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Benzosulfonazole was evaluated for its corrosion inhibition effect on S40977 stainless steel

in 3 M H2SO4 solution through potentiodynamic polarization, open circuit potential mea-

surement, optical microscopy and IR spectroscopy. Results obtained showed the effective

performance of the compound with values of 77.33%e88.32% inhibition efficiency, at 0.25%

e1.25% inhibitor concentration from electrochemical analysis. Corrosion potential value

decreased from �0.359 V to �0.306 V upon addition of the compound at 0.25% concen-

tration, which decreased progressively to �0.278 at 1.25% concentration. Identified func-

tional groups of alcohols, phenols, amines, amides, carboxylic acids, aliphatic amines,

esters and ethers within the compound completely adsorbed onto the steel from analysis

of the adsorption spectra while others decreased in intensity due to partial adsorption.

Thermodynamic calculations showed the cationic adsorption to be through chemisorption

mechanism according to Langmuir, Freundlich and Temkin adsorption isotherms. Micro-

analytical images showed a severely corroded morphology with corrosion pits in the

absence of benzosulfonazole which contrast the images obtained with the inhibitor

addition. The compound was determined to be mixed type inhibition.

© 2017 The Author. Published by Elsevier B.V. on behalf of Institution of Chemical Engi-

neers. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Corrosion deterioration of metallic alloys by chemical inter-

action with their environment is one of the major sources of

overhead costs due to maintenance and repair of damaged

andworn out equipment and parts in industrial plants, oil and

gas refinery, marine environments, energy generating sta-

tions and ore processing. S40977 stainless steel fabricated

through modification of 409 stainless steel resists mild

corrosion and wet abrasion. It has been employed in appli-

cations for which aluminium, galvanized and carbon steels

provide undesirable results, owing to its above average resis-

tance to strong acids and alkalis, and cracking resulted from

chloride stress corrosion. Having an average life expectancy of
Elsevier B.V. on behalf of
tivecommons.org/license
5e10 times that of mild steel at considerably less cost than

higher grades of stainless steel, S40977 is an effective alter-

native resulting in minimum capital cost increases and sig-

nificantmaintenance cost savings. However, unlike grade 304,

S40977 steel has limited corrosion resistance in mining and

mineral processing, petrochemicals and chemical, power

generation, telecommunication cabinets and electrical en-

closures and water and sewage treatment. Its corrosion

resistance can be greatly improved with the application of a

potent corrosion prevention method that boosts its life span

and applicability considerably. Use of inhibitors combines the

quality of been cost effective and very reliable most especially

when the right chemical compound at very low concentra-

tions give expected results (Udhayakalaa and Rajendiran,
Institution of Chemical Engineers. This is an open access article
s/by-nc-nd/4.0/).
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2015). Considerable efforts have been deployed to develop

high performance corrosion inhibitors of organic origin

capable of forming coordinate covalent bonds with metallic

surfaces. Compounds consisting of heteroatoms containing

nitrogen, oxygen, and sulphur have been reported to be

effective inhibitors. These compounds have the ability to

remarkably slow down the corrosion of metals and alloys by

decreasing the rate of corrosion processes (Fouda et al., 2006;

Udhayakala et al., 2013; Eddy and Odoemelam, 2008;

Umoren et al., 2008). Benzosulfonazole, a heterocyclic com-

pound and its derivatives are found in commercial products

and in nature. It is readily substituted at the unique methyne

centre in the thiazole ring. Being a thermally stable electron-

withdrawing moiety, it has numerous applications in dyes,

insecticides, and food flavouring agents; some drugs such as

riluzole and pramipexole contain the compound. The com-

pound has been previously investigated for corrosion inhibi-

tion for mild steel and copper in HCl and neutral chloride

solutions (Ajmal et al., 1994; Rao et al., 2009; Negm et al., 2010).

This research aims to study the corrosion inhibition perfor-

mance of benzosulfonazole on S40977 stainless steel in 3 M

H2SO4 acid media through electrochemical methods, corro-

sion potential measurement, IR spectroscopy and optical

microscopy.

2. Experimental procedure

2.1. Materials and preparation

S40977 ferritic stainless steel (S40977) has a nominal compo-

sition (wt%) of 0.03%C, 1.5%Mn, 1% Si, 0.04 P, 0.015% S, 13%Cr,

1% Ni, 0.03 N and balance Fe. The steel has a cylindrical form

with dimensions of 1.8 cm diameter and 1 cm length. Steel

specimens were machined, abraded with silicon carbide pa-

pers (80, 320, 600, 800 and 1000 grits) before washing with

distilled water and propanone, and kept in a desiccator for

potentiodynamic polarization test and open circuit potential

measurement according to ASTM G1-03 (2011). Benzosulfo-

nazole obtained from BOC Sciences, USA is the organic com-

pound for evaluation of its corrosion inhibiting properties. It is

a colourless, slightly viscous aromatic heterocyclic compound

with a molar mass of C7H5NS, g/mol. The compound was

prepared in molar concentrations of 1.85 � 102, 3.70 � 102,

5.55 � 102, 7.40 � 102 and 9.25 � 102 in 200 mL of 3 M H2SO4

solution, prepared from analar grade of H2SO4 acid (98%) with

deionized water.
Fig. 1 e Potentiodynamic polarization curves
2.2. Potentiodynamic polarization test

Polarization measurements were carried out at 30 �C ambient

temperature with a three electrode system, conical glass cell

containing 200 mL of the electrolyte and Digi-Ivy 2311 poten-

tiostat. S40977 steels embedded in resin mounts with an un-

concealed surface with area of 2.54 cm2 were prepared

according to ASTM G59-97 (2014). Potentiodynamic polariza-

tion curves were produced at a scan rate of 0.0015 V/s from

potentials of �1 V and þ1.5 V according to ASTM G102-89

(2015). Platinum rod was used as the counter electrode and

silver chloride electrode (Ag/AgCl) as the reference electrode.

Corrosion current density (Jcr, A/cm
2) and corrosion potential

(Ecr, V) values were obtained using the Tafel extrapolation

method whereby the estimated corrosion current, Icr, ob-

tained from the intercept of the two linear segment of the

Tafel slope from the cathodic and anodic polarization plots

(http://www.che.sc.edu/fac; http://www.ecochemie.nl/d). The

corrosion rate (CR) was calculated from the mathematical

relationship;

CR ¼ 0:00327�Jcr�Eqv

d
(1)

where Eqv is the sample equivalent weight in grams, 0.00327 is

a constant for corrosion rate calculation in mm/y (Choi et al.,

2011) and d is the density in g The inhibition efficiency (h2, %)

was calculated from the corrosion rate values according to

equation (2);

h2 ¼ 1�
�
CR2

CR1

�
� 100 (2)

CR1and CR2 are the corrosion rates of the uninhibited and

inhibited steel specimens. Polarization resistance (Rp, U) was

calculated from equation (3) below;

Rp ¼ 2:303
BaBc

Ba þ Bc

�
1

Icr

�
(3)

where Ba is the anodic Tafel slope and Bc is the cathodic Tafel

slope, both are measured as (V vs Ag/AgCl/dec).

2.3. Infrared spectroscopy and optical microscopy
characterization

BEZ/3 M H2SO4 solution (before and after the corrosion test)

was exposed to specific range of infrared ray beams from

Bruker Alpha FTIR spectrometer at wavelength range of
for S40977 in 1 M H2SO4 (0e1.25% BEZ).
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375e7500 cm�1 and resolution of 0.9 cm�1. The transmittance

and reflectance of the infrared beams at various frequencies

were decoded and transformed into an IR absorption plot

consisting of spectra peaks. The spectral pattern was evalu-

ated and equated with IR absorption table to identify the

functional groups responsible for corrosion inhibition. Micro-

analytical images of the corroded and inhibited S40977 steel

surface morphology from optical microscopy were analysed

after the electrochemical test with Omax trinocular with the

aid of ToupCam analytical software.

2.4. Open circuit potential measurement

OCPmeasurementswere obtained at a step potential of 0.05 V/

swith two-electrodeelectrochemical cell consistingofAg/AgCl

reference electrode and resin mounted steel specimens

(exposed surface of 2.54 cm2) as the working electrode, con-

nected to Digi-Ivy 2311 potentiostat according to ASTM G69 e

12 (2012). The electrodes were fully immersed in 200 mL of

the test media at specific concentrations of BEZ for 1800s.

3. Results and discussion

3.1. Potentiodynamic polarization studies

The anodic/cathodic polarization curves for S40977 3 M H2SO4

acid solutions are shown in Fig. 1. Experimental data on the

polarization curves are presented in Table 1. The significant

difference in corrosion rate values for specimen 1 at 0% BEZ

and specimens 2e5 (0.25%e1.25% BEZ) in the acidmedia is as a

result of the presence of BEZwhich adsorbs on S40977 surface.

Changes in corrosion rate are proportional to decrease in

corrosion current and increase in polarization resistance

values. BEZ addition shifts the polarization curves cathodi-

cally as shown in the corrosion potential values in Table 1,

signifying a strong influence on the oxidation reactions

probably through selective precipitation and adsorption on

redox reaction cells on the steel surface. The cathodic shift is

due to release of excess electronswhich slows anodic reaction

and speeds up the cathodic reaction mechanism. The effect

on the cathodic polarization plot is limited though BEZ lower

the slopes of the cathodic curve. Observing the anodic polar-

ization curve, passivation behaviour is shown just after the

intercept for specimen 2e5. This phenomenon is most prob-

ably due to surface coverage resulting from specific adsorp-

tion as earlier mentioned. Adsorption of BEZ molecules is

marginally dependent on BEZ concentration after 0.25% BEZ

from observation of the inhibition efficiency values. Values

changed from 84.92% to 88.32% at 0.5%e1.25% BEZ due to

strong intermolecular interaction between the protonated BEZ

molecules and the valence electrons on the steel surface. The

anodic Tafel slope values is as a result of the presence of

surface oxides from the slow electron transfer step (Schutt

and Horvath, 1987; Bockris et al., 1961; Bockris and Kita,

1961) which eventually changes due to changes in the elec-

trode substrate, rate controlling step and influence of poten-

tial controlled conditions. The maximum change in corrosion

potential value is 30 mV in the cathodic direction, thus BEZ is

predominantly a mixed type inhibitor (Loto, 2017).

3.2. IR spectroscopy analysis

The functional groups in BEZ compound responsible for

adsorption and corrosion inhibition of S40977 steel was

https://doi.org/10.1016/j.sajce.2017.09.001
https://doi.org/10.1016/j.sajce.2017.09.001
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identified through IR spectroscopy and matched with the IR

table (Table of Characteristic IR Absorpions; George, 2004).

The IR spectra plot of 3 M H2SO4/BEZ solution before and after

the corrosion tests are shown in Fig. 2. The spectra plot before

corrosion show peak configurations at wavelength intensities

of 3338.35 cm�1, 3250.77 cm�1, 1631.24 cm�1, 1176.77 cm�1,

1102.69 cm�1, 1046.76 cm�1 871.55 cm�1 and 575.33 cm�1.

Matching the values with the IR table, functional groups of

OeH stretch, Hebonded (alcohols, phenols), NeH stretch

(amines, amides), OeH stretch (carboxylic acids), NeH bend

(amines), CeH wag (eCH2X) alkyl halides, CeN stretch

(aliphatic amines), CeO stretch (esters, ethers), CeH “oop”

(aromatics), CeCl and CeBr stretch (alkyl halides) were

identified within the molecular structure of BEZ. The spectra

peak after corrosion show most values have decreased in

intensity but signifying partial adsorption of functional

groups at those peaks. The spectra peak of 3250 cm�1 and

1102.69 cm�1 (alcohols, phenols, amines, amides, carboxylic

acids, aliphatic amines, esters and ethers) had completely

disappeared on the peaks due to strong adsorption of these

functional groups on the steel surface. This observation is

responsible for the electrochemical action of BEZ in H2SO4

solution due to complete hydrolysis and ionization of the

organic compound which formed a selective, protective film

on the steel surface.
Fig. 2 e IR spectra of BEZ compound in 3 M H2SO4 s

Fig. 3 e Plot of C=q versus BEZ c
3.3. Adsorption isotherm

The mechanisms through which BEZ adsorbs on S40977,

inhibiting the oxidation of its surface can be explained

through adsorption isotherms. These mechanisms are due

to the strong interaction between the steel surface and the

pi-electrons within the hetero-atoms of BEZ (Zhu et al.,

1988), such that BEZ is removed from the solution on con-

tact with the steel surface. Organic adsorption from aqueous

solution is relatively complex and depends on the property

of the interfacial region between the steel and acid solution.

It also depends on the amount and nature of surface oxide

groups and functional groups, created through oxidation

occurring during the activation process. A number of

adsorption models have been previously applied to assess

experimental results (Trasatti, 1974), however in this

research Langmuir, Freundlich and Temkin adsorption

isotherm produced the best fit as shown from Figs. 3e5 ac-

cording to the following equations.

q ¼
�

KadsCBEZ

1þ KadsCBEZ

�
(4)

where q is the degree of BEZ surface coverage on 1018CS, CBEZ

is BEZ concentration and Kads is the equilibrium constant of

the adsorption mechanism. Adsorption plots of CBEZ=q vs CBEZ
olution before and after S40977 steel corrosion.

oncentration in 3 M H2SO4.

https://doi.org/10.1016/j.sajce.2017.09.001
https://doi.org/10.1016/j.sajce.2017.09.001


Fig. 4 e Freundlich isotherm plot of BEZ surface coverage (q) against BEZ concentration in H2SO4 solution.

Fig. 5 e Temkin isotherm plot of BEZ surface coverage (q) against log BEZ concentration in HCl.
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strongly aligns with Langmuir adsorption isotherm (Fig. 3),

having a correlation coefficient of 0.9997. Langmuir isotherm

suggests single layer adsorption which occurs at definite

number of reaction sites. The adsorptions are identical,

equivalent and no lateral interaction between the adsorbed

molecules exists (Guidelli et al., 1992).

q ¼ KCn (5)

log q ¼ nlog Cþ log Kads (6)

where n is a constant depending on the characteristics of the

adsorbed molecule, Kads is the adsorptionedesorption equi-

librium constant denoting the strength of interaction in the

adsorbed layer. Freundlich isotherm shows the relationship

between adsorbed molecules, their interaction and influence

on the adsorption process through molecular repulsion or

attraction. The amount adsorbed represents the sum total of

adsorption on the reactive sites (Arivoli et al., 2007; Ashish and

Quraishi, 2011). The correlation coefficient for Freundlich

isotherm plot (Fig. 4) is 0.7570.

qe ¼ B lnðAþ CeÞ (7)

Where B ¼ RT=b (8)

A is Temkin isotherm constant (L/g), b is the Temkin con-

stant related to heat of adsorption, T is the temperature (K), R

is the gas constant (8.314, J/mol K)and Ce is the concentration
of adsorbate. B is the Temkin constant related to heat of

sorption (J/mol). The Temkin isotherm assumes the heat of

adsorption decreases linearly with increase in surface

coverage. It is characterized by a uniform distribution of

binding energies, taking into account the indirect interactions

of adsorbateeadsorbate molecules on adsorption isotherm

(Zeldowitsch, 1934). The Temkin isotherm plot for BEZ in

H2SO4 (Fig. 5) had a correlation coefficient of 0.9078.

3.4. Thermodynamics of the corrosion inhibition
mechanism

The adsorption strength of BEZ on S40977was calculated from

the thermodynamics of the inhibition mechanism. Calculated

results of Gibbs free energy (DGo
ads) for the adsorption process

is shown in Table 2, and evaluated from the relationship

(Aharoni and Ungarish, 1977).

DGads ¼ �2:303RT log½55:5Kads� (9)

where 55.5 is themolar 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 surface coverage (q) from the Langmuir equation.

Impurities, flaws, voids, inclusions etc. on the stainless

steel surface has a strong influence on the values of DGo
ads

coupled with changes in surface coverage value of BEZ

(Lowmunkhong et al., 2010). The degree of cations released

https://doi.org/10.1016/j.sajce.2017.09.001
https://doi.org/10.1016/j.sajce.2017.09.001


Table 2 e Data for Gibbs free energy (DGo
ads), surface coverage (q) and equilibrium constant of adsorption (Kads) for BEZ

adsorption on S40977.

Specimen BEZ concentration
(Molarity)

Surface
coverage (q)

Equilibrium constant
of adsorption (K)

Gibbs free energy,
DG (kj mol�1)

1 0 0 0 0

2 1.85E-05 0.773 184,507.7 �40.00

3 3.70E-05 0.849 152,235.0 �39.52

4 5.55E-05 0.861 111,951.8 �38.76

5 7.40E-05 0.865 86,399.6 �38.12

6 9.25E-05 0.883 81,793.7 �37.98
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into the solution is proportional to the degree of coverage of

BEZ inhibitor. Negative values of DGo
ads show the spontaneity

and stability of the adsorptionmechanism, with the highest of

�40 kJ mol�1 at 0.25% BEZ and �37.98 kJ mol�1 at 1.25% BEZ.

The values are due to the adsorption of BEZ molecules, at low

BEZ concentration virtually all the molecules are adsorbed in

response to oxidation reaction on the steel due to prior SO4
2�

adsorption. As the concentration increases not all BEZ mole-

cules are adsorbed due to excess molecules. The values align

with chemisorption adsorption mechanism involving charge

sharing or transfer between the inhibitor cations and the

valence electrons of the metal forming a co-ordinate covalent

bond (Abiola and Otaigbe, 2008; Bouklah et al., 2006; Loto,

2016).
Fig. 6 e Plot of S40977 corrosion potential versus

Fig. 7 e Micro-analytical image of S40977 befo
3.5. Open circuit potential measurement and optical
microscopy analysis

The corrosion potential values of S40977 steel specimens at

0% BEZ to 1.25% BEZ are shown in Fig. 6. Micro-analytical

images of S40977 morphology before corrosion, after corro-

sion without BEZ and in the presence of BEZ are shown from

Figs. 7(a) to 9(b) at mag. �40 and �100. The morphology of

the steel before corrosion [Fig. 7(a) and (b)] shows a surface

mildly polished with serrated edges due to machining. In the

presence of SO4
2� ions without BEZ compound, the steel

surface undergoes mild to severe oxidation [Fig. 8(a)],

resulting in the formation of surface oxides on the steel. This

observation corresponds with the corrosion potential values
exposure time in 3 M H2SO4/(0%e1.25% BEZ).

re corrosion (a) mag. £40, (b) mag. £100.

https://doi.org/10.1016/j.sajce.2017.09.001
https://doi.org/10.1016/j.sajce.2017.09.001


Fig. 8 e Micro-analytical image of S40977 after corrosion in 3 M H2SO4 without BEZ (a) mag. £40, (b) mag. £100.

Fig. 9 e Micro-analytical image of S40977 after corrosion in 3 M H2SO4 with BEZ (a) mag. £40, (b) mag. £100.
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of S40977 steel at 0% BEZ which starts at �0.359 V to �0.343 V

at 1800s. Comparing the corrosion potential values to values

at 0.25% BEZ, a significant decrease in corrosion potential is

observed (�0.307 V to �0.293 V). At mag. �100 [Fig. 8(b)]

formation of corrosion pits is visible from breakdown of the

passive film at preferential sites (flaws, impurities, in-

clusions etc.) as a result of anodic dissolution, resulting from

the electrochemical action of SO4
2� ions within the acid so-

lution. This further accelerates the corrosion rate of the steel

(Deyab, 2007). Micro-analytical images of S40977

morphology after corrosion in the presence of BEZ [Fig. 9(a)

and (b)] contrasts the images after corrosion without BEZ

due to the effective inhibiting action of molecules. The

protonated molecules adsorbed onto the steel due to elec-

trostatic attraction from pre-adsorbed SO4
2� ions on the steel

surface, hindering the anodic dissolution of the steel. The

presence of corrosion pits is completely absent on the

morphology of the steel. Comparing the images [Fig. 9(a) and

(b)] to the corrosion potential values of S40977 steel after

0.25% BEZ, the corrosion potential decreased further in the

range of �0.293 V, �0.288 V and �0.286 V at 0s to �0.280 V,

�0.278 V and �0.274 V at 1800 s due to the increased action

of BEZ molecules with respect to concentration. At 1.25%

BEZ, there is a further significant decrease in corrosion po-

tential (�0.278 V at 0 s to � 0.255 V 1800 s). More BEZ
molecules are adsorbed on the steel surface at higher BEZ

concentrations, leading to greater surface coverage (Rao and

Singhal, 2009). This is in effect results in the formation of a

more protective, adherent film that sufficiently hindered the

access of corrosive ions to the metal surface.

4. Conclusion

BEZ effectively inhibited the corrosion and surface oxidation

of S40977 steel in dilute H2SO4 acid solution from observation

through electrochemical analysis and corrosion potential

monitoring. The compound selectively adsorbed onto the

steel surface through chemisorption mechanism according to

the Langmuir, Freundlich and Temkin adsorption isotherm.

Pre-adsorption of the steel by corrosive anions and proton-

ation of the inhibitor functional group caused a strong elec-

trostatic attraction leading to a well passivated steel surface.

The optical image of the inhibited steel specimen significantly

contrasts the image without BEZ.
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