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Abstract

Molecular dynamic, Monte-Carlo simulation approach and electrochemical methods were used to study the temperature
effects on mild steel (MS) corrosion in 1.0 M of HCl in the absence and presence of triazepine carboxylate compounds. The
inhibition action of all triazepine carboxylates compound studied was performed via adsorption on MS surface. Comparison
between several adsorption isotherms reveals that the adsorption was spontaneous and followed Langmuir isotherm in HCI
for all inhibitors and at all studied temperatures. Furthermore, selection is founded on the correlation coefficient is known
nearly linear and value close to one. Kinetic and thermodynamic parameters for all inhibitors led to suggest the occurrence
of chemical mechanism and also the spontaneity of the adsorption process on mild steel surface. The corrosion inhibition
mechanism was discussed with the light of some triazepine carboxylate compounds constituents. The effect of molecular
structure on the inhibition efficiency has been explored by quantum chemical computations and obvious correlations were
observed. The binding energies of tested triazepine carboxylate compounds on Fe (110) surfaces were calculated using
molecular dynamics simulation. Very good agreement was obtained with the experimental data. In addition, Atomic force
microscopy (AFM) indicated that CI-Me—CN molecules contributed to a protective layer formation by their adsorption on
the steel surface. AFM parameters, such as root mean square roughness (R,), average roughness (R,), and ten-point height
(S,), revealed that a smoother surface of inhibited mild steel was obtained, compared to uninhibited steel surface.

Keywords Macromolecular compounds - Molecular dynamic simulation - Monte-Carlo simulation - Atomic force
microscopy (AFM) - Kinetic-thermodynamic - Electrochemical measurement

1 Introduction

It has been observed that the adsorption of corrosion inhibi-

tors depends mainly on certain physico-chemical properties
of the molecule such as functional groups, steric factors,
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aromaticity, electron density at the donor atoms and 7 orbital
character of donating electrons, and also on the electronic
structure of the molecules [1-7]. Inhibition performance
dependence of the pickling acid process parameters such as
(temperature) and the comparison of the obtained thermo-
dynamic data of the corrosion process had been recently the
object of large amount of investigation [8—12]. Accordingly,
acid pickling inhibitors are expected to be chemically stable
to provide high protective efficiency.
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Our previous studies have shown three triazepine car-
boxylate compounds, which was found to exhibit good
corrosion inhibition efficiencies. It is found that these
compounds namely, ethyl 4,9-bis(4-chlorophenyl)-8-cy-
ano-3-hydroxy-2,7-dioxo-1,2,5,7-tetrahydropyrido[1,2-b]
triazepine-10-carboxylate (2CI-Et), methyl 4,9-bis(4-
chlorophenyl)-8-cyano-3-hydroxy-2,7-dioxo-1,2,5,7-
tetrahydropyrido[1,2-b]triazepine-10-carboxylate
(2Cl-Me), and ethyl 9-(4-chlorophenyl)-8-cyano-3-hy-
droxy-2,7-dioxo-4-(p-tolyl)-1,2,5,7-tetrahydropyrido[ 1,2-b]
triazepine-10-carboxylate (Cl-Me-Et) act as excellent
inhibitors and their inhibition efficiencies follow the
order: 2Cl-Me > 2Cl-Et > Cl-Me-Et, and they depend
on the type of the substituent. In addition, it is found
also that the Density Function Theory (DFT) parame-
ters confirmed those obtained by experimental studies
[7]. In continuation of our research for the development
of new efficient corrosion inhibitors and to understand
their inhibitive mechanism, the influence of temperature
as critical parameter of industrial acid pickling process
on triazepine carboxylate compounds, adsorption process
has been investigated by using electrochemical, molecular
dynamic, Monte-Carlo simulation methods. Besides, vari-
ous thermodynamic parameters for triazepine carboxylate
compounds inhibitors adsorption on mild steel surface
were estimated and discussed. Also, the kinetic and ther-
modynamic parameters were calculated and discussed.
On the light of triazepine carboxylate compounds, the
inhibition mechanism for mild steel in molar hydrochloric
acid was elucidated.

2 Experimental Part

2.1 Materials, Sample Preparation and Aggressive
Medium

The experiments were performed with mild steel rods as
shown in Table 1. The used mild steel specimens have a
rectangular form 2.5 cm X 2.0 cm X 0.05 cm. The speci-
men’s surface was polished with emery paper at different
grit sizes (from 180 to 1200), rinsed with distilled water,
degreased with ethanol, and dried at hot air. The examined
inhibitors are ethyl 4-(4-chlorophenyl)-8-cyano-3-hydroxy-
2,7-dioxo-9-(p-tolyl)-1,2,5,7-tetrahydropyrido[1,2-b]
[1, 2, 4] triazepine-10-carboxylate (Cl-Me-CO,Et),
4-(4-chlorophenyl)-3-hydroxy-2,7-dioxo-9-(p-tolyl)-1,2,5,7-
tetrahydropyrido[1,2-b] [1, 2, 4] triazepine-8,10-dicar-
bonitrile (C1-Me-CN) and 3-hydroxy-2,7-dioxo-9-phe-
nyl-4-(p-tolyl)-1,2,5,7-tetrahydropyrido[1,2-b] [1, 2, 4]
triazepine-8,10-dicarbonitrile (Me—CN) where their mol-
ecules were synthesized according to the Serrar et al. proce-
dure [13] and their formulas are indicated in Fig. 1.

The aggressive medium of 1.0 M HCI was prepared by
dilution of analytical grade 37% HCI with distilled water.
The employed concentration range of tested triazepine car-
boxylate compounds was from 107% to 107> M of studied
inhibitors in various temperatures ranging 298-328 +2 K.

2.2 Electrochemical Methods

For electrochemical measurements, the electrolysis cell closed
by a cap with five apertures. The working electrode was
pressure-fitted into a polytetrafluoroethylene holder (PTFE)
exposing only 1 cm? of area to the aggressive solution. Pt and
saturated calomel were used as counter and reference electrode

Table 1 Chemical composition
of the used mild steel

Mild steel composition, % by wt.

C Si Mn Cr Mo Ni Al Cu Co \" w Fe
0.11 024 047 012 0.02 0.1 0.03 0.14 <0.012 <0.003 0.06 Balance
Cl Cl
Me

(b)

Fig. 1 Chemical structures of investigated carboxylate molecules. a CI-Me—CO,Et, b CI-Me—CN and ¢ Me-CN
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(SCE), respectively. All potentials were measured against the
last electrode.

The potentiodynamic polarization curves were recorded by
changing the electrode potential automatically from negative
values to positive values versus (E,.,,) using a Potentiostat/
Galvanostat type PGZ 100, with a scan rate of 1 mV/s after 1 h
of immersion time until reaching steady state. The test solution
was thermostatically controlled at 298 +2 K in air atmosphere
without bubbling. To evaluate corrosion kinetic parameters, a
fitting by Stern—Geary equation was used [14]. The corrosion
inhibition efficiency was evaluated from the corrosion current
densities values using the relationship (1):

=i T
Mpp = ———=— X 100 (1)

where 2 _and i, are the corrosion current densities values
without and with inhibitor, respectively.

Finally, the electrochemical impedance spectroscopy meas-
urements were carried out at Open Circuit Potential (OCP) in
the frequency range of 100 KHz—-10 mHz, with 10 points per
decade, at the rest potential, after 30 min of acid immersion,
by applying 10 mV peak to peak voltage excitation. Nyquist
plots were made from these experiments. Fitting curves of the
experiments was done using ZView 2 software. The inhibi-
tion efficiencies g% were calculated from Nyquist plots by

Eq. (2):

Ry — R;
Npis (%) = R x 100, 2)
ct

where R’ and R, are the charge transfer resistance of steel
electrode in the absence and in presence of inhibitor.

In order to ensure reproducibility, all experiments were
repeated three times where the evaluated inaccuracy did not
exceed 10%.

2.3 Adsorption Studies

Inhibitive ability of a triazepine carboxylate compounds to a
greater extent depends on its adsorption on metal surface. Var-
ious adsorption isotherm models considered were described
below and tested.

.0
Langmuir T—g = Kuas X Cinn 3)
Freundluich isotherm 8 = K4, X C;,p, 4)
Temkin isotherm exp (f X 0) = K, 4 X Cipn )

o > =InK,4 +aXxIn(l - 0)

Flory — Huggins isotherm In <
inh
(6)

2 Yexp (<2 % X 0) = Kuy X G
@)

where K, is the equilibrium constant of the adsorption
process; C,, is the inhibitor concentration; fis the factor of
energetic inhomogeneity, and the parameter ‘a’ in Eq. (6) is
the water molecules number replaced by inhibitor molecules
on metallic surface.

Frumkin isotherm ( 1

2.4 Molecular Dynamic Modelling

Recently, molecular dynamics simulation constituted an
advancement part in corrosion inhibition studies as it is
employed at the atomistic level to explore the interaction of
inhibitor molecules on metal surfaces [15]. The simulation
of adsorption process of inhibitor molecules on Iron sur-
faces was investigated by molecular dynamics simulation
using (Material Studio 2017) software from Accelrys Inc,
USA. The most stable planes of crystalline metals are the
one with densely packed; it is commonly used in molecular
dynamics simulations to represent the corroding substrate
metal [16, 17]. The simulations were performed in a simu-
lation box of dimensions (3.44 nm X 4.05 nm X 5.34 nm).
The molecular dynamics simulations were carried out
with periodic boundary conditions to model a representa-
tive part of the interface devoid of any arbitrary bound-
ary effects. Firstly, the surface of (pure Fe crystal) was
cleaved, and relaxed by minimizing its energy by means
of molecular mechanics. Next, the surface of cleaved plane
Fe (110) was enlarged to a super cell of an appropriate
size, and then a vacuum slab with zero Thickness was
built above these surfaces. Since corrosion inhibition in
aqueous solution is an electrochemistry process, the use of
water molecules and different ions is essential. The effect
of chemical species involved in the adsorption system was
taken into consideration; thus, the system in the molecu-
lar dynamics simulations incorporated 250 H,0, 5 H*', 5
CI™ and one inhibitor molecule in each case [18]. Finally,
the most stable orientation of inhibitor molecules on metal
surface was searched by Monte-Carlo search simulations.
The molecular dynamics simulations were performed at
298 K (controlled by the Andersen thermostat) using a
canonical ensemble (NVT) with a time step of 1.0 fs and
a simulation time of 500 ps. For the whole simulation
procedure, the COMPASS (Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies)
force field [19] was used, because it allows the accurate
and simultaneous prediction of structural, conformational,
vibrational, and thermo-physical properties for a broad
range of chemical species, including organic molecules,
metals, metal oxides, and metal halides [20].
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2.5 Morphology Analysis Using (AFM) Technique

Atomic force microscopy (AFM) analysis is one of the
major analysis methods to study a surface and was used
here for the further investigation of the formation of a
protective film on the surface of the mild steel. AFM was
used to investigate the topography image of the uninhib-
ited and inhibited mild steel surface using 107> M of ethyl
9-(4-chlorophenyl)-8-cyano-3-hydroxy-2,7-dioxo-4-(p-
tolyl)-1,2,5,7-tetrahydropyrido[ 1,2-b] [1, 2, 4] triazepine-
10-carboxylate (C1-Me—CN).

3 Results and Discussion
3.1 Corrosion Inhibition Efficiency Studies

In our first part of this work, we have introduced that all
the tested triazepine carboxylate derivatives act as good
corrosion inhibitors for mild steel electrode in 1.0 M HCl
solution.

The intensity-potential curves indicated that these com-
pounds operate as mixed type inhibitors and their inhibition
efficiencies increase with their concentrations to attain a
maximum at 107> M.

It is established also that the mechanism of the anodic
and cathodic reactions change by the addition of triazepine
carboxylate compounds. It is found that these compounds
act by an adsorption mechanism on the metallic surface and
their inhibition efficiency depends on the nature of the alkyl
substituents, where the CI-Me—CN compounds are the best.
The electrochemical impedance spectroscopy (EIS) was uti-
lized to decide and provide us the kinetic information and
important mechanistic for the examined electrochemical
system. Figure 2 presents respectively its Potentiodynamic
polarization curves and Nyquist plots. Table 2 resumes the
effect of triazepines carboxylate derivatives on mild steel
corrosion in 1.0 M HCI using different electrochemical
techniques such as Potentiodynamic polarization curves and
electrochemical impedance spectroscopy.

Furthermore, in order to gain more information about the
adsorption type of triazepine carboxylates compounds and
its effectiveness at higher temperatures:

— Corrosion Kinetic Study;

— Temperature effect on the corrosion inhibition of mild
steel;

— Corrosion inhibition stability studies versus temperature;

— Thermodynamic parameters of the adsorption process;

— Adsorption isotherm analysis and thermodynamic param-
eters;

— Surface morphology was also investigated using (Atomic
force microscopy);

@ Springer
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Fig. 2 Potentiodynamic polarization curves (a) and Nyquist plots (b)
for mild steel in 1.0 M HCI solution in the absence and presence of
various concentrations of best inhibitor performance at 298 +2 K:
(scater) experimental; (red line) fitted data

— Monte-Carlo simulation & Pair correlation function;
— Finally, corrosion protection mechanism was proposed
for all triazepine carboxylate compounds studied.

3.2 Temperature Effect on the Inhibition Efficiency

In order to get others information about the type of adsorp-
tion and the effectiveness of the triazepine carboxylate
compounds at higher temperature (simulation of industrial
process condition), polarization experiment was conducted
in the range of 298-328 +2 K without and with triazepine
carboxylate compounds. Figure 3 presents the obtained
potentiodynamic polarization curves and their correspond-
ing data are presented in Table 3.
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Table 2 Electrochemical parameters for mild steel in 1.0 M HCl at various concentrations of inhibitors

Conc/M  E./mV/SCE iy /uAcm™ /%  RJ/Qcm’ R /Q cm? Cy/uFem™  QMES™! gy Nes 1%
Mild steel/1.0 M HCI (Blank solution)
00 —498 983 - 1.35+£0.05 32.68+0.89 89.42+3.85 2.92+0.1  081+001 -
Cl-Me-CN/Mild steel/1.0 M HCI
107 -502 912 72 221+0.08 37.2+04 90.11+1.32  167.6+0.2 0.891+0.02 6.7
107 —475 160 837  23+0.10  198.6+04  1082+2.17 198.8+04 0.838+0.01  82.5
107 —466 95 903  1.7+020  3193+04  78.15+1.86 119.6+0.1  0.884+0.01  89.1
1073 —455 53 946  2.1+020  556.6+04  47.49+0.15 80.53+0.7 0.854+0.01 93.7
Cl-Me—-CO,Et/Mild steel/1.0 M HCl
107¢ —480 182 815  1.11+0.07 182.3+04  126+0.41 251+0.2 0.817+0.01  81.0
107 —481 165 832  2.05+0.07 1958+04  9443+127 141.7+0.1 0.898+0.01 823
10~ —482 127 87.1 12+0.09  253.1+04  4561+225 109.5+0.2 0.803+0.01  86.3
1073 —470 73 926  2.02+0.08 385+0.4 78.23+0.13  117.2+0.1  0.884+0.01  91.0
Me-CN/Mild steel/1.0 M HCI
10-° —480 150 847 214007  2223+04  1040+1.18 149.4+0.1 0.903+0.01 844
1073 —478 116 882  1.9+0.07 2717404  91.54+0.04 150.0+0.1  0.866+0.01  87.2
1074 —468 69 93.0  2.0+£0.08  434.6+04  68.6x135 1059+0.2  0.876+0.01  92.0
1073 —470 58 94.1 1.9+020  511.9+04  50.16+0.12 80.9+0.7  0.869+0.01  93.2

Current density (mA/cmz)

107 4
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Fig. 3 Potentiodynamic polarization curves for mild steel in 1.0 M HCI with triazepine carboxylate compounds (Me-CN), (CI-Me—CO,Et) and
(Cl-Me—CN) at various temperatures

@ Springer



Journal of Bio- and Tribo-Corrosion (2019) 5:1

Page 6 of 16

1

- - - - - S98°0 $98 001 191 — 96T €16 — TF8TE

- - - - - €680 €68 99 651 — SS1 €8 — TF8IE

- - - - - 60 TT6 Szl €S1 - 6 SIS— TF80¢

97 9¢€L- 't Lsy  9L9'81 9L  S06 €Ce 1960 106 IS 811 — 8¢ oLy — TF86C
[9918 PIUA/IDH 0 T/ND—IN

- - - - - S68'0 S'68 0TI 8y — 8I¢ LOS— TF8TE

- - - - - 9/80 9°L8 L8 8T — 081 661 — TF8IE

- - - - - 0060 006 6L 911 - 0Tl 98— TF80¢

97 898-— $9¢ 1'6€ 0Ly 61 I'L 688 90¢ 9260 976 09 LOT— €L oLy — TF86C
19938 PIHA/IOH 0°1A3°00—IN-1D

- - - - 0¥80 08 L6 €€T — (453 06t — TFSTE

- - - - - G880 S'88 oL 9¢1 — 991 Y8y — TFSIE

- - - - - 6260 676 49! 081— S8 981 — TF80¢

97 88y — 8'8h s S0T'81 901 006 SLY 9¥60 916 €S LTT— €S SS— TF86T
19938 PIIA/IDH 0" T/ND—IN-1D

- - - - - - - - - - 811 191 — 00TT S9p— TFSTE

- - - - - - - - - - YTl TLT— oSyl SLy— TF8IE

- - - - - - - - - - 418! ¥81— 00T1 167 — TFE0E

9¢ 0921 — S8l 112 6£€°S1 - - - - - 0S1 or1— €86 861 — TF86T
(uonnjos yuelg) [DH 0'1/1993S PIIA

rLOE —M.VH ~LO-.E _\NM —. ~\—OG.“ —.VH ~LOE.M —M.VH N\Eo <E . W\ . a‘mw& _\omﬂ >u Tovﬁ >MC N\Eo‘_MM* mom mSm.H®>t\WME
HV "4 SV HV q YV  ASp 9I[OSqQY  uPaj] 'O "ASp PIEpUBIS 0 U d 4 1 q

s1ojowrered uoneAnOYy

SIUSWIDINSBIW [BONISTILIS

s1ojowrered [eoTWAY001O9[g

D
“dwia/quy

parpnis spunodwods e[Ax0qred
sourdozern Jo N (T J0 ouasaid pue a0ussqe oy Ul [DH N 0°] Ul [933S PIw Jo sarmesodiud) SNOLTeA Je SIOUSIOLys uoniqryul Surpuodsariod pue sisjowered UOHBATOE ‘[BOIUAYOONIAH € 3|qel

pringer

Qs



Journal of Bio- and Tribo-Corrosion (2019) 5:1

Page70f16 1

It is clear that according to the substitution of each tri-
azepine carboxylate compounds studied, it can be noted
that the inhibition efficiency of inhibitors depends on
the temperature and decreases with the rise of temper-
ature from 298 to 328 +2 K. This can be explained by
the decrease of the strength of the adsorption process at
elevated temperature [21]. It is seen also that the presence
of carboxylate compounds will provide a film barrier pro-
tecting steel surface from being exposed to acidic media.
Surface coverage 0 was calculated from the following
equation [22]:

_ (iCOU' B i::orr)

. . 9
(lcorr - lsat)

®)

where i - and i ,, are the corrosion current density val-

ues in the absence and the presence of triazepine carboxylate

compounds.
Asi, <<i

corr? sat

thus

sat corr?

9 _ (iCOU - ilcorr)

- . C))

lcorr

Analysis of the results in Table 7 indicates that the Elec-
trochemical kinetic parameters,

— Corrosion potential (E,,,)
— Corrosion current density (i)
— And cathodic Tafel slope (b,), depend of substitution of

triazepine carboxylate compounds.

This is more clearly illustrated in Table 3 by the varia-
tions of surface coverage with temperature:

— Whimpers from 0.941 for Me—-CN compound at
298 +2 K to 0.865 at 328 +2 K

— Also surface coverage of CI-Me—-CO,Et compound
decreases from 0.926 to 0.855 respectively at 298 K and
328+2K;

— Moreover for C1-Me—-CN compounds reduce from 0.946
to 0.840 respectively at 298-328 +2 K.

Increasing of inhibition efficiency (1%) will reduce the
rate of corrosion process due to higher surface coverage
(0) from carboxylate compounds studied. This is due to the
highest concentration of inhibitor and can protect the mild
steel surface from the aggressive hydrochloric acid environ-
ment. At this condition, the surface coverage is the highest
with 0.946 for CI-Me—CN compared to the protection using
0.941 for Me—CN and 0.926 for C1-Me-CO,Et. It is noted
that the Large surface areas of mild steel are covered by all
triazepine carboxylate compounds film and this reduces the
reaction sites available.

3.3 Corrosion Inhibition Stability Studies Versus
Temperature

Furthermore, calculating standard deviation (c;,;) is very
important to determine the stability of triazepine carboxy-
late compounds in acid medium against variation of tem-
peratures. Statistical data such_as absolute deviation (A4,),
standard deviation ((rn), mean (x)are listed in Table 3. The
range of a set of data is the difference between the highest
and lowest measurements. Algebraically, the range (R,) can
be expressed as

Rn = Moetter — Miess» (10)
where (#,,,,,.,) and (7,,,,) are the great and less value of inhi-
bition efficiency obtained for each inhibitor, respectively.

The mean x is part of calculating the range (R,) and it is
the primary calculation for reporting the measured value.
The mean is found by adding up the sum of inhibition effi-
ciency obtained for temperature range studied and then
dividing by the number of tests.

z;;] X

n

an

=
However, the average deviation of inhibition efficiency
measurements is calculated using Eq. (12):

Absolute deviation = |x — u]|. (12)

Absolute deviations are represented algebraically as

Z?:l |x - /"l

n

Average deviation = (13)

The obtained results are listed in Table 3. Standard devia-
tion is a reliable statistic for reporting precision, and the
following formula below can be used:

_ 2
U="Z(xn ,U). (14)

The standard deviation of the inhibition efficiency reveals
very good stability of all triazepine carboxylate inhibitors
studied at temperature range of 298-328 +2 K. Value of
standard deviation (Gn) is 4.75%, 3.06% and 3.33% for
Me—CN, CI-Me-CO,Et and CI-Me—CN, respectively. These
results confirmed that there were no significant changes, or
variation between all temperatures. All plots follow the same
pattern.

3.4 Adsorption Isotherm Analysis
and Thermodynamic Parameters

The efficiency of an organic species as a successful cor-

rosion inhibitor is mainly dependent on its ability to get
adsorbed on the surface of the metal. Adsorption isotherm

@ Springer



1 Page8of16

Journal of Bio- and Tribo-Corrosion (2019) 5:1

models can provide important clues to the nature of metal/
inhibitor interaction. Attempts were made to find a good fit
for triazepine carboxylate compounds adsorption on mild
steel surface with various isotherms. So, the coverage sur-
face values (0) can be easily determined from AC imped-
ance, Tafel polarization or the linear polarization by the
ratio 7 %/100. In the present study, the coverage surface
values were evaluated from Tafel polarization (Table 3).

Adsorption isotherm models considered were fitted and
presented in (Fig. 4). Their corresponding fitting curve
results are shown in Table 4. It is demonstrated that the
triazepine carboxylate compounds were adsorbed on
mild steel surface according to Langmuir isotherm model
(Fig. 4a). The correlation coefficient is known nearly
linear (R2 close to 1), i.e., 0.99999 for both CI-Me-CN
and Cl-Me—CO,Et compounds and 0.99995 for Me-CN
inhibitor. The values of regression coefficients (R?) given
in Table 4 confirmed the validity of the approach. Besides,
isothermal adsorption Langmuir describes molecules
adsorbed triazepine carboxylate compounds just stick to
outer layers of the surface of the mild steel or just form a
monolayer without bond strong.

This kind of isotherm involves the assumption of no inter-
action between the adsorbed species on the electrode surface
[23]. So, the adsorption constant, (K, is related to the free
energy of adsorption, (AG" ), by Eq. (15):

exp(=AG,y /RT), (15)

K= 55353

where the value 55.55 represents the water concentration in
solution by mol L~': R is the universal gas constant, and T
is the absolute temperature.

The values of (K,4,), (R?), (AG" ) and other parameters
are calculated and are given in Table 5. The high obtained
value of (K,4,) reflects the high adsorption ability of this
inhibitor on the mild steel surface.

In addition, if the value of (AG" ;) is —40 kJ/mol or
more negative, it indicates the transfer of the electrons from
the inhibitor to the metal surface forming a coordinate bond
between them. (AG" ) are lower than above, for exam-
ple, —20 kJ/mol, leading to a weak electrostatic attraction
between the charged inhibitor and the charged metal surface
in the corrosion medium [24, 25].

Moreover, the negative value of (AG" ;) indicates the

— stability of the adsorption layer on the steel surface;

— spontaneity of the adsorption process;

— strong interaction between triazepine carboxylate inhibi-
tor molecules and the mild steel surface [26, 27].

The perusal of (AG",,,) value ranging from —39.3 to

—44.8 kJ/mol suggests that the adsorption of pyoverdine
follows chemisorptions which is spontaneous in nature [28].

@ Springer

3.5 Thermodynamic Parameters of Activation
Corrosion Process

In order to gain more information about the adsorption type
of triazepine carboxylates compounds and its effectiveness
at higher temperatures, potentiodynamic polarization curves
for mild steel in 1.0 M HCI without and with various con-
centrations of triazepine carboxylates compounds were used
in the temperatures range from 298 to 328 +2 K. The activa-
tion parameters for the corrosion reaction can be regarded
as an Arrhenius-type process, according to the following
equation:

icorr =A exp(_Ea/RT)’ (16)

where (E,) is the apparent activation corrosion energy; (R)
is the universal gas constant, and (A) is the Arrhenius pre-
exponential factor. The apparent activation energies (E,) in
the absence and in the presence of triazepine carboxylates
compounds for mild steel are calculated by linear regression
between In(i,,,.) and I/T (Fig. 5), and the results are given in
Table 3. All the linear regression coefficients are close to 1,
indicating that the steel corrosion in hydrochloric acid can
be elucidated using the kinetic model.

A corresponding increase in the corrosion rate occurs
because of the greater area of metal that is consequently
exposed to the acid environment [29]. The enthalpy and
entropy of activation respectively (AH,) and (AS,) for the
intermediate complex in the transition state for the corrosion
of mild steel in 1.0 M HCl in the absence and in the pres-
ence of triazepine carboxylates compounds were obtained
by applying the alternative formulation of Arrhenius equa-
tion [30]:

L <RT AS, AH,
Leorr = Nh )exp R €Xp RT ’ (17)

where (/) is the Plank’s constant and (N) is the Avogadro’s
number. Figure 6 shows a plot of In(i.,/T) versus 1/T. A
straight line is obtained with a slope of (—AH,/R) and an
intercept of (In R/Nh+ AS,/R) from which the values of
(AH,) and (AS,) were calculated and reported in Table 3.
The positive values of (AH,) in the absence and the presence
of triazepine carboxylates compounds reflect the endother-
mic nature of the mild steel dissolution process. One can
also notice that (E,) and (AH,) values vary in the same way
as shown in Table 3, indicating that the corrosion process
is a unimolecular reaction. This result permits to verify the
known thermodynamic equation between the (E,) and (AH,).

Ea = AHa - TASa (18)
Therefore, when all the details are worked out one ends

up with an expression that again takes the form of an Arrhe-
nius exponential multiplied by a slowly varying function
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Fig.4 Adsorption isotherm plots for mild steel in 1.0 M hydrochloric
acid at different concentrations of triazepine carboxylate compounds
a Langmuir, b Freundlich, ¢ Temkin, d Flory—Huggins, e Frumkin

of (7). The precise form of the temperature dependence
depends upon the reaction, and can be calculated using
formulas from statistical mechanics involving the partition

adsorption isotherm plots: comparison of experimental (scatter) and
fitting (red line) data

functions of the reactants and of the activated complex. Nev-
ertheless, in order to carry simple calculations, Eq. (19) was
rearranged to become
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Table 4 Equilibrium constant and free energy of adsorption values for mild steel 1.0 M hydrochloric acid in the presence of triazepine carboxy-

late compounds at different concentrations

Isotherms Linear forms Curves Parameters Inhibitors
Cl-Me-CN  Me-CN Cl-Me-CO,Et
Langmuir cgh —c,, +! /K Cgh =£(Ci) R? 0.99999 0.99995 0.99999
o Ka Lmol™) 133x10*  13x10*  42x10*
Slope 1.07228 1.05982 1,09689
Freundlich Ing = InkK ;, + l]ncmh Ind :f(lnCinh) R? 0.97755 0.79943 0.97681
' Ky (L mol™)  1.04 16.89 1.01
Slope (I/n)  0.01525 0.34704 0.01723
N 65.57 2.88 58.0
Temkin 0= }ana ot ]lclﬂcmh 0= f(lnth) R? 0.97806 0.84006 0.9743
K, Lmol™) 1229x10% 109.88x10° 343x10%
Slope (1/f) 0.01355 0.11622 0.01477
F 73.80 8.60 67.7
Flory—Huggins 1n(9 /c. ) —InK,, +axIn(l - ) m(e /c. ) — f(n(1 — ) R? 0.98046 0.76608 0.95328
" " K, (Lmol™) 56.17x10" 15.17x10* 25.0x10'"
Slope (a) 7.36569 137621 8.24258
Frumkin 1n<Cin;1 y %> — 1K, — 2 X f(6) ln(C[,,,, y 199> 70) R? 0.97112 0.95993 0.96392
K, Lmol™) 504x10%  92.13x10° 72.06x 10**
Slope (—2f)  —60.0467  0.20589 —55.65795
F 30.02 -0.10 27.82

Table5 The constant value K4 and the calculated free enthalpy
AG,,,° for the inhibitors from the Langmuir isotherm for mild steel
in 1.0 M HCI in the absence and presence of 10~ M of triazepines

carboxylates compounds at 298 +2 K

Inhibitors K Mt R Slope AG,;,%/KJ mol™!
Cl-Me-COEt  42x10* 099999 1,00689 —42.0
Me-CN 13x10°  0.99995 1.05982 —39.3
Cl-Me-CN 133x10* 1 1.07228 —44.8

In (feon/ ) = <_ieH>(%) ¥ [IH%) ¥ <Alf>]

(19)

A plot of In (i, /T) against 1000/T should give a
straight line with a slope of (- AH,/R) and intercept of [In
(R/INh) + (AS,/R)], as shown in Fig. 6. (AH,) and (AS,)
were calculated and tabulated in Table 3. The activa-
tion energy (E,) increases in the presence of the inhibi-
tor; the same patterns were observed for all triazepine
carboxylate compounds studied. Increases in (E,) with
the presence of triazepine carboxylate compounds indi-
cate that a physical (electrostatic) adsorption occurred
in the first stage. The increase in (E,) may be resulted
either due to physical adsorption that occurs in first stage
[31] or due to decrease in the adsorption of inhibitor
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Fig.5 Arrhenius plots of mild steel in 1.0 M HCI without and with
performant triazepine carboxylate inhibitors studied

molecules on the steel surface with increasing tempera-
ture [29]. The (E,) value was (E,_ye_cn=43.7 kI mol™),
(Ea_(ci-me—co2en = 39,1 kI mol™") and
(Eyeciome—cny=351.4 KJ mol™!), respectively, for Me—CN,
Cl-Me—CO,Et and CI-Me—CN. The (E,) value for all inhibi-
tors studied was greater than 20 kJ mol™" in both the pres-
ence and absence of the triazepine carboxylates compounds,
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Fig.6 Transition Arrhenius plots for mild steel in 1.0 M HCl solution
without and with performant triazepine carboxylate inhibitors studied

which reveals that the entire process is controlled by the
surface reaction.

The values of (AH ; ) are nearly the same and are higher
in the presence of the inhibitor. This indicates that the energy
barrier of the corrosion reaction increased in the presence of
the inhibitor without changing the mechanism of dissolution.

The positive values of (AHst) for both corrosion pro-
cesses with and without the inhibitor reveal the endothermic
nature of the steel dissolution process and indicate that the
dissolution of steel is difficult [32].

According to the recorded values of enthalpy of activation
(Table 3), exothermic adsorption behaviour was detected
depending on applied temperatures. The value of enthalpy
of activation (4H,, ) is respectively (41.1 KJxmol™),
(36.5 KIxmol™!) and (48.8 KJ xmol™") for the Me—CN,
Cl-Me-CO,Et and CI-Me-CN.

The large negative value of (AS:) for mild steel in 1.0 M
HCI implies that the activated complex is the rate-deter-
mining step, rather than the dissociation step. In the pres-
ence of the triazepine carboxylate inhibitors, the value of
(ASZ) increases and is generally interpreted as an increase
in disorder as the reactants are converted to the activated
complexes [33]. The values of activation entropy (ASZ) are
higher for inhibited solutions than that for the uninhibited
solution (Table 3). The positive increment of (ASZ) suggest-
ing that an increase in randomness occurred on going from
reactants to the activated complex. This observation is in
agreement with the findings of other workers [34].

3.6 Surface Morphology (AFM)

Atomic force microscopy (AFM) is a very high-resolution
type of scanning probe microscopy, with demonstrated

resolution in the order of fractions of a nanometer, more
than 1000 times better than the optical diffraction limit. The
morphology of the surface of mild steel after immersion
for 6 h in 1.0 M HCI solution without and with 107> M of
Cl-Me—-CN was examined in the light of an atomic force
microscope.

The three-dimensional (3D) AFM morphology and the
AFM cross-sectional profile for polished mild steel surface
(reference sample), mild steel surface immersed in 1.0 M
HCI (blank sample), and the mild steel surface immersed in
1.0 M HCl containing 10~ M of CI-Me-CO,Et are shown
in (Fig. 7a, b). Also, in Table 6, summary of the root mean
square (Sq), average roughness (S,), peak-to-peak (Sy), ten-
point height (S,), surface skewness (S,) and coefficient of
kurtosis (S,,) values for the mild steel surface immersed in
protected and non-protected aggressive medium are listed.

Whereas () is root-mean-square roughness (the average
of the measured height deviations taken within the evalua-
tion length and measured from the mean line) and (S,) is
the average roughness (the average deviation of all points’
roughness profile from a mean line over the evaluation
length). Figure 7a displays corroded metal surface in the
absence of the CI-Me—CN inhibitor immersed in 1.0 M HCL.
The values of Root Mean Square (S,), Average Roughness
(S,) and the Ten-point height (S,) height for the polished
carbon steel surface (inhibited sample) are 496.13, 521.46
and 1612.17 nm, respectively. The slight roughness observed
on the polished carbon steel surface was due to atmospheric
corrosion.

These data suggest that the carbon steel surface immersed
in 1.0 M HCI has a greater surface roughness. Figure 7b
displays the mild steel surface after immersion in 1.0 M
HCI containing 1073 M of CI-Me—CN. The (Sy)s (S, and
(S,) values for the mild steel surface are 54.064, 40.748
and 305.693 nm, respectively. The Root Mean Square (S,),
Average Roughness (S,), and the Ten-point height (S,) are
considerably less in the inhibited environment compared to
the uninhibited environment. These parameters confirm that
the surface is smoother. The smoothness of the surface is
due to the formation of a compact protective film of Fe*t/
Cl-Me—-CN complex on the metal surface, thereby, inhibit-
ing the corrosion of mild steel.

3.7 Molecular Dynamic Simulation

The adsorption mode of investigated derivatives on Fe (1 1
0) surface was studied by the molecular dynamics simulation
method. At the molecular level, the most stable configura-
tion of the molecules on the metal surface and the values of
the adsorption (Exgqorpion) between organic inhibitor and the
metal surface are the results of the simulations process [35].
The most stable (lowest energy) configurations of the tested
compounds on Fe (110) surfaces are depicted in Fig. 8.
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Fig.7 AFM photographs of corroded mild steel surface a uninhibited acid and b inhibited acid by adding Cl-Me-CN

Table 6 AFM data of the surface of protected and non-protected mild
steel surface after immersion for 6 h in 1.0 M HCl solution

With CI-Me-CN Blank solu-

tion (1.0 M

HCl)
Amount of sampling 262,144 262,144
Max (nm) 598.29 3223.56
Min (nm) 0 0
Peak-to-peak, S, (nm) 598.293 3223.56
Ten-point height, S, (nm) 305.693 1612.17
Average (nm) 316.413 1275.82
Average roughness, S, (nm) 40.7489 496.13
Root mean square, Sq (nm) 54.064 521.46
Second moment 103,040 1.68143x 10°
Surface skewness, Sy 0.208383 1.699
Coefficient of kurtosis, Sy, 1.40747 6.49
Entropy 10.9859 17.87
Redundance —0.191232 —0.102

@ Springer

It was observed that the heteroatoms of the compounds
adsorbed on the iron at first. Then, the remaining centres
of the compounds have moved gradually close to the metal
surface. Therefore, as shown in Fig. 8, the studied molecules
Cl-Me—CN and Me—CN adsorbed on the Fe surfaces with an
almost flat orientation, where compound Cl-Me—CO,Et is
not fully oriented in flat position on metal surface. The paral-
lel configuration as in compound Cl-Me—-CN and Me-CN
supports the maximum surface coverage and the higher
binding interaction.

The values of (E, ) are large and negative implies that
the binding between the investigated inhibitors and the metal
surface is spontaneous, and the more negative values of the
adsorption energy can be attributed to the stable and strong
interaction of the inhibitor on the metal surface [36]. It is
observed in Table 7 that the binding energy of CI-Me—-CN
on the iron surface is higher than the energy determined for
H,O" and CI". This supports that the inhibitors are stable
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Fig.8 Most stable orientation of inhibitors on Fe (110) in 1.0 HCI simulated a C1-Me-CO,Et, b CI-Me-CN, ¢ Me-CN

Table 7 Outputs and descriptors

Structure Cl-Me-CO,Et/Fe Cl-Me-CN/Fe (110) Me-CN/Fe (110)

calculated by the Monte-Carlo (110)

simulation for adsorption

of Uiazep(iineciarﬁoxyclgeE Total energy —4259.60 —4301.79 —4256.70

compounds Cl-Me-CO,Et, . _ _ _

Cl-Me—CN and Me—CN on Fe Adsorption energy 4393.57 4488.27 4444.83

(110 Rigid adsorption energy —4319.52 —4408.58 —4367.92
Deformation energy —74.05 —79.68 —-76.91
Compound: dE,/dN; —233.78 —275.68 —252.90
H,0: dE, /dN; —13.49 -11.59 —8.65
H,0™": dE, /dN; —136.96 —147.73 —150.43
CI™: dE,4/dN; —74.79 —155.31 —141.67

on the iron surface than other competing species. It has been
reported that the organic inhibitors with unoccupied orbitals
promote the formation of a chelate on the metal surface by
accepting electrons from a d-orbital of the metal during such
strong adsorption process [34]. Therefore, the compound
CI-Me—-CO,Et and Me—CN can form a stable chelate with
the iron after strong adsorption, and this leads to a good
corrosion inhibition efficiency.

The radial distribution function (RDF) g (r) is a mod-
ern tool used to measure the bond length which provides an
indication on the type of interaction of inhibitor molecules
on metal surface. In literature, when the first peak occurs at

1-3.5 A, this implies the chemisorption whereas the phy-
sisorption is associated with the peaks longer than 3.5 A.
The radial distribution function of heteroatoms of inhibitors
graphically as shown in Fig. 9 shows that all the bond length
values of are less than 3.5 A, so chemical interactions might
occur between these atoms and the metallic surface.

3.8 Mechanism of Corrosion Inhibition

The experimental results suggested that the corrosion inhi-
bition mechanism is appertained to the adsorption of the

@ Springer
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Fig.9 Pair correlation function of N and O atoms from triazepine carboxylate compounds a ClI-Me-CO,Et, b CI-Me-CN and ¢ Me—-CN with
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investigated compounds on the metal surface. The unshared
electron pairs on (O, N) heteroatoms along with n-electrons
of aromatic systems and multiple bonds contribute virtually
in the adsorption process.

The studied triazepine carboxylate compounds are
favourably chemisorbed on the metal surface. In the first
stage of the chemisorption, the protonated form of inter-
ested compounds competes with aqueous H*.

The evolution of H, gas occurs followed by a trans-
formation of triazepine carboxylate compounds inhibi-
tors to their neutral state and this step is accompanied by
electron transfer unshared on heteroatoms (O, N) to the
vacant d-orbital of iron surface atoms. As a consequence,
the metal surfaces are accumulated with excess negative
charge where back donation is more probable from metal
surface to the anti-bonding orbital of inhibitors com-
pounds. Both donation and back donation synergize and
substantiate the adsorption of the inhibitor molecules on
mild steel surface. In this report, the (C1-Me—CN) exhibits
the highest corrosion inhibition performance. This per-
tains to the difference in molecular structure of compounds
studied due to the electronic effect and basic nature of
substitution in (CI-Me—CN) compound that enhance the
inhibitive power.

4 Conclusion

Triazepine carboxylate compounds studied (Cl-Me—CN,
Me-CN and Cl-Me—CO,Et) are acting as good corrosion
inhibitors in 1.0 M HCI, and their inhibition efficiency
increases with increasing concentration, and best perfor-
mance is for (CI-Me—CN). The inhibition efficiency trend
of inhibitors obtained from electrochemical and molecu-
lar dynamic simulation is in good agreement. The experi-
mental data give very good curves fitting for the applied
adsorption isotherms as correlation coefficients (R*) were
in the range of 0.99995 < R? <0.99999. All the inhibitors
follow the Langmuir adsorption isotherm with slopes of
almost unity, monolayer interaction between the adsorbed
species. The high negative value of (AG",,,) indicates
that triazepine carboxylate compounds can be adsorbed
on mild steel surface by chemical mechanism and also the
spontaneity of the adsorption process. Surface examina-
tion via means of Atomic force microscopy (AFM) shows
a remarkable mitigation of mild steel corrosion by the
formation of protective layer on steel surface. Molecular
dynamic simulations supported the experimental results
that showed ClI-Me—CN, Me-CN and Cl-Me-CO,Et as
efficient corrosion inhibitors. On the other hand, it could
be interesting also to study the effect of these compounds
on the corrosion of another metal in another acidic

medium such as H,SO, and 1.0 M H;PO,. This study con-
firmed the performance and the other application of the
triazepine carboxylate compounds.
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