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Experimental and theoretical study
on the corrosion inhibition of mild
steel by nonanedioic acid derivative
in hydrochloric acid solution

Ahmed A. Al-Amiery?"¢, Abu Bakar Mohamad?, Abdul Amir H. Kadhum?, Lina M. Shaker?,
Wan Nor Roslam Wan Isahak? & Mohd S. Takriff>*

The corrosion performance of mild steel (MS) in 1M HCl solution was examined by weight loss (WL),
potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS), electrochemical
frequency modulation (EFM), and open circuit potential (OCP) measurements in the absence and
presence of nonanedihydrazide. PDP measurements indicated that nonanedihydrazide acts as a
mixed inhibitor due to its adsorption on the MS surface, exhibiting an inhibition efficiency of more
than 97%. The surface morphology investigation of the protective layer on the MS surface confirmed
that adsorption of nonanedihydrazide molecules occurred via chemical adsorption following
Langmuir’s isotherm model. The effect of temperature on the corrosion performance in the presence
of nonanedihydrazide was investigated in the range of 303-333 K, showing that the inhibition
efficiency increased with an increase in the inhibitor concentration and decreased with an increase
in temperature. A new green corrosion inhibitor was synthesised and theoretical computations were
conducted to completely understand the inhibition mechanism. Nonanedihydrazide molecules

were investigated by DFT (density functional theory) using the B3LYP functional to evaluate

the relationship of corrosion inhibition performance and the molecular structure. The computed
theoretical parameters presented significant support for understanding the inhibitive mechanism
revealed by the inhibitory molecules and are in good agreement with WL, PDP, EIS, (EFM), and OCP
results.

Corrosion inhibitors are chemicals that efficiently slow the rate of corrosion of metals and alloys when used in
relatively low concentrations, particularly in cooling systems, storage vessels and boilers, oil and gas pipelines, as
well as in construction. Mild steel (MS) is an important construction material due to its outstanding mechanical
characteristics and minimal costs in comparison to other materials'. However, MS like other alloys is susceptible
to corrosion, thus the surface must be protected”. However, this operation needs to be controlled due to the
extremely damaging corrosive effect of acids used such as hydrochloric acid. The acidising process in general
manufacturing cleaning techniques in petrochemical applications eliminates metal oxides and inorganic layer
removals?, thus MS corrosion is unavoidable but can be controlled*. Incorporating passive fillers into organic
coatings to enhance protection against corrosion is one technique to overcome this problem>®. Natural and
synthetic organic inhibitors are essential additives for MS corrosion protection’, with environmentally friendly
natural and/or synthesised organic inhibitor usage developed to meet environmental requirements. Hence,
inorganic inhibitors including chromate salts, molybdenum oxoanion, orthophosphate ions, and nitrates are
widely utilised as corrosion inhibitors of metallic surfaces (e.g., MS), which are replaced despite their considerable
efficacy®. Although the organic corrosion inhibitors have environmentally friendly and biodegradable character-
istics, they also have corrosion inhibiting properties®. Organic corrosion inhibitors have electron donor atoms
including phosphorous, sulphur, oxygen and nitrogen, which allow them to be adsorbed on the metal surface
and protect the surface from acidic solutions!’. The corrosion inhibition efficacy displayed by these heteroatoms
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Figure 1. Schematic route for the synthesis of nonanedihydrazide.

increases in the order: P>S>N>O!!. There are various studies on corrosion inhibition by aliphatic amines
and hydrazides for various alloys'?, with amines and hydrazides of fatty acids being more efficient than cyclic
amines, hydrazides and aromatic amines’. In general, the chemical bonds between metals and natural and/or
synthesised organic inhibitor molecules can influence the quality of protective layers and perhaps even corro-
sion inhibition. Consequently, additional active sites in the inhibitor molecular structure, such as heterocyclic
portions, may provide a stronger chelation interaction with steel, allowing for the fabrication of a stronger inhibi-
tor adsorption barrier on the surface'*'®. DFT is a useful technique to explain experimental findings, allowing
and obtaining dependable structural molecular factors'®. In corrosion investigations, this technique makes it
feasible to correctly predict the inhibitive efficacy of natural or synthetic organic molecules based on electronic
characteristics in addition to reactivity indices'”. Nitrogen-rich materials are attractive corrosion inhibitors, with
synthetic chemicals accounting for a significant portion of nitrogen-rich corrosion inhibitors's. However, natural
chemicals derived from plants have recently been demonstrated to possess some very impressive qualities®.
Plant extracts are also less expensive, easier to obtain, renewable, highly biodegradable, readily available, and
particularly non-toxic to the environment®. Organic corrosion inhibitors are used in a variety of industries but
there have several disadvantages, for example, limited solubility making their use difficult especially in polar
electrolytes. Thiosemicarbazide is the most important class of nitrogen-rich organic chemicals produced from
thiosemicarbazide?'. Organic corrosion inhibitors, especially those with aromatic rings and non-polar hydro-
carbon chains, have limited solubility due to their hydrophobic nature, thus reducing their protective efficacy.
Consequently, contemporary corrosion science and engineering research efforts focus on developing corrosion
inhibitors with polar, hydrophilic functional alternatives in their molecular structures. The size, function, and
geometry of these molecules are critical parameters that explain the efficacy of corrosion inhibitors. The best
corrosion inhibitor has a polar hydrophilic function and non-polar hydrophobic hydrocarbon chain in addition
to toxicity and cost. The targeted inhibitor is formulated with natural products and a nitrogen-rich complex.
In the current study, a corrosion inhibitor was synthesised and the chemical structure was elucidated based on
spectroscopical techniques. It was then investigated as a green and inexpensive efficient inhibitor of MS corro-
sion in an HCl environment at various temperatures and the thermodynamic and kinetic parameters were also
examined. The mechanism of adsorption and inhibitory activity of nonanedihydrazide molecules was measured
as an inhibitor employing DFT at the level B3LYP.

Experimental section

Materials and methods. The MS samples were purchased from the Company of Metal Samples and uti-
lised as the base substrates for the gravimetric measurements and as working electrodes for the electrochemical
corrosion experiments: Fe-99.210%; C-0.210%; Si-0.380%; P-0.090%; S-0.005%; Mn, 0.050%, and Al-0.010%.
Each sample had an effective surface area of 4.5 cm? and before every test, silicon carbide sheets (120, 600 and
1200) were used to abrade the MS samples before washing with distilled water, acetone and cleaned based on the
standard technique ASTM/G1-03%*% The 1M HClI assay solution was prepared using 37% analytical grade HCI
and double-distilled water. The corrosion measurements were conducted in non-stirring conditions and open to
the air acidic media with various nonanedihydrazide inhibitor concentrations.

Synthesis of the inhibitor. Initially, hydrazine hydrate (0.002 mmol) was added to a solution of dime-
thyl nonanedioate (0.001 mol) and refluxed for 6 h before the refluxed solution was concentrated, filtered, and
recrystallised using ethyl alcohol. The inhibitor was purified by TLC and the synthesis is shown in Fig. 1. The
nuclear magnetic resonance spectra were recorded using an AVANCE III 600 MHz spectrometer (Bruker, Bill-
erica, MA, USA), FTIR spectra by the Thermo Scientific Nicolate 6700 FT-IR Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA), and the molecule fragments were determined by a GC-FID and GC-MS 7890
A system provided by Agilent Technology (ESI is the source type, Ion Polarity Positive, Set Capillary 4500 V,
Set Dry Heater 180 °C, Set End Plate Offset -500 V, Set Dry Gas 5.0 I/min, Scan Begin 100 m/z, Scan End
1000 m/z, Set Collision Cell RF 250.0 Vpp). FT-IR (cm-1): 3313.80, 3289.50, 3199.60 and 3145.00 (NH2-NH-),
3047.00 (Alpha-methylene groups), 2922.40 (Beta-methylene groups), 2849.00 (Aliphatic methylene groups)
and 1632.20 cm (carbonyl). Proton-HNMR (CDCl,): § 1.2070 (2H, m, methylene) and § 1.4120 (2H, m, meth-
ylene), 8 1.938.0 (2H, m, methylene) and & 8.8820 (2H, s, N-H). Carbon-"*NMR (CDCl,): § 172.140 (carbonyl);
39.640, 39.500, 34.130, 33.860, 33.600, 29.540, and 28.980 (methylene). m/z: [217.160 (C,H,(N40,), 186.140
(CoH,5N,0,), 156.120 (C,H,c0,).

Gravimetric measurements. Weight loss measurements were conducted based on the standard
techniques®. The abraded MS samples were weighed before exposure to a 1.0 M HCl environment in the pres-
ence and absence of various inhibitor concentrations (0.05, 0.1, 0.2, 0.4, and 0.5 mM). All the acidic environ-
ments were aerated and after immersion (1, 5, 10, 24, and 48 h), the samples were removed, washed, dried, and
weighed. The tests were performed in triplicate and the average values were calculated. The experiments were
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repeated with various inhibitor concentrations, temperatures ranging from 303 to 333 K and the immersion time
of 5 h. The corrosion rate (Cy), inhibition efficiency%) and surface coverage (0) were determined according to
Egs. (1-3):
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where w refers to the MS mass loss (mg), a is the MS coupon area (cm?), t is exposure period (h), d is the MS
coupon density (g/cm?), w describes MS specimen weight loss, w;, represents MS coupon mass loss with various
concentrations of inhibitor.

Electrochemical measurements. A Gamry water-jacketed glass cell was used to perform electrochemi-
cal studies at a steady-state corrosion rate. MS samples, a graphite rod, and a saturated calomel electrode (SCE)
comprised the three-electrode cell setup, which includes working, counter, and reference electrodes. A Gamry
Device Potentiostat/Galvanostat/ZRA (REF 600) model was used to conduct electrochemical corrosion analysis
(Gamry, Warminster, PA, USA) and the Gamry software was utilised to achieve the corrosion potential, EFM,
PDP and EIS measurements. The PDP curves were conducted by adjusting the potential between —0.2 to +0.2
VSCE over the corrosion potential at a scan rate of 0.5 mV-s™!. EIS measurements were conducted via alter-
nating current signals of 5 mV peak-to-peak amplitude at the corrosion potential using the frequency region
of 100 kHz to 0.1 Hz. All impedance data were fitted and simulated to appropriate equivalent circuits (ECs)
utilising the Gamry Echem Analyst software. EFM tests were accomplished at a 0.1 Hz base frequency with an
alternating current amplitude for 20 cycles. The electrochemical corrosion tests were conducted for 30 min after
the working electrode was exposed in the environment to achieve steady-state conditions. The experiments were
performed in triplicate with the average values recorded to ensure that the measurements were repeatable.

Quantum chemical studies. The ground-state geometry was derived with Gaussian 03, Revision C.01%,
and the valence and polarisation basis set (6-31G+ +(d,p)) was used to optimise to a local minimum with-
out symmetry constraints?®. A variation of the DFT approach that combines the Becke three-parameter hybrid
(B3)* exchange functional with the Lee-Yang-Parr (LYP)?® correlation functional (B3LYP)*"*® was utilised to
evaluate the optimised geometry, frontier molecular orbitals (HOMO, LUMO) energies, and physical param-
eters for the molecule in the current investigation. Based on DFT-Koopman’s theorem?, the ionisation potential
(I) is related to the Eyoy 0, Whereas electron affinity (A) is related to Ejyy0. The ionisation potential and electron
affinity can be calculated according to Egs. (4 and 5):

I = —Enomo 4

A = —Eromo (5

The analysis of the natural bond orbital (NBO)*® was conducted to determine the electron density distribu-
tions, as electron density represents a significant factor in computing the parameters of chemical reactivity. The
electronegativity (), hardness (1) and softness (o) were computed according to Egs. (6-8):

I+A
_I-A
U—T (7)
o=n" (®)

The transferred electrons number (AN) was determined based on the DFT approach®! by applying the fol-
lowing Eq. (9):
_ XFe — Xinh
2(nFe + Ninh)
where x Fe is the iron absolute electronegativity, inh indicates the absolute electronegativity of the inhibitor

molecule, nFe refers to iron absolute hardness and ninh represents the inhibitor molecule absolute hardness.
In the current investigation, the x Fe theoretical value was 7.0 eV and for nFe was zero.

AN 9)
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Figure 2. (a) FTIR; (b) Proton NMR; (c) Carbon-'> NMR and (d) Mass spectra of nonanedihydrazide.

Results and discussion

Confirmation of the nonanedihydrazide structure. The nonanedihydrazide was prepared via the
schematic route shown in Fig. 1 starting with dimethyl nonanedioate. The structure of the synthesised nonanedi-
hydrazide was elucidated via FT-IR, ' H NMR, *C NMR, and mass spectroscopy. The molecular weight of non-
anedihydrazide was (216), determined according to the molecular formula (CoH,,N,O,) and confirmed by mass
spectroscopy. Nonanedihydrazide is a corrosion inhibitor dissolved in dichloromethane, acetone, dimethylsul-
phoxide, dimethylformamide, and alcohol media. Figure 2a shows the FTIR spectrum of nonanedihydrazide,
with the band at 3,289 cm™! and 3,314 cm™! corresponding to hydrazide NH, bonds and the band at 3,199 cm!
is a hydrazide NH bond. The significant band at 1633 cm™ is carbonyl (C=0) stretching. Alkyl groups which
represent methylene groups (CH,) are absorbed in the regions of 2849 cm™ and 2922 cm™.

The 'H-NMR spectrum in Fig. 2b shows a singlet at § 8.882 ppm owing to the protons of an amino group. The
multiple singlets for two hydrogens (2H) located at § 1.207 ppm, § 1.412 ppm, and § 1.938 ppm were attributed
to the methylene groups.

Figure 2c shows the spectrum of *CNMR, the molecular structure of the synthesised corrosion inhibi-
tor. The band at 172.140 ppm was attributed to the carbon of the C=0 group. The carbon atoms of methylene
groups also have bands at 28.980 ppm, 29.540 ppm, 33.600 ppm, 33.860 ppm, 34.130 ppm, 39.500 ppm, and
39.640 ppm representing the atoms in the methylene groups. Nonanedihydrazide exhibited an m/z value of
217.0 indicating the carbon-nitrogen cleavage to produce a C=0 bond, whereas 186.0 describes the splitting
of the nitrogen-carbon linkage yielding C=0, while the m/z value at 156.0 was attributed to a compound with
bicarbonyl groups (Fig. 2d).

Weight loss.  Effect of the inhibitor concentration. Nonanedihydrazide protected MS against corrosion and
Fig. 3 shows the rate of corrosion Cy and inhibition efficiency (IE%). The WL tests were conducted at 303 K,
showing that with increasing nonanedihydrazide concentration, the Cy decreased, hence, the inhibition im-
proved as more molecules are adsorbed onto the MS decreasing the interaction with HCI. The highest inhibition
efficiency (IE)% (98.3%) was exhibited by 0.5 mM nonanedihydrazide and is attributed to the amino and car-
bonyl groups donating electrons, as well as the inductive effect of methylene groups, which improves the inhibi-
tor’s ability to shift electron pairs to (from inhibitor molecules) the unoccupied d-orbitals of iron atoms on the
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Figure 3. Corrosion rate and inhibition efficiency for MS in 1 M HCl at different immersion times and
nonanedihydrazide concentrations.

MS surface, thereby controlling and/or impeding corrosion. Increasing the concentration of nonanedihydrazide
to 0.6 mM has no discernible effect on inhibitory performance®.

The immersion duration also impacted the resistance of nonanedihydrazide to the HCl environment (Fig. 3),
with the Cy reducing throughout the first 10 h in 1 M HCI, with the maximum IE of 98.3%, while nonanedihy-
drazide had the highest IE of 88.1% after 1 h. After 24 h of immersion, the IE value declined, 98.3% at 0.5 mM,
reducing to 84.7% after 48 h. The duration of immersion is a critical factor in protection. The adsorption of
nonanedihydrazide molecules on the MS surface thereby covering the area of the specimen exposed to the
HCI solution may account for the decrease in Cg and increase in IE as the concentration of nonanedihydrazide
increases®. More nonanedihydrazide particles were available to be absorbed onto the MS surface when the
concentration of nonanedihydrazide increased, thus the surface coverage significantly increased.

The inhibition efficacy of the synthesised nonanedihydrazide was compared to other corrosion inhibitors
having nitrogen atoms to protect against MS corrosion (Table 1). Nonanedihydrazide has the greatest inhibitory
efficiency compared to the compounds in Table 1**7¢3¥4 a5 well as an efficiency equivalent to that described
in®#2%_ A the concentration of nonanedihydrazide increased, the rate of corrosion reduced and the inhibitive
efficacy improved, possibly because of the increased absorption of nonanedihydrazide on the MS surface as the
inhibitor concentration increased.

Temperature effect. Temperature affects the inhibitory efficacy of the inhibitor, with the IE remaining approxi-
mately constant as the temperature increased to 323 K, then falls as the temperature climbs to 333 K. Figure 4
shows that at a dose of 0.5 mM, the efficiency of nonanedihydrazide inhibition declines from 98.2 to 73.5%
when the temperature changes from 303 to 333 K. This indicates that nonanedihydrazide molecules detach from
the MS surface as the temperature rises, so the MS is no longer protected by inhibitor molecules, resulting in a
reduction in corrosion IE.

Thermodynamic studies. The Arrhenius Eq. (10) and transition state Eq. (11) were used to calculate the tem-
perature-dependent Cy:

—E,
1 =—% 4tlogi
08Cr 2303RT T °8 (10)
o, “RIT AS* AH*
R=" N PR )P\ Ry (1)

where E, represents the energy of activation, A is the factor of pre-exponential and R is the constant of gas, AH*
is the enthalpy of activation and AS* is the entropy of activation.

The slope of the logCRvs% plot (Fig. 5) is —E,/2.303R, and the intercept is the value of log A, thus the pitch
and the plotted intercept are used to derive the activation energy Ea and pre-exponential parameter (a). Table 2
shows that in addition to the acid solution, the average activating energies for the inhibited environment were
higher. Increasing the activation energy E, a has the same effect as raising the corrosion phenomenon energy
barrier, thus improving the IE.
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Inhibitors Inhibition efficiencies % | References
Nonanedihydrazide 97 Current inhibitor
Ethyl 2-(4-phenyl-1H-1,2,3-triazol-1-yl) acetate 95.3 34
2-(4-phenyl-1H-1,2,3-triazol-1-yl) acetohydrazide 95 3
7t((1—benzyl—lH-1,2,3-triazol-4—yl)methyl)-1,3-dimethyl-3,7-dihydro—1H-purine-2,6— 917 35
dione

7‘-((1-(4-ﬂ.uorobenzyl)-lH-1,2,3-triazol-4—yl)methyl)-1,3-dimethyl-3,7-dihydro—lH-pu- 86.9 35
rine-2,6-dione

7‘-((1-(4-c}.110r0benzyl)-1H—1,2,3-triazol-4-yl)methyl)-1,3-dimethyl—3,7—dihydro-lH-pu— 94.0 35
rine-2,6-dione

7.-((1-(4-bF0mobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydr0-lH-pu- 91.8 35
rine-2,6-dione

7-((1t(4-iod0benzyl)-lH-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine- 90.9 35
2,6-dione

5-methyl-4-((3-nitrobenzylidene) amino) -2,4-dihydro- 3H-1,2,4-triazole-3-thione 89.74 36
3-phenyl-4-amino-5-mercapto-1,2,4-triazole 97 7
2[5-(2-Pyridyl)-1,2,4-triazol-3-yl phenol 96.8 8
3,5-Bis(4-methyltiophenyl)-4H-1,2,4-triazole 93.5 38
3,5-Bis(4-pyridyl)-4H-1,2,4-triazole 89.1 38
3,5-Diphenyl-4H-1,2,4-triazole 82.8 39
3,5-Di(m-tolyl)-4-amino-1,2,4-triazole 24 40
5-Amino-1,2,4-triazole 90 40
5-Amino-3-mercapto-1,2,4-triazole 82 40
5-Amino-3-methyl thio-1,2,4-triazole 82 o
1-Amino-3-methyl thio-1,2,4-triazole 63 4
3-Benzylidene amino-1,2,4-triazole phosphonate 56.9 4
3-p-Nitro-benzylidene amino-1,2,4-triazole phosphonate 69.23 4
3-Salicylialidene amino-1,2,4-triazole phosphonate 43.2 a
3,5-Bis(methylene octadecyldimethylammonium chloride)-1,2,4-triazole 98.3 42
3-Amino-1,2,4-triazole-5-thiol 97.8 4

Table 1. Comparison of the inhibitory efficiency of nonanedihydrazide to other triazoles.

100 303K
_ 313K
L ; / -=-33K
| —— -=-333K
90 — 303K
f_— —313K
115 / —323k
— 333K
/ / - 80
E ] 70 &
= =
o
0.75 1 /
- 60
N
0.55 >
\%:::--}------====%==.- ~50
1 i
1 1
0.35 . . . , . 40
0 0.1 02 03 0.4 05

C (mM)

Figure 4. Effect of temperature and concentration on the inhibition efficiency of nonanedihydrazide on MS in

1 M HCL
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Figure 5. Arrhenius plot logCr vs% of nonanedihydrazide optimised concentration (0.5 mM) for 5 h.

Es( mol™) |A(mgem™) |AH*(kJ mol™) | AS*(KJ mol™' K1) | Kuas(M x 10%) —AG%, (k mol_l)
45.7 2.87x10° 46.9 -77.5 9.6 40.8

Table 2. Thermodynamic parameters for MS corrosion in 1 M HCL with the addition of 0.5 mM
nonanedihydrazide.

As shown in Eq. (11), the Cy is dependent on E, and a. To evaluate the MS corrosion inhibition, the activation
energy regulates the pre-exponential component, with E, and a values steadily increasing in succession in the
current condition. The rate of corrosion is also described in Table 2, indicating that the E, is an initial character-
istic for metal corrosion in an HCl environment. An increase or decrease in the free E, differential can indicate
favourable physisorption or chemisorption interactions****. Although the E, for the inhibited environment is
higher than for the untreated acidic environment in the current study, the difference is not significant to validate
the interactions as physical adsorption or chemical adsorption. As a result, the studied inhibitor compounds
and MS surface have physical adsorption and chemical adsorption interactions. Furthermore, from the slope
and intercept of the plot of log Cy/T versus 1/T in Fig. 5, the activation enthalpy AH*, and activation entropy
AS* were obtained as shown in Table 2. Following the gradual dissolution of MS, the endothermic reaction is
denoted by AS* with a (+) value*®. When the activation entropy values in Table 2 are compared, the activation
entropy values increase with the addition of the inhibitor. Eventually, the adsorption preceded the desorption
of water molecules from the MS surface, resulting in a rise in AS*, which could be attributable to an increase
in solution entropy.

Adsorption isotherm. Various adsorption isotherm models can be used to get important details based on inhib-
itor molecules adsorption on the MS surface and as the linear regression coeflicient is close to one, the Langmuir
isotherm was considered appropriate to describe the inhibitor molecules’ adsorption on the MS surface*”*®. The
Langmuir adsorption isotherms can be understood as:
Cinn 1
= —— + Ciun (12)
0 Kads

This graph shows the association between the inhibitor concentration Cy;, and inhibitor surface coverage (6)
on the MS surface. The surface coverage percentage is defined as the proportion of the surface that is coated with
inhibitor molecules and can be calculated using Eq. (3). The plot of C,,;, / 6 vs C;;, (as shown in Fig. 6) at 303 K
is a straight line, indicating that the inhibitor molecules” adsorption temperature is more closely aligned with the
Langmuir adsorption temperature than other isotherms. The link between the adsorbent and the adsorbate is
represented by K4, with an increased K4, predicting better adsorption, thus better inhibition. The straight-line
intercept shown in Table 2 can be used to calculate K 4. The link between the adsorption free Gibbs energy and
the adsorption equilibrium constant is represented by Eq. (13):

AGY; = —RT In(55.5K,45) (13)

where R refers to the constant of gas, T is the temperature, and K,4 is the constant of equilibrium.
The negative value of the adsorption Gibbs free energy AG? ;  denotes spontaneity and the inhibitor molecules
are adsorbed on the MS*. AG,. < —20 kJ mol ™! represents the physical adsorption of the inhibitor molecule to
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Figure 6. Langmuir adsorption model plot for nonanedihydrazide.
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Figure 7. OCP as a function of the nonanedihydrazide concentration for MS in 1.0 M HCl at 303 K.

the MS surface. A substantially negative adsorption free energy > —40 kj mol ™' suggests a chemical adsorption
reaction and the establishment of coordination interactions between the nonanedihydrazide molecules and the
MS surface iron atoms. The value of AGZ 45 Was estimated to be > —40 kJ mol ™}, indicating that the mechanism
includes both physical and chemical adsorptions, suggesting mixed-mode interactions®®>!.

Electrochemical results.  Open circuit potential (OCP).  The open-circuit potential for MS in 1.0 M HCl at
303 K is shown in Fig. 7 as a function of the nonanedihydrazide concentration. The MS sample is the negatively
charged electrode, while nonanedihydrazide is the positively charged solution®>>*. Adsorption to the metal sur-
face, which is usually made up of free oxides, is a fundamental stage in acidic solution inhibition®*. Variations
in the OCP of 90.70 mV vary from —560.90 to —470.20 mV, implying that nonanedihydrazide molecules are
absorbed through a positively charged protecting film on the surface of the negatively charged MS specimens™.
The OCP dramatically decreases between 303 and 333 K at the same concentration of 0.5 mM but at different
temperatures due to the temperature difference as in Fig. 8. The OCP rises between 303 and 333 K, indicating
that there is corrosion, that is, high temperatures reduce the corrosion inhibitor’s effectiveness.

EIS. Tables 3 and 4 summarise the EIS measurements for MS corrosion in the presence and absence of the
inhibitor at 303, 313, 323, and 333 K. Figure 12 shows the Nyquist plots of the impedance spectra for MS samples
in 1.0 M HCl in the absence and presence of various amounts of nonanedihydrazide at 303 K.

The addition of the corrosion inhibitor results in a significant increase in the overall impedance. The imped-
ance response of MS is dramatically affected by the addition of the inhibitor to the corrosive solution, as illus-
trated in Fig. 9. Increasing inhibitor concentration causes an increase in substrate impedance and the total
impedance of MS in the presence of 0.5 mM decreases as the solution temperature rises, as shown in Fig. 10,
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Figure 8. OCP as a function of temperature for MS in 1.0 M HCl and 0.5 mM nonanedihydrazide.

CPEy

Conc. (mM) | Y, (uS.s*cm?) |a Cq (uFecm?) | R, (ohm.cm?) |R,(ohm.cm?) |IE%
0.0 0.0009 09174 | 3.387 0.0781 0.2537 0.00
0.05 0.0051 0.7096 | 1.375 0.7617 0.3595 89.75
0.1 0.0038 0.7258 | 0.8209 0.7754 0.3567 89.93
0.4 0.0017 0.8006 | 0.3659 0.7856 0.3927 90.06
0.5 0.0004 0.8584 | 0.2662 0.8479 0.5489 90.78

Table 3. CPE data for MS in 1.0 M HCI with various concentrations of nonanedihydrazide at 303 K.

CPE,4

Temp. (K) Y, (uSs*cm?) |a Cq (pEcm?) | R, (ohm.cm?) | R, (ohm.cm?) |IE %
303

Without Inh 924.6 09174 | 338.7 0.0781 0.2537 0.00
With 0.5 mM 435.4 0.8584 | 266.2 0.8479 0.5489 90.78
313

Without Inh 4526 0.9278 | 502.0 0.2195 0.2478 0.00
With 0.5 mM 500.2 0.8381 | 398.5 0.3521 0.2311 73.66
323

Without Inh 1634.01 0.7321 |835.9 0.1501 0.2305 0.00
With 0.5 mM 507.5 0.8392 | 266.1 0.3378 0.2077 55.57
333

Without Inh 2172.87 0.8470 |920.8 0.1193 0.1836 0.00
With 0.5 mM 4514 0.8619 | 554.5 0.2490 0.1756 52.09

Table 4. CPE data for MS in 1.0 M HCI with nonanedihydrazide (0.5 mM) at various temperatures.

due to the desorption of adsorbed inhibitor molecules from the MS surface. The Nyquist plots show two loops
in the impedance spectrum of MS, namely, in the high-frequency region (HF) and another in the intermediate
frequency region (MF), with minimal inductive action at low frequencies (LF). The electrode and charge transfer
processes are responsible for the HF and MF loops, respectively. In the absence and presence of the inhibitor, the
inductive behaviour seen in the LF region is attributed to the relaxation of the adsorption of corrosion products
or the adsorption of inhibitor molecules on the MS surface in an acidic solution®. All other temperatures studied
show a similar pattern of activity. The working electrode’s corroding surface is rough, so the capacitance is given
using a constant phase element (CPE). As illustrated in Fig. 11, the EIS findings were examined using the equiva-
lent circuit®”. Using Eq. (14), the inhibition efficiencies were determined from the charge transfer resistance:

R(inh) — R(uninh)

(IE%) =

R(inh)

x 100
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Figure 9. Nyquist plots for MS in 1.0 M HCl with various concentrations of nonanedihydrazide at 303 K.
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Figure 10. Nyquist plots for MS in 1.0 M HCl with 0.5 mM nonanedihydrazide at various temperatures.
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Figure 11. Equivalent circuit model utilised to fit impedance data in 1.0 M HCl with and without the addition
of nonanedihydrazide.

where R, and R, indicate the charge transfer resistance in the presence and absence of the corrosion inhibitor,
respectively.

The Gamry Analyst software®® was utilised to calculate the EIS experimental data, which include data match-
ing CPE for MS/sample calculation solution resistance Rs and CPE, calculation of charge transfers resistance
Rct, and double-layer charge, Cdl. Table 3 shows the comparison of the CPE of MS in 1.0 M HCl with various
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Figure 12. Experimental impedance and phase data in Bode format for MS in 1.0 M HCI containing 0.5 mM
nonanedihydrazide denotes the fitted line using the equivalent circuit.

corrosion inhibitor concentrations at 303 K. The Rct value increased as the concentration of corrosion inhibitor
increased, indicating that corrosion inhibitor molecules are adsorbed on the surface of MS samples to form a
protective layer while the high resistance to charge transfer corresponds to the systems that corrode slowly’.
At a concentration of 0.5 mM, the efficiency and capacity of inhibition (IE) increased to 90.78% as the value of
Rct increased.

Table 4 shows that as the temperature is increased from 303 to 333 K, the Rct also increased, and the inhibition
efficacy decreases. Since the corrosion inhibitor molecules are adsorbed on the surface of the MS sample, they
will condense as the temperature rises®’. The physical and chemical adsorptions are the two basic types of adsorp-
tion of organic molecules. The presence of a transition metal, the vacuum region, the low energy of the electron
orbital, and the inhibitors of molecules with relatively loose electrons are all important factors contributing to cor-
rosion inhibition®'. Rct values increase with increasing concentration but decrease dramatically with increasing
solution temperature, as indicated in Tables 3 and 4. Figure 10 shows the Nyquist plots for MS in 1 M HCl with
0.5 mM nonanedihydrazide at various temperatures. The semicircle graph at 333 K is the shortest while the circle
for 303 K is the largest indicating that when the temperature increases the diameter of the semicircle shrinks.
These results indicate that as the temperature increases, the corrosion prevention decreases significantly and
the corrosion accelerates with increasing temperature due to changes in the corrosion actuation mechanism®.

The inhibitor-covered metal/solution interface is described using the equivalent circuit model depicted in
Fig. 11, while Fig. 12 shows a one-time constant in the Bode phase. Figure 12 depicts the impedance and phase
data in the form of Bode graphs for MS exposed to 1 M HCI at 303 K and shows the fit of the line using the
parabolic circuit model.

Figure 12 shows Bode diagrams for MS in 1 M HCI with and without the corrosion inhibitor. In the EIS
spectrum, different wear regimes (e.g., charge transfer control, diffusion control, or mixed-type) may reveal
different features. The process of system erosion can be identified by studying the EIS data (Nyquist plot, Bode
plot). EIS data are often interpreted in terms of equivalent electrical circuits that can be used to characterise
the electrical properties of electrochemical communications in practice®. Most impedance spectra reported for
MS corrosion in hydrochloric acid solutions include one low capacitive loop (one time constant in the Bode
phase representation) or two capacitive semicircles (two well-defined time constants in the Bode phase format).

When the Nyquist plot contains a "low’ semicircle with the centre below the real axis, this is known as fre-
quency dispersal and has been linked to surface roughness and inhomogeneity®’. EIS spectra of heterogeneous
coatings on metallic surfaces or rough and porous electrodes have been described by two approaches, namely
the finite transmission line model®® and the illustrated equivalent circuit model, both of which are generally
recommended in the analysis of the degradation of coated metals. The EIS spectra of the metal covered with
films of organic inhibitors were compared with the spectra of the failed coating metals®.

Polarisation measurements.  Figures 13 and 14 show the polarisation profile of MS in 1.0 M HCI. Tables 5 and
6 show the numerical values of fluctuations of erosion current density (i), corrosion potential (Ecogg), anodic
Tafel slope (a) and cathodic Tafel slope (c) with different nonanedihydrazide concentrations and at different
solution temperatures for a specific polarisation profile. The intersection of the anodic and cathodic Tafel lines of
the polarisation curve at ECORR yielded these results and Eq. (15) was used to compute the IE:

ooy — i
(IE%) = <o ™ » 100 (15)

corr

where i%),, and ic,r are the corrosion current densities in the absence and presence of the inhibitor, respectively.

Tables 5 and 6 show that as i, increases with increasing solution temperature while decreasing with the
addition of the synthetic inhibitor to the acidic solution over the studied temperature range. This result can be
described as follows: the inhibitor is adsorbed on the metal surface, and as the temperature rises, some of the

inhibitor molecules adsorb the adsorbent, exposing more of the metal surface to the acidic medium, which
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Figure 13. Potentiodynamic polarization curves for MS in 1.0 M HCI with different concentrations of
nonanedihydrazide at 303 K.
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Figure 14. Potentiodynamic polarization curves for MS in 1.0 M HCl with 0.5 mM nonanedihydrazide at
various temperatures.

Potentiodynamic polarization parameters (PD)

Inhibitor conc. (mM) | Cg (mpy) | Iy, (A.cm®) | B, (V.dec?) | B, (V.dec?) |IE%
0.0 7.5910 667.00 0.1315 0.1359 0.00

0.05 6.9640 598.00 0.1276 0.1289 10.34
0.1 4.7360 407.00 0.1217 0.1104 38.98
0.2 3.9950 343.00 0.1184 0.1012 48.58
0.4 2.0580 177.00 0.1138 0.0877 73.46
0.5 0.0537 44.620 0.4030 0.6004 93.31

Table 5. Polarisation parameters for MS in 1.0 M HCl with different nonanedihydrazide concentrations.

increases the rate of metal dissolution and decreases the inhibition efficiency®. The addition of the inhibitor
induces the selected ECORR values to adjust towards more positive values, indicating that nonanedihydrazide
has an inhibitory effect on the corrosion of MS at 303 K. Nevertheless, this value decreases with the temperature
of the solution, indicating a low level of nonanedihydrazide protection. The anodic and cathodic processes are
changed accordingly when different amounts of nonanedihydrazide are added, as indicated in Figs. 13 and 14.
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Potentiodynamic polarization parameters (PD)

T. (K) Co (MpY) | Lo (A.cm?) | B (Videc™) [ B, (Videc?) [~Ecp (mVivs.SCE) [IE%
303

Without Inh 7.5910 550.000 0.13150 0.13590 493.000 0.000
With 0.5 mM 0.0537 44.6200 0.40300 0.60040 385.000 93.31
313

Without Inh 76.6600 667.000 0.67750 0.70330 655.000 0.000
With 0.5 mM 13.6900 135.000 0.09630 0.07070 538.000 75.45
323

Without Inh 114.800 824.000 0.71790 0.97220 674.000 0.000
With 0.5 mM 423.100 416.000 0.12900 0.12010 487.000 49.51
333

Without Inh 622.400 1564.000 2.00300 4.01500 673.000 0.000
With 0.5 mM 1017.00 999.000 0.14240 0.14240 463.000 36.13

Table 6. Polarisation parameters for MS in 1.0 M HCI with 0.5 mM nonanedihydrazide at variable
temperature conditions.

Conc. (mM) | Cg (mpy) | I, (mA.cm?) | B,(mV.dec') |B,(mV.dec!) |CF-3 |CF-2 |IE%
0.0 390.30 3.7590 93.750 81.670 3.2600 | 1.1010 | 0.000
0.05 288.30 2.8320 156.50 104.40 2.2410 |2.0380 | 24.66
0.1 166.70 1.6370 124.90 88.050 2.8450 | 1.9930 | 56.45
0.2 161.80 1.5900 132.60 89.540 3.4070 | 1.9360 |57.70
0.4 88.860 0.8730 121.80 90.810 5.0510 |2.0630 |76.78
0.5 31.120 0.0096 111.10 104.30 3.6720 | 1.6640 | 99.70

Table 7. Electrochemical frequency modulation (EFM) parameters for MS in 1.0 M HCI with different
concentrations of nonanedihydrazide at 303 K.

When the change in Eqqgg is greater than 85 mV, the tested inhibitor is classified as an anodic or cathodic type
inhibitor®’. Nonanedihydrazide acts as a mixed-type inhibitor as its highest displacement is 385 mV at 303 K
(Table 5), indicating that the addition of an acidic solution reduces the anodic solubility of MS and delays the
formation of cathodic hydrogen.

Electrochemical frequency modulation (EFM). EFM is an electrochemical approach for estimating the corro-
sion rate without knowing the Tafel constants in advance®. A major advantage of this method is that it measures
the erosion rate, Tafel parameters, and causation variables in one data set. To produce a current response using
EFM, a potential perturbation signal consisting of two sine waves is applied to any corrosion sample. Table 7
shows that as the inhibitor concentration rises, the i.,,, rate decreases, CF-2 and CF-3 have standard values of 2.0
and 3.0, respectively. If the value of the causation factor approaches the criteria, there is a correlation between
the perturbation and response signals, and the data can be accepted. Electrochemical frequency modulation has
been used to accurately evaluate corrosion parameters for a variety of metals and electrolytes. This method is
similar to the harmonic method in that it uses a low amplitude (20 mV) sine perturbation signal but instead of
one sine wave, it uses two sine waves. Data validation, larger current response, insensitivity to harmonics and
perturbation signal are just some of the benefits of electrochemical frequency modulation over the harmonic
technique. Tables 7 and 8 show the corrosion parameters for different concentrations of nonanedihydrazide in
1.0 M HCl at 303 K and different temperatures, respectively for protection efficacy, corrosion current density
(Aecm?), Tafel constant, and causal factors (CF-2) and (CF-3).

EFM results are valid if CF-2 and CF-3 are in the 0-2 and 0-3 ranges, respectively. Any difference from the
theoretical value in the causation factor could be due to a very small perturbation amplitude, poor frequency-
resolution of the spectrum, or a defective damper®. The inhibition efficacy of nonanedihydrazide increases with
the increasing concentration of the inhibitor but decreases with increasing solution temperature at a constant
concentration, as previously shown in other tests. This finding demonstrates that the inhibitor molecules are
physically rather than chemically adsorbed on the surface of MS and that higher temperature accelerates both
the dissolution of the metal and the adsorption of the inhibitor molecule from the metal surface.

The current response spectrum as a function of frequency is the result of EFM experiments. Intermodulation
spectra of electrochemical frequency modulation of MS in 1 M HCl in the absence and presence of different
concentrations of corrosion inhibitor at 303 K are shown in Fig. 15a-e.
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Temp. (K) \ Cp (mpy) | 1o (mA.m2) \ B, (mV.dec?) \ B, (mV.dec?) \ CE-3 \ CE-2 \ IE %
303

Without Inh 390.30 3.75900 93.750 81.670 3.260 |1.101 |0.00
With 0.5 mM 31.120 0.00960 111.10 104.30 3.672 | 1.664 |99.70
313

Without Inh 692.80 6.80500 111.90 89.930 2.994 1994 |0.00
With 0.5 mM 169.40 1.6660 107.70 86.370 4.634 |2.009 |75.52
323

Without Inh 1948.0 19.140 109.60 93.680 5.767 |2.057 |0.00
With 0.5 mM 361.10 3.5520 123.30 86.850 3.307 |1.948 |61.44
333

Without Inh 5776.0 56.740 146.50 119.60 2916 |1.813 |0.00
With 0.5 mM 1104.0 10.850 192.50 144.00 3.135 | 1.899 | 60.87

Table 8. EFM parameters for MS in 1.0 M HCl with 0.5 mM nonanedihydrazide at various.

DFT calculations

Computational studies. The eigenvalues of the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals, the HOMO-LUMO gap, electronegativity, chemical hardness, dipole moment,
Fukui indices, and other parameters are among the most popular molecular-electronic properties in the inhibi-
tion efficiency correlation approach. The molecular-electronic properties in the inhibition efficiency correlation
method are based on two assumptions. The first is that these chemical characteristics are crucial reactivity mark-
ers that can be used to forecast the direction of inhibitor adsorption bonding. Typically, the higher the eigenvalue
of HOMO, the greater the molecular electron donation to the metal substrate, and the lower the eigenvalue of
LUMO, the greater the electron back-donation from surface states to the molecule; however, high and low imply
a small HOMOO-LUMO gap, because ELUMO is larger than EHOMO®-%. In evaluating inhibitor molecules,
theoretical chemistry approaches are as useful as experimental procedures and the efficacy of inhibitor molecules
can be calculated using different quantum parameters without the need for investigation. The subjects of atomic
charge, border molecular orbitals, and energy gap can be used to classify computational factors commonly used
in quantum chemical examinations of corrosion®. In addition, parameters such as molecular activity, chemical
structures, and corrosion inhibitor capacity must be determined. The steric hindrance or how the metal solution
interface handles the inhibitor can be revealed by the optimal chemical structures of the inhibitor molecules.
Another approach is to show how the inhibitor behaves electrochemically in the presence of orbital energies and
differences in orbital energies. Frontier Molecular Orbitals (Energy of HOMO, and Energy LUMO), the param-
eter of softness calculated from Eygy, and the parameter of hardness calculated from Ejyyo are all carefully
related to the inhibitor’s potential to interact. The protection efficacy and levels of energy of the molecular orbit-
als of many organic compounds have been determined using computational chemistry research®. The Density
Function Theory (DFT)%, which is based on the idea that a molecule’s total electron energy is determined based
on its electron density”’, was used to investigate inhibitory behaviour in several different base sets of corrosion
inhibitors. The electronic characteristics”' were computed and shown in Table 9 using Egs. (4) to (9).

As EHOMO is linked to the electron-donating potential, increasing the value of HOMO increases the inhibi-
tor’s inhibition efficacy’?, which is the mechanism for transferring the charge along the metal surface and initiat-
ing the adsorption mechanism. The assessed inhibitor is recognised as having the most significant inhibitory
effectiveness depending on the greatest energy value of HOMO presented in Fig. 16 because it has a high value
of inhibitory effectiveness.

The ability to receive electrons is fundamental to E; o, whereby a low-value E; ) indicates that the inhibi-
tor molecules can find another negative charge on the MS surface. The LUMO values of the inhibitors studied
were relatively high, with a high Eygy value. It was determined that the examined inhibitor molecules were
reactive when acting as the donor, indicating that they are very efficient. Although inhibitor molecules with a
small Eyopo value reduce metal reactivity, the metal acts as a donor to the inhibitor molecules, thus, the inhibitor
efficiency is lowered while the metal reactivity is boosted. The assessed inhibitor compounds had the greatest
effective corrosion inhibition according to Eyono-Erumo (Fig. 16). The inhibitor molecules with a high Eyonvo
and a low energy gap were found to have high softness and low hardness values, indicating significant inhibitory
activity. An additional component for inhibitory potency is electronegativity () and electronegativity values
determined for the tested inhibitor compounds may reveal information about the covalent bonds between the
inhibitor and the metal surface’. The inhibitory effects of inhibitor molecules designed as an iron-inhibitor
were studied (Table 9), indicating that the Fe atoms will form chemical bonds by gaining electrons from inhibi-
tor molecules. The inhibitor is effective with a low electronegativity value based on the electronegativity value.
The AN value in Table 9 shows that the examined inhibitor molecules transfer more electrons to the Fe atoms
on the metal surface, indicating a higher performance. The dipole moment (i) is another unique factor shown
in Table 9. While previous studies have not found a significant correlation between dipole moment and corro-
sion inhibition efficiency, the inhibitory efficiency suggests that a high dipole moment signals strong corrosion
inhibition potency. In different studies, it was found that lowering the dipole moment value increased corrosion
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Figure 15. MS intermodulation spectrum in 1 M hydrochloric acid solution with (a) 0.05, (b) 0.1, (¢c) 0.2, (d)
0.4 and (e) 0.5 mM nonanedihydrazide at 303 K.
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Quantum characteristics Nonanedihydrazide
Enomo(eV) -10.386

Erumo(eV) 2.449

AE = Enomo — Erumo(eV) | 12.835

Dipole moment (u) (D) 6.9978

Global hardness (1)) 6.4175

Global softness (o) 0.155
Electronegativity () 3.9685

Table 9. Theoretical parameters calculated based on DFT (d,p) basis set at the B3LYP level of
nonanedihydrazide.

ELumo = 2.615 eV

AE =-13.760 eV

Enomo=-11.145eVY

Figure 16. Inhibitor energy diagram HOMO and LUMO energies.

inhibition efficiency. The assessed inhibitor has a low dipole moment value, suggesting a firmer coating of the
metal surface when the dipole moment value is low.

Mulliken charges. Table 10 shows the Mulliken atomic charges of the studied inhibitor. Mulliken charges
is a widely used technique for predicting the interactions between adsorption sites’®. By donating and receiv-
ing electrons, the heteroatoms in the inhibitor molecules boost the capacity to adsorb on the MS surface”. The
inhibitor is efficient due to oxygen and nitrogen atoms in the inhibitor molecules and Table 10 also shows that
the inhibitor molecules bonded coordinationaly with the d-orbital of Fe atoms on the MS surface via the oxygen
and nitrogen atoms [O(10), O(13), N(11), N(12), N(14), and N(15)].

Fukui functions. The Fukui functions were evaluated to verify the local interaction of the molecules. The
Fukui function is defined as the first derivative of the system’s electronic density (r) with respect to the number
of electrons (N) at a constant external voltage v (r), as given by Eq. (16):

_ (00N _ [ o
fn = ( N )vm = <8V(r)>v(r) (16)

Some researchers in 1999 used the right and left derivatives about the number of electrons to determine the
electrophilic and nucleophilic Fukui functions of the k site in a molecule (17-19):

kar (r) = pr(N + 1) — px(N) for nucleophilic attack (17)
S (1) = pr(N) — px(N — 1) for electrophilic attack (18)
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c() 0.636390 | C(6) 0.361603 | N(11) -0.556100
CQ2) 0463491 | C(7) 0363563 | N(12) -0.490800
C@3) 0363568 | C(8) 0.463466 | O(13) -0.510368
C(4) 0361590 | C(9) 0.636404 | N(14) -0.556185
C(5) 0365569 | O(10) 0510261 | N(15) -0.490737

Table 10. Calculated Mulliken charges of the inhibitor molecule atoms.

Pk(N +1) — (N — 1)
2

fko (r)= for radical attack (19)
where pk(N), pk(N-1), and pk(N + 1) are the gross electronic populations of the site k in the neutral, cationic,
and anionic systems, respectively.

Recently, researchers proposed Af (k), a dual descriptor defined as the difference between the nuclear and
electrophilic Fukui functions (20):

Af (k) :kar —fe (20)
Similarly, Equation has been used to determine the corresponding dual local softness (21):

Aoy = o — o, = o Afi (21)

Local reactivity. The Fukui indices for each atom in the inhibitors were determined at the B3LYP/6-31++G
level for a better understanding of the local reactivity of the tested inhibitor. The Fukui indices and local descrip-
tors provide more complete information about the reactivity of the compounds under investigation and can
help distinguish each portion of the inhibitor molecule based on its chemical activity with various substituent
functional groups. As a result, the nucleophilic attack site will be where the value of f— is at its highest, whereas
f+ controls the site for electrophilic assault. The results show that the atoms O(10), O(13), N(11), N(12), N(14),
and N(15) have the highest f kfk™ values f-or nucleophilic attack, suggesting a proclivity to donate electrons
to unoccupied molecular orbitals on the iron surface, resulting in the formation of a coordinate bond. This is
consistent with the computed HOMO density. The atoms O(10), O(13), N(11), N(12), N(14), and N(15) in the
investigated inhibitor had the greatest f kfk™ values for the electrophilic attack, indicating that these are the
locations most capable of accepting electrons to form feedback bonds with the Fe surface. This is also consistent
with the LUMO orbital density calculated and supported by the values of the local dual indices (Af, Ao, and Aw),
which show that this inhibitor has numerous active sites, with most centres having values of the two descriptors
less than 0, except for a few atoms that have values greater than 0, indicating electrophilic centres. A closer look
reveals that the carbon atoms have undergone back-donation, which corresponded to the border orbital results
(Fig. 17). These findings suggest that the tested inhibitor molecule will have numerous active sites that will
interact with the iron substrate, most likely locations with N and O atoms which are the most plausible sites for
attaching to the iron surface via electron donation to the Fe 3d orbitals’®. Furthermore, the metal surface and the
tested inhibitor molecule may have a strong bond.

Proposed protection mechanism. The corrosion protection efficiency on the MS surface in an acidic
environment can be exhibited based on the size of the inhibitor molecular chemical structure, the interaction
modes with the iron atoms of the metal surface include the nature of the bonds (chemisorption) and the number
of adsorption sites (physisorption). The N and O atoms in the inhibitor molecule all operate as adsorption sites,
thus the inhibitor might use unpaired electrons to establish coordination bonds and chemisorb onto the MS sur-
face. The protonation of nitrogen atoms is simple and can be accomplished through physisorption with chloride
ions. The presence of unpaired electrons and the inductive impact of methylene groups are credited with the
inhibitor’s high inhibitive potency. On the steel/HCl interface, Fig. 18 depicts a possible blocked mechanism of
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Figure 17. Fukui functions of the studied inhibitor.
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Figure 18. Proposed protection mechanism for MS by the inhibitor via chemical and physical adsorption
processes.

the adsorption inhibitor molecules. Furthermore, the free electrons of the nitrogen and oxygen atoms are trans-
ferred to the d-orbitals of the iron atoms.

Conclusion

The physical and chemical interactions between a metal and its environment cause changes in its characteristics,
such as corrosion, which might alter the function, therefore corrosion inhibitors are often used to protect the
metallic surface from corrosion. A corrosion inhibitor was synthesised and fully characterised using FTIR, 'H
NMR, *C NMR and mass spectrometry. The analysis revealed that:

1. Nonanedihydrazide is an effective corrosion inhibitor of MS in an HCl environment. The corrosion was
controlled through the adsorption of inhibitor molecules onto the metal surface. As a mixed-type inhibitor,
nonanedihydrazide showed outstanding inhibitory effectiveness, with increasing efficacy as the nonanedi-
hydrazide concentration increased but decreased correspondingly as the temperature increased.

2. 'The inhibition efficiency obtained from mass loss measurements agreed with the EIS experimental results
and polarisation techniques in which the treated environment had a higher value than the untreated one.
As the concentration of nonanedihydrazide increased, the inhibitor inhibitive value increased.

3. The Langmuir isotherm model was used to explain the adsorption of nonanedihydrazide molecules on the
MS surface.

4. The low E;y0 of the nonanedihydrazide molecules combined with the high Eyyo reveals that the nonan-
edihydrazide molecules were reactive by serving as a donor, hence confirming the predicted inhibition. The
electronegativity atoms have a significant effect on the corrosion inhibition efficiency of nonanedihydrazide
molecules, and the atom with a negative charge has a HOMO centre, so the nonanedihydrazide molecule
coordinates with the iron atoms d-orbitals on the surface MS from these negatively charged atoms.

5. Nonanedihydrazide molecules show significant corrosion protection properties and are thought to be more
effective when heteroatoms are added to the structure.
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