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Abstract Analysis of the synergistic effect of sodium

molybdenum oxide and vanillin on the corrosion inhibition

of high carbon steel and 3CR12 ferritic stainless steel in

2M HCl solution was done through coupon measurement,

potentiodynamic polarization test and IR spectroscopy.

Results show the admixture compound inhibited the cor-

rosion of both steels, but performed more effectively on

3CR12 ferritic steel with average inhibition efficiency

above 90% while the average inhibition efficiency of the

compound on carbon steel was around 75%. Polarization

studies showed mixed inhibiting properties of the com-

pound on the carbon steel and anodic corrosion inhibition

on the ferritic steel. The compound adsorbed over the

entire carbon steel surface, but selectively precipitates at

anodic sites on the stainless steel surface due to the pas-

sivation characteristics of the steel. Chemisorption mech-

anism was determined from thermodynamic calculations to

be the mode of inhibition on the steels through the Lang-

muir adsorption isotherm. Infrared spectroscopy exposed

the presence of the functional groups and bonds such as

alcohols, phenols, primary and secondary amines and

amides within the compound responsible for corrosion

inhibition.

Keywords Adsorption � Corrosion � Steel � Inhibitor �
Hydrochloric

1 Introduction

Corrosion problems are responsible for a significant per-

centage of the total costs for most industries every year

worldwide. These problems are associated with operational

setbacks, plant shutdowns and equipment maintenance,

leading to recurrent partial and even total process shut-

down, etc. causing in enormous economic losses [1].

However, some of the most prevalent consequences of

corrosion are the loss of reliability and efficiency in man-

ufacturing processes, industrial shutdown and failure and

inline and end product contamination. Corrosion is the

degradation and breakdown of a metal and its alloys due to

chemical and electrochemical reactions with its

environment.

Carbon steels are the largest prevalent group of alloys in

engineering applications representing approximately 85%

of the annual steel production worldwide; as a result, the

corrosion of carbon steels is a problem of enormous

practical importance. Their limited alloy content does not

produce any significance in their corrosion behavior. High

carbon steel contains up to about 1.5% of carbon. The

presence of the extra carbon makes high carbon steel very

hard. High carbon steel is used for applications in which

high strength, hardness and wear resistance are necessary

in marine applications, nuclear power and fossil fuel power

plants, transportation, chemical processing, petroleum

production and refining, pipelines, mining, construction

and metal processing equipment [2]. 3CR12 stainless steel

is a low-cost chromium, containing ferritic stainless steel

fabricated by modifying the properties of grade 409 steel. It

was developed as an alternative material of construction

where the mechanical properties, corrosion resistance and

fabrication requirements of other materials such as mild

steel, galvanized steel, aluminum and pre-painted steels are
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less satisfactory. It is resistant to mild corrosion and wet

abrasion.

These metallic alloys are continuously exposed to the

action of acids in a variety of ways. Acids solutions such as

hydrochloric acids are extensively used in different

industrial processes such as pickling, cleaning, descaling,

acidizing, chemical processing and containers. The

aggressive nature of these acids results in accelerated

deterioration of the steels in contact with them. Appropri-

ate corrosion control can help prevent or significantly

reduce the corrosion effect on the steels such as the use of

inhibitors. Corrosion inhibitors are one of the major tech-

niques employed to stifle the rate of steel corrosion. The

corrosion inhibition of metals in acidic media by different

types of organic and inorganic compounds has been widely

studied [3–8]. Sodium molybdenum oxide and vanillin

have been used as corrosion inhibitors individually in

previous research and have been proved to be effective

[9–12]. Sodium molybdenum oxide can be a very effective

inhibitor when combined with other chemicals [13, 14].

This research aims to study and compare the synergistic

effect of sodium molybdenum oxide and vanillin on 3CR12

ferritic stainless steel and high carbon steel in hydrochloric

acid.

2 Materials and Methods

2.1 Inhibiting Compound and Acid Test Solution

Equal fractions in solid white precipitates of sodium

molybdenum oxide and vanillin (SMV), sourced in synthe-

sized form from BOC Sciences, USA, are the inhibitor used

for the research. Their properties are shown in Table 1.

SMV was prepared in molar concentrations of

6.982 9 10-6, 1.396 9 10-5, 2.095 9 10-5,

2.793 9 10-5, 3.491 9 10-5 and 4.189 9 10-5, respec-

tively, per 200 mL each of 2M HCl solution. 2M HCl acid

solutions was prepared by dilution of an analytical grade of

H2SO4 acid (98%) with distilled water and used as the

corrosive test environment.

2.2 Identification and Preparation of Steel Samples

Ferritic stainless steel (FSS) and high carbon steel (HCS)

analyzed at the Materials Characterization Laboratory,

Department ofMechanical Engineering,CovenantUniversity,

Ota, Ogun State, Nigeria, gave an average nominal percentage

(%) composition as shown in Table 2. Their mechanical

properties are shown in Table 3. FSS and HCS have cylin-

drical diameters of 1.7 and 0.7 cm with an average length of

0.7 cm, respectively.

Both steels samples were sectioned into seven (7) test

samples with a median length of 0.7 mm and metallo-

graphically prepared with silicon carbide abrasive papers

of 80, 200, 300 and 1000 grits before being polished with

6 lm diamond liquid, rinsed with distilled water and ace-

tone, dried and stored in a dessicator for weight loss

measurement and potentiodynamic polarization test

according to ASTM G1-03(2011) [15].

2.3 Coupon Analysis

FSS and HCS steel samples were weighed and separately

immersed in 200 mL of HCl solution at specific SMV

concentrations for 240 h at ambient temperature of 25 �C.
Each sample was removed from the solution every 24-h

interval, rinsed with distilled water and acetone, dried and

re-weighed according to ASTM G31-72(2004) [16]. Plots

of corrosion rate, c (mm/year) and percentage inhibition

efficiency (g) versus exposure time T were plotted from the

data obtained during the exposure hours. The corrosion rate

(c) is expressed as [17]:

c ¼ 87:6x
DAT

� �
ð1Þ

where x is the weight loss in mg, D is the density of the

steel sample in g/cm3, A is the total sample area in cm2 and

87.6 is a constant. Inhibition efficiency (g) was determined

from the relationship:

g ¼ x1 � x2

x1

� �
� 100 ð2Þ

where x1 and x2 are the weight loss with and without

specific concentrations of SMV. g was calculated at all

SMV concentrations studied. Surface coverage was calcu-

lated from the formula below [18, 19]:

h ¼ 1� x2

x1

� �
ð3Þ

where h is the amount of SMV compound, adsorbed per

gram of the steel samples. x1 and x2 are the weight loss of

the steel sample with and without specific concentrations of

SMV in the HCl solutions.

Table 1 Properties of the

SMV-inhibiting compound
Inhibiting compound Molecular formula Molar mass (g mol-1)

Sodium molybdenum oxide Na2MoO4 241.95

2-Methoxy-4-formylphenol C8H8O3 152.15
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2.4 Potentiodynamic Polarization Technique

Potentiodynamic polarization test was performed with

cylindrical steel electrodes of FSS and HCS embedded in

resin mounts with an exposed surface area of 227 and

154 mm2. The steel electrodes were prepared according to

ASTM G59-97(2014) [20]. Test was performed at 25 �C
ambient temperature with Digi-Ivy 2300 potentiostat and

electrode cell containing 200 mL of the acid media, with

and without SMV compound. Platinum was used as the

counter electrode, and silver chloride electrode (Ag/AgCl)

was the reference electrode. Potentiodynamic measure-

ment was performed from -1.5 to ?1.5 V at a scan rate

of 0.002 V/s according to ASTM G102-89(2015) [21].

The corrosion current density (jcorr) and corrosion

potential (Ecorr) were calculated from the Tafel plots of

potential versus log current. The corrosion rate (c) and the

percentage inhibition efficiency (g2) were determined

from Eq. 4.

c ¼ 0:00327� Jcorr � Eq

D
ð4Þ

where jcorr is the current density in lA/cm2; D is the den-

sity in g/cm3; Eq is the specimen equivalent weight in

grams. 0.00327 is a constant for corrosion rate calculation

in mm/year [22, 23]. The percentage inhibition efficiency

(g2) was calculated from corrosion rate values using the

equation below:

g2 ¼ 1� c2
c1

� �
� 100 ð5Þ

where c1 and c2 are the corrosion rates with and without

SMV inhibitor, respectively.

2.5 Infrared Spectroscopy

The SMV/acid solution before and after the weight loss test

was exposed to a range of infrared ray beams from Bruker

Vertex 70/70v spectrometer. The transmittance and

reflectance of the infrared rays at different frequencies

were translated into an IR absorption plot consisting of

spectra peaks. The spectral pattern was analyzed and

matched according to IR absorption table to identify the

functional group contained in the compound.

3 Results and Discussion

3.1 Potentiodynamic Polarization Studies

Potentiodynamic polarization plots were obtained for HCS

and FSS in 2M HCl solutions at various SMV concentra-

tions ranging from 0 to 1.5% (0–4.19 9 105M SMV) as

Fig. 1 Polarization plots for FSS in 2M H2SO4 at 0–1.5% SMV

Table 2 Percentage nominal

composition of ferritic stainless

steel and high carbon steel

Ferritic stainless steel

Element C Si Mn P S Cu Ni Cr Fe

Composition 0.05 0.182 1.83 0.12 0.017 0.102 1.3 13 82.8

High carbon steel

Element C Sb Mn Mo Ni Fe – – –

Composition 2.4 0.04 0.69 0.08 0.01 96.96 – – –

Table 3 Mechanical properties

of ferritic stainless steel and

high carbon steel

Mechanical property Ferritic stainless steel High carbon steel

Hardness, Rockwell (HR Max) HR C20 163

Hardness, Brinell (HB Max) 220 84

Tensile strength (Mpa) 455 540

Tensile strength, Yield (Mpa) 275 415

Elongation at break (% in 50 mm Min) 18 10

Charpy impact (J/cm2 Min) 33.9 21
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shown in Figs. 1 and 2. Tables 4 and 5 show the results

obtained from the electrochemical technique. Observation

of the tables shows the remarkable difference in corrosion

rate values between the uninhibited and inhibited

(0.5–1.5% SMV) HCS and FSS samples due to the for-

mation of porous oxide (rust) on the steel surface from

visual observation. The redox electrochemical process and

the presence of corrosive ions within the acid solution

accelerate the corrosion rate according to the following

equations:

The anodic dissolution mechanism of metallic alloys is:

Feþ Cl� ! FeCl�ð Þads ð6Þ

FeCl�ð Þads! FeClð Þadsþe� ð7Þ

FeClð Þads! FeClþð Þadsþe� ð8Þ

The cathodic hydrogen evolution mechanism is:

Feþ Hþ ! FeHþð Þads ð9Þ

FeHþð Þadsþe� ! FeHð Þads ð10Þ

FeHð ÞadsþHþ þ e� ! Feþ H2 ð11Þ

The cathodic oxygen reduction mechanism involves

hydrogen ions with the reaction current limited not only by

the oxygen diffusion but also by the hydrogen ion diffusion

toward the metal surface as follows [24]:

O2;gas þ 4Hþ
aq þ 4e�M ! 2H2O ð12Þ

The corrosion rates of the inhibited samples significantly

contrast the corrosion rate values obtained at 0% SMV and

remained generally the same at all SMV concentrations

showing that SMV effectively inhibits the corrosion of

HCS and FSS steel in HCl acid and its inhibition efficiency

is slightly independent of inhibitor concentration. The Fe2?

Fig. 2 Polarization plots for HCS in 2M H2SO4 at 0–1.5% SMV

Table 4 Polarization results for FSS in 2M H2SO4 at 0–1.5% SMV

FSS

sample

SMV

conc. (M)

SMV

conc.

(%)

Corrosion

rate (mm/

year)

Inhibition

efficiency

(%)

Corrosion

current

(A)

Corrosion

current density

(A/cm2)

Corrosion

potential

(V)

Polarization

resistance, Rp

(X)

Cathodic

potential,

Bc

Anodic

potential,

Ba

A 0 0 28.95 0 5.91E-03 2.63E-03 -0.272 27.879 -0.503 1.26E-01

B 6.98E-06 0.25 4.83 83.33 9.86E-04 4.38E-04 -0.223 4.960 -7.055 5.00E-03

C 1.40E-05 0.5 3.99 86.20 8.16E-04 3.63E-04 -0.192 5.147 -6.738 4.00E-03

D 2.09E-05 0.75 3.87 86.63 7.90E-04 3.51E-04 -0.179 5.075 -6.596 4.00E-03

E 2.79E-05 1 3.94 86.39 8.05E-04 3.58E-04 -0.202 7.526 -7.190 6.00E-03

F 3.49E-05 1.25 3.94 86.38 8.05E-04 3.58E-04 -0.334 6.335 -8.146 5.00E-03

G 4.19E-05 1.5 3.61 87.52 7.38E-04 3.28E-04 -0.340 4.185 -7.882 3.00E-03

Table 5 Polarization results for HCS in 2M H2SO4 at 0–1.5% SMV

HCS

sample

SMV

conc. (M)

SMV

conc.

(%)

Corrosion

rate (mm/

year)

SMV

inhibition

efficiency

(%)

Corrosion

current

(A)

Corrosion

current density

(A/cm2)

Corrosion

potential

(V)

Polarization

resistance,

Rp (X)

Cathodic

potential,

Bc

Anodic

potential,

Ba

A 0 0 19.09 0 6.40E-04 1.64E-03 -0.332 6.294 -10.140 7.110

B 6.98E-06 0.25 5.52 71.10 1.85E-04 4.74E-04 -0.334 54.947 -7.030 6.293

C 1.40E-05 0.5 5.49 71.26 1.84E-04 4.72E-04 -0.315 65.482 -5.560 5.157

D 2.09E-05 0.75 3.84 79.91 1.29E-04 3.30E-04 -0.318 59.454 -5.928 5.240

E 2.79E-05 1 4.43 76.80 1.49E-04 3.81E-04 -0.341 77.057 -6.509 5.937

F 3.49E-05 1.25 3.21 83.21 1.08E-04 2.76E-04 -0.326 84.082 -6.107 5.480

G 4.19E-05 1.5 4.39 76.99 1.47E-04 3.78E-04 -0.332 52.240 -6.873 5.970
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ions released into the solution (Fe ? Fe?2 ? 2e-) react

with molybdate ions component of SMV to form Fe2?

molybdate complex which is further oxidized by dissolved

oxygen to form an insoluble, protective ferric molybdate

complex in combination with ferric oxide [25]. The

molybdate strengthens the outermost hydrated iron oxide

layer through hydrogen bonding to hydroxide groups on the

surface resulting in a negative surface charge that inhibits

the diffusion of Cl- to the metal surface and Fe2? from the

metal.

The organic inhibitor component of SMV consists of

free electron pairs on the O2 atom (reaction center) which

forms coordination covalent bonds with Fe [26]. The pi-

electrons of the component possibly overlap with the

vacant d-orbitals of the metal surface. The double bonds in

the molecule allow the release of Fe d-electrons to the p-
orbitals. The organic molecules adsorb onto the corroded

metal surface through displacement of adsorbed water

molecules according to the general equation [27–30].

Org solð Þ þ aH2O adsð Þ $ Org adsð Þ þ aH2O solð Þ ð13Þ

The stability of the adsorbed organic compound films/

layer on the metal surface depends on the functional groups

(aldehyde, hydroxyl and ether) of the compound, possible

steric factors and nature of interaction between its p-orbital

and the d-orbital of iron. Electrostatic attraction between

the negatively charge iron surface due to Cl- adsorption

and the protonated inhibitor occurs. This phenomenon

results in corrosion inhibition through adsorption of the

ionized molecules of the inhibitor over the entire metal

surface.

Corrosion potential in Table 4 shifts to anodic potentials

from 0.25 to 1% SMV, showing that the combined

inhibiting admixture strongly influenced the oxidation

reactions at the concentrations. At 1.25 to 1.5% SMV, the

corrosion potential shift to cathodic values, influencing the

hydrogen evolution and oxygen reduction reactions

through selective precipitation of the SMV ions on the steel

surface which renders the surface passive and protected

[31, 32]. These observations are illustrated in Fig. 1 where

the polarization plots show wide potential behavior prob-

ably due to the passivation characteristics of FSS in

interaction with the inhibitor when withstanding the action

of Cl- ions responsible for surface deterioration. The

passive film on FSS probably breaks down and repassivates

in the presence chloride ions, in HCl solution, and the

breakdown site may trigger a localized corrosion of the

underlying metals before inhibition. The maximum change

in corrosion potential for FSS is 93 mV in the anodic

direction; thus, it is an anodic type inhibitor in HCl acid

[33, 34]. The polarization plots in Fig. 2 show similar

electrochemical behavior due to minimal potential shifts

and the lack of passivation behavior of HCS. HCS being a

carbon steel undergoes general corrosion. The inhibiting

actions tend to be mixed type, simultaneously influencing

the redox corrosion mechanism through surface coverage.

The change in polarization resistance with respect to

decrease in corrosion current density in Table 5 confirms

the presence of a protective film on the HCS steel surface

[35–39]. The protective film controls the anodic reaction of

metal dissolution (Fe ? Fe2? ? 2e-) by forming Fe2?—

SMV complex (as earlier mentioned) on the anodic sites of

the HCS surface. The maximum change in corrosion

potential for HCS is 17 mV in the anodic direction; thus,

its inhibiting action is mixed type inhibitor.

3.2 Coupon Analysis

Results from coupon analysis for weight loss ð ~xÞ, corro-
sion rate (c) and percentage inhibition efficiency (g) for

FSS and HCS samples in HCl solution at specific con-

centrations of SMV are detailed in Tables 5 and 6. Fig-

ures 3a, b and 4a, b show the graphical illustrations of

corrosion rate and percentage inhibition efficiency versus

exposure time. Observation of Figs. 3a and 4a shows the

sharp contrast in the corrosion behavior of FSS and HCS

samples at 0% SMV, the FSS sample corroded significantly

from the onset of the exposure hours to the end with brief

alternations in corrosion rate values due to the sudden

destruction of its passive film. The passive film degraded

probably due to the thickness and defects in the film. The

film locally deteriorated and thins down before the under-

lying metal begins to pit at the film breakdown site from a

localized mode of film dissolution because of the adsorp-

tion of chloride ions [40–44]. The corrosion rate value of

HCS sample gradually increased to the end of the exposure

period. Comparison of the samples shows that passivation

has limited effect on the corrosion resistance of FSS

samples. Addition of SMV concentrations (0.25–1.5%

SMV) to the acid solution altered the corrosion behavior of

FSS and HCS with SMV performing more effectively on

FSS sample compared to HCS as shown in the inhibition

efficiency values in Tables 6 and 7.

The corrosion inhibition efficiency of SMV on FSS

(Fig. 3b) decreased at low concentrations (0.25–0.75%

SMV) from about 96.9% and 91.43 to 88.33, 84.59% and

90.84%; however, after 0.75% SMV (1–1.5% SMV) the

inhibition efficiency remained generally stable till the end

of the exposure hours. This shows that electrochemical

behavior of SMV at low concentrations is proportional to

its inhibition efficiency value and is unable to remain

stable due to the availability of limited SMV cations for

corrosion inhibition. Similar electrochemical corrosion

inhibition behavior was observed for SMV concentrations

(0.5–1.5% SMV) on HCS sample after 72 h of exposure till

the end of the analysis at 240 h. The inhibition efficiency
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increased progressively at all concentrations, confirming

that total surface coverage through adsorption is the inhi-

bition mode by SMV on HCS while selective precipitation

is probably the mode of inhibition on FSS.

3.3 Adsorption Isotherm

Adsorption isotherm provides detailed insight into the

physiochemical properties/interaction of the inhibitor in the

acid solution at metal surface. It also shows how the

adsorption process proceeds and the amount of material

adsorbed for a given set of inhibitor concentration at

specific temperature. The action of SMV in HCl media is

assumed to be due to its adsorption at the metal/solution

interface [45]. SMV blocks the metal surface and does not

permit or suppresses the corrosion process from taking

place. Langmuir isotherm model among others had the best

fit for the results retrieved for SMV in HCl acid,

respectively.

All isotherms are of the general form:

f h; xð Þ exp �ahð Þ ¼ Kc ð14Þ

where a is a molecular interaction parameter subject to the

electrochemical interactions in the adsorption layer and the

extent of inhomogeneity of the steel’s surface and f(h, x) is
the configurational factor which depends on the physical

model and assumptions involved in the derivation of the

Fig. 3 Graphical illustration of a corrosion rate versus exposure time,

b inhibition efficiency versus exposure time in 2M HCl at 0–1.5%

SMV for FSS

Fig. 4 Graphical illustration of a corrosion rate versus exposure time,

b inhibition efficiency versus exposure time in 2M HCl at 0–1.5%

SMV for HCS

Table 6 Result for FSS in 2M HCl at specific concentrations of SMV from coupon analysis

FSS

samples

Weight Loss

(g)

SMV concentration

(%)

SMV concentration

(molarity)

Corrosion rate (mm/

year)

SMV inhibition efficiency

(%)

A 8.505 0 0 0.0456 0

B 0.992 0.25 6.98E-06 0.0053 88.33

C 1.311 0.5 1.4E-05 0.0070 84.59

D 0.779 0.75 2.09E-05 0.0042 90.84

E 0.295 1 2.79E-05 0.0016 96.54

F 0.312 1.25 3.49E-05 0.0017 96.34

G 0.281 1.5 4.19E-05 0.0015 96.69
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isotherm [46, 47]. In the limit, when x = 1 and a = 0, all

isotherms reduce to the Langmuir isotherm.

The general form of the Langmuir equation is shown

below:

h
1� h

� �
¼ KadsC � h ¼ h ¼ KadsC

1þ KadsC

� �
ð15Þ

where h is the value of surface coverage on the metal alloy,

C is SMV concentration in the acid solution and Kads is the

equilibrium constant of the adsorption process. The plots of
C
h versus the SMV concentration C were linear (Fig. 5a, b)

confirming Langmuir adsorption.

According to Langmuir, (1) ionized molecules of SMV

selectively precipitate on adsorption sites at the metal/ion

solution interface resulting in the slight deviation of the

slope from unity as shown in Fig. 5a, b [48, 49], (2) the

adsorption sites are equivalent and have the same binding

energy to the surface and (3) the adsorption capacity is

limited to one monolayer. Adsorption of SMV molecules

can also be regarded as a substitution reaction in which the

inhibitor molecule in the aqueous phase substitutes an x

number of water molecules adsorbed on the metal surface

as follows [50]:

IðaqÞ þ x H2Oð Þsur¼ Isur þ x H2Oð Þaq ð16Þ

The quantity x has been termed the size ratio or the

relative size of the SMV inhibitor to water molecules. This

implies that the number of water molecules displaced

depends on the size of the SMV adsorbate.

3.4 Thermodynamics of the Corrosion Process

Calculated results of Gibbs free energy (DGads
o ) for the

adsorption process as shown in Tables 8 and 9 can be

evaluated from Eq. 17.

DGads ¼ �2:303RT log 55:5Kads½ � ð17Þ

where 55.5 is the molar concentration of water in the

solution, R is the universal gas constant, T is the absolute

temperature and Kads is the equilibrium constant of

adsorption. Kads is related to the surface coverage (h) from
the relationship in Eq. 15.

The negative values of DGads
o show SMV adsorption is

spontaneous. Values of DGads
o around -20 kJ mol-1 depict

physisorption mechanism, while DGads
o around

-40 kJ mol-1 depicts chemisorption reactions mecha-

nisms [51]. Inhibitor chemisorption reactions form bonds

with the metal surface due to charge sharing or transfer

between the inhibitor cations and the valence electrons of

the metal forming a coordinate covalent bond. The highest

DGads
o value for FSS is -43.24 KJ mol-1, while the highest

for HCS is 38.67 KJ mol-1. The values of DGads
o for SMV

adsorption on FSS and HCS samples in HCl solution show

chemisorption interaction; however, the energy of adsorp-

tion and thus the strength of inhibition are higher on FSS

which confirms the results obtained from potentiodynamic

polarization [52].
Fig. 5 Plot of C

h versus SMV concentration (C) in 2M HCl a on FSS

sample, b on HCS sample

Table 7 Result for HCS in 2M HCl at specific concentrations of SMV from coupon analysis

HCS

samples

Weight loss

(g)

SMV concentration

(%)

SMV concentration

(molarity)

Corrosion rate (mm/

year)

SMV inhibition efficiency

(%)

A 2.345 0 0 0.0191 0

B 1.066 0.25 6.98E-06 0.0087 54.55

C 0.690 0.5 1.4E-05 0.0056 70.58

D 0.671 0.75 2.09E-05 0.0055 71.40

E 0.683 1 2.79E-05 0.0056 70.89

F 0.616 1.25 3.49E-05 0.0050 73.76

G 0.639 1.5 4.19E-05 0.0052 72.76
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3.5 IR Spectroscopy

Identification and nature of the functional groups respon-

sible for SMV inhibition on FSS and HCS in HCl solution

were determined through IR spectroscopy. Figure 6 shows

the superimposed spectra peaks for SMV compound on

FSS in HCl before and after the corrosion test (with and

without the presence of FSS sample), while Fig. 7 shows

the superimposed spectra peaks for SMV-inhibiting com-

pound on HCS in HCl solution before and after the cor-

rosion test. The extracted table of characteristic IR

absorptions is presented in Table 10. Observation of the

spectra peaks in Fig. 6 shows very close similarities in the

adsorption spectra, suggesting that the dominant anodic

inhibition properties of SMV on FSS inhibition are through

modification of the corrosive environment and selective

precipitation on anodic sites on the steel. Adsorption of the

functional groups of SMV would have played limited role

in inhibiting the Cl- due to the passivation characteristics

of the steel and thus aid in the repassivation of the steel and

corrosion inhibition through surface blockage. Matching

the spectra peaks in Table 10, peak values of 3348.27 and

1635.70 cm-1 are revealed before corrosion test. This

corresponds to the presence of alcohols, phenols, primary

and secondary amines and amides functional groups. The

peak values after the corrosion test were slightly similar to

values before the corrosion test.

The spectra peaks in Fig. 7 showed significant differ-

ence in transmittance indicators and adsorption spectra

values for SMV compound before and after the corrosion

test. The functional groups of alkynes, alkyl halides,

alcohols, carboxylic acids, esters, ethers, aliphatic amines

and alkenes at 1220.38 and 663.95 cm-1 before the cor-

rosion test completely disappeared after the corrosion test

due to strong adsorption onto the HCS steel. The func-

tional groups of phenols, primary and secondary amines

and amides remained largely intact probably playing a

role in modification of the corrosive environment. The

adsorption of the earlier mentioned functional groups is

responsible for the mixed inhibiting properties of SMV on

HCS through chemisorption mechanism. SMV adsorbs

over the entire surface of HCS simultaneously inhibiting

the anodic and cathodic corrosion reaction processes. The

groups are responsible for the formation of stable com-

plexes between the iron constituents and functional

groups present in SMV compound forming covalent or

coordinate bonds between the ionic components of SMV

and vacant Fe d-orbital.

Table 8 Results for Gibbs free energy, surface coverage and equilibrium constant of adsorption for SMV concentrations on FSS in 2M HCl

Samples SMV concentration (molarity) Surface coverage (h) Equilibrium constant of adsorption (K) Gibbs Free energy, DG (kJ mol-1)

A 0 0 0 0

B 6.98E-06 0.883 1,084,240.58 -44.37

C 1.40E-05 0.846 393,147.47 -41.86

D 2.10E-05 0.908 473,297.50 -42.32

E 2.79E-05 0.965 997,916.54 -44.16

F 3.49E-05 0.963 752,964.81 -43.47

G 4.19E-05 0.967 698,374.50 -43.28

Table 9 Results for Gibbs free energy, surface coverage and equilibrium constant of adsorption for SMV concentrations on HCS in 2M HCl

Samples SMV concentration (molarity) Surface coverage (h) Equilibrium constant of adsorption (K) Gibbs Free energy, DG (kJ mol-1)

A 0 0 0 0

B 6.98E-06 0.546 171,930.0 -39.82

C 1.40E-05 0.706 171,811.3 -39.82

D 2.10E-05 0.714 119,185.9 -38.92

E 2.79E-05 0.709 87,189.1 -38.14

F 3.49E-05 0.738 80,510.2 -37.94

G 4.19E-05 0.728 63,746.5 -37.37
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Fig. 6 IR spectra of SMV-

inhibiting compound on FSS in

HCl before and after corrosion

test

Fig. 7 IR spectra of SMV-

inhibiting compound on FSS in

HCl before and after corrosion

test

Table 10 Table of

characteristic IR absorptions
Wavenumber (cm-1) Bond Functional group

3500–3200 (s, b) O–H stretch, H–bonded Alcohols, phenols

3400–3250 (m) N–H stretch Primary, secondary amines, amides

1650–1580 (m) N–H bend Primary amines

700–610 (b, s) –C(triple bond)C–H: C–H bend Alkynes

690–515 (m) C–Br stretch Alkyl halides

850–550 (m) C–Cl stretch Alkyl halides

1320–1000 (s) C–O stretch Alcohols, carboxylic acids, esters, ethers

1300–1150 (m) C–H wag (–CH2X) Alkyl halides

1300–1150 (m) C–H wag (–CH2X) Alkyl halides

1250–1020 (m) C–N stretch Aliphatic amines

1000–650 (s) =C–H bend Alkenes

m medium, w weak, s strong, n narrow, b broad, sh sharp
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4 Conclusion

High carbon steel and 3CR12 ferritic stainless steel are

both ferrous alloys due to their substrate iron metal com-

position; however, their response to corrosion under the

inhibiting action of sodium molybdenum oxide and vanillin

compounds in dilute HCl is quite different due to the

passivation characteristics of the stainless steel. The com-

bined admixture performed more effectively on the ferritic

steel through selective precipitation on the anodic sites on

the stainless steel in comparison with the mixed inhibition

behavior of the compound on the carbon steel despite its

hardened metallurgy and pearlite microstructure due to

high carbon content. The compound inhibited corrosion

through the combined action of modification of the corro-

sive environment and adsorption through chemisorption

mechanism where the amine functional group played a

major role
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