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Highlights

e Triazene derivatives were used as novel corrosion inhibitors

e Different electrochemical techniques were used to study the inhibition

behavior
e Triazene compounds showed a high inhibition activity of 98.51%

¢ Quantum chemical calculations supported the electrochemical findings
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Abstract

The present work investigates some triazene compound's anti-corrosion properties as
novel corrosive inhibitors by experimental and theoretical studies. Different
electrochemical and morphological techniques were used to study the compound's
corrosion inhibition. The experiments were performed in 1 M H,SO, at different
inhibitor concentrations and temperatures. The results showed that triazene
compounds are effective inhibitors for mild steel corrosion in an acidic medium.
Gaussian 09W software was used to calculate the compound's quantum chemical
data, and there was an excellent approval between the experimental and quantum

chemical calculations.

Keywords: Corrosion Protection, Mild Steel, Acidic, Triazene Derivatives,

Quantum computation.
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1. Introduction

Mild steel (MS) is a metal used in different industrial fields, and it is susceptible to
corrosion because of exposure to different corrosive environments. Sulfuric acid is
widely used in industrial processes, but it negatively affects the metal surface due to
SO,* ions that act as an aggressive ion effect on the surface of metals [1]. Industrial
operating processes at high temperatures are most vulnerable to the significant loss
of their metal components to corrosion. In acidic media, metals corrosion rate
gradually increases by increasing temperature {2, 3]. Inhibitors are substances added
to a corrosive medium by low concentration to protect the metal from acid attack [4,
5]. Organic substances with heterocyclic atoms (N, O, S, and P) are excellent
inhibitors [6-9]. Their inhibition action depends on the molecular parameters such as
lone pair of electrons, steric factors, planarity, and energy gap [10]. These
heterocyclic compounds can be adsorbed on the metallic surface, and they behave as
both physical and chemical inhibitors [11, 12]. Pyridine-based Schiff bases and
triazole derivatives inhibited MS corrosion in acidic medium and exhibited a high
efficiency of 98.58% [10] and 95.50% [12], respectively. Triazenes are organic
compounds in their structures (-N=N-NH-) produced by condensation of the
aliphatic or aromatic amine with the carbonyl group, and they have different

applications as chemical and biological reagents [13-16]. To the best of our
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knowledge, few reports use triazene and its derivatives as metal corrosion inhibitors.
The density functional theory DFT used to determine the molecular structure is used
to determine the electronic structure, reactivity, and corrosion inhibitors efficiency
[17, 18]. The DFT with the B3LYP functional is used to compare the different
descriptors' effect on the compound's computed molecular properties understudy and
inhibitor molecules visible on the metal's surface [19, 20]. Quantum chemical
calculations of the triazene derivatives showed the more electron donating capacity
[11]. In addition, the experimental results are confirmed and correlated with such
theoretical calculations [10, 12, 21]. Many corrosion studies examine the corrosion
inhibiting properties of compounds using the DET/B3LYP method, and these studies
showed a relationship between the calculated parameters and the inhibition
efficiency [18, 22-24].

This work investigates triazene compounds' inhibition properties as novel corrosion
inhibitors for mild steel in 1 M H,SO, at various concentrations and temperatures
using open _circuit potential, electrochemical impedance spectroscopy,
potentiodynamic polarization, scanning electron microscope, and theoretical

investigations.

2. Materials and Methods
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2.1. Triazene synthesis

Triazene compounds used as corrosion inhibitors have been previously synthesized
throughout all the experiments reported by Reheim et al. [25, 26]. The molecular
structures of inhibitors, abbreviated as T1, T2, and T3, respectively, are represented

in Table 1.

Table 1 Molecular structure, names, abbreviations, formula, and weight of the

triazene derivatives studied.

Formula and
Code Structure Name
molecular weight

4-(3-(1-ethoxy-1,3-

N==N C dioxooctadecan-2-yl) C31H47N30S
/ OH

HN

T1 O triaz-1-enyl)-2-
/  SO3H
o © hydroxynaphthalene-1- 605.79
(CH3)14CH;
sulphonic acid
COOCH;
Q Methyl 4-(3-(1-eth0xy- C28H45N305
N=—7N
T2 HN/ o 1,3-dioxooctadecan-2-yl)
/ triaz-1-enyl)benzoate 503.67
O O
(CH2)14CH3
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Q C27H4sN303
Ethyl-3-ox0-2-(3-p-tolyl

/
T3 HN
triaz-2-nyl)octadecanoate
o o/ 459.66

(CH32)14CH3

2.2. Mild steel electrode

The AL-EZZ Company equipped MS samples of dimension 2x1x0.1 cm® used in
Alexandria, and their composition is as follows (wt/wt%) Fe 98.74. Before the test,
the specimens polished using emery paper SiC paper 1400 grade to obtain a smooth

surface. Specimens degreased again with acetone and finally dried with air.

2.3. Corrosive and inhibitor concentrations

The corrosive media was H,SO,4 (1 M, diluted by second distilled water) in 95-98%
purity (Sigma—Aldrich Laborchemikalien. German). The inhibitors used herein

were prepared at 50, 100, 200, and 500 ppm by analytical methods.

2.4. Electroanalysis cell

The electroanalysis cell used in this work consists of a working electrode (MS),

reference electrode (Hg/Hg,Cl,), and counter electrode (Pt wire).
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2.5. Electrochemical measurements

MS electrodes in 1 M H,SO, without and with various triazene derivatives
concentrations at different temperatures were studied electrochemically by open
circuit potential (OCP) for 30 min. until a steady state was obtained
potentiodynamic polarizations such as Tafel plots polarization (TP). The
measurements were performed in a corrosion system with model 352/252, using EG
& G potentiostat/galvanostat model 273A driven. TP applied £ 250 mV vs. Ey, at
0.4 mV/s. Electrochemical impedance spectroscopy (EIS) was used to study MS
electrodes' behavior after immersion time 2 h at 303 K with and without the
inhibitor. The tests were performed by a model AUTO AC DSP device (ACM

Instruments) in a frequency range of 100 kHz to 1 mHz [27].

2.6. Morphological study

A scanning electron microscope (SEM) was used to investigate the surface of MS
before and after immersed in corrosive media in a presence inhibitor. SEM images

proceed in the electronic microscope unit (JEOL, JSM5400LV).

2.7. Computed calculations

Gaussian 03W program package was used to compute the quantum chemical

parameters [28]. Molecular geometries of used inhibitors were optimized by DFT
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using Becke’s three-parameter exchange functional (B3LYP) [29] and the 6-311G
(d,p) basis set [30]. Quantum chemical descriptors such as the highest occupied
molecular orbital (Eqomo), the lowest unoccupied molecular orbital (E_umo), the
energy gap (AE), the electron affinity (EA), the ionization potential (IP), the
electronegativity (y), the global hardness (n), the softness (o), the electrophilicity
index (w), dipole moment (Dm by Debye), total energy (TE, a.u.) and the fraction of
electrons transferred (AN) were calculated by the following equations (1-8) [10, 31-

35]:

AE = Epymo — Enomo (1)
EA = —Epymo (2)
IP = —Eyomo (3)
IP+EA
NG 4)
IP-EA
n=—; (5)
1
c=: (6)
— X2
W = (7)
Fe — yinh
AN = x xinh] (8)

2[nFe + ninh]
In equation (8), theoretical electronegativity and hardness values for iron were taken

as yre ~ 7 €V [33] and as nre = 0, assuming that the IP equal the EA for bulk metals

10
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[34]. Molecular electrostatic potential (MEP) maps and the contour plots for the

inhibitors studied to determine nucleophilic and electrophilic active sites.

3. Results and Discussion

3.1. Electrochemical analysis

Open circuit voltage means no current (Icor= 0) passes in the cell. Shifting in steady-
state potential (Ess) on the positive side shows a block of inhibitor on the anodic
sites, while shifting Egs in the negative potential indicates cathodic control. The E
(mV) vs. time (min.) curves for T1, T2, and T3 compounds in 1 M H,SO, for the
MS electrode at 303 K presented in Fig. 1. It is clear from curves that the Eg of
electrode shift into observed positive potential than the blank solution (1 M H,SO,)
for all inhibitor concentrations used. With the values of potentials shown in Table 2,
it is clear that the formation of a layer of inhibitor adsorbed on the active anodic
sites on the MS electrode surface correlated with the shifting of Es to a positive

direction.

11
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Fig. 1. Potential-time curves for mild steel at various concentrations of the triazene

compounds at 303 K.

Table 2 Values of Ej, and Ess (mV) for mild steel at various temperatures of the

triazene compounds.

Test Conc. 303 K 313K 323 K 343 K
solution (ppm) 'Eim 'Ess 'Eim 'Ess 'Eim 'Ess 'Eim 'Ess
H»SO,4 — 483 488 493 503 496 504 500 503

12
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1M
50 479 486 490 496 494 499 486 424
100 486 485 494 500 493 501 510 501
" 200 490 483 478 496 476 490 486 492
500 476 480 497 501 486 493 510 502
50 473 471 503 448 461 472 483 479
100 469 471 469 462 505 471 456 459
r 200 463 465 472 469 479 470 472 466
500 440 447 456 449 469 464 486 486
50 466 464 474 472 472 481 491 469
100 471 475 485 483 466 475 516 503
I 200 469 471 478 472 471 458 490 491
500 462 466 490 468 472 463 513 469

Tafel polarization plots for MS without and with T1, T2, and T3 compounds at
concentrations 50 to 500 ppm at different temperatures in 1 M H,SO, solution are
shown in Fig. 2. The corrosion parameters such as corrosion current (l¢orr) potential
(Ecorr) rate (CR) and inhibition efficiency (IE, %) were tabulated in Tables 3-6. The
values of CR, IE, and surface coverage (0) were obtained using the equations (9-11)

[36, 37]:

(Eq.Wt)

CR (mmy) = 0.13 Ly = .

(9

13
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Where Eq. Wt. is the equivalent weight of the metal, A is the area (cm?), p is density

(g/cm®), and 0.13 is the metric and time conversion factor.

CRy; — CRyy;
E (%) _ ( without w1th) % 100 (10)
CRwithout

Where CRuyithout and CRyity are the corrosion rate in absence and presence inhibitors,

respectively.

0= LE 11
100 D

Tafel polarization shown in Fig. 2 indicated that the anodic and cathodic reactions
changed at different concentrations of triazene derivatives T1, T2, and T3. These
mixed-type inhibitors indicate the reduction in the dissolution of the MS and retard
of hydrogen evaluation [11, 12]. The values of E, presented in Tables 3-6 show
the difference in recording Ecor without and with inhibitors less than 85 mV,
confirming the mixed-type inhibition [12, 38-40].

In Tables 3-6, it observed that the T1 compound has the highest IE reach to 98.51%
at 500 ppm at temperature 303 K, due to the presence of S, N, O as heterocyclic
atoms and high molecular weight [41], also, presence of hydroxyl group gives T1
ability to adsorb and form protection layers on the surface of MS. In addition, the
SO3H group tends to donate its HOMO o- or m-electrons to the appropriate vacant p-
orbitals or d-orbitals of the metal atom [42]. On the other hand, the decrease of
oxygen atoms in T2 and T3 indicates decreased IE compared with T1 compound.

The order of IE of the triazene decreases in the following order: T1 > T2 > T3.

14
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Fig. 2. Tafel plot polarization curves of mild steel at different triazene

concentrations at 303 K.

Table 3 Potentiodynamic parameters of the triazene compounds at various

temperatures.

15
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200  16.05 99.45 185.4 465 15663 1444175 57.96 0.58

500  20.13 75.41 133.82 471 12334 11372.11 66.90 0.67

Solution resistance (Rs), charge-transfer resistance (R, double-layer capacitance
(Ca), 6 and IE for MS corrosion without and with different concentrations of T1, T2,
and T3 compounds in 1 M H,SO, solution at room temperature were calculated

using the following equations (12, 13) [43]:

Rct(with) - Rct(without)

IE (%) = x 100 (12)

Rct(with)
Where, R (with) and R¢ (without) are the charge transfer resistances in the

presence and absence of inhibitor, respectively.

Car= (YoRee' ™) % (13)
Yo is the constant phase element, and n is the exponent [43]. The value of n
represents the deviation from the ideal behavior, and it lies between 0 and 1. Figure
3 presented that the inhibitor addition does not alter the impedance semicircle curve
of the Nyquist plots. The impedance curve showed one capacitive loop; however,
the capacitive loop's diameter increases with T1 > T2 > T3. Impedance data were
fitted using the equivalent circuit model shown in Fig. 3, which includes Rs and Cy,
and R¢. From Table 4, R increases and Cq decreases compared to that obtained
with a blank solution. The adsorption of the inhibitor molecules on the metal surface

forms a protective layer that decreases the double layer thickness; therefore, R

18
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values increase, and Cgy values decrease [44]. In addition, this also indicates that the

inhibitor molecules were absorbed in the metal/solution interface [45].

400 Tl —8— 500 ppm 300 T2 —8— 500 ppm
—— 200 ppm —&— 200 ppm
—&— 100 ppm 250 —&— 100 ppm
300 —=— 50 ppm —&— 50 ppm
— —#— Balnk . 200 —#— Balnk
S S
i.“] :“.J 150
100
50
0
0 100 200 300 400 0 50 100 150 200 250 300
2 () Z' (L)
250
200
G 150
N

100

50

0 50 100 150 200 250
Z'(€)

Fig. 3. Nyquist plots for mild steel at different triazene concentrations at 303 K: The

inset is the equivalent circuit.

Table 4 Impedance data for mild steel without and with different concentrations of

triazene compounds at 303 K.

19
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Test Conc. Rl Rt Yo Ca 1.,
solution (ppm)  (Q/ecm®)  (Q/cm?)  (uF/ecm?) " (UF/lcm?) (%) ’
H,SO, - 0.581 30.94 724 0.90 482.17 - -
50 0.585 109.7 558 0.93  449.86 71.80 0.72
100 1.767 180.3 284 0.87 183.62 82.81 0.83
M 200 1.635 262.3 430 0.83  275.77 88.20 0.88
500 0.641 449.1 257 0.82 161.23 93.11 0.93
50 0.430 98.7 294 0.94  238.15 68.65 0.69
100 0.623 153.7 284 0.87 186.68 79.87 0.80
12 200 0.787 215.3 160 0.76 54.78 85.60 0.86
500 1.038 3134 264 0.88 186.39 90.13 0.90
50 2.991 91.11 416 0.86 244.45 66.04 0.66
100 0.597 1145 305 0.89 201.01 72.98 0.73
T 200 1.595 147.9 304 0.88 195.11 79.08 0.79
500 1574 235.3 278 0.88 192.04 86.85 0.87

3.2. Thermodynamic activation calculations

The activation energy (E,) is the minimum energy required for a successful molecular
collision. The relationships between the temperatures and IE of an inhibitor and E,
have three types according to temperature effects. IE decreases with the increase in
temperature, E, (presence inhibitors) > E, (absence inhibitors), IE increases with the
increase in temperature, E, (presence inhibitors) < E;, (absence inhibitors), or IE does

not change with temperature, E, (presence solution) = E, (absence inhibitors) [46].

20
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The activation energies for the corrosion of MS in the absence and presence of the

inhibitors were calculated using the Arrhenius equation (14) [47]:

Log CR = ~ 303RT

+ log A (14)

Where E, is the activation energy for the reaction, R is the gas constant, and A is the
Arrhenius pre-exponential factor.

Arrhenius plot of log CR against 1/T for MS in the absence and presence of
different concentrations of compounds T1, T2, and T3 at temperatures 303, 313,
323, and 343 K were shown graphically in Fig. 4, gave straight lines with a slope of
—E4./2.303R. Table 5 shows that E, values for inhibited solutions are higher than
those for the uninhibited solution, suggesting a slow dissolution process of MS
(lower corrosion rate). This results from the formation of a film on the MS surface
serving as an energy barrier for the MS corrosion, and it can be interpreted as an
indication of physical adsorption [48, 49]. The adsorption of T1, T2, and T3
compounds on the MS surface is consistent with the inhibitor's charge transfer
mechanism to the MS surface. The enthalpy (AH) and entropy (AS) of activation

were calculated using equation (15) [47]:

r KT (AS) (AH) .
Nh P R P\ T RT (15)

Where h is Planck’s constant and N is Avogadro's number.
From Table 5, the positive values of AH indicate the endothermic process of MS

dissolution process. The data of AS with inhibitors were higher than without it; this

21
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indicates that an increase in randomness occurred on going from reactants to the
activated complex. The adsorption of T1, T2, and T3 compounds from the sulphuric
acid solution could be a substitution process between T1, T2, and T3 compounds in
the aqueous phase and water molecules at the electrode surface [50]. In this case, the
adsorption of T1, T2, and T3 compounds was accompanied by water molecules'

desorption from the surface. Thus, the increase in AS of activation was attributed to

increasing solvent entropy [51].

45
4.0
) £ 35
£ g
[ 3.0
3 3
e 25
2.0
1.5
2.9 3.0 3.1 32 3.3 2.9 3.0 3.1 3.2 3.3
1000/T (K™ 1000/T (K

log C.R. (mmy )

2.9 3.0 3.1 3.2 3.3
1000/T (K

Fig. 4. Arrhenius plots for mild steel dissolution in different concentrations of T1,

T2, and T3 solutions.
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Table 5 Activation parameters values for mild steel in different concentrations of

the triazene compounds.

Tested Conc. E. AH’ AS
solution (ppm) (KJ/mol) (kJ/mol) (Jmol/k)
H,SO,4 - 85.13 82.45 80.83

50 101.96 99.28 125.20
100 104.13 101.45 129.92
M 200 112.82 110.14 153.57
500 140.93 138.25 234.82
50 99.16 96.47 117.88
100 100.53 97.85 120.77
T2
200 107.80 105.12 140.42
500 111.50 108.82 149.13
50 96.99 94.30 111.70
100 100.30 97.61 120.64
T3
200 104.64 101.96 131.48
500 106.23 102.31 130.06

3.3. Adsorption isotherm

Calculation of adsorption isotherm is one of the crucial methods that represent the
interaction between the molecules of inhibitor and metal surface; the Langmuir model
agrees more with the experimental results obtained in this study by applying the

following equation (16) [52]:
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c=—+C (16)

Kads

Adsorption free energy AGags Can be calculated by using equation (17) [49]:

AG 445 = —2.303RT log(55.5K) (17)
Where, 55.5 is the molar concentration of water in the solution, T is the absolute
temperature.
The AGygs of T1, T2, and T3 compounds of MS in 1 M H,SO, at 303, 313, 323, and
343 K were calculated using slopes of the lines and the ordinate axis intercept the
straight lines as shown in Fig. 5. The deducted values are summarized in Table 6.
AG,gs values obey physical adsorption isotherm, which has ranged from -16.49 to -
19.59 kJ/mol for all tested compounds with their different concentrations.

The adsorption heat was calculated according to the Van’t Hoff equation (18) [53]:

log K,gs = (AI%‘S) + Const. (18)

Where AH,gs and K,gs are the adsorption heat and adsorptive equilibrium constant,
respectively. It is noted that AHyy/R is the straight-line slope for plotting log Kags
against 1000/T (Fig. 5). The positive values of AHa¢s show that the adsorption of the
inhibitors is an endothermic process [50, 54]. AS.4s can be calculated using the

following equation (19).

AG,uqs = AHags — TAS,4s (19)
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It is clear from results that AS,qs positive values in the presence of T1, T2, and T3
compounds, which an ordered layer may explain onto the MS surface. Sads' positive
value is attributed to the increase of disorder due to triazene molecules' adsorption

by desorption of more water molecules.
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Fig. 5. Langmuir isotherm of the triazene adsorption on mild steel at different

temperatures.
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Table 6 Thermodynamic parameters using Langmuir adsorption on mild steel

surface containing different triazene compounds at different temperatures.

Tested -AG s ASads AH g
T (K) Log Kads
solution (kJ/mol) (J/mol K) (kJ/mol K)
303 1.69 -19.59 91.49
313 1.50 -18.48 85.02
T1 8.13
323 1.46 -18.26 81.70
343 1.29 -17.30 74.14
303 1.63 -19.27 75.97
313 1.46 -18.28 70.38
T2 3.75
323 1.31 -17.43 65.57
343 1.45 -18.20 63.99
303 1.67 -19.48 100.76
313 1.40 -17.94 92.62
T3 11.05
323 1.23 -16.95 86.69
343 1.14 -16.49 80.29

3.4. Morphological analysis

Fig. 6a illustrates the surface morphology of a polished MS electrode before

exposure to corrosion media. The micrograph is shown in Fig. 6b; the polished
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specimen was kept in the blank solution 1 M H,SO, for 24 h; the micrograph
revealed that the surface was strongly damaged in the absence of inhibitor. Fig. 6(c,
d, and e) shows specimen which was kept in 1 M H,SO,4 at 500 ppm of inhibitor
solution of some organic triazene compounds corresponding to the values of IE T1,
T2, and T3 respectively at 24 h, depends upon the concentration of the inhibitor
solution, suggesting that the presence of an adsorbed layer of the inhibitor on MS

surface which impedes the corrosion rate of metal appreciably.

Fig. 6. Scanning electron micrographs of mild steel surface after 24 h immersed at

room temperature without and with 500 ppm of T1, T2, and T3.
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3.6. Quantum chemical calculations

The optimized geometries of T1, T2, and T3 in the form, including its HOMO and
LUMO distributions shown in Fig. 7, show that T1, T2, and T3 have similar HOMO
and LUMO distributions, which were all located on the entire inhibitor moiety. The
HOMO and LUMO of T1, T2, and T3 have mainly located around the (C, N, and O)
moiety. The presence of nitrogen and oxygen atoms and several m-electrons on these
molecules ensures strong adsorption of the MS surface inhibitors.

Table 7 lists the theoretical results revealed by increasing EH values and decreasing
the value of EL, which is in good agreement with results obtained from experiments.
The calculations results showed that that T1, with the highest corrosion inhibition
efficiency among the investigated compounds, has the highest Ey and lowest E| ; on
the other hand, a lower value of the energy gap AE = E_ — Ey is good inhibition
efficiency because the energy to remove an electron to last occupied molecular
orbital will be low [55]. In Table 7, it was clear that the order of decreasing of AE
from where the prediction of actives and the best inhibition compounds to limit the
corrosion of metals (2.36 < 2.85 < 3.13) for compounds (T1, T2, and T3) with the
molecule increases leading to increase in the average of IE (87.37% > 80.21% >
76.84%), respectively.

The electron affinity of molecules is a complicated function of their electronic
structure. The E_ is directly related to the electron affinity. Table 7 illustrates a good

correlation between the electron affinity and the n.p values for the compounds. The
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order of increasing the electron affinity values is 5.25 <5.56 < 5.85, with increasing
average the n.p of 76.84% > 80.21% > 87.37% for T3, T2 and T1 compounds. The
electron affinity increased along with each series, the affinity of the inhibitor to
accept electrons from the MS surface into the inhibitor antibonding orbital increase,
and the energy is given off increases. The n.p increase, indicating more protection
for the MS surface [56]. Electronegativity was also calculated and showed some
agreement with the experimental results.

A high value of absolute hardness indicates high stability and low reactivity for a
molecule [56]. It was clear from Table 7 that as the hardness values increase, the IE
values decrease for investigated inhibitors. The inhibitor T3 has the highest hardness
(m=1.57) and the minimum IE value (76.84). The inhibitor T1 has the lowest
hardness (n=1.18) and the maximum IE value (87.37). The values of increasing
hardness are in good agreement with the experimental IE values. Soft molecules are
more interactive than rigid molecules because a soft molecule has a lower AE [57]
from Table 7, it was clear that as the softness values increased, the IE values
increased for investigated inhibitors. The inhibitor T1 has the highest softness
(6=0.85) and the maximum IE value (87.37%). The inhibitor T3 has the lowest
softness (6=0.64) and the minimum IE value (76.84). The values of increasing
softness are in good agreement with the experimental IE values.

The molecule’s nucleophilicity or electrophilicity could be identified from the

electrophilicity index values. The high values of ® refer to the molecule’s tendency
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to act as an electrophile, while the low values of ® indicate that the molecule tends
to act as a nucleophile [58]. From Table 7, the electrophilicity values increase as
follows: (29.68 < 34.23 < 42.01 eV) comparing electrophilicity index values with
the 1Eex (87.37% > 80.21% > 76.84%) for T1, T2 and T3 compounds, respectively.
The inhibition efficiency increases with increasing the dipole moment's value,
depending on the type and nature of molecules used [59]. Table 7 showed that the
values of IE increased with the increasing  values. The inhibitor T1 has the highest
K value (9.44 D) and the maximum IE value (87.37%), and T3 has the lowest u
value (3.59 D) and the minimum IE value (76.84%).

The inhibitor negative centers are responsible for molecule adsorption on MS
surface; so, the TNC is an essential factor in determining its inhibition efficiency. As
TNC increases, inhibition efficiency increases. The calculated values of TNC
showed that T1 has the highest TNC of -7.54, compared to T2 (-6.19) and T3 (-
5.63).

The total energy (TE) equal to > (internal, potential, and kinetic energy). According
to Hohenberg and Kohn [60], The minimum value of TE functional is the ground
state energy of the system. The electronic charge density, which yields this
minimum, is then the same single-particle ground state energy. Table 7 showed that
TE values are -1446.28, -1634.88 and -2299.07 a.m.u) for (T3, T2 and T1),
respectively. The values of IE increased with the increase of TE values. The T1

inhibitor has the highest TE value and the maximum IE value (87.37%). The
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inhibitor T3 has the lowest TE value and the minimum IE value (76.84%). From
these results, it was clear that there was a good agreement between experimental IE
and theoretical TE data. The high TE values confirm the higher stability of the
molecule and consequently lower donating ability.

The values of y and n obtained were used to calculate the fraction of electrons
transferred from the inhibitor to the metal surface (AN). If bulk MS and the inhibitor
molecule are found together, the flow of electrons will occur from the molecule of
lower electronegativity to the MS that has a higher electronegativity until the value
of the chemical potential the same value [33, 61-64]. By Lukovits’s study, if the
value of AN < 3.6, the IE increase by increasing the inhibitor's electron-donating
ability on the metal surface [65]. From Table 7, generally, AN ranges from -0.014 to
0.005. T1 indicates the maximum transfer of electrons and greater IE. Thus, the
fraction of transferred electrons is the largest for T1 as compared with other

inhibitors studied.

Table 7 The obtained parameter values of the triazene compounds using B3LYP/6-

311G (d,p) basis set method.

AN
Com En | EL | AE |EA | IP | X | 7 ¢ o Dm NG TE m.p)
P (ev) | (ev) | (ev) | (ev) | (ev) | (ev) | (ev) | (ev) | (ev) | (Debye) (a.m.u) | (ev) %
T1 -8.21 | -5.85 | 2.36 | 5.85 | 8.21 | 7.03 | 1.18 | 0.85 | 42.01 | 9.44 -7.54 | -2299.07 | -0.01 | 87.37
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T2

-8.41 | -5.56 | 2.85 | 556 | 8.41 | 6.99 | 1.42 | 0.70 | 34.23 | 4.18 -6.19 | -1634.88 | 0.01

80.21

T3

-8.38 | -5.25 | 3.13 | 5.25 | 8.38 | 6.82 | 1.57 | 0.64 | 29.68 | 3.59 -5.63 | -1446.28 | 0.06

76.84

*Average n.p values for different concentrations at room temperature
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Fig. 7. Optimized molecular structure, HOMO, LUMO, and total charge density of
the investigated T1, T2, and T3 compounds using (DFT) 6-311G (d, p) basis set

method.

The MEP maps and contours show the molecular charge distribution and give
information regarding reactive sites (size, shape, charge density, and reactive sites of
organic molecules) for electrophilic and nucleophilic attack. Therefore, the binding
mechanism Dbetween the organic molecules and the metal surface could be

understood. The negative (red) regions of MEP indicate nucleophilic reactivity, but
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the positive (blue) regions indicate electrophilic reactivity. Figure 8 shows the blue
color around the C atom of the C=0O group to which the pentadactyl chain is
attached is dominated; hence this C atom has electrophilic reactivity. The total
negative charges (TNC) of selected atoms (carbon, oxygen, and nitrogen) are
recorded in Table 7. It was observed that T1 interacts with the metal surface more
than T2 and T3. MEP maps shown in Fig. 8, there is the color red that indicates
negative charge. The steric effect deduced from the MEP contour shown in Fig. 8
shows that the O atom of the other C=0 group common to all inhibitors is the active
site with less steric effect. Very high correlations were found between some

parameters (AE, n, o, ®, Dm, TE, and TNC) against |Eeyp.
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Negative
charge

MEP map

MEP counter

Fig. 8. Molecular electrostatic potential maps and contours of studied inhibitors at

B3LYP method with 6-311G (d,p) basis set.

4. Conclusions
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The experimental and theoretical results show that triazene compounds (T1, T2, T3)
act as effective MS corrosion inhibitors in 1 M H,SO4. The compound with
maximum inhibition activity is T1 (98.51%), while the minimum active compound
Is T3 (86.32 %) at room temperature. It is seen that n.p value of the compounds
increases with increasing concentration but decreases with increasing temperature.
The triazene compounds adsorption on MS surface from 1 M H,SO, is a physical
phenomenon proposed from the values of kinetic/thermodynamics parameters (E,,
AGygs) Obtained and obeys Langmuir adsorption isotherm. SEM analyzed the surface
morphology. It gives a visual idea about forming a protective layer on the MS
surface, which retards the CR. Some quantum chemical parameters, which will
assist in the interpretation of the inhibition process, were calculated. Parameters
were found to be closely related to the inhibition efficiencies of the inhibitors
studied. The correlation graphs were obtained between the experimental inhibition
efficiency and some parameters. The experimental and theoretical results were in

good agreement.
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