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ARTICLE INFO ABSTRACT
Keywords: 6-fluoro-3-(4-piperidinyl)-1,2-benzisoxazole. HCl (FPBH), a substituted benzisoxazole derivative,
Benzisoxazole derivative was prepared from isonipecotic acid and characterized using various spectroscopic techniques.
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Using electrochemical examinations such as potentiodynamic polarisation (PDP) and electro-
chemical impedance spectroscopic (EIS) technique, the corrosion mitigation capabilities of this
compound for mild steel (MS) in 0.5 M HCI medium were investigated. Theoretical studies were
performed using quantum chemical calculations and density functional theory (DFT). PDP results
exhibited the mixed-type behavior of FPBH and showed a maximum efficiency of 94.5 % at 1 x
1073 M. The development of a protective adsorbed layer of FPBH decreases the corrosion current
density (icor) and corrosion rate (CR). The EIS technique revealed that the rise in the charge
transfer resistance (R, values and reduction in the thickness of the double-layer capacitance (Cq4)
reflected the drop in corrosion rate. The adsorption of FPBH took place through physisorption by
conforming Langmuir’s isotherm. The DFT method was performed on the optimized structure of
FPBH to get additional evidence on the action mode of FPBH with the metal surface.

1. Introduction

The study of corrosion is no longer a concern only for metallurgists and chemists; it has universal importance for a better un-
derstanding of the process and managing it profoundly. The major concern would be to increase the life of the metal and reduce
damage. Mild steel (MS) is the foremost commonly spread metallic element on the Earth’s crust. It is one of the industry’s most widely
used iron-based alloys in different metal structures and equipment owing to its unique physicochemical properties. In addition,
metallic flow components especially steel pipeline systems are frequently employed in oil and gas firms to transfer fluids. When in
contact with numerous types of fluids, the corrosion phenomena drastically deteriorate the lifespan of pipeline constructions and
create a significant impact on the global economy [1,2]. Preventing steel corrosion has played an essential role in various chemical and
petrochemical processing industries that employ steel material in different applications [3]. Hydrochloric acid is typically utilized in
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the pickling process since ferrous chloride generated on the surface is extremely soluble in water and does not cause smudge formation
on the surface. The least polarising effect is produced by the high rate of solubility of chloride salts, does not hamper the rate of re-
action. The acid cleaning of MS is considered one of the crucial processing steps to take away the oxide layer formed during the
annealing and hot rolling process, but it could lead to its deterioration [4]. Corrosion inhibitors play a significant role in reducing
metallic loss and material failure in various industrial sectors [5,6].

Organic compounds have been investigated as potential corrosion inhibitors for the last several years. The molecules holding hetero
atoms, aromatic rings, unsaturated bonds, and planar structures with large surface areas contribute immensely towards corrosion
control by physicochemical interaction with the metal surfaces [7-10].

The potential inhibitors are likely to perform under various conditions, such as their stability, solubility in an aqueous medium and
over the wide range of temperatures used, etc. Hence, the selection of inhibitor compounds seeks high importance before its practical
application. Though many organic inhibitors containing hetero atoms can be used as corrosion inhibitors, the inhibition performance
decreases due to their solubility issue in an aqueous solution. Hence, searching for an effective water-soluble corrosion inhibitor is
challenging and highly required.

Substituted 1,2-benzisoxazoles are an important class of heterocycles and a widely explored class of compounds in the last few
decades, primarily due to their diverse medicinal properties [11]. Extensive research work was carried out on the synthesis of 1,2-
benzisoxazole heterocycles. Isoxazole analogs also emerged as potential corrosion inhibitors among azole-class compounds. They are
expected to reinforce the adsorption in highly corrosive conditions and propensity to bind with metallic surfaces [12].

FPBH is an intermediate in the preparation of many pharmaceutically useful compounds [13]. In this context, such structures are
gaining interest and were investigated for their medicinal applications. Recently, a few number of isoxazole derivatives were studied
for their corrosion-inhibitory properties against several metals and alloys [14,15]. However, isoxazoles combined with other het-
erocycles are not explored as corrosion inhibitors. Therefore, a combination of electron-rich piperidine and isoxazole derivative looks
attractive for corrosion studies. Prompted by these and continuing our work on synthesizing heterocyclic compounds [16] here, we
report the corrosion inhibition studies of 5 and 6-membered heterocyclic hybrid compound FPBH on MS in an acidic environment.

2. Experimental
2.1. Material and corrosive medium

The commercially available MS with the compositions C (0.04), Si (0.18), Mn (0.77), S (0.01), Cr (0.01), Ni (0.006), and Mo (0.019)
were employed for the corrosion study. The rod-shaped coupons of MS samples are embedded with epoxy resin with an uncovered

surface area of 1 cm?. The freshly polished and cleaned MS sample was then made to contact with deareated 0.5 M HCI to measure the
rate of corrosion without and with an inhibitor.
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Scheme 1. Synthesis of FPBH 6.
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2.2. Synthesis of inhibitor

The compound FPBH 6 was prepared by literature procedure [17], as shown in Scheme 1.

Isonipecotic acid was formylated using formic acid/acetic anhydride mixture to give N-formyl isonipecotic acid 2, which was
heated with thionyl chloride to give acid chloride 3. The reaction of acid chloride 3 with 1,3-difluoro benzene in the presence of
anhydrous AlCl; gave ketone 4, which was converted to oxime 5 by oximation using hydroxylamine hydrochloride/sodium acetate.
The formed oxime was refluxed with methanolic KOH followed by acidification with Aq. HCI results the title compound 6: mp
302-304 °C; IR (KBr): 2144, 1612, 1460, 869 cm 71; 'H NMR (400 MHz, D50): 6 2.0-2.2 (m, 4H, 2 X-CH2), 2.19 (d, 2H, -CH2), 2.83 (t,
2H, -CH2), 3.24-3.27 (m, 2H, -CH and -NH), 7.01 (d, 1H, Ar-H), 7.26 (t, 1H, Ar-H), 7.7 (d, 1H, Ar-H); 3C NMR (D20, 100 MHz): &
29.6, 33.1, 33.4, 47.6, 48.1, 119.4, 122.2, 131.0, 132.1, 165.2, 166.2, 168.3.

2.3. Electrochemical techniques

The corrosion rate measurement was carried out by two extensively followed methods namely, EIS and PDP, and was achieved by
means of a Potentiostat device (CH Instrument USA 604D) armed with the three-electrode system. Calomel, platinum, and MS coupons
were taken as the reference, auxiliary, and working electrode respectively. The EIS parameters were determined by disrupting the
steady state open circuit potential (OCP) with an amplitude of 10 mV ac signal (100 KHz-10 MHz) in order to generate Nyquist plots.
The Tafel graphs are done by polarizing the specimen between —250 to +250 mV w.r.t OCP, maintaining a scan rate of 1 mV/s.

2.4. UV-Vis spectroscopic studies

The UV-visible spectrum of test solution having 5 x 10~> M FPBH and solution in which MS specimen was immersed for 3 h were
analyzed (1800 Shimadzu UV-Visible spectrophotometer).

2.5. FTIR spectroscopic studies

The IR spectrum of pure FPBH and the degraded product of the adsorbed FPBH coating on the MS surface are compared using FTIR
spectrophotometer((Shimadzu-IR spirit).

2.6. Microscopic analysis

Using SEM (JEOL JSM-6380L) and AFM (1B342 Innova model), the microscopic studies of finely polished MS dipped in 0.5 M HCI
containing FPHB were performed.

2.7. Quantum calculations and DFT

The DFT studies were done using the B3LYP/6-311++G(d,p) theory level [18,19]. In the calculation, geometry optimization was
performed followed by the harmonic frequency calculation to ensure the molecule is in the global minimum of the potential energy
surface. The molecular orbitals and their energies were also a part of DFT along with the molecular electrostatic potential calculation.
Water as a solvent using the SCRF model has been used in all DFT calculations. The UV-Vis spectrum of FPBH is obtained by calculating
vertical excitation energy using the time-dependent B3LYP (TD-B3LYP) theory. All the DFT calculations were performed using
Gaussian 09 (rev. D) program suite [20].

The following relations were used to determine various theoretical parameters (Egs. (1)-(6)),

IP= — Enomo 1)
EA= — Erumo (2)
x="Y (IP+EA) 3)
n="% (IP-EA) )
1
ool ®)
n
Dr. — Yinh
AN =——7-"-— 6
2ninh (6)

Where IP, EA, y, , 0, and AN represent ionization energy, electron affinity, electronegativity, chemical hardness, chemical softness,
and a fraction of electrons transferred respectively [21,22]. The work function, ¢ = 4.82 eV for iron surface is regarded as an
appropriate indicator of the electronegativity of iron [23].
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3. Discussion on results
3.1. Characterization of inhibitor

The inhibitor used for the study FPBH 6 was prepared by literature procedure [17] as shown in Scheme 1. The IR spectrum showed
a broad peak at 3224 cm ! for —-NH stretching, 2964 cm ™! for ~CH stretching, 1614 cm ™! for -C=N stretching, 1542 cm ! for -C=C
stretching and 1119 cm ™! for ~C-F stretching. 'H NMR showed three aromatic protons, a doublet at § 7.7 ppm, a triplet at 7.26, and a
doublet 7.01, which indicate the presence of three aromatic protons of 6-fluoro-1,2-benzisoxazole ring. A multiplet at § 3.24-3.27 ppm
for two protons is due to —-CH and —NH protons of the piperidine ring and all the aliphatic -CH; groups appeared in the expected region.
13C NMR also showed all the peaks for carbon atoms present on the ring in the expected region, which confirms the structure of the
product.

3.2. PDP study

Fig. 1 portrays the polarisation curves for MS corrosion at various concentrations of FPBH at 303 K. The obtained numerical
constraints such as icorr, CR, Ecorr, and the Tafel slopes with varied concentrations of the FPBH depicted in Table 1.
The obtained iy values were taken to determine the percentage inhibition efficiency (IE) (Egs. (7)-(9)) [2].

-mrr - .z‘orr i h
IE(%) :% x 100 @)
3270 X EW X icopr
CR (mmy’]) _ 22D X EW X teorr ] X e 8)
Where, 3270-conversion factor, M-material’s atomic mass, d-density (7.85gcm’3), and Z-number of electrons transported.
R. inh) — R(’
GIE == 2 100 9

ct(inh)

Rt and Reqinn) is the charge transfer resistance in the absence and presence of FPBH respectively.

The clear observations of parameters in Table 1 indicate that the added concentrations of FPBH drastically decrease the iz, and CR.
The addition of 1 x 10~2 M FPBH reduced the density of corrosion current from 5.895 to 0.290 mA cm ™2 and CR from 68.52 to 3.37
mmpy. This may be due to the hindering effect triggered by the adsorbed FPBH from the HCl medium. The increase in % IE is more
distinct with the rise in FPBH concentration and showed a maximum IE of 95 % at its optimum concentration. The parallel Tafel slopes
suggest the influence of FPBH on the rate of corrosion but not on the inhibition mechanism [24]. As per the reported work if the
experimental variation of the E., value with the inhibitor is more than +85 mV compared to blank may be viewed as cathodic or
anodic [25]. The established shift in the Eq,r value by 2-15 mV, cathodically suggests the influence of FPBH in impeding both metal
oxidation and hydrogen evolution [26].

3.3. EIS study

The Nyquist plots of FPBH are portrayed in Fig. 2 (a). The plot at a higher frequency (HF) illustrates a single capacitive loop. The
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Fig. 1. Tafel plots for MS with and without FPBH at 303K.
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Table 1
PDP data for MS corrosion with varied FPBH concentrations.
T (K) FPBH Conc. M) Ecorr (V) icorr (mMAcm ™2 -B. (mVdec™) B (mVdec™?) CR (mmpy) IE (%)
303 Blank ~0.519 5.895 =+ 0.020 55.5 5.065 68.52 + 0.004 -
5x107° -0.515 3.658 + 0.015 56.91 5.441 42.54 + 0.003 37.9
1x107* —0.517 2.742 + 0.021 59.06 6.447 31.87 + 0.002 53.4
1.5x10°* ~0.515 1.915 + 0.011 61.35 6.313 22.26 + 0.001 67.5
2.5 x10°* ~0.504 1.361 + 0.032 70.83 8.191 15.82 + 0.002 76.9
5x107* —0.511 0.969 + 0.034 68.52 7.454 11.26 + 0.003 83.5
7.5 x 107 —0.508 0.615 £ 0.015 68.07 8.000 7.15 + 0.003 89.5
1x10°2 —0.504 0.290 =+ 0.040 78.19 9.279 3.37 + 0.001 95
313 Blank —0.509 6.186 + 0.010 54.34 5.099 71.93 £ 0.002 -
5x107° —0.513 4175 + 0.045 58.52 5.53 48.53 + 0.001 32,5
1x10°* ~0.511 3.432 + 0.051 58.85 5.676 39.9 + 0.004 44.5
1.5 x10°* -0.503 2.483 + 0.024 59.25 6.275 28.85 =+ 0.005 59.8
2.5 x 107* —0.497 2.149 + 0.061 60.96 6.379 24.99 + 0.006 65.2
5% 10°* ~0.503 1.877 + 0.042 65.22 6.775 21.82 + 0.004 69.6
7.5 x10°* ~0.509 1.340 + 0.028 67.73 6.95 15.58 + 0.002 78.3
1x10°2 -0.527 1.069 + 0.025 62.62 6.354 12.42 + 0.004 82.7
323 Blank —0.505 9.535 + 0.021 51.77 5.002 110.87 + 0.007 -
5% 107° ~0.503 7.224 £ 0.035 53.93 5.181 83.99 =+ 0.003 24.2
1x10* —0.501 6.45 + 0.025 55.24 5.234 74.98 + 0.005 32.3
1.5 x 107* —0.508 5.324 + 0.044 56.84 5.175 57.07 + 0.002 44.1
2.5 x 107* ~0.499 4.428 + 0.52 58.00 5.751 51.48 + 0.002 53.5
5x10°* —0.507 3.54 + 0.067 59.31 6.054 40.1 + 0.005 62.8
7.5 x 107* —0.502 2.885 + 0.024 61.18 6.251 33.55 + 0.008 69.7
1x10°2 —0.500 2.695 + 0.021 57.51 5.618 31.34 + 0.003 71.7
90 -
wl 5.0x10°5 M @) \ ey
- - 1.0x10%M e
£
704-©- 1.5x10*M i
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Fig. 2(a). Nyquist plots for MS with and without FPBH at 303K; Fig.2(b). An equivalent circuit was implemented to simulate the Nyquist plots.

one-time constant is exhibited by the equivalent Bode plot. From the single capacitive loop, it is seen that the oxidation of the metal
surface in the corrosive medium studied is principally controlled by a charge transfer mechanism [27]. The difference between the
higher and lower frequencies of the impedance yields the charge transfer resistance (R.). The solid electrodes corresponding to the
capacitive loops are depressed owing to the surface roughness and buildup of the reaction product on the MS surface [28]. The
lengthening of a semicircle in response to rising FPBH concentrations suggests an increase in the resistance towards the corrosion
process [29].

Z-simpWin software was used to analyze EIS parameters by fitting the Nyquist plots to the relevant equivalent circuits, and the
finest fit was observed with circuit RQR (with the X2 <10 % as represented in Fig. 2(b). It constitutes R; as solution resistance, Q; as
constant phase element (CPE). The rise in R, values in response to the rise in FPBH concentration was used to estimate inhibition
efficiency IE (%) by Eq. (10) [30].

Rrr(inh) - R(‘l

ct(inh)

%IE = x 100 10)

The heterogeneity in the system made the use of CPE in place of double-layer capacitance (Cdl) to afford an exact match and the CPE
of impedance is obtained by the given Eq. (11) [31].
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ZcPE = Q71 (inax)in (11)

Where, Q = proportionality coefficient, Wi,x = angular frequency, n = exponent related to phase shift (0< n < 1), i signifies an
imaginary number and n is equal to o/(n/2). If the n value is equal to 1, CPE is referred as the ideal capacitor. In the present case, the
deviation of n values from unity is observed. This signifies the depressing nature of Nyquist plots because of the deposition of reaction
products on the MS surface. Thus, by taking note of the frequency values at the highest imaginary component, the adjustment in the Cdl
is determined and it is given by the relation (Eq. (12)) [32]. The resulting parameters are recorded in Table 2.

1

Ci=r———
T 2R e

(12)

The decline in Cdl is observed due to the rise in the thickness of the Helmholtz double layer, which is created at the MS-solution
interface [33]. This might be the result of the adsorption of FPBH on the metal electrode surface, by gradually replacing water
molecules [34].

In the Bode plot (Fig. 3) the frequency values help in interpreting the nature of the electrochemical system. As it is shown in the
Bode plot, the phase angle was increased with FPBH concentrations. This is attributed to the drop in metal dissolution owing to the
demission in capacitive behavior of the MS surface. Also, the plot impedance |Z| against frequency exhibited two plateaus: one cor-
responds to a lower frequency and the other to a higher frequency. Low frequency is associated with R, while high frequency is related
to R [35]. In the Bode plot, the R, values are computed from the difference between lower frequency (LF) and higher frequency (HF)
and are observed to rise with FPBH concentrations [36].

3.4. Influence of temperature on corrosion rate

The CR values obtained from the PDP method at various temperatures are used to explore the activation and thermodynamic
parameters. Arrhenius equation [37] is used to compute the energy of activation (E,) (Eq. (13)) parameters.
Ea
In(CR)=B — — 13
n(CR)=B - 2% 13)
R and B denote the gas constant and Arrhenius constant respectively. The graph of In CR vs 1/T in Fig. 4(a) results in a straight line
with a slope of -E,/R, allowing the determination of Ea values. Using Eq. (14) [38], the enthalpy (AH#) and entropy (AS#) of activation
were determined and reported in Table 3.

RT  [AS* _AH*
R=— fm— 1
¢ NhexP(RT)exP< RT ) (14

h -Plank’s constant and N-Avogadro’s number.
A straight line is observed from a graph of In (CR/T) vs 1/T (Fig. 4(b)).
Table 3 shows that adding FPBH successively increases Ea values due to physisorption. Moreover, the E, value with and without the

Table 2
EIS data for the MS corrosion with varying FPBH concentrations.

T(K) FPBH concentration(M) Rs (Q cm?) Ra(Q cm? 21073 Cai(pFem ) IE(%)

303 Blank 3.787 2.82 +0.35 1.04 49767.3 -
5x107° 4.128 4.57 £ 0.23 0.57 11876.4 38.17
1x107* 3.453 6.16 + 0.24 1.22 5655.2 54.07
1.5 x107* 3.486 8.89 + 0.45 1.41 2537.0 68.17
2.5x 1074 1.369 12.23 +0.42 4.48 2178.7 76.86
5x107* 3.526 22.89 £+ 0.52 1.24 733.96 85.71
7.5 x 107* 2.748 31.25 + 0.44 1.50 359.09 90.94
1x1073 2.721 52.23 £ 0.61 4.60 172.92 94.58

313 Blank 3.194 2.09 +£0.75 0.453 10453.3 -
5x107° 3.301 3.18 + 0.46 0.476 10044.6 34.28
1x107* 3.230 4.01 £ 0.25 0.198 9255.0 47.97
1.5 x 107* 3.022 5.33 £0.12 0.364 4341.0 60.82
2.5 x 107 3.822 6.52 + 0.15 0.727 4251.3 67.94
5x107* 3.247 7.89 + 0.56 0.353 4166.1 73.50
7.5 x107* 3.792 11.26 + 0.72 1.410 1941.7 81.42
1x1072 2.767 14.46 + 0.52 1.180 1263.4 85.53

323 Blank 3.166 1.35+0.76 0.057 24257.4 -
5x107° 3.075 1.76 + 0.98 0.044 10782.3 23.12
1x107* 3.227 2.11 £0.45 0.104 10470.1 35.79
1.5 x 107* 2.975 2.53 +£0.35 0.051 10262.8 46.48
25x107* 3.067 3.13 +£0.05 0.280 9018.62 56.74
5x107* 2.986 4.02 +0.25 0.424 8783.44 66.31
7.5 x 107* 3.066 5.13 £0.31 0.460 8592.37 73.59
1x103 4.072 5.58 + 0.35 0.777 7902.88 75.71
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Fig. 3. Bode plots for MS with and without FPBH at 303K
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Fig. 4. (a) Plots of In (CR) vs 1/T and 4(b) Plot of In (CR/T) vs 1/T at varying concentrations of FPBH.

Table 3

Activation parameter for MS corrosion at varying concentrations of FPBH.
FPBH concentration (M) Ea(kJmol’l) AHa(kJmol’l) ASa(kJmol’l)
Blank 19.40 11.51 —171.68
5x107° 27.48 24.95 —131.86
1x107* 30.15 29.22 —120.21
1.5 x 107* 38.09 36.99 —97.59
2.5 x 107* 44.25 45.27 ~73.06
5x107* 51.65 49.05 —62.97
7.5 x 1074 62.83 60.23 —29.91
1x1073 89.58 82.54 38.21

inhibitor FPBH is larger than 20 kJ/mol, signifying that the surface reaction controls the entire process. E, values become more distinct
with increasing FPBH concentration, demonstrating how the addition of an inhibitor reduces metal dissolution in acidic environment.
According to this attribute, the protective layer that forms on the metal surface raises the energy barrier for corrosion to occur [39].
According to the obtained significant AS* values, the activated complex in the rate-determining phase signals an association rather
than a dissociation [40].

3.5. Isotherm considerations

The adsorption behavior of FPBH at the MS-HCI interface is understood by choosing an appropriate isotherm. Several adsorption
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isotherms are fitted using the degree of surface coverage (0) data obtained from PDP experiments. The best association was found for
Langmuir’s isotherm and is given in Eq. (15) [41]. Kinetic-thermodynamic and Flory-Huggins models were also fitted into PDP results
and the corresponding plots are given under Supplementary Fig. 1. Since the R? and slope values for these two isotherm models are
deviating much from unity, indicating the adsorption of FPBH follows Langmuir’s isotherm very well rather than Flory-Huggins
models and kinetic-thermodynamic isotherm model. The obtained R? and slope values for all three isotherms are given under Sup-
plementary Table 1..

Cinh _ 1

0 _E+ Cinn (15)

Where, K45 is the equilibrium constant and C is FPBH concentration.
The plot of Cinn)/0 vs log Cinn (Fig. 5) displays a straight line. K values are calculated by using the intercept. The values of K are
related to AG°,qs, represented by Eq. (16) [42] and reported in Table 4.

K*Lexp (7AG"dS> (16)

T 555 RT

Where, R-Rydberg constant and 55.5 mol of water is present in the solution per cubic meter.

Using thermodynamic theory, the enthalpy (AH° 445 and entropy (AS°qgs) of adsorption were computed (Eq. (17)) and reported in
Table 4. Further, the obtained slope and linear association coefficient R? values are very close to unity suggesting an acceptable
agreement between the obtained results and Langmuir’s isotherm model.

AG, = AH,—TAS,, @7)

The observed AG°q4s values lower than —20 kJ/mol suggest the adsorption of FPBH on the MS surface is owing to electrostatic
interaction [42]. The -ve values of AH®q4s imply the mixed-type adsorption of FPBH molecules. The obtained AH’y4s are equal to
—10.45 kJ/mol suggesting the interaction of FPBH is mainly through electrostatic interaction ie. Physisorption [43]. The FPBH
molecules were randomly displaced in the solution prior to adsorption on the MS surface, as showed by the positive AS°,4s value, but as
adsorption progressed, the FPBH equally adsorbed on the specimen surface, leading to a decrease in entropy [44].

3.6. UV-Vis spectroscopic study of FPBHs adsorption

As shown in Fig. 6, UV-Vis spectroscopy was utilized to examine the adsorption of FPBH on the MS surface. The UV-Vis spectrum of
solution (5 x 107> M FPBH in 0.5 M HCl) was first recorded at RT, and it showed bands at 214, 248, and 312 nm owing to n—>x* and
n—n* transitions. After dipping the MS coupon for approximately 1 h, the UV-Vis spectra of the test solution of FPBH in 0.5 M HCl were
performed. The lower absorption intensity in the spectrum shows that FPBH molecules have adhered to the metal surface.
4. Surface morphology studies
4.1. Scanning electron microscopic analysis

SEM studies were carried out to examine the accumulation of corrosion products. The polished MS coupons were made in contact

with 0.5 M HCl for about 2 h without and with FPBH. The SEM images show the surface of a MS specimen of a freshly polished sample
(Fig. 7 (a)) having a smooth and uniform surface, whereas acid immersed sample (Fig. 7 (b)) is heavily corroded and destroyed, with
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Fig. 5. (a) Plot of Cinn/60 vs Cin, 5(b) Plot of AGegs vs T (K) for MS in varying concentrations of FPBH.
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Table 4
Thermodynamic factors for MS corrosion at various temperatures.
Temperature (K) Kaas M~ Slope R? AG.gs(KJ mol™1) AH®,45(KJ mol™1) AS°,45(J mol 'K™1)
303 1.0161 0.9842 0.998 —10.15 —10.95 0.002
313 0.8859 1.1286 0.996 -10.13
323 0.7762 1.2889 0.998 —10.10

—o—FPBH
—o— FPBH+MS

Absorbance

T T T T
200 250 300 350 400 450
Wavelength (nm)

Fig. 6. UV-Visible absorption spectrum of a solution of 5 x 10~> M FPBH in 0.5 M HCl without and with MS coupon.
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Fig. 7. (a) SEM image of freshly polished MS (b) SEM image of MS specimen dipped in 0.5 M HCL. (c) SEM image of MS specimen dipped in inhibitor
solution (0.5 M HCl + FPBH).

horny spike-like features caused by acidic ions directly attacking the steel. The protected sample (Fig. 7 (c)) shows a smooth and
uniform surface with less damage when compared to the unprotected sample. This shows the inhibitory potential of FPBH over the MS
surface.

4.2. Atomic force microscopic analysis

For surface topography experiments, the MS specimen was submerged in acid medium containing FPBH for 2 h. The relevant AFM
images are displayed in Fig. 8(a—c). For freshly polished surfaces, the average surface roughness (R,) and root mean square roughness
(Ry) values were 7.67 nm and 11.0 nm, respectively, but the R, and Ry values for samples dipped in 0.5 M HCI were 182 nm and 236
nm, respectively. The average R, and R, values obtained for the sample immersed in inhibitor solution are 37.4 nm and 46.9 nm
respectively. The results presented above make it clear that the inhibited sample’s R, and R, values are lower than those of the un-
inhibited sample. This describes how the FPBH adhered to the specimen surface.
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Fig. 8. (a) AFM image of freshly polished MS (b) AFM image of MS specimen dipped in 0.5 M HCI (c) AFM image of MS in 0.5 M HCI +
FPBH inhibitor.

5. Density functional theory (DFT)
5.1. Geometry optimization and FMO theory

DFT calculations were made to comprehend the factors affecting the efficiency of an inhibitor. Fig. 9 shows the optimized geometry
of the molecule obtained using the B3LYP/6-311++G(d,p) method. In the optimized structure, the piperidine ring shows chair
conformation which is energetically more stable compared to the boat conformation. The frontier molecular orbitals of the molecule,
HOMO and LUMO are shown in Fig. 10. As it is evident, the HOMO is mainly from the lone pair on the N-atom in the piperidine ring
whereas in LUMO electron density is of n* characteristic and located on benzisoxazole part of the molecule [18,19]. The quantum
chemical calculations deliver more evidence regarding the structural features of FPBH, whereas the reactivity of the compound is taken
into account by the adsorption mechanism.

In the study, geometrical optimization and FMO theory are convenient in predicting the nature and amount of FPBH adsorption on
the surface [45]. The quantum chemical factors calculated such as Egomo, ELumo, the energy gap (AEgq), and the number of electrons
transferred (AN) are significant and valuable factors to relate the corrosion inhibitory ability of FPBH. These quantum chemical pa-
rameters are also very useful to authenticate the results obtained experimentally. The theoretical results obtained are shown in Table 5.
The HOMO and LUMO are shows the good electron-donating ability of FPBH molecules to the suitable acceptor and also show its
power to receive electrons from metals. The E o is a measurement of a molecule’s propensity to accept an electron from the donor
species, whereas the Eyopo is @ measure of a molecule’s capacity to transfer an electron to an acceptor [46]. Better electron donation
propensity of the inhibitor is indicated by a higher value of Egomo and better tendency of a molecule to accept electrons is specified by
lower Epymo values [47]. The AEgq, is also a significant factor in recognizing the chemical reactivity of an inhibitor and its ability to be
an active corrosion inhibitor [48]. Since removing an electron from the final occupied orbital requires less energy, the effectiveness of
the adsorption between the inhibitors and metal surface rises as AEgq, lowers [49]. It is observed from Table 5, that the higher energy
gap value for FPBH (AEg, = 4.72) indicates the greater adsorption performance of FPBH. Similarly, Erymo values signify the capability
of the inhibitor to receive electrons. The value of AN specifies the capacity of the studied inhibitor to donate its electrons to the metal
when AN>0 and vice versa when AN<O. As per this convention, it is clear from Table 5, that FPBH has a higher propensity to
contribute electrons to the metallic surfaces [50,51].

Another important factor that helps to understand why atoms and molecules are chemically reactive is their ionization potential.
The easier it is to remove an electron from a molecule, the lower its ionization potential value is, while a greater ionization potential
value specifies that the molecule is highly stable and chemically inert [52]. Based on acid-base theory, the explanation of the hard and
soft acid/base is related to the chemical softness and hardness properties. A soft molecule is likely to have the highest level of inhibitory
efficiency since soft molecules have the highest tendency to respond while hard molecules have the lowest tendency to do so [53].

The induced dipole moment to electric field intensity ratio is known as polarizability. Polarizability and the induced dipole moment
are inversely related. The corrosion inhibition direction is also assessed using the dipole moment. The distribution of electrons within a
molecule is related to the dipole moment, which gives the polarity in a bond [54]. There is a general consensus that polar molecules
with strong dipole moments adsorbed on the MS surface can increase the effectiveness of inhibitory action. However, the literature is
inconsistent in predicting corrosion inhibition direction using dipole moment.
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HOMO

Fig. 10. FMO (HOMO and LUMO) of inhibitor FPBH.

Table 5

B3LYP/6-311++G(d,p) calculated parameter values for inhibitor FPBH.

Parameters Parameter values
HOMO (eV) —6.358
LUMO (eV) —1.638
Energy Gap (AEgq,) (eV) 4.72
Ionization potential (IP) (eV) 6.358
Electron Affinity (EA)(eV) 1.638
Electronegativity (y) (eV) 3.998
Chemical Potential (1) (eV) —3.998
Chemical Hardness(z) (eV) 2.36
Chemical Softness (1/7) (eV) 0.424
Electrophilicity (o = 4?/n) (eV) 6.773
Polarizability (@) (a.u) 206.70
Dipole moment (Debye) 3.219

5.2. Molecular electrostatic potential (MEP)

Heliyon 9 (2023) e21014

The MEP is a reliable diagnostic tool for hydrogen bond, electrophile, and nucleophile interaction sites. MEP modeling was
considered a highly helpful tool for the investigation of the association between the structure of a compound and its physico-chemical
properties or interactions with the metal surface [55]. Fig. 11 shows the MEP profile of the inhibitor used in this study. Several colors

11
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Fig. 11. MEP surface map calculated for the title compound.
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were used to examine the MEP map; red-denoted areas with the least, blue regions with the maximum, and green regions with zero
electrostatic potential respectively. MEP graphic reveals how the potential varies as the colors move from blue — green— yellow—
orange—> red— blue [56]. Electrostatic potential regions that are related to electrophilic and nucleophilic behavior are shown in red
and blue, respectively. The MEP image of FPBH has a color coding zone that ranges from —5.045e 2 to 5.045e 2. The presence of an
effective nitrogen location is considered one possible site for nucleophilic attack. From Fig. 13, it is clear that the C-O has the highest
electrostatic potential, which is denoted by the deep red color. This suggests a severe lack of electrons and, hence, a prospective
location for the electrophilic region.

5.3. UV analysis

The UV-Vis electronic spectrum of FPBH is also calculated theoretically using time-dependent (TD-B3LYP/6-311++G(d,p)) theory
[57]. For the calculation, vertical excitation was used from the ground state optimized geometry, and ten low-energy singlet excited
states were computed. Fig. 12 shows the calculated UV-Vis spectrum of FPBH, and Table 6 lists the parameters of the five lowest singlet
excited states. The first excited state represents the HOMO—LUMO transition and has a very small oscillator strength due to the
optically forbidden n—=n* transition. The calculated band gap was 4.15 eV. The optically allowed transitions are So—Sy with key
contribution from HOMO-2—LUMO, Sy—S3 from HOMO-1-LUMO and Sy—S4, from HOMO—LUMO+1. Corresponding transition
wavelengths for these three transitions are 255, 240 and 235 nm, respectively. Corresponding absorption bands can also be seen in the
spectrum shown in Fig. 12. Overall this study indicated that the title compound undergoes electron stimulation and energy transfer
[58].

The title molecule’s UV-Vis electronic spectrum is obtained theoretically (TD-B3LYP/basis set) [57]. Lambda (1) max values of the
title compound are 311 are revealed via theoretical UV-Vis spectral data, and its band gap is 4.032. Table 6 lists the analyzed
structure’s oscillation strength, band gap energy, and excitation energy. Fig. 12 shows the UV computed spectrum. The HOMO-LUMO
band gap and the bandgap computed from the electronic spectrum have good correlations. This study indicated that the title com-
pound undergoes electron stimulation and energy transfer. The important transitions t—n*, n— 7*, and n—=* will change in
direction towards a higher wavelength in the first case and towards a shorter wavelength in the final two cases as the solvent polarity
increases [58].
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Fig. 12. TD-B3LYP/6-311++G(d,p) calculated UV-Vis spectrum of FPBH.
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Fig. 13. Physical adsorption of FPBH molecules on the MS surface.

Table 6

TD-B3LYP/6-311++G(d,p) calculated UV-Vis constraints of FPBH.
Excited states Transition wavelength (Amax) (nm) Band Gap (eV) Oscillator strength Assignment (Co-efficient)
So—S 299 4.1509 0.0002 HOMO — LUMO (0.705)
So—Ss 255 4.8709 0.0998 HOMO-2—LUMO (0.614)

HOMO-1—LUMO (0.194)
HOMO-1—LUMO+1 (0.265)
So—>S3 240 5.1705 0.1206 HOMO-2—LUMO (0.158)
HOMO-2—LUMO+1 (0.161)
HOMO-1—LUMO (0.629)
HOMO—LUMO+1 (0.173)

So—8S4 235 5.2706 0.0117 HOMO-1—LUMO (0.147)
HOMO—LUMO+1 (0.681)
So—Ss 232 5.3415 0.0020 HOMO—LUMO+2 (0.623)

HOMO—LUMO+3 (0.184)
HOMO—LUMO-+4 (0.242)

5.4. Comparison of inhibition efficiency of the investigated compound with reported azole derivates

Table 7 shows the performance inhibition efficiency of the FPBH molecule in comparison with some of the reported azole de-
rivatives including oxazoles. Since FPBH exhibits essentially identical inhibitory efficacies to those of other known inhibitors of this
class, it has been demonstrated to be a viable inhibitor for halting MS corrosion.

5.5. Corrosion inhibition mechanism

A single mechanism is not able to elucidate the corrosion inhibition method. The experimental conditions could alter the mech-
anism. The interaction of added FPBH on the MS surface can take place via one or more of the succeeding modes. (1) The interaction
among the positively charged metal surface and protonated inhibitor, (2) The electron lone pairs on inhibitor with empty d- orbitals of
Fe atoms, (3) 7-electrons of aromatic ring with the empty d-orbitals of Fe atoms [2]. In this case, the adsorption of FPBH molecules
principally takes place through a physical mode of adsorption, as explained by the adsorption isotherms.

In the current study, (i) the working specimen in contact with acid medium gets + ve charge due to initial oxidation. (ii) The CI™
ions are then attracted towards the +vely charged specimen surface and result in the creation of a double layer (Helmholtz electric
layer) at the metal electrode-acid interface. (iii) The added FPBH molecules get protonated in acid medium and are attracted toward
the negative charge of the double layer via electrostatic interaction [70]. The graphical representation of the electrostatic interactions
is revealed in Fig. 13.

6. Conclusion
The outcomes of the several methods presented here support the potential of FPBH as a viable water-soluble inhibitor for the acid
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Table 7
Evaluation of the reported azole compounds as corrosion inhibitors in comparison to FPBH.
Acid media Sample Inhibitor Temp. % IE at optimum concentration Method. Ref
Adsorption isotherm and type of inhibitor
1 M HCI Mild steel 10D 303K 96.7 % at 300 ppm PDP and EIS [59]
Langmuir adsorption isotherm,
Mixed type
0.1 M HySO4 Mild steel BI 303K BI =38 % PDP and EIS [60]
ABI ABI = 6.38 % IE is in the order of OP > PBI > ABI > BI
PBI PBI = 85.23 %
OP) OP = 98.64 % at 0.001 M
2 M HCl Mild steel P 303K P =66 PDP and EIS [61]
PI PI = 80 at 0.001 M Temkin adsorption isotherm
1 M HCI Mild steel 0C1 303 K OC1 =78.6 % PDP and EIS [62]
0C2 0C2 =947 % Langmuir’s adsorption
0C3 OC3 = 85.9 % at 0.001 M Mixed type
1 M HCI Mild steel PBO 303 K PBO =88 % PDP and EIS [63]
BOQ BOQ =94 % Langmuir’s adsorption
FMPBO FMPBO = 92 % at 0.002 M
%IE in the order of L2 >L3 >L1.
1 M H,S04 Mild steel PPP 303 K PPP = 91.99 % Weight loss [64]
POP POP = 91.6 % at 1 mM DFT
1 MHCI Carbon steel BTH 303K BTH = 88.4 % PDP and EIS [65]
BTAH BTAH = 82.7 % Langmuir’s adsorption
BI BI=8% Mixed type
1M HCI Mild steel PAP 303K PAP =86 % PDP and EIS [66]
APP APP = 85 % at 0.001 M Langmuir’s adsorption
Mixed type
1 MHCI C38 steel BT39 303K  BT39 =156 % PDP and EIS [67]
BT40 BT40 = 62 % Langmuir adsorption
BT45 BT45 =86 %
At 0.001 M
0.5 M HCl Mild steel BPOX 303 K BPOX = 95 % at 0.005 M PDP and EIS and weight loss [33]
Langmuir adsorption
Physisorption
1 MHCI Mild steel 2B54NPO 298 K 2B54NPO = 94.08 % PDP and EIS and weight loss [68]
24MO5PO0O 24MO5POO = 92.37 % for at 300 ppm  Langmuir adsorption
1 M HCI N18 steel BOP 303K BOP =59.4 % PDP, EIS and DFT [69]
BOPO BOPO = 82.4 %
QBO QBO = 85.21
At 0.001 M
0.5 M HCl Mild steel FPBH 303K  FPBH =95 % at 0.001 M PDP and EIS and DFT Prsent study

Langmuir adsorption

corrosion of MS. According to the PDP investigations, the icorr as well as CR significantly decreased after introducing FPBH to the test
solution and showed IE of 95 % at 1 x 10—3 M FPBH. Furthermore, by adhering to Langmuir’s adsorption isotherm, the compound
FPBH can be termed as a mixed-type inhibitor. According to EIS tests, adding FPBH to a corrosive solution results in a significant rise in
polarisation resistance and a concurrent decrease in the Cdl values. The physisorption of FPBH on the MS surface is supported by
thermodynamic characteristics. An improved picture of the evaluated inhibitors’ reactivity towards mild steel is provided by FMO
experiments. In a parallel adsorption arrangement, it has been observed that FPBH adsorbed on the iron surface using heteroatoms (N
and O) and n-electrons. The MEP modeling has shown how the inhibitor’s molecular structure relates to its physico-chemical properties
and interactions with the MS surface.
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Appendix A. Supplementary data
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