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Abstract

The adsorption behavior and inhibition mechanism of (1, 4, 7-Tris [hydrogen (6-methylpyridin-
2-yl) phosphonate] -1, 4, 7-triazacyclononane) (TPP) on the corrosion of mild steel in 1 M HCI
were investigated by weight loss technique, potentiodynamic polarization, and electrochemical
impedance spectroscopy (EIS) methods for different concentrations at 25°C. The results show
that the inhibition efficiency values depend on the amount of immersion times and the
concentration. A 90% efficiency is found at the highest concentration of the studied compound
according to weight loss measurements. The adsorption of the investigated inhibitor on the mild
steel surface was well supported using an AFM study. For the assignment of the absorption
sites, we performed quantum chemical calculations with (DFT) method. The interaction
between the inhibitor and iron surface were performed by molecular dynamic (MD)
simulations. In this paper, experimental methods and results used to assess the efficiency of the

studied compound are presented.
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1. Introduction

Mild steel is widely used as a structural material in automobiles, pipes and chemical industries
[1], it undergoes severe corrosion in pickling processes. Hydrochloric and sulfuric acids are
widely used for the pickling and the de-scaling of mild steel [2—4]. The use of organic inhibitors
is one of the most practical methods and cost-effective choices for protecting metals against
corrosion. These organic inhibitors are usually adsorbed on the metal surface via formation of
a coordinate covalent bond (chemical adsorption) or the electrostatic interaction between the
metal and inhibitor (physical adsorption) [5]. This adsorption produces a uniform film, which
isolates the metal surface from the aggressive medium and consequently reduces the corrosion
extent [6]. The extent of adsorption depends on the electronic and structural characteristics of
the inhibitor, the nature of the surface, the temperature and the pressure of the reaction, the flow
velocity as well as the composition of the aggressive environment [7—12]. In general, organic
inhibitors containing triple or conjugated double bonds, or aromatic rings in their molecular
structures, and those rich in heteroatoms such as sulfur, phosphorus, nitrogen and oxygen were
found to be highly electronegative and having electron donating ability; this increases the
inhibition efficiency of these compounds in acidic media [13-15]. The implementation of
phosphonic acids for the protection of iron and its alloys from corrosion in different media have
been the subject of several research works [16- 20].

In this paper, we report a new organic inhibitor (1,4,7-tris[hydrogen (6-methylpyridin-2-yl)
phosphonate]-1,4,7-triazacyclononane) (TPP) [21]. To our knowledge, TPP has not been
considered as a corrosion inhibitor. TPP is chosen as a such mainly based on the following
factors: the first is that it contains multiples N, P and O as active centers and a pyridine rings
system. Secondly, it has a high solubility in acidic media. The inhibition effect of the TPP on
the corrosion of mild steel XC48 in hydrochloric acid using the gravimetric and electrochemical
techniques such as potentiodynamic polarization and impedance measurements. On an other
hand, the surface state of the mild steel specimens was observed by using atomic force
microscopy (AFM). Theoretical studies on electronic and molecular structures were conducted
using quantum chemical calculations. Finally, MD simulations studies are used to discuss the
adsorption configuration, adsorption energy and explain the mechanism of TPP on iron (110)

surface.



2. Experimental

2.1. Inhibitor

(1, 4, 7-tris [hydrogen (6-methylpyridin-2-yl) phosphonate]-1, 4, 7-triazacyclononane)(TPP)
was synthesized from tacn (325 mg, 2.5 mmol), and flame-dried K.COs according to literature

[21].The chemical structure of the compound is given in Fig. 1.

2.2. Electrolytic Solution

The aggressive solution electrolyte grad of 37%M HCI was prepared by dilution with distilled
water. The concentrations of the inhibitors TPP was varied from 0.010 mM to 0.075mM.

2.3. Gravimetric Measurements

Steel specimens of a dimension of 2 cm, 0.7 cm respectively cleaned with emery papers (having different
grades), washed several times with distilled water, acetone then dried in desiccator. The
specimens were immersed in 50 mL of 1 M HCI for 40 h in both the absence and the presence
of different concentrations of the inhibitor TPP. After an amount of time, the specimens were
taken out, washed and weighted. The experiment was performed three times, from gravimetric
measurements, [22, 23] the corrosion rate (A), the surface coverage (0) and inhibition efficiency

(n, %) follows the following equations:
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Wi, and W, are respectively the weight of specimens before and after plunge in the examined
solution, AW is the average weight loss (mg). S is the total area of the specimen (cm?), t is the
corrosion time (h), AL, and A, are corrosion rates in the absence and presence of the

inhibitor, respectively.

2.4. Electrochemical Measurements



Electrochemical measurements such as Tafel polarization and electrochemical impedance were
conducted on a (PGZ 301 voltalab40 model potentiostat/galvanostat) system connected to a
computer. The electrochemical cell consists of an ordinary three-electrode with platinum as a
counter electrode, saturated calomel electrode (SCE) as a reference electrode and a mild steel
specimen as a working electrode.

The mild steel specimens was exposed to 1M HCI corrosive medium in the absence and
presence of different concentrations of inhibitor for 1h before starting the electrochemical
experiments at room temperature and under an open circuit potential (OCP) to reach a steady-
state The impedance experiments (EIS) were carried out from Nyquist plot using alternating
current (AC) signal of 0.01 V amplitude for the frequency spectrum from 100 kHz to 0.01 Hz.
[24] The values of inhibition efficiency is calculated from charge transfer resistances was
obtained using the following equation :

Ep% = Reaniy=Re@ o 100 (4)

t(inh)

R0y and Re(inp are respectively the charge transfer resistances in the absence and presence of
the inhibitor.

Tafel plots were registered after the impedance measurement by polarizing the specimen from
-700 to -250 (mV/SCE) at a scan rate 2 mV/s. [25, 26] the inhibitory efficiency E,% and the
surface coverage (0) are determined by the following equations.

icorr AN icorr @nhy Correspond to the corrosion current density in the absence and in the

presence of inhibitor respectively.
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2.5. Surface studies

The surface morphology of an immersed mild steel specimen in 1 M hydrochloric acid in the
absence and presence of inhibitor for 24 h at 25°C were examined by Atomic Force Microscopy
(AFM) and recorded using an Asylum Research MFP-3D Classic AFM appliance.

3. Computational details



3.1. Quantum chemical calculations

The quantum chemical study is performed using density function theory (DFT) method, the
Becke three-parameter hybrid functional together and the Lee—Yang—Paar correlation
functional (B3LYP) with a 6-31G (d, p) basis set using Gaussian 09 program package was
chosen for all the calculations [27-28].

Enomo and Erumo energies (highest occupied molecular orbital energy and lowest unoccupied
molecular orbital energy) are used to calculate all the quantum chemical parameters such as
energy gap (AEcar), Hardness (i), Softness (o), Electrophilicity index(w), Electronegativity (y)
and fraction of transferred eclectrons(AN), [29,30] these are calculated according to the
following equations respectively.
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Where
Xre aNd y;,p: are the absolute electronegativity of Fe and inhibitor molecule respectively. ng,

and n;,, . are the absolute hardness of metal and the inhibitor molecule, respectively. A value
of 7.0 eV is used for yre, While ng, is taken as 0 for the calculation of the fraction of transferred
electrons [31].

The previous parameters are very important to understand the chemical reactivity of the

synthesized compound.

3.2. Molecular dynamics (MD) simulations

The simulations were carried with periodic boundary conditions in Materials Studio 7.0 (from
Accelrys. Inc) [32] using the force field. Fe (110) surface was chosen for the simulation study.
The simulation was carried out in a simulation box with the following dimensions (17.20
x22.93%22.93 A°). The iron slab, the water slab comprising the investigated inhibitor and a
vacuum layer were included in the simulation box. The Fe (100) surface and the molecular
structure of the inhibitor in gas phase was first optimized to minimum energy. The temperature

was performed at 298 K. NVT set, (constant number of atoms, constant-volume, constant-
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temperature) with a time step of 0.1 fs and simulation time of 50 ps using the COMPASS
(condensed phase optimized molecular potentials for atomistic simulation studies).The
following equation is used to determine the interaction energy (Einteraction) D€tween the
inhibitor and Fe (110) surface.

Einteraction = Etotal — EFe+H20 — Einn (12)

Where Eoa1 IS the total energy of mild steel and inhibitor molecules, Ege.y,0 is the energy of
iron surface simultaneously with H>O molecules and E;,;, represent the total energy inhibitor.

The binding energy (Epinging) Of the inhibitor is the negative value of the interaction energy.

Ebinding = —Ejnteraction(13)

4. Results and discussion

4.1. Weight loss results

The effect of addition of the inhibitor TPP, at different concentrations on the corrosion of mild
steel at different immersion times in 1M HCI solution was studied by gravimetric measuring.
A variation of the inhibition efficiency with concentrations of the inhibitor and various weight
loss is shown in Fig. 2 the values deduced for 6 and n,,% are summarized in Table 1.Data in
Table 1 shows that the corrosion rate A decreases with the increase in concentration of the
inhibitor; consequently, the surface coverage (6) and inhibition efficiency n,,% are increased
with the increase of the concentration of the inhibitor. Which might be due to the increase
adsorption of the inhibitor TPP at the metal / solution interface as their concentration increases
[33]. The adsorbed layer from the inhibitor acts as an isolation between the steel and the
aggressive medium and hence delays the acidic attack [34, 35]. This type of corrosion inhibitor

is increased for a long time however, the inhibitor delays the corrosion at a reduced time.

4.2. Potentiodynamic polarization curve

Fig.3 show the polarization curve for mild steel XC48 immersed in 1 m HCI in the absence and
presence of different concentrations of inhibitor (TPP). The principal electrochemical
parameters of corrosion extracted from polarization such as corrosion potential (Ecorr), COrrosion
current density (Icorr), anodic and cathodic Tafel slopes, polarization resistance (Rp), surface
coverage(0) and inhibition efficiency (Ep) are given in Table 2. It is clear that the values of
both cathodic (Bc) and anodic (Ba) Tafel constants are strongly changed in the presences of the
inhibitor (TPP). This confirms the mixed type inhibition action of the inhibitor (TPP) without
changing the anodic dissolution of the metal and the cathodic evolution of hydrogen [36].
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Furthermore, a slight change occurs in i.,. vValue with increasing the concentration of the
inhibitor, which indicates a delay in the corrosion process [37] add to that, the maximum value
of the inhibition efficiency (Ep) 51.11% at 0.075Mm. This result indicates that the inhibition
activity of the studied molecule (TPP) can be related to adsorption on the metal surface to form
a barrier film .This behavior leading therefore to the reduction of the anodic mild steel

dissolution and the delay of the cathodic hydrogen reaction.

4.3. Electrochemical Impedance Spectroscopic Studies

The Nyquist diagrams obtained of XC48 mild steel in 1 M HCI in the absence and presence of
the inhibitor (TPP) at different concentrations at 25°C are show in Fig 4. According to Nyquist
diagrams, comparing between the semicircle identical forms of the mild steel shows that the
real axis intercept at low frequencies in the presence of inhibitor is bigger than that in the
absence of the inhibitor (blank) and increases as the same time as the concentration. This shows
that no significant modification in the corrosion mechanism arises as a consequence of the
inhibitor presence [38]. In effect, such phenomenon is usually attributed to the frequency
dispersal which is assigned to the surface heterogeneity generated from the roughness of the
surface and chemical content of mild steel [39]. Furthermore, the addition of an inhibitor
increases the values of charge transfer resistance (Rct) is due to the formation of a protective
film on the metal/solution interface [40]. And reduces the double layer capacitance (Car). All
this is due to the reduction in local dielectric constant and/or an increment in the thickness of
the electrical double layer. The phenomenon proposed that the inhibitor molecule function by
the adsorption at the metal surface. Thus, the change in Cq is due to the gradual replacement of
the water molecule by the adsorption of the inhibitor molecule on the metal surface, decreasing
the magnitude of metal dissolution [41].

The value of inhibition efficiency (E;x%) increases with the concentrations of inhibitor (TPP)
and maximum efficiency (30.67%) reached at 0.075 Mm of the inhibitor for 1h, the results are
summarized in Table 3.

In general, the efficiency of an organic substance as an inhibitor for metallic corrosion depend
on the structure and the concentration of the inhibitor, the nature of the metal and other

experimental conditions, such as the temperature of the medium [20,42].

4.4. Atomic force microscopy (AFM) studies
Fig. 5 represents the AFM surface morphology of the mild steel immersed in 1M HCI for 24 h
solutions without and with the optimum concentration of the inhibitor was taken in 2D and 3D
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to confirm the formation of a protective layer on the mild steel surface. It can be seen from the
AFM micrograph of the mild steel (Fig.5a) in the absence of the inhibitor (Fig. 5b) that the
surface showed a very irregular morphology with highly corroded and damaged surface due to
corrosive attack of acid. On the other hand, in the presence of optimum concentration 0,075mM
of the inhibitor (Fig. 5¢), the corrosion product on the corrosion product on the surface of the
metal was diminished and the surface became smoother.

The calculated surface roughness (given in table 4) of mild steel in 1 M HCI without the
inhibitor (187.456 nm) was higher than that of the mild steel (7.310 nm). But in the presence of
the inhibitor the value roughness was reduced to (47.051 nm) and this reduction, which

confirms the formation protective surface layer by the inhibitor and corrosion rate is reduced.

4.5. Computational study
4.5.1. Quantum chemical calculations

The optimized molecular structure of the inhibitor (TPP) calculated using B3LYP/6- 31G (d,
p) method of the most stable form is shown in Fig. 6. The literature shows that the adsorption
of the inhibitor on the metal surface can be placed on the basis of donor-acceptor interactions
between the m-electrons of the heterocyclic structure and the vacant d-orbital of the metal
surface atoms. The electron acceptor distribution in the lowest unoccupied molecular orbital
(LUMO) and the electron donor distribution in the highest occupied molecular orbital (HOMO)
are shown in Fig.7.

Lately, quantum chemical calculations were largely used in corrosion inhibition investigations.
Especially since they seem to be effective in the study of corrosion inhibition mechanisms of
organic compounds [43, 44], the effectiveness of an inhibitor can be attached to some quantum
chemical parameters such as: energy gap (AEear= ELumo—EHomo), the dipole moment (p), and
Mullikan charges on the backbone atoms which were determined by optimization and they can
be related to the metal-inhibitor interactions [45]. The obtained values of the quantum chemical
parameters for the investigated inhibitor are listed in Table 5.

From Fig. 7 and Table 5, we can notice that the Enomo is found to reside on the pyridine ring
and heteroatoms for the studied compound and the higher value of EHomo indicates the tendency
of electron transfer to an appropriate acceptor molecule which facilitates the adsorption of the
inhibitor on the metal surface by influencing the electron transfer processes through the
adsorbed layer [46, 47]. Moreover, the lower value of ELumo, the easier is the acceptance of
electrons from the d orbital of the metal [48]. On an other hand, the value of AEcap provides a

measure for the stability of the formed complex on the metal surface. In principle, a decrease
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in the energy gap leads to easier polarization of the molecule, greater adsorption on the surface
and improved the inhibition efficiency of the inhibitor [49, 50].

Several researchers have shown that the dipole moment is resultant to the polarity of an inhibitor
and the elevated values of pu are answerable for great inhibition effectiveness [51, 52]. Table 5
shows that the high value of the dipole moment acquired and the low energy gap causes electron
transfer from the molecule to the surface and this takes place during adsorption on the mild
steel surface.

AN means that the fraction of transferred electrons from the inhibitor molecule to the mild steel
surface and indicates the capability of the inhibitor to donate electrons. The literature shows
that a value of AN < 3.6, the inhibition effectiveness raises the electrons donating capability at

the metal surface [53].

4.5.2. Molecular electrostatic potential surfaces (MEP)

The molecular electrostatic potential map (MEP) which demonstrates molecular size, shape as
well as charge distribution of the compound to find the active sites responsible for electrophilic
and nucleophilic attacks is a powerful tool in the study of interaction of a molecular system
with its surroundings. Furthermore, MEP is related to the electronic density. Fig. 8 illustrates
the map of the studied inhibitor represented by different colors. The yellow zones of the MEP
represent the negative potential related to electrophilic reactivity, while the blue color
represents the positive zones related to nucleophilic reactivity.

The region of the phosphonate groups is highly negatively charged (fig.8, table.6) correspond
of atom oxygen obtained with Milliken charge ware located on 032,
033,034,036,037,038,040,041,042, whereas positive potentials are presented at hydrogen
atoms. It is clear from the Table.6 that the nitrogen atom and some carbon of TACN and
pyridine of the inhibitor have negative charges, which are probably the active adsorptive sites.

4.4.3. MD simulations

The objective of this study is to find the nearer inhibitor molecule to Fe (110) surface. MD
simulations were performed on a system comprising TPP molecule and iron surface in a vacuum
slab (Fig. 9). From Fig. 9 we can see that the investigated inhibitor is adsorbed nearly parallel
to the metal surface, this adsorption on the Fe (110) surface through oxygen, nitrogen and the
pyridine rings present in the inhibitor, which leads to the formation of coordinate bonds
(chemical interactions) [54]. The calculated values of the interaction and the binding energies

are given in Table 7.



Conclusion

From the above results, we can deduce the following conclusions:

v
v

The new compound TPP treated as a corrosion inhibitor in 1 M HCI in the mild steel.
The gravimetric measurements showed that the inhibition efficiency increases with the
inhibitor at different concentration and immersion times.

The potentiodynamic polarization showed that the TPP acts as a mixed type inhibitor.
EIS results reveal that the presence of the inhibitor molecules increases in the charge
transfer resistance values while reducing the double layer capacitance values.

The atomic force microscopy (AFM) showed that the surface roughness decreases in
the presence of TPP, due to establishment of a protective surface

The quantum chemical study shows that the nitrogen and oxygen atoms in the inhibitor
molecule are the main active sites that result in adsorption of TPP on the mild steel
surface.

The binding energy calculated by the MD method was also in accordance with the

experimental results, and the binding energy of TPP was the highest.
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Figure 1. The chemical structure of the inhibitor TPP.

Figure 2. Variation of the corrosion rate (m) and the inhibition efficiency ( A) with various
concentration of inhibitor (TPP).

Figure 3. Tafel polarization curves for the corrosion of mild steel XC48 in 1 M HCI with and
without various concentrations of the inhibitor at 25°C.

Figure 4. Nyquist plots for the mild steel XC48 in 1 M HCI solution with different
concentrations of the inhibitor (TPP).

Figure 5. AFM images 2D (on the Left) and 3D (on the Right), mild steel surface ; (XC48)
polished mild steel, mild steel in 1 M HCI , mild steel after immersion in 1 M HCI in presence
of 0.075m M of inhibitor(TPP).

Figure 6. Optimized molecular structure of inhibitor TPP.

Figure 7. The frontier molecular orbital density distributions for inhibitor (TPP).

Figure 8. Molecular electrostatic potential of inhibitor (TPP).

Figure 9. Equilibrium configuration of the adsorbed molecule on the Fe (110) surface

vacuum slab: (a) top view, (b): side view.

Table 1
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Gravimetric results of mild steel at different immersion times in 1M HCI without and with the
addition of the inhibitor at 25°C (S=3.14cm?).

Concentration / time Am A S/ Nw
(mM) (mg) (mg/cm?h) (%)
Blanc 476.3 15.16 - --
0.010 288.1 9.17 0.40 40
0.025 10 Hours 240.7 7.66 0.48 48
0.050 190.6 6.07 0.60 60
0.075 150.2 4.78 0.68 68
Blanc 476.3 7.58 -- --
0.010 252.8 4.03 0.47 47
0.025 20 Hours 211.3 3.36 0.55 55
0.050 145.2 231 0.70 70
0.075 101.5 1.62 0.78 78
Blanc 476.3 5.04 -- --
0.010 232.5 2.46 0.51 51
0.025 30 Hours 190.8 2.01 0.60 60
0.050 120.5 1.27 0.75 75
0.075 082.6 0.87 0.83 83
Blanc 476.3 3.792 -- --
0.010 220.0 1.751 0.54 54
0.025 40 Hours 157.1 1.250 0.67 67
0.050 095.1 0.757 0.80 80
0.075 051.9 0.413 0.90 90

17



Table 2
Electrochemical corrosion parameters of mild steel in the absence and presence of various
concentrations of inhibitor (TPP) in 1M HCI 25°C / 1h.

Concentration -Ecorr -Be Ba Icorr Rp Ep 0
(mM) (MV/ECS) (mV/dec) (mV/dec) (HA/cm?) (Qcm?) (%)

Blanc 463 150.5 119.1 0.090 246.6 -- --

0.010 458 129.3 104.2 0.074 287.2 17.77 0.17
0.025 454 114.4 139.6 0.067 319.5 2555 0.25
0.050 451 123.2 102.2 0.062 3284 3111 0.31
0.075 446 102.6 112.5 0.044 338.1 5111 0.51
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Table 3
Electrochemical impedance parameters for mild steel in 1M HCI containing different
concentrations of inhibitor (TPP) 25°C/1h.

Concentration Rs Ret Cal Eg
(mM) (Q cm?) (Q cm?) (UF/cm2) (%)
Blanc 2.54 196.4 293.2 --
0.010 2.63 244.5 172.0 19.67
0.025 3.02 256.1 153.5 23.31
0.050 2.68 264.6 151.5 25.77
0.075 3.10 283.3 95.4 30.67

19



Table 4
AFM data obtained of mild steel in 1 M HCI immersed in inhibited and uninhibited at 298 K.

AFM Mild steel 1 M HCI 0,075
data Blank mM
roughness (nm) 7.310 187.456 47.051
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Table 5
Calculated quantum chemical parameters of the investigated inhibitor (TPP).

Quantum chemical parameter InhibitorTPP
Etot (V) -80660.7952822213
Exomo (€V) -8.62955
ErLumo (V) -5.3516653
AEcar (V) 3.2778847

u (Debye) 6.4605

n (eV) 1.6389424

) 0.6101495

v (eV) 6.9906077

Q 14.909856
AN 0.002865354
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Table 6

Obtained Mullikan atomic charges of the inhibitor (TPP).

Atom Mulliken Charge  Atom Mulliken Charge  Atom Mulliken
Charge

Cl -0.4062436 N26 -0.5924872 H51 0.2832758
C2 -0.4408006 c27 0.2390047 H52 0.2668431
C3 -0.4636576 C28 -0.3732743 H53 0.2767447
N4 -0.4827192 C29 -0.3896199 H54 0.3216647
C5 -0.3685648 C30 -0.2408759 H55 0.2925512
N6 -0.4010391 P31 1.7598520 H56 0.3009605
N7 -0.4406184 032 -0.9412391 H57 0.2999258
C8 -0.3692009 033 -0.8002294 H58 0.3022151
C9 -0.5867098 034 -0.7998068 H59 0.2819155
C10 -0.4273687 P35 1.7669255 H60 0.2881563
C11 0.4210028 036 -0.9464684 H61 0.2742818
C12 -0.4881902 037 -0.8034906 H62 0.2833459
C13 0.3961610 038 -0.8048440 H63 0.2806907
Cl4 -0.4518575 P39 1.7616839 H64 0.2802377
C15 0.4137919 040 -0.9432346 H65 0.2834756
C16 -0.3839464 041 -0.8019828 H66 0.2733855
C17 0.2415364 042 -0.7782755 H67 0.2800620
C18 -0.2352215 H43 0.2695002 H68 0.2740097
N19 -0.6074982 H44 0.2768180 H69 0.2839072
C20 -0.3682742 H45 0.2799293 H70 0.4849134
C21 -0.3656204 H46 0.2882830 H71 0.4837532
c22 -0.2252762 H47 0.2714893 H72 0.4844964
C23 -0.3914421 H48 0.2882618 H73 0.4839059
N24 -0.6253853 H49 0.2808502 H74 0.4845003
C25 0.2672377 H50 0.1894533 H75 0.4844648
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Table 7
Interaction and binding energies between the inhibitor molecules (TPP) and Fe (100) surface.

SyStemS Einteraction (kJ mol! Ebinding (kJ mOI_l)

Fe + Inhibitor -1071,181 1071,181
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Figure 1. The chemical structure of the inhibitor TPP
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Figure 2. Variation of the corrosion rate A (m) and the inhibition efficiency n,, (A ) with various

concentration of inhibitor (TPP).
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Figure 3. Tafel polarization curves for the corrosion of mild steel XC48 in 1 M HCI with and
without various concentrations of the inhibitor at 25°C.
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Figure 4. Nyquist plots for the mild steel XC48 in 1 M HCI solution without and with different
concentrations of the inhibitor (TPP).
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Figure 5. AFM images 2D (on the Left) and 3D (on the Right), mild steel surface ; (XC48)
polished mild steel, mild steel in 1 M HCI , mild steel after immersion in 1 M HCI in presence
of 0.075m M of inhibitor(TPP).
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Figure 6. Optimized molecular structure of inhibitor TPP.
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Figure 7. The frontier molecular orbital density distributions for inhibitor (TPP).
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Figure 8. Molecular electrostatic potential of inhibitor (TPP).
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Figure 9. Equilibrium configuration of the adsorbed molecule on the Fe (110) surface

vacuum slab: (a) top view, (b): side view.
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Highlights:

New organic inhibitor (1,4,7-tris[hydrogen (6-methylpyridin-2-yl) phosphonate]-1,4,7-
triazacyclononane) (TPP) act as an excellent inhibitor for mild steel in 1 M HCI solution.
The corrosion inhibition efficiency of TPP is 90% at 0.075mM (obtained from
Gravimetric for 40 h) and increases with different concentration and immersion time.

Theoretical calculations provide favorable support for the experimental data.
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