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A benzenesulfonamide-based benzoxazine compound (BSB) was synthesized from sulfamethizole,

salicylaldehyde, and paraformaldehyde in a series of reaction steps. The novel phenolic compound was

structurally identified by spectroscopic techniques such as nuclear magnetic resonance (1H & 13C-NMR)

and Fourier transform infrared spectroscopy. This novel benzoxazine compound possesses some highly

electronegative atoms that are responsible for its corrosion inhibition behavior. The corrosion inhibition

performance of BSB against X60 steel corrosion in 15% HCl at 25, 40, and 60 �C, which mimics an oil-

well acidizing environment, was investigated by weight loss (WL) measurements and electrochemical

techniques. The surface chemical compositions of the inhibitor and substrate (before and after

corrosion) were examined using energy dispersive X-ray (EDX), and Fourier transform infrared

spectroscopy (FTIR) techniques, respectively. Structural analysis was performed on the corroded steel

samples, by scanning electron microscopy (SEM), and atomic force microscopy (AFM) measurements.

The WL study of BSB at room temperature revealed over 88% inhibition efficiency for its 600 ppm

concentration at room temperature and the efficiency slightly increased to 91% at 60 �C. Furthermore,

the study suggested adsorption of BSB at a concentration of 600 ppm could involve the chemisorption

adsorption mechanism. However, the PDP results at all the studied concentrations revealed BSB to act

as a mixed-type inhibitor with a cathodic predominance. The EDS and FTIR analyses confirmed the BSB

adsorption to the steel surface to have occurred via interactions between the BSB heteroatoms and the

carbon steel surface. Hence, BSB adsorption follows the Langmuir adsorption isotherm.

1. Introduction

Carbon steel is an essential, industrial raw material manufac-

tured as an alloy of iron, carbon, and some trace amounts of

heavy metals.1 Carbon steel has excellent welding, mechanical

and annealing characteristics, and is also available at a low

cost.2 Carbon steel exhibits excellent qualities that satisfy its

application in the construction industry, and oil and gas

sectors.3–5 Mineral acids such as hydrouoric acid (HF), nitric

acid (HNO3), hydrochloric acid (HCl), and organic acids; formic

acid (HCOOH), acetic acid (CH3COOH), chloroacetic acid

(ClCH2COOH), sulfonic acid (RSO2OH), and sulfamic acid

(H2NSO2OH), are used to dissolve rubble, remove mud and to

create channels through rocks to access the crude oil.6 The

carbon steel employed for oil explorations in wells is susceptible

to corrosion, due to the harsh working conditions of the oil

wells, with acid solutions used as solvents to dissolve the rocks

at the drilling sites. Today, this practice is adopted worldwide to

enhance large oil and gas production, and the method of using

(5–28%) HCl is reported as the most prominent.7

Corrosion is an electrochemical and metallurgical process

that causes tremendous damages to construction materials,

constituting industrial problems such as short-circuit of the

electrical systems, leakages of tanks and pipelines. The annual

cost of mitigating corrosion in the industrialized world's

according to,8 is about £1.3 billion, and this estimated amount

represents nearly 3–4% of their GDP per annum.9,10 Corrosion

has been controlled by some methods that include coating the

surfaces of the corrosive materials with metals and organic

polymers,11–16 the use of inorganic and organic compounds as

corrosion inhibitors, and cathodic protection.17 In the oil wells,
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the use of corrosion inhibitors has proven to be easily practi-

cable, efficient, and nancially more economical.6 The inhibi-

tors are adsorbed to form protective layers over the surface of

the substrates, to prevent it from the ions of the corrosion

environment.18 Some inorganic inhibitors such as salts of

nitrate (NO2
�), molybdate, (MoO3

�), chromate (CrO4
2�), phos-

phate (H2PO3
�), and silicate, in the presence of arsenic, zinc,

nickel, and copper have been used to mitigate corrosion at high

temperature with efficient performance and are relatively inex-

pensive compared to the organic inhibitors. However, inorganic

inhibitors are non-biodegradable with tougher tendency to

combine with metal substrates. They also have more possibili-

ties of losing grip at high acid concentrations beyond 17%

compared to the organic inhibitors.9 Environmental concerns

are associated with such inhibitors obtained from arsenic salts

that tend to release toxic arsine gas.19 The organic inhibitors

with hetero-atoms, show excellent affinity to the surface of the

metallic substrates, due to the strong interaction between the

pi-electrons of these atoms, and the empty d-orbitals of the

transition metal (Fe atoms).3,20 This interaction causes the

formation of a protected layer over the metal surface, that

prevents it from direct contact with the corrosive environ-

ment.21 The heterocyclic compounds, whose structures contain

double bonds, and also bearing hetero-atoms such as, nitrogen

(N), sulphur (S), phosphorus (P), and oxygen (O), are considered

the most effective organic inhibitors for the corrosion steel

materials.22 Compounds containing functional absorption

centers such as; –SO2–NH- groups, –NH2 group, aromatic rings,

are referred to as sulfa drugs and have been reported to exhibit

excellent corrosion inhibition performance because of the

presence of these non-carbon atoms in them.20

Benzoxazines are heterocyclic organic compounds formed by

reactions of phenols, amines, and paraformaldehyde.23 Cope

and Holy in the 1940s were the rst to synthesize this class of

compound.24 Benzoxazines, majorly used as monomers for the

synthesis of polybenzoxazines,23 and are reported to show

excellent corrosion inhibition behavior when tested for this

application. The corrosion inhibition properties of

benzoxazines are related to the existence of an oxazine hetero-

cycle connected to a benzene ring in their primary chemical

structure,25 and the oxazine ring contains heteroatoms (nitrogen

(N) and oxygen (O)) that bear electron pairs. This investigation is

on the synthesis of a benzenesulfonamide functionalized benzox-

azine (BSB), and the effect of the functional group of the

compound on its corrosion inhibition efficacy. The BSB structure

has additional electron-rich; sulphur, nitrogens, and oxygen

atoms. The compound obtained by reacting salicylaldehyde, sul-

famethizole, and paraformaldehyde, was analyzed by some tech-

niques. FTIR and NMR spectra of the product were examined to

conrm its chemical makeup. Scanning electron microscopy

(SEM), was used to characterize the surface morphology of the

compound. The quantication of the elemental distribution on

the surface of BSB by energy dispersive X-rays (EDX) was also

investigated. Then, the inhibition study of BSB against a substrate

of steel (X60) using a solution of 15% HCl simulating an acidizing

environment was examined, by weight loss analysis and electro-

chemical measurements. The surface characterization techniques

such as SEM/EDS, AFM, and FTIR, were used to analyze the

surfaces of the substrates tested in the BSB and blank solutions.

2. Experimental
2.1. Materials

Sulfamethizole (Sigma-Aldrich, 98%), salicylaldehyde (Sigma-

Aldrich, $98%), paraformaldehyde (Sigma-Aldrich, 95%),

sodium borohydride (Sigma-Aldrich, 99%), carbon steel (X60),

ethanol (Sigma-Aldrich, $99.5%), hydrochloric acid (Sigma-

Aldrich, 37%), methanol (Sigma-Aldrich, 98%), and hexam-

ethylene tetraamine (Sigma-Aldrich, $99%). All the chemicals

were used as supplied without additional purications.

2.2. Inhibitor synthesis

The inhibitor employed for this study was synthesized in two

reaction steps, as depicted in Fig. 1. Firstly, a phenol-derivative

BSP, was prepared via the reaction of an ortho-

Fig. 1 Schematic showing the synthesis of benzenesulfonamide-based benzoxazine (BSB).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7079
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hydroxybenzaldehyde and a primary amine. This reaction was

performed according to the methodology reported by Fei Shan

and his colleagues.21 Then, at the nal step, the targeted

benzenesulfonamide-based benzoxazine (BSB) was obtained by

the reaction of 4-((2-hydroxybenzyl)amino)-N-(5-methyl-1,3,4-

thiadiazol-2-yl)benzenesulfonamide precursor abbreviated as

(BSP), with formaldehyde molecules.

2.2.1. Synthesis of BSP. A 250 cm�3 round-bottom ask,

containing amagnet stirrer, was lled with 120 cm�3 of ethanol.

Then, sulfamethizole (4.88 g, 0.04 moles), and salicylaldehyde

(10.80 g, 0.04 moles), were dissolved in the solvent and reuxed

for 4 hours. Sodium borohydride (2.22 g, 0.06 mole) was added

to this reaction ask and ice-cooled at 0 �C. The mixture was

gently stirred for 2 hours at this temperature before discharging

into 450 cm�3 water. The neutralization of the aqueous solution

was achieved with 10% HCl to give a white-powered precipitate

of BSP. The collected product was severally washed with water

and dried overnight at 50 �C in a vacuum oven before used for

the next reaction step. Yield 90%, mp ¼ 203 �C. FTIR spec-

troscopy (KBr 4000–400 cm�1): 3366 (O–H), 3095–3140 (thiazole

ring), 1593 (aromatic C]C),1397 (asymmetric S]O), 1127

(symmetric S]O). 1H-NMR [400 MHz, DMSO, d (ppm)]: 13.62 (s,

1H, SO2–NH–), 9.72 (s, 1H, –OH), 7.45 (t, 1H, Ar–CH2–NH), 6.60–

7.45 (m, 8H, Ar–H), 4.23 (d, 2H, Ar–CH2–N), 2.51 (s, 3H, –C–

CH3).
13C-NMR [400 MHz, DMSO, d (ppm)]: 167.61, 155.71,

154.67, 152.67, 128.82, 128.48, 128.21, 125.36, 119.52, 115.62,

111.67, 57.78, 16.73.

2.2.2. Synthesis of 4-(2h-benzo[e][1,3]oxazin-3(4H)-yl)-N-(5-

methyl-1,3,4-thiadiazol-2-yl)ben-zenesulfonamide BSB. The BSP

(3.55 g, 0.00944 moles) and paraformaldehyde (0.283 g, 0.00944

moles) were dissolved in a round-bottom ask containing

dioxane (80 cm�3) and reuxed for 18 h. Then, the dioxane was

removed under vacuum using rotary evaporator. The crude

product dissolved in methylene chloride was washed with 1

molar solution of sodium hydroxide solution and rinsed

severally with deionized water. Anhydrous magnesium sulphate

was used to dry the organic phase and the solution le to dry at

room temperature to give a dirty white solid product of BSB. The

product was further puried by recrystallization in ethanol

solution, yield 68%. Mp¼ 185 �C. FTIR spectroscopy (KBr 4000–

400 cm�1): 3342 (N–H), 1591 (aromatic C]C), 1501 (trisubsti-

tuted aromatic ring), 1371 (asymmetric S]O), 1272 (asym-

metric C–O–C), 1127 (symmetric S]O), 947 (oxazine ring). 1H-

NMR [400 MHz, DMSO, d (ppm)]: 13.59 (s, 1H, SO2–NH–),

6.59–7.54 (m, 8H, Ar–H), 5.89 (d, 2H, O–CH2–N), 4.75 (d, 2H, Ar–

CH2–N), 2.51 (s, 3H, –C–CH3).
13C-NMR [400 MHz, DMSO,

d (ppm)]: 165.34, 155.48, 154.64, 149.29, 130.23, 128.48, 128.14,

127.56, 123.36, 119.50, 115.57, 113.16, 64.56, 50.58, 16.77.

2.3. Preparation of the BSB inhibitor solutions and carbon

steel coupons

Firstly, an analytical grade HCl (37%) stock solution was used to

prepare an aqueous solution of HCl (15%) by the dilution

method. Then, BSB solutions (100, 200, 300, 400, 500, and 600

ppm) were individually prepared in the dilute acid solution and

used for this examination.

The chemical compositions of the carbon steel specimen

used for this investigation are 96.2% Fe, 0.121% Cr, 0.125% C,

0.52% Si, 1.830% Mn, 0.296% Cu, 0.091% Ni, 0.079% Mo,

0.043% Al, 0.053% Nb and 0.078% V. The dimension (3 cm �

3 cm � 1 cm) of the specimen was mechanically fabricated into

coupons for weight loss analysis. While the coupon, used for

electrochemical assessments, was constructed by cold

mounting 1 cm � 1 cm � 1 cm carbon steel specimen in

a mixture containing epoxy and its hardener exposing only the

1 cm � 1 cm square surface to give a total exposed surface area

of 1 cm2. However, the coupons before usage were wet-polished

with silicon carbide paper: 120, 240, 320, 400, 600, and 800 grits.

Finally, distilled water and acetone were used to rinse the

coupons, and then dried using a specimen dryer.

2.4. BSB and steel surface characterization

The structure of the BSB inhibitor was examined using FTIR-

spectrophotometer (Shimadzu-8400S), within a scanning

range of 400–4000 cm�1 at a resolution of �4 cm�1. FTIR

spectra of the BSB lm formed on the carbon steel substrates

were also collected, aer 24 h immersion of the steel in the

acidic solution with, and without the BSB inhibitor. The NMR

spectra (1H & 13C) the BSB sample were analyzed using a Bruker

NMR spectrophotometer (400 MHz). The surfaces of the steel

substrates in the presence and absence of the inhibitor were

examined using the SEM instrument (JSM-6610 LV model) at an

operating voltage and irradiation current of 10 kV and 10 mA,

respectively, and the Fiber-Lite MI-150 high-intensity illumi-

nator from Dolan-Jenner Industries AFM instrument.

2.5. Weight loss evaluation

Weight loss analysis was performed according to the standard

procedure: American Society for Testing and Materials (ASTM)

G1-03 method.26 Here, weighed samples of the steel substrates

were immersed (in duplicates) into 100 cm3 of test solution

contained in glass bottles (200 cm3 capacity). Then, the blank

and different concentrations of the BSB inhibitor were added

separately to the bottles and maintained at room temperature

(25 � 1), for 24 h. Thereaer, the samples were removed from

the bottles, and dipped in Clark's solution (a 3.5 g hexam-

ethylene tetraamine in 1000 cm3 18.5% HCl solution), for 2

minutes, before totally washing them with water & detergent.

Finally, weights of the dried specimens were measured, aer

rinsing them with distilled water and acetone, respectively. The

difference in the specimens' weights, before and aer immer-

sion in the test solution, was taken as the weight loss, and the

corrosion rate (CR) calculated using eqn (1).

Corrosionrate ðmm per yearÞ ¼
W � 8:76� 104

A� T �D
(1)

where, W, A, T and D, are the weight loss in gram, the total

surface area exposed in cm2, the exposure time in hours, and

the density of the steel substrate in g cm�2, respectively.

The inhibition efficacy expressed as (%IE) was estimated

using eqn (2)
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%IEWt loss ¼
CRo � CRI

CRo

� 100 (2)

where: CRo indicates corrosion rates for the blank, and CRI

represents the corrosion rate for BSB inhibited solutions,

respectively.

2.6. Electrochemical measurement techniques

The electrochemical evaluation of the specimen performed

using a three electrodes system is reported here. The electrodes

are a graphite counter electrode, a silver/silver chloride (Ag/

AgCl) reference electrode, and a fabricated carbon steel spec-

imen as working electrodes. The electrode system connected to

an Autolab instrument (PGSTAT100N), according to ASTM

standard procedure,26 was used. The corrosion characteristics

of the steel substrates, in the acidizing environment (15% HCl),

at 25, 40, and 60 �C, was studied using the three electrochemical

techniques: electrochemical impedance spectroscopy (EIS),

potentiodynamic polarization (PDP), and linear polarization

resistance (LPR), respectively. Before each electrochemical

evaluation, the carbon steel electrode was dipped in the analysis

solution for 1 hour, until a steady state is attained at open

circuit potential (OCP). The EIS measurement was performed at

a frequency of 100 kHz to 10 mHz, and an amplitude of 10 mV.

The LPR measurement was achieved using a voltage range of

�0.01 V from OCP, and a 0.125 mV s�1 scan rate for the OCP. A

voltage ranging from �0.25 to +0.25 V, at a scan rate of 0.25 mV

s�1, from OCP was applied for the PDP. The curve ttings and

data analyses were achieved using the Nova soware (2.1.4

version).

3. Results and discussion
3.1. The chemistry and spectral analysis of BSB

The benzenesulfonamide based benzoxazine (BSB) is a class of

heterocyclic compounds consisting of a benzene ring attached

to an oxazine heterocycle with three heteroatoms (N, O, and S),

distributed on the structure of the inhibitor. The synthesis and

chemical structure of the BSB are presented in Fig. 1. Firstly,

a precursor material (BSP) employed for the synthesis of BSB

Fig. 2 Proposed mechanisms for the synthesis of BSP (a), and BSB (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7081
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was prepared from the chemical reduction of a Schiff-base

intermediate, formed from reuxing equimolar amounts of

salicylaldehyde and sulfamethizole in ethanol for 6 hours

according to the methodology of Fei Shan,27 and the proposed

reactionmechanism is presented in Fig. 2a. The precursor (BSP)

was collected as a white powdered precipitate, dried, and

characterized accordingly using FTIR, and NMR spectral anal-

ysis, respectively. From the FTIR spectra of BSP Fig. 3(i), the

bands of the phenolic hydroxyl group, and the thiazole ring

appeared around 3366 and 3120 cm�1.28,29 The C]C stretch of

the aromatic rings showed at 1593 cm�1, while the vibration

frequencies of the S]O (asymmetric and symmetric), are seen

at 1397, and 1127 cm�1, respectively.30 The protons contained in

BSP and the carbon centers of the compound are also examined

using the NMR analysis. According to the result of the proton

NMR of BSP (Fig. 5), the N–H proton attached to the

Fig. 3 FTIR spectra of BSP, BSB and carbon steel surface adsorbed BSB film.

Fig. 4 SEM (A), and EDX spectra (B) of BSB.
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sulfonamide group showed a peak at 13.62 ppm, while the

signal of the phenolic proton of BSP appeared at a frequency of

9.57 ppm.31 The signals of the aromatic protons displayed as

multiplet between 6.60 ppm and 7.45 ppm. The methyl group

protons attached to the thiazole ring appeared as a singlet peak

at 2.51. The 13C-NMR spectrum (Fig. 6) revealed the carbon

centers contained in the thiazole ring at 167.61 ppm, and

152.67 ppm, respectively.28 While the carbon atom bearing the

hydroxyl group in the phenolic ring (C–OH) appeared at

155.71 ppm.31

Then, the last step in which the BSB inhibitor was obtained

involved a ring formation process from the interaction between

the phenolic hydroxyl and the primary amine groups of the BSP

in the presence of 1 equivalent quantity of formaldehyde

molecules in dioxane at reuxing condition for 18 hours.32 The

mechanism of the ring closure is depicted in Fig. 2b. That

reaction pathway was adopted to avoid the reaction complexity

encountered by the traditional approach for the synthesis of

benzoxazines, which involves the reaction of phenols, formal-

dehyde, and primary amines in solvent and solventless systems.

If that approach were used, there is the possibility of the

interaction between the thiazole ring and the amine within the

sulfamethizole structure and the target product may not be

formed.33 The BSB structure was also examined using the FTIR,

and NMR (1H & 13C), respectively, as presented in Fig. 3(ii) and

7, 8, respectively. The FTIR spectrum of BSB conrmed the

synthesis of the compound by showing some of its unique

structural features. The strong band at 3342 cm�1 is attributed

to the N–H vibration, and the oxazine ring stretch appeared at

947 cm�1 aer the successful formation of the ring. The bands

of the trisubstituted aromatic ring, and the oxazine (C–O–C

asymmetric stretch) appeared around 1501 and 1272 cm�1,

respectively.34 The 1H-NMR of BSB is presented in Fig. 3. It

displayed the protons make-up of the BSB structure. The signal

of the protons attached to the oxazine ring (O–CH2–N and Ar–CH2–

N), appeared at frequencies of 5.89, and 4.75 ppm, respectively.35

The 13C-NMR spectra of BSB further conrmed the successful

synthesis of benzoxazine with the appearance of the two carbons of

oxazine ring (O–CH2–N and Ar–CH2–N), at 58.56, and 50.58 ppm,

respectively.30,36 The distribution of the elements on the surface of

BSB was analyzed and quantied by EDX Fig. 4. The surface on

which this elemental analysis was performed is presented in

Fig. 4A, while the EDX spectrum is shown in Fig. 4B. The EDX

spectrum shows peaks due to elements such as carbon (C),

nitrogen (N), oxygen (O), and sulphur (S), with the compositions of

66.2, 15.1, 12.2 and 6.4%, respectively. These are elemental make-

up of BSB, and this further conrmed the synthesis of this novel

hetero-cyclic compound.

Fig. 5 The 1H-NMR spectrum of BSP.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7083
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3.2. Weight loss

Weight loss analysis was conducted at room temperature (25 �

1), 40 and 60 �C, and the outcome is presented in Table 1. The

inhibited test solutions signicantly expressed lower corrosion

rate values in comparison to the blank, and the corrosion rate

decreases with increase in BSB concentration. Regarding the

carbon steel, the corrosion rate decreases from 3.849 mm per

year in the blank to 2.535 mm year in 100 ppm of BSB and to

0.572 mm per year in 400 ppm of BSB. The adsorption of the

BSB molecules onto the surface of the substrate to form

a protective BSB lm on the substrate surface is responsible for

the observed reduction in the rate of corrosion. This lm blocks

the corrosive species from reaching the surface of steel. The

observed higher inhibition efficiency (Table 1) with increasing

BSB concentration is consequence of increasing amount of

adsorbed BSB molecules on the steel surface. The highest

concentration (600 ppm) exhibited the optimum inhibition

efficiency of over 88%.

Furthermore, the effect of varying medium temperature on

the inhibition performance of the BSB inhibitor was tested

using; a blank acidic solution, and an acidic solution containing

600 ppm of BSB, at 40 and 60 �C, respectively. The corrosion rate

of metals generally increases as the temperature of the corrosive

environment rises. The effect is due to the increased average

kinetic energy of the corrosive elements.37 The result revealed

how the corrosion rate increased signicantly for the blank

solution from 3.849 mm per year at room temperature to 10.28

at 40 �C (an increment in the corrosion rate of over 267%), and

to 53.24 mm per year at 60 �C (an increment in the corrosion

rate of over 517%). Contrarily, the increase in the corrosion rate

for the BSB inhibited solution with increasing temperature was

not signicant in comparison with values obtained for the

blank. The rate increased from 0.448 mm per year at room

temperature to 0.974 and 4.561 mm per year at 40 (increment in

corrosion rate of over 217%) and 60 �C (an increment in the rate

of over 468%) respectively. The slight increase in inhibition

efficiency with temperature at the 600 ppm BSB concentration

Fig. 6 The 13C-NMR spectrum of BSB.
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(Table 1) suggests BSB adsorption at this concentration could

involve the chemisorption adsorption mechanism. In the chemi-

sorption mechanism (which involves charge sharing or charge

transfer from inhibitor molecules to metal surface), the force of

attraction between inhibitor molecules are very strong much

stronger than the physisorption van der Waals forces of interac-

tion. Therefore, the inhibition efficiency is signicantly increases

from lower BSB concentration to higher concentration. The

corrosion rate in the presence of BSB inhibitor at 60 �C is much

lower than the maximum acceptable corrosion rate (50.80 mm per

year) for high temperature acidizing environments.38

3.3. Electrochemical measurement techniques

3.3.1. EIS technique. The electrochemical examination of

the BSB inhibited solutions, and the blank sample, was

analyzed, and the results are presented as Nyquist plot, Bode

phase plot, and Bode modulus curves, respectively (Fig. 9). The

shape of the Nyquist plot obtained from using a blank sample

solution, and the inhibitor solution, can be described as

depressed, semi-circular capacitive arcs. The effect resulted

from imperfections due to causes such as the existence of

impurity on the electrode, electrode surface in homogeneity,

and roughness.30 The arcs correspond to the two-time constants

in the Bode graphs at high and low frequency zones. At the high

frequency zone, the time-constant (Rf//CPEf) represents the

formed corrosion product/BSB lm, while the double layer

formed at the interface of the metal/electrolyte relates to the

time constant (Rct//CPEdl) at the low frequencies zone. The

resemblance in the individual curve shapes for BSB inhibited

and uninhibited solutions is the evidence in support of the fact

that the inhibitor operational process does not change the

corrosion mechanism. However, the BSB inhibited solutions

exhibited a bigger Nyquist plot diameter than the blank solu-

tion, and the Nyquist plot diameter for the inhibited solution

increased as the BSB concentration also increased (Fig. 9a).

That behavior suggested a higher charge transfer resistance

(Rct) for the inhibited solution which implied it exhibited

a lower rate of corrosion. The inhibitor caused a lower rate of

corrosion due to the formation of a BSB adsorbed layer on the

steel surface. The barrier prevented the steel from the attacks of

the corrosive acid, and the increased concentration of the BSB

caused more coverage on the surface of the steel. It was the

phenomenon that translated into the lowering of the corrosion

rate with increased BSB concentration.

The Bode phase plots display two distinguishable peaks for

the inhibited and the blank sample solutions which correspond

to two-time constants (Fig. 9b). From the Bode plots, the phase

angles showed peak heights that are higher for the solutions

Fig. 7 The 1H-NMR spectrum of BSB.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7085
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containing the BSB compound, than for the blank solution, and

these heights increased with more BSB concentration. At the

intermediate frequencies in the Bode modulus plots (where it

appeared linear) (Fig. 9c), this linearity is even more for the

solutions containing the inhibitor than the one with the blank

solution. That trend signied the lowering rate of corrosion by

the inhibitor, and the corrosion rate also decreased with higher

concentrations of the inhibitor.39

The EIS spectra were tted using an equivalent circuit

(Fig. 9d) that comprised of the following elements: the CPEf

Fig. 8 The 13C-NMR spectrum of BSB.

Table 1 Weight loss measurement parameters for blank and BSB inhibited solutions at room temperature (25 � 1 �C) 40 and 60 �C

Temperature

(�C) Concn. of BSB (ppm)

Weight loss (g) �

standard deviation

Corrosion rate

(mm per year) %IE

25 � 1 Blank 0.249 � 0.0007 3.849 —

100 0.164 � 0.0064 2.535 34.14

200 0.100 � 0.0014 1.546 59.83

300 0.078 � 0.0042 1.206 68.67
400 0.037 � 0.0007 0.572 85.14

500 0.036 � 0.0028 0.557 85.53

600 0.029 � 0.0021 0.448 88.36

40 Blank 0.665 � 0.0590 10.28 —

600 0.063 � 0.0000 0.974 90.53

60 Blank 3.444 � 0.1062 53.24 —

600 0.295 � 0.0120 4.561 91.43
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(lm constant phase element), Rs (solution resistance), n1
(phase shi 1), Rct (charge transfer resistance), Rf (lm

resistance),n2 (phase shi 2), & CPEdl (double layer constant

phase element). The EIS elements have quantities obtained

aer the EIS spectra tting, which are listed in Table 2, while the

% efficiency of the inhibitor (%IE) was computed using eqn (3).

%IEEIS ¼

 

1�
Ro

p

RI
p

!

� 100 (3)

Fig. 9 (a) Nyquist, (b) Bode phase (c) Bode modulus plots recorded for the blank and BSB inhibited solutions (d) equivalent circuit used for fitting

the test solutions impedance curves (e) and (f) fitted Nyquist plots for blank and 400 ppm BSB inhibited solutions.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7087
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where: Rp is a sum of Rf & Rct and Ro
p represents the resistance of

zero inhibitor solution while RI
p is for the resistance of inhibitor

solution.

By virtue of the depressed character of the capacitive loop,

the CPE rather than a capacitor is used to described the formed

double layer and can be computed using eqn (4).40

ZCPE ¼ Yo
�1(ju)�n (4)

The components; Yo, u, n, and j, are the CPE magnitude,

angular frequency, phase shi & the square root of �1,

respectively.

The high resistance to electrochemical corrosion exhibited

by the inhibited samples solutions relative to that of the blank

sample is expressed by the values of the resistances (Rf & Rct)

presented in Table 2. The results from all these parameters are

signicantly higher for the inhibited solution than the blank

samples. That is linked to the effect of the formed BSB preven-

tive layers formed on the surface of the steel. The surface is covered

and prevented from attack by the harsh acid, which caused

a reduction in the mass and charge transfer. The Rf and Rct
parameters expressed higher results for the inhibited solution than

the blank sample due to the formation of a surface with lesser

porosity, and higher resistance to charge transfer for the protected

steel surface. The porosity of the protective layer on the steel surface

is expressed in terms of Yo quantity. The solutions containing

inhibitor showed relatively smaller values for Yo in comparison to

the blank solution. That indicated a steel surface with lesser

porosity, due to the protective layers of the BSB inhibitor.

3.3.2. LPR technique. The LPR technique employs a small

polarization of �10 mV from OCP to allow for a direct correla-

tion between corrosion potential and current, thus making the

LPR technique a non-destructive one. The values of the

parameters obtained from tting the LPR are presented in Table

3. No dened trend was observed in Ecorr values for the inhibited

solutions and these values are more inclined towards the negative

direction in comparison to the blank solution. The corrosion rate

signicantly decreased in the presence of the BSB inhibitor, and

this rate decreased as the concentration of the BSB becomes

higher. Also, much greater polarization resistances were observed

for the inhibited solutions in comparison to the uninhibited

solution. That is an indication of higher resistance to corrosion in

the presence of the BSB inhibitor. Eqn (5) was employed to

calculate BSB percentage inhibition efficiency (%IE).

%IELPR ¼

 

1�
Ro

p

RI
p

!

(5)

where, Ro
p denotes the polarisation resistance of the blank and

RI
p denotes the polarization resistance of the inhibited

solutions.

The calculated inhibition efficiencies are in conformity with

ndings from both weight loss and EIS measurements. The

computation reveals higher efficiencies resulting from

increased BSB concentration that caused higher amount of the

adsorbed BSB lm on the steel substrate.

3.3.3. PDP technique. The PDP, unlike the LPR technique,

uses a broader polarization, which is usually within the range of

Table 2 Electrochemical impedance spectroscopy measurement parameters for the blank and BSB inhibited solutions at room temperature (25

� 1 �C)

Concn. of

metformin

(ppm)

Rs (U

cm2)

CPEf

Rf (U

cm2)

Cf (mF

cm�2)

CPEdl

Rct (U

cm2)

Cdl (mF

cm�2)

Rp (U

cm2) %IE

c
2 �

10�3
Yo1 (mUsn

cm�2) n1

Yo2 (mUsn

cm�2) n2

Blank 0.253 33.49 0.646 35.85 443.9 0.335 0.785 112.9 141.0 146.8 — 0.072

100 0.515 17.80 0.720 84.41 188.5 0.164 0.762 260.1 61.19 344.5 57.39 0.040
200 0.147 23.39 0.753 157.1 254.5 0.252 0.758 328.6 121.7 485.7 69.78 0.144

400 0.760 14.98 0.625 217.6 115.9 0.147 0.772 395.2 63.83 612.6 76.04 0.028

500 0.867 12.08 0.623 245.2 102.9 0.114 0.810 413.0 61.08 658.2 77.70 0.041

600 1.268 19.32 0.652 179.9 176.5 0.154 0.755 499.8 63.54 679.7 78.40 0.011

Table 3 Potentiodynamic polarization and linear polarization resistance measurements parameters for the blank and BSB inhibited solutions at

room temperature (25 � 1 �C)

Concn. of metformin

(ppm)

PDP method LPR

Ecorr (mV

vs. Ag/AgCl) Icorr (mA cm�2) ba (mV dec�1) bc (mV dec�1)

CR (mm per

year) %IE

Ecorr (mV

vs. Ag/AgCl)

CR (mm per

year) Rp %IE

Blank �390.3 167.9 100.7 160.5 1.948 — �380.9 2.052 147.3 —

100 �375.1 50.87 77.62 156.4 0.590 69.71 �370.9 0.974 310.6 52.58

200 �336.0 28.11 85.76 123.3 0.326 83.26 �332.5 0.613 493.3 70.14

300 �323.9 26.39 74.59 127.4 0.307 84.24 �322.4 0.603 501.0 70.60
400 �394.4 23.84 133.7 97.36 0.277 85.78 �383.4 0.485 623.9 76.39

500 �373.8 21.03 111.9 112.7 0.244 87.47 �357.0 0.477 633.8 76.76

600 �335.7 19.61 68.94 121.9 0.228 88.30 �334.0 0.458 660.5 77.70
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200 to 400 mV from OCP, hence, making it a destructive one.

Nevertheless, it gives more detailed information than the LPR

technique, such as the consequence of inhibitor on the disso-

lution of metal at the anode with the liberation of H2 gas from

the cathode. The PDP graphs for the BSB inhibited solution,

and blank samples, are shown in Fig. 10. The plots showed BSB

inhibitor to have a higher effect on the cathodic current density,

which suggests that BSB acts predominantly as a cathodic-type

indicator. The corrosion potentials (Ecorr) values exhibited in

the region of �300 to �400 mV dec�1 is in conformity with

previously reported studies.37 The Ecorr values for the inhibited

solutions exhibited a mixed behavior with majority slightly

shied less negative than that of the blank. The ba and bc values

also exhibited mixed behaviors with the bc having a higher

range of 63.14 mV dec�1 than ba with a range of 42.94 mV dec�1

these conrms BSB to act as a mixed-type corrosion inhibitor

with cathodic predominance.40

Table 3 gives the values of the PDP parameters aer tting

the plots. The inhibition efficiency of the BSB inhibitor was

calculated using eqn (6).

IEðPDPÞ% ¼

�

1�
I Icorr
Iocorr

�

(6)

where, denotes the Iocorr denotes the corrosion current density

for the blank solution while IIcorr denotes the corrosion current

density for the inhibited solution.

Fig. 10 Potentiodynamic polarization plots recorded for the blank and BSB inhibited solutions.

Fig. 11 Langmuir adsorption isotherms for adsorption of BSB on the carbon steel surface in 15% HCl.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7089
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The solutions inhibited by the presence of BSB showed lower

values of the corrosion current density (Icorr) compared to the

blank sample, which suggests a signicant decrease in the

corrosion rate with the presence of the BSB inhibitor. The

existence of the BSB prevented the ions of the corrosive medium

from reaching the metal surface. This argument is reected in

the lower Icorr quantities for the solutions of the BSB, and the

results here also agree with the outcomes from the weight loss,

EIS and LPR experiments.

3.4. Adsorption isotherm

Inhibitors of corrosion generally form single or multiple layers,

which serve as a barrier on metal surfaces and hence block it

from attack. The mechanism for the formation of the layers

could be through the adsorption of the inhibitor molecules on

the metal surface via physical, chemical interaction, or both

processes. The data from the weight loss analysis, and PDP

measurements, were used to understand the mode of adsorp-

tion of BSB. Several adsorption isotherms (models), such as the

Langmuir, Freundlich, and Tempkin, were analyzed. It was,

however, found that the best t was obtained by using

Langmuir adsorption isotherm. The isotherm assumes

a monolayer adsorbate molecules adsorption that is homoge-

neous and independent,41 which is expressed as:

Ci

q
¼

1

Kads

þ
aL

KL

Ci (7)

where: Ci is concentration of BSB, q is extent of surface coverage,

Kads is equilibrium constant for adsorption process (q evaluated

with respect to %IE/100, assuming a correlation between the %

IE and the extent of surface coverage) and KL & aL are the

Langmuir isotherm constants.

The graph of Ci/q against Ci gives a linear shape with aL/KL as

the slope and 1/Kads as the intercept. The theoretical monolayer

capacity is numerically obtained as the slope, aL/KL.
41 The values

of correlation coefficient (R2): 0.9781 and 0.9996 for the weight

loss and PDP data, are gotten from the straight-line graphs

(Fig. 11), and this is an indication that the data followed the

Langmuir isotherm theory. The values of the components ob-

tained from the plots are listed in Table 4.

Kads is said to be related to the Gibbs free energy of

adsorption ðDG+

adsÞ as expressed in eqn (8).37,42

DG+

ad ¼ �RT ln
�

1� 106Kads

�

(8)

where: R is molar gas constant (8.314 J K�1 mol�1) & T is

temperature (in Kelvin).

The values of DG+

ads round �20 kJ mol�1 are said to be

associated with the physisorption mechanism. This mechanism

is a bonding process betweenmolecules of the inhibitor and the

atoms of the metal residing on the surface, while quantities of

DG+

ads $ �40 kJ mol�1 are associated with the chemisorption

mechanism. The chemisorption mechanism involves the

Fig. 12 (a) Low, (b) high SEM image & (c) EDX spectrum of carbon steel surface after 24 hours immersion in the blank solution (d) low, (e) high

SEM image & (f) EDX spectrum of carbon steel surface after 24 hours immersion in 600 ppm BSB inhibited solution.

Table 4 Langmuir adsorption parameters for BSB adsorption to

carbon steel surface in 15% HCl estimated from the weight loss and

PDP experimental data

Technique DG+

ads (kJ mol�1) Kads (ppm
�1) Slope R2

Weight loss �21.178 5.133 � 10�3 0.776 0.978
PDP �25.726 32.16 � 10�3 1.081 0.999
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donation of electrons pair from themolecules of the inhibitor to

the vacant d-orbitals of the metal, whereas values between �20

and �40 kJ mol�1 suggests both mechanism.43 However, in this

study, the values of �21.18 and �25.73 kJ mol�1 were obtained

using the data of the weight loss and PDP analyses, suggesting

the adsorption of BSB to the steel surface to have occurred via

Fig. 13 2D, 3D AFM images & roughness parameters for the carbon steel surface after 24 h immersion in the (a) blank and (b) 600 ppm BSB

inhibited solutions.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7078–7095 | 7091
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both mechanisms, with predominance via the physisorption

mechanism which is in agreement with the PDP measurement.

3.5. Surface characterization and analysis

The magnied SEM images (low & high), of the surface of the

steel substrates, aer their immersion for 24 hours, in the

solution of blank and the BSB solutions, are given in Fig. 12.

The unprotected substrate surface exhibits roughness with dips

and cracks unevenly distributed over it (Fig. 12a and b). A

consequence of the corrosion effect suffered by the substrate

immersed in the blank solution. While a relatively smooth

surface, with no cracks and dip, was exhibited by the inhibited

steel surface. Also, the molecules of the BSB are distributed

evenly over the entire steel surface (Fig. 12d and e). The pro-

tected steel surface (Fig. 12d) exhibits a more compact lm that

looks far less porous than the cracked, non-compact lm shown

by the unprotected steel surface. The much smoother surface

exhibited by the BSB covered steel is a consequence of the

adsorbed BSB molecules which cover and protect the steel

surface against attack by the aggressive acid.

EDX spectra were collected to get the elemental composition

of the formed lm on surfaces of the unprotected and protected

steel surface to gain insight into the adsorption phenomena of

BSB. Fig. 12c and f contain the EDS spectra of the lm formed

on the surface of the substrate immersed in the blank, and BSB

inhibitor solutions, respectively. The percentage weight of Fe in

the lm, found on the surface of the unprotected steel is 47.0%.

While the chloride and oxygen, contents are 31.2 wt% and

16.5 wt%, respectively (Fig. 12c). That is a consequence of the

aggressive chloride attack and the subsequent high Fe disso-

lution. A signicantly lower chloride and oxygen contents of

(5.7 wt%) and (7.8 wt%), respectively, with a much higher Fe

content (79.8 wt%), was exhibited by the formed BSB lm

(Fig. 12f). That is a consequence of the formation of a protective

barrier by the adsorbed BSB molecules, which blocks the steel

surface from attack by the corrosive chloride ions, thus pre-

venting the steel from further dissolution. The presence of

additional N and S peaks in the spectrum of the formed lm

and their absence in that of the unprotected steel surface is also

evidence of BSB adsorption on the carbon steel surface. The

SEM and EDS analyses conrmed the results obtained from

Sections 3.2 and 3.3, which suggested the protection of the

carbon steel against the aggressive acid attack by the adsorbed

BSB lm formed on its surface.

The formed lms on the surfaces of the unprotected and

protected steel were further analyzed by the AFM technique,

which is a technique used to virtualize the surface of the

materials in both two and three dimensions at the nanometer

scale. The tool was employed to examine inhibitors effect on

metal topography and surface roughness in different corrosive

media.44–49 The 2D and 3D micrographs showing the lms

formed on the surfaces of the unprotected and protected steel

are shown in Fig. 13. Some quantities, such as the values of the

average roughness (Ra), the roughness root mean square (Rq),

and the maximum prole valley depth (Rv), are given in Table 5.

The Ra and Rq indicate the height deviation, and the of surface

height standard deviation, respectively.

The thin lm on the surface of the unprotected steel

expressed values of Ra, Rq & Rv as 0.145, 0.191 & 0.645 mm,

respectively. While the same parameters are given as 0.067,

0.087 & 0.243 mm, respectively, for the protected steel surface

(Table 5). Higher values of these parameters for the unprotected

steel relative the protected ones indicate porous steel surfaces.

The values obtained proved the roughness of such surface as

supported by the 2D and 3D micrographs images (Fig. 13a and

b). The strong acid attack caused the creation of pores and

roughness on the surface of steel immersed in the blank since

no inhibitor is present. Hence, the adsorbed BSB inhibitor on

the steel surface plays a key role in preventing the steel from the

ions of corrosion. This argument is supported by previous

results of the weight lost analysis, EIS, LPR, and PDP,

respectively.

FTIR spectra were collected to understand the nature of the

interaction of the BSB with the carbon steel surface, which will

aid in proposing a mechanism for BSB adsorption. Comparative

FTIR spectra of the pure BSB and the BSB lm on the steel

surface was used (Fig. 3). The formed BSB lm shows similar

vibrational bands with some slight shis when compared to the

spectrum of the pure BSB. That shows the adsorption of the BSB

molecules onto the steel surface. In the BSB structure, the

stretching vibrational bands of C–O–C (asymmetric), S]O

(symmetric), and S]O (asymmetric) recorded at 3342, 1272,

1127, and 1371 cm�1, for the native sample, were observed at

1289, 1131, and 1353 cm�1, respectively, in the spectrum of the

substrate protected by BSB lm (Fig. 3(iii)). The broad band at

3357 cm�1 are due to the OH- vibration from the adsorbed water

molecules on the lm surface which could not reach the

substrate. The N–H stretching bending vibrational band

observed at 1591 cm�1 in the BSB spectrum was observed at

1634 cm�1 in that of the adsorbed BSB lm. The reduced

intensity of the N–H, S]O, and C–O–C vibrational bands in that

spectrum, could be due to the interaction of the heteroatoms

with the carbon steel surface. Hence, the BSB molecules could

have been adsorbed onto the surface of the steel by that inter-

action. The aromatic ring can also be said to be involved in

Table 5 AFM parameters for the surfaces of bare polished carbon steel and carbon steel immersed room temperature (25 � 1 �C) in the blank

and BSB inhibited solutions

Sample

Average roughness

(Ra) (mm)

RMS roughness

(Rq) (mm)

Maximum prole

valley depth (Rv) (mm)

CS immersed in blank 15% HCl 0.145 0.191 0.645

CS immersed in 600 ppm BSB inhibited solution 0.067 0.087 0.243
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another interaction with the steel surface as the intensity of the

aromatic ring stretching vibrational band around 1500 cm�1

was also signicantly lower in the adsorbed BSB lm when

compared to that of pure BSB.

3.6. Mechanism of BSB inhibition

Inhibitor molecules generally get adsorbed to metal surfaces

either via physisorption, chemisorption, or both mecha-

nisms.7,50 Inhibitor molecules can also interact with the steel

surface via the retro-donation mechanism where excess d-

electrons from the steel surface, are donated to the inhibitor

p anti-bonding orbitals.51,52 From the PDP and the adsorption

isotherm results, the BSB molecules could have been adsorbed

on the surface of the steel via both the mechanisms of chemi-

sorption and physisorption, with the physisorption being

predominant. From the FTIR analysis, we could also suggest

a retro-donation adsorption mechanism of the BSB molecules.

A plausible mechanism for the adsorption of the BSB molecules

onto the steel surface is schematically described in Fig. 14.

4. Conclusion

The mitigation of the corrosion of X60 carbon steel, in 15% HCl

that simulates an oil well acidizing environment by a novel

synthesized benzenesulfonamide-based benzoxazine (BSB)

inhibitor was evaluated. The evaluation was achieved, by the

weight loss and electrochemical measurement techniques at

room (25 � 1), and higher (40 & 60 �C) temperatures. The BSB

inhibitor was characterized, by the FTIR, 1H and 13C NMR

techniques. The SEM and AFM characterizations were used to

examine the surface morphology of the carbon steel surface in

the absence and presence of BSB inhibitor, while the FTIR and

EDS tools were used, to analyze the formed lm on the carbon

steel surface in the absence and presence of BSB. BSB efficiency

increases from 88.36% at room temperature to 90.53% at 40 �C

and 91.43% at 60 �C for its 600 ppm concentration. A single

active compound alone is usually not effective enough as

a corrosion inhibitor, a blend of active compounds, together

with surfactants, intensiers, emulsiers, and solvents to give

‘corrosion inhibitor formulation’ are normally used as inhibitors

in an acidizing environment. For BSB, a single active compound

exhibiting an efficiency of about 90% with a low corrosion rate

(4.561 mm per year) at 60 �C far below the acceptable corrosion

rate (50.08 mm per year), for the high temperature, acidizing

solution, is an excellent performance. The PDP technique sug-

gested the BSB acted as amixed-type inhibitor with a predominant

cathodic mechanism. The outcomes from the electrochemical

analyses, surface morphological investigations (SEM/EDS, AFM),

and the results of FT-IR analyses conrmed the corrosion inhibi-

tion performance of BSB over the steel surface. The adsorption

follows the Langmuir adsorption theory with physisorption

adsorption mechanism predominance.
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