: Carbon steel specimens in triplicate were
immersed in 100 ml of the solutions containing various
concentrations of the inhibitor (sodium metavanadate and
melonic acid solution) for three day. The weight of the
specimens before and after immersion were determined using
Shimadzu balance, model AY 62. The corrosion products were
cleansed with Clarke’s solution'®. The inhibition efficiency
(L.LE.) was then calculated using the equation

IE =100 [1-(W2/W1)] % (1)
Where W1 = Corrosion rate in the absence of the inhibitor, W2
= Corrosion rate in the presence of the inhibitor

Surface Examination: The carbon steel specimens were

immersed in various test solutions for a period of one day, taken
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out and dried. The nature of the film formed on the surface of
metal specimens was analyzed by FTIR spectroscopic study.

FTIR Spectra: FTIR spectra were recorded in a Perkin — Elmer
1600 spectrophotometer. The film was carefully removed,
mixed thoroughly with KBr made in to pellets and FTIR spectra
were recorded.

Scanning Electron Microscopic studies: The carbon steel
immersed in blank and in the inhibitor solution for a period of
one day was removed, rinsed with double distilled water, dried
and observed in a scanning electron microscope to examine the
surface morphology measurements of the carbon steel were
examined using JOEL 6390 model computer controlled
scanning electron microscope.

Atomic Force Microscopy characterization (AFM): The
carbon steel immersed in blank and in the inhibitor solution for
a period of one day was removed, rinsed with double distilled
water, dried and subjected to the surface examination. The
surface morphology measurements of the mild steel surface
were carried out by atomic force microscopy (AFM) using
veeco innova.

Potentiodynamic Polarization: Polarization studies were
carried out in an H and CH Electrochemical Work station
Impedance Analyzer Model CHI 660A. A three electrode cell
assembly was used. The working electrode was carbon steel. A
saturated calomel electrode (SCE) was used as the reference
electrode and a rectangular platinum foil was used as the
counter electrode.

AC Impedance Measurements: The instrument used for
polarization was used for AC impedance study also. The cell
set up was the same as that used for polarization measurements.
The real part and imaginary part of the cell impedance were
measured in ohms at various frequencies. The values of charge
transfer resistance, Rct, and the double layer capacitance, Cdl
were calculated.

Synergism parameter (Sy): Synergism parameter is indication
of synergistic effect existing between the inhibitors'” value is
found to be greater than 1 suggesting that the synergistic effect
between the inhibitors.
SI = I _Il+2 (2)
I-r 1+2

I, = Surface coverage (01) of inhibitor SMV, I, = Surface
coverage of inhibitor (62) Melonic acid, I’y,, = Combined
surface coverage of inhibitor SMV and MA

Analysis of Variance: F-test was carried out to investigate
whether synergistic effect existing between inhibitor system is
stastically significant'®. If F-value is above 5.32 for 1,8 degree
of freedom, it was proved to be stastically significant. If the
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value is below 5.32 for 1, 8 degree of freedom, it was stastically
insignificant at 0.05 level of significance confirmed.

Results and Discussion

Weight loss study: Evaluation of improvement of IE smv
with melonic acid: The inhibition efficiency (IE) of sodium
metavanadate (smv) in controlling the corrosion of carbon steel
immersed in aqueous solution containing 60 ppm of CI for a
period of three days is given in table 1. It is seen from the data
that SMV alone shows some IE; where as melonic acid shows
some IE. When SMV is combined with melonic acid ions. For
example 250ppm of SMV has only 56% and 250ppm of
melonic acid has 85% IE interestingly their combination shows
96% IE This suggests a synergistic effect existing between the
binary inhibitor formulation SMV and melonic acid ions.

Synernism parameter: The value of synergism parameters are
shown in table 2. The value of S; is greater than one, suggesting
synergistic effect. SI approaches 1 when no interaction exists
between the inhibitor compounds. When SI>1, this points to
synergistic effect. In the case of SI<1, the negative interaction
of inhibitor prevails (i.e., corrosion rate increases).

Analysis of variance (ANOVA): F-test is used if the synergistic
effect exist between inhibitors is statistically significant. The
results are given in table 3. Influence of various concentration of
melonic acid (50,100,150, 200 and 250ppm) on the Inhibition
efficiency of SMV (250ppm) is shown in the table 3. The
calculated F-value is 14.8. It is statistically significant, since it is
greater than the critical value (5.32) for 1, 8 degree of freedom
of 0.05 level of significance. Hence it is concluded that the
influence of 250ppm of SMV to the various concentration of
melonic acid shows statistically significant.

Effect of Sodiumdodecylsulphate (SDS) on the inhibition
efficiency of SMV-MA system: The influence of various
concentration of SDS on the IE of the SMV-MA system is
shown in table 4. It is observed that the IE of SMV-MA with
150ppm of SDS system was 98%. It is interesting to note that
the sodium metavanadate - MA system has some biocidal
efficiency (BE) in table 5. The BE increases from 67 to 98.
When 150ppm of SDS is added 250ppm, 100% BE is noted.
The formulation consisting of 250ppm of SMV, 250ppm of MA
and 150 ppm of SDS has 100% BE and 98% of corrosion
inhibition efficiency. This formulation may find application, if
the investigation is carried out at high temperature and under
flow condition.

FTIR spectra: The FTIR spectrum of pure SMV is shown in
Fig la VO; stretching frequency appears at 1385 cm™ The
FTIR spectrum of pure melonic acid is shown in Fig 1b. The -
C=0 stretching frequency appeared at 1719 cm’'. —-OH
stretching frequency appeared at 3407 cm”. —CH, stretching
frequency appeared at 2976 cm™. The FTIR spectrum (KBr
pellet) of the film formed on the carbon steel surface after
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OH stretching frequency shifted from 3407cm™ to 3439cm™.
This suggest that oxygen atom of melonic acid co-coordinated
with Fe’* on the anodic sides of the metal surface, resulting in
the formation of Fe**- MA complex'*’.

immersion in the solution containing 250ppm of SMV, 250ppm
of melonic acid as shown in figure lc. The VO3 stretching
frequency of SMV shifted from 1385 cm™” to 1386 cm’
resulting in the formation of Fe** -SMV complex. The -C=0
stretching frequency shifted from 1719cm™ to 1638 cm™ and -

Table-1
Corossion rates (CR) and Inhibition efficiencies (IE) of carbon steel in aqueous solution containing 60 ppm of CI" in the
absence and the presence of Inhibitors and Inhibition efficiency (IE) obtained by weight loss method

Smyv ppm Melonic Acid ppm IE % CR( mdd)
0 0 - 22.73
50 0 8 20.91
100 0 12 20.10
150 0 29 15.19
200 0 32 12.50
250 0 56 10.00
0 50 62 8.637
0 100 65 7.955
0 150 78 5.000
0 200 83 3.8641
0 250 85 3.4095
250 50 90 2.27
250 100 92 1.818
250 150 94 1.3638
250 200 95 1.3665
250 250 96 0.9092

Table-2
Synergism parameters of carbon steel immersed in in aqueous solution containing 60 ppm of CI in the absence and the
presence of Inhibitor

MA IE% 0, SMV IE% 0, IE % 0’142 Si
ppm ppm
50 62 0.63 250 56 0.56 90 0.90 1.6
100 65 0.65 250 56 0.56 92 0.92 1.9
150 78 0.78 250 56 0.56 94 0.94 1.6
200 83 0.83 250 56 0.56 95 0.95 14
250 85 0.85 250 56 0.56 96 0.96 1.6
Table-3
Distribution of F value between the inhibition efficiencies of smv -MA system
Source Sum Degree Mean square F Level
of variance of square of freedom of significance
Between 1708 1 1708
14.8 p>0.05
With in 479 8 115
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Table-5
Corrosion rate carbon steel in aqueous solution containing 60 ppm of CI in presence and absence of inhibitors and the
corrosion inhibition efficiencies by the weight loss method
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SMY ppm MA SDS ppm CR IE % Colony forming units Biocidal efficiency
ppm ml
0 0 0 - - 1x10° -
0 0 150 - - 2.5x10" 84
250 250 50 67 1.9x10* 89
250 250 100 4.77 78 1.5x10° 92
250 250 150 0.68 98 1.1x10° 94
250 250 200 0.68 98 4x10? 97
250 250 250 0.68 98 nil 100
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Figure-1(c)
Film formed on surface of metal after immersion in aqueous solution containing 60 ppm of CI'
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Analysis of Polarization Study: The potentiodynamic
polarization curves of metal immersed in aqueous solution
containing 60 ppm of CI' figure 2. The corrosion potential
(Ecorr), Tafel slope (bc= cathodic; ba= anodic, linear
polarization resistance LPR and corrosion current Icorr are
given in table 6.

The potentiodynamic polarization curves of carbon steel
immersed in aqueous solution containing 60 ppm of CI are
shown in figure 2. The corrosion parameters are given in table
6.

When carbon steel is immersed in aqueous solution containing
60 ppm of CI' the corrosion potential Ecorr -542mV vs SCE.
When 250ppm of SMV and 250ppm of melonic acid are added
to the above system, the corrosion potential Ecorr-599 mV vs
SCE shifted to the cathodic side. The cathodic Tafel slope (bc)
is 193 and anodic Tafel slope (ba) is 198 mV/ Decade. It is
inferred that the change of current with change in potential is
less during cathodic polarization than during anodic
polarization™ 2.

The LPR values is 2.0157 x 10* Qcm” and the corrosion current
is 2.025x10® A/cm2 When carbon steel is immersed in aqueous
solution containing 60 ppm of Cl- (figure 2). The corrosion
potential is shifted to cathodic side -599 mV vs SCE. This
suggests that a protective film is formed on the metal. The
cathodic and anodic Tafel slopes were shows difference 72 mV
/decade this shows change of current with change in potential is
less during anodic polarization than during cathodic
polarization.

The LPR value increase from 2.0157 x 10* to 3.4693 x10*
Qcm’. The corrosion current decrease2.025 x 10 to 1.270 x 107
% An increase in LPR value and decrease in corrosion current
are indicating ions protective film on the metal surface®.

The polarization curves in the solution with no inhibitor were
identical except for a change in the open current potential
(OCP). All polarization curves in the metavanadate- containing
solutions exhibited much lower OPR rates, and there was no
influence of pH. This suggest that the local cathodes are blocked
by V1 which greatly reduces the rate of oxygen reduction, since
monovanadate appears to be the strongest corrosion inhibitor of
the system, any coating scheme based on vanadium should
release V1. This suggests that cathodic inhibition by vanadate is
largely through the suppression of oxygen reduction with little
effect on hydrogen evolution.

AC Impedance spectra: AC impedance spectra of metals
immersed in aqueous solution containing 60 ppm of CI- are
shown in figure 2. Nyquist plot and bode plots are shown in
(figure 3 and 4). The charge transfer resistance (Rct) and double
layer capacitance (Cy) values (derived from Nyquist plots) and
impedance , log(Z/€) value derived from bode plots are given
in table 7. When mild steel is immersed in aqueous solution
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containing 60 ppm of CI the charge transfer resistance is 2363
Q cm” and the double layer capacitance is 2.1919 x 10-9 F/cm2
(figure 4). The impedance log (Z/ Q), value 3.237

When carbon steel immersed in aqueous solution containing
60ppm of CI' the charge transfer resistances increases from
2363 to 3679 Q cm’® and the double layer capacitance value
decreases from 2.1919x10” to 1.38x10-10 F/em’. The
impedance value increases from 3.237 to 3.55. This indicates
the film formed on the metal surface™* .

SEM Analysis of Metal surface: The SEM image of
magnification (x 500) of carbon steel specimen immersed in
aqueous solution containing 60 ppm of CI for 1 day in the
absence and presence of inhibitor system are shown in figure 5
(a,b,c).

The SEM micrographs of polished carbon steel surface (control)
in figure 5 (a) shows the smooth surface of the metal this shows
the absence and presence of any corrosion products formed on
the metal surface™.

The SEM micrographs of carbon steel surface immersed in
aqueous solution containing 60 ppm of CI  in figure 5 (b) shows
the roughness of the metal surface which indicates the corrosion
of carbon steel in aqueous solution containing 60 ppm of CI.
figure 5 (c) indicates the presence of 250 ppm SMV and 250
ppm melonic acid, the surface coverage increases which in turn
results in the formation of insoluble complex on the surface of
the metal and the surface is covered by a thin layer of inhibitors
effectively control the dissolution of carbon steel.

Atomic Force Microscopy: Atomic force microscopy is a
powerful technique for the gathering of roughness statistics
from a variety of surfaces” >’. AFM is becoming an accepted
method of roughness investigation.

Atomic force microscopy provided direct insight in to the
changes in the surface morphology take place at several hundred
nanometers when topological changes owing to the initiation of
corrosion and formation of protective film on the metal surface
in presence and absence of inhibitors respectively.

All atomic force microscopy images were obtained on vecco
innova instrument operating in tapping mode in air. The scan
size of all the AFM images are Sum x 5 um areas at a scan rate
of 6.4 lines per second.

The two-dimensional (2D) and three-dimensional (3D) AFM
morphologies and the AFM cross-sectional profile for polished
carbon steel surface (reference sample), carbon steel surface
immersed in aqueous solution containing 60 ppm of CI- (blank
sample) and aqueous solution containing 60 ppm of CI- 250
ppm of SMV and 250 ppm melonic acid are shown in figure 6
(a,b,c), (d,e,f) respectively.
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Root mean square Roughness, average roughness and
maximum peak to valley Height: AFM image analysis was
performed to obtain the average roughness, Ra (the average
deviation of all points roughness profile from a mean line over
the evaluation length), root —_mean — square roughness, Rq (the
average of the measured height deviations taken within the
evaluation length and measured from the mean line) and the
maximum peak to valley (P-V) height values (largest single
peak-to-valley height in five adjoining sampling heights). Rq is
much more sensitive than Ra to large and small height
deviations from the mean.

The value of Rq, Ra and P-V height for the polished carbon
steel surface (reference sample) are 3.41nm, 4.33 nm and 43.5
nm respectively. This shows a more homogenous surface, with
some places in where the height is lower than the average depth.
Figure 6 (a) displays the un-corroded metal surface. The slight
roughness observed on the polished metal surface is due to
atmospheric corrosion. The rms roughness, average roughness
and P-V height values for the carbon steel surface immersed in
aqueous solution containing 60 ppm of CI' are 21.2662 nm,

Res.J.Chem.Sci

17.2138 nm and 63.5 nm respectively. The data suggest that the
carbon steel surface immersed in aqueous solution containing 60
ppm of CI' has a greater surface roughness than the polished
metal surface, which shows that the unprotected carbon steel
surface is rougher and were due to the corrosion of carbon steel
in aqueous solution containing 60 ppm of CI" environment.
Figure 6 (b) displays corroded metal surface with few pits.

The formulation consisting of 250 ppm SMV and 250 ppm
melonic acid in aqueous solution containing 60 ppm of CI'
reduces the Rq value of 4.1nm and the average roughness is
significantly reduced to 2.4 nm when compared with 34 nm for
carbon steel surface immersed in aqueous solution containing 60
ppm of CI. The maximum peak to valley height was also
reduced to 34 nm. These parameters confirm that the surface
appears smoother. The smoothness of the surface is due to the
formation of a protective film of Fe**- SMV complex and Fe**-
MA complex on the metal surface thereby inhibiting the
corrosion of carbon steel which confirms the formation of the
film on the metal surface, which is protective in nature.

Table-6
Corrosion parameter of carbon steel immersed in aqueous solution containing 60 ppm of CI obtained by polarization study
are given
System Ecorr bc ba LPR Icorr
(mV vs SCE) (mvVs /decade) (mv /decade) Q cem’ (A/ em?)
Aqueous solution
containing 60 ppm of - 542 193 198 2.0157 x 104 2.025 x10-6
Cr
Aqueous solution
containing 60 ppm of -599 162 270 3.4693 x 104 1.270x 10-6
CI' + 250 ppm
SMV+250 ppm MA
Table-7

Impendence parameter of carbon steel immersed in aqueous solution containing 60 ppm of CI in the presence and absence
of inhibitor system obtained from AC impedance curves

system Nyquist plot Bode plot
Rct Qcm2 Cdl F/cm2 Impedance log(Z/Q)
Aqueous solution containing 2363 2.1919x10” 3.237
60 ppm of CI
Aqueous solution containing
60 ppm of CI" + 250 ppm 4264 1..19x 10” 3.55
SMV+250 ppm MA
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Polarization curves of carbon steel immersed in various test solutions, (a) Aqueous solution containing 60ppm of CI’
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AC Impedance spectra of carbon steel immersed in various test solution, (a) Aqueous solution containing 60ppm of CI', (b)
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Figure-4

AC Impedance spectra of carbon steel immersed in various test solution, (a) CI' 60ppm (impedance-bode), (b) CI' 60ppm +

250ppm SMV+250ppm MA (impedance-bode)
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Figure-5
SEM micrographs of (a) Polished carbon steel (control); Magnification —X 500. (b) Carbon steel immersed in aqueous
solution containing 60 ppm of CI'; Magnification —X 500. (c) Carbon steel immersed in aqueous solution containing 60 ppm
of CI' + 250 ppm of SMV+ 250 ppm of MA; Magnification —-X 500

Table-8
Summary of the average roughness (Ra), rms roughness (Rq), maximum peak —to-valley height (P_V) value for carbon steel
surface immersed in different environments

Samples RMS(Rq) Average(Ra) Maximum peak-to-valley
Roughness(nm) Roughness(nm) height(nm)
Polished carbon 4.33 3.41 43.5
steel(control)
60 ppm of CI 17.2138 21.2662 63.5
60 ppm of CI'+SMV(250 4.1 24 34
ppm) + MA(250 ppm)

(a) (b) ()

Figure-6
AFM image of the surface of a) polished carbon steel (control), carbon steel immersed in aqueous solution containing 60
ppm of CI', carbon steel immersed in aqueous solution containing 60 ppm of CI'+ 250 ppm of SMV+ 250 ppm of MA

International Science Congress Association 79




Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 2(6), 72-81, June (2012)

Res.J.Chem.Sci

(d) (e)

Figure-6

®

Cross sectional profile, which are corresponding to as shown broken lines AFM image of the surface of polished carbon
steel (control) carbon steel immersed in aqueous solution containing 60 ppm of CI carbon steel immersed in aqueous
solution containing 60 ppm of CI'+ 250 ppm of SMV+ 250 ppm of MA

Conclusion

The present study leads to the following conclusion: The
formulation consisting of 250 ppm of MA and 250 ppm of SMV
offers 98% inhibition efficiency to carbon steel immersed in
aqueous solution containing 60 ppm CI. Polarization study
reveals that this formulation controls anodic reaction
predominantly. AC impedance spectra reveal that a protective
film formed on the metal surface. FTIR spectra and also reveal
that the protective film consists of Fe**-SMV complex and Fe**
-MA complex. SEM and AFM study confirm that protective
film formed on the metal surface
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