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Multidimensional insights involving
electrochemical and in silico investigation into the
corrosion inhibition of newly synthesized
pyrazolotriazole derivatives on carbon steel in

a HCl solutionf

ﬁ%’ *a

Lei Guo, & *2 Youness El Bakri,*® El Hassane Anouar, & *@ Jianhong Tan,® Savas Kaya'
and El Mokhtar Essassi®

Herein, the anti-corrosion of carbon steel in 1 M HCl by two newly synthesized pyrazolotriazole derivatives,
namely, 6-methyl-1H-pyrazolo[5,1-c][1,2,4ltriazole-7-carbonitrile (CPT) and 1-acetyl-6-methyl-1H-
pyrazolo[5,1-c][1,2,4]triazole-7-carbothioamide (MPT), was studied using electrochemical, density
functional theory (DFT), and molecular dynamics (MD) simulation techniques. The experimental results
showed that the concentrations of inhibitors had a significant influence on their inhibition efficiencies.
Potentiodynamic polarization curves indicated that the two pyrazolotriazoles were mixed-type inhibitors.
DFT calculations were employed to explore the molecular activity, and MD simulations were performed
to obtain the interaction energy between the inhibitor molecules and the iron surface. The findings
obtained using the theoretical calculation techniques were consistent with those obtained via experiments.

1. Introduction

Nowadays, hydrochloric acid solutions are being widely applied
in industrial fields such as acid pickling, industrial cleaning,
acid descaling, oil-well acidizing and petrochemical processes.
In these applications, the service metals (usually carbon steel)
can be subjected to different degrees of processing;' in this
regard, the use of an organic corrosion inhibitor is the most
important and economical approach among all anticorrosive
methods.>* Majority of researchers believe that inhibitors
protect metals from corrosion by forming a film on the metal
substrate.>” Their inhibition effectiveness is generally related to
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their chemical composition, molecular volume, water solubility,
heat stability, and affinity to the metal substrate.® Polar func-
tional groups, heteroatoms, such as O, N, S, and P atoms, and -
electrons act as adsorption centers during metal-inhibitor
interactions. We have theoretically confirmed an empirical rule
that the general trend of the inhibition efficiencies of molecules
containing heteroatoms is O < N < §.°

As is well-known, the corrosion inhibition properties of
organic molecules depend on their molecular activity. These
molecular descriptors can be obtained from quantum chemical
approaches, which have been widely used to explore the reac-
tion mechanism.'™" Generally, the design and application of
inhibitors with larger molecular sizes is an effective strategy to
ensure their corrosion inhibition efficiency, which may provide
a better surface coverage.'” Some researchers have studied the
inhibition mechanism of organic inhibitors through DFT
calculations, and some linear or nonlinear models based on
multiple regressions have been successfully established to
probe the relationship between quantum chemical descriptors
and inhibition efficiency.”®** On the other hand, molecular
dynamics simulation is a valid approach to obtain information
about the interaction between the metal substrate and inhibitor
molecules.' Pyrazolotriazole is a heterocyclic aromatic organic
compound with a bicyclic structure consisting of fused pyrazole
and triazole rings. Some studies have demonstrated that pyr-
azolotriazole derivatives are safe and nontoxic to humans or the
environment, and thus, they can be used as antimicrobial
agents or PDE4 inhibitors.””*® In addition, many researches
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have indicated that triazole derivatives can serve as excellent
inhibitors for metal corrosion in an acidic medium.**>* Thus,
pyrazolotriazoles with large volumes can be theoretically used
in metal corrosion and protection applications.

The purpose of this study was to investigate the inhibition
effect of two newly synthesized pyrazolotriazoles on the corro-
sion of carbon steel in a molar hydrochloric acid solution.
Electrochemical tests were carried out, and the anticorrosive
mechanism was clarified. Moreover, the effects of temperature
and inhibitor concentration on the inhibition performance
were investigated. In addition, detailed DFT calculations and
MD simulations were conducted to corroborate the experi-
mental observation. The results presented in this study would
benefit the development of novel inhibitors with a better effi-
cacy for carbon steel in an acid solution through rational
molecular preconstruction.

2. Materials and methods

2.1. Synthesis of pyrazolotriazole derivatives

Typically, 1 g of 6-methyl-7H-[1,2,4]triazolo[4,3-b][1,2,4]tri-
azepine-8(9H)-thione was heated in 10 ml acetic anhydride for
1 h. The solution was then concentrated to dryness under
reduced pressure, and the residue obtained was extracted with
dichloromethane. After concentrating the solution under
vacuum, the obtained solid was subjected to chromatography
using a silica column (eluent: dichloromethane/methanol: 95/5
v/v). We separated the two products MPT and CPT, and their
relevant structural information is presented in Table 1 and
Fig. S1-S4 (ESIY).

MPT. Off-white solid, yield: 18%; mp: 202-204 °C. '"H NMR
(300 MHz, DMSO) 6 ppm: 9.34 (s, 1H, CHiazoric); 2.59 (s, 3H,
CH3); 2.40 (s, 3H, CH;). >C NMR (75 MHz, DMSO) § ppm:
167.77, 161.78, 143.57, 113.44, 73.40 (Cq); 133.23 (CH) 21.23,
13.92 (CHj;). Elemental analysis: calculated: C, 43.04%; H,
4.06%; N, 31.37%; O, 7.17%; and S, 14.36%. Found: C, 43.13%;
H, 4.01%; N, 31.29%; O, 7.18%; and S, 14.39%.
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CPT. White solid, yield: 20%; mp: 188-190 °C. "H NMR (300
MHz, DMSO) 6 9.06 (s, 1H, CHiazolic); 2-34 (s, 3H, CH3)-'3C
NMR (75 MHz, DMSO) ¢ ppm: 160.91, 147.43, 114.84, 64.48
(Cq); 130.78 (CH); 13.98 (CHj3). Elemental analysis: calculated:
C, 48.98%; H, 3.43%; and N, 47.60%. Found: C, 48.97%; H,
3.44%; and N, 47.59%.

To validate that the synthesized inhibitors were environ-
mentally non-toxic, the toxicities of CPT and MPT were evalu-
ated using the TOPKAT module of the Discovery studio 3.0
software.”” The obtained probability values indicated that the
toxic levels of both inhibitors were in a safe area (see ESIt for
more details on the toxicity data).

2.2. Preparation of test solutions and electrodes

The corrosion tests were performed in a 1 M HCI solution in the
absence and presence of pyrazolotriazole derivatives at various
concentrations ranging from 10~® M to 10~* M. The corrosive
solution was prepared by diluting HCI (analytical grade 37%)
with distilled water. Carbon steel was used, which was subjected
to metallographic preparation with the following nominal
composition: 0.36 wt% C, 0.66 wt% Mn, 0.27 wt% Si, 0.02 wt%
S, 0.015 wt% P, 0.21 wt% Cr, 0.02 wt% Mo, 0.22 wt% Cu,
0.06 wt% Al and the rest iron. Before each experiment, the
electrodes were successively abraded with sand papers of
different grades followed by washing with ethanol and distilled
water. The effect of temperature on the inhibition efficiencies of
the inhibitors was tested between 303 and 333 K.

2.3. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization (PDP) measurements were carried out
using an EG&G Princeton Applied Research Parc Model 2273. A
three-electrode electrolytic cell was employed with carbon steel
as the working electrode, platinum foil as the counter electrode,
and saturated calomel as the reference electrode. The tested
area of the electrodes exposed to the solution was 1 cm?. The

Table 1 Some information about the newly synthesized pyrazolotriazole derivatives

Molar mass
Inhibitor Structure Abbreviation (g mol™)
N
H N / \ CH3
6-Methyl-1H-pyrazolo[5,1-c][1,2,4]triazole-7-carbonitrile ;/ — CPT 147.14
N
~N c
N N\
H \\N
H N
>/\ ' N\, —CHa
N
1-Acetyl-6-methyl-1H-pyrazolo[5,1-c][1,2,4]triazole-7-carbothioamide AN — MPT 223.25
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carbon steel electrode was immersed in the corrosive solution
for an appropriate time until a steady-state potential was ach-
ieved. EIS measurements were performed by applying a 10 mV
sine wave with frequencies in the range of 100 kHz to 10 mHz to
the cell. The polarization curves were obtained by polarization
at the scan rate of 0.167 mV s~ . The data obtained by the PDP
methods were analyzed and fitted using the Ec-Lab analysis
software, and the impedance results were fitted using the Zview
impedance analysis software.

2.4. DFT calculations

Initially, the ground states of the synthesized pyrazolotriazoles
derivatives were optimized using the state-of-art DFT method,
for which the famous hybrid functional B3LYP was used via the
Dmol® code in the Materials Studio software.?® The minima of
the optimized structures of the tilted compounds were
confirmed by frequency calculations at the same level of theory
(i.e., the absence of imaginary frequencies). The effects of the
solvent molecules were implicitly taken into account by
considering the conductor-like screening model.* In the
defined model, the solute was embedded into a cavity sur-
rounded by solvent molecules, which were described by the
dielectric constant ¢ (e.g., for water, ¢ = 78.3). Then, the relevant
quantum chemical parameters were obtained.

2.5. Molecular dynamics simulation

An MD simulation was conducted using the Forcite module of
the Materials Studio 8.0 program developed by BIOVIA Inc. The
simulation was carried out in a simulation box (1.98 nm X
1.98 nm x 4.81 nm) with periodic boundary conditions to
model a representative part of the interface devoid of any
arbitrary boundary effects. The box consisted of an iron slab
and a water slab (with 500 water molecules) containing the
studied inhibitor. For the iron surface, an Fe(110) surface has
been selected as the studied surface because Fe(110) has
a density packed surface and is most stable.*® The Fe(110)
surface was modeled with a six-layer slab model. In this model,
there were 64 iron atoms in each layer representing an (8 x 8)
unit cell. The entire system was performed at 303 K, controlled
by an Andersen thermostat, NVT ensemble, with a time step of
1.0 fs and a simulation time of 1000 ps using the COMPASS
force field.”® Non-bonding interactions, i.e. van der Waals and
electrostatic interactions, were set for the atom-based and
Ewald summation method, respectively, with the cut off radius
of 1.55 nm.

3. Results and discussion

3.1. PDP measurements

Potentiodynamic polarization curves for carbon steel in a 1 M
HCI solution without and with pyrazolotriazoles at different
concentrations at 303 K are presented in Fig. 1. As observed
from Fig. 1, the nature of the polarization curves did not change
with and without inhibitors; however, the curves shifted
towards lower current density after the addition of inhibitors;
this suggested that the inhibitor molecules inhibited the
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corrosion process. The values of corrosion current densities
(Icorr) were determined by the extrapolation of the cathodic and
anodic Tafel lines to the corrosion potential (E.o,). The elec-
trochemical parameters, including the E.or, Ieorr, anodic Tafel
slope (8,), cathodic Tafel slope (8.), and percentage inhibition
efficiency (IE%), are presented in Table 2. The inhibition effi-
ciencies were evaluated using the following equation:

TE(v%) = Lm0 Lo 19 (1)
corr,0

where I.orr and Icor,o denote the corrosion current densities with
and without inhibitors, respectively.

The results presented in Table 2 revealed that an increase in
the concentration of both derivatives resulted in a decrease in
the corrosion current densities and an increase in the inhibi-
tion efficiency, suggesting that the adsorption of the inhibitor
molecules on the surface of carbon steel blocked the active sites.
Particularly, it is worth mentioning that the optimal inhibition
efficiencies for the two compounds follow the order CPT < MPT,
and the values are 89.6% and 93.5%, respectively. The presence
of inhibitors caused a minor change in the E.,, values (less
than 85 mV) with respect to the case of the blank; this implied
that both organics acted as mixed-type inhibitors.>” They not
only would reduce the anodic dissolution of carbon steel, but
would also retard the cathodic hydrogen evolution reaction.
Moreover, it was obvious that the slopes of the anodic (8,) and
cathodic (8.) Tafel lines remained almost unchanged upon the
addition of the two compounds. This indicated that the inhib-
itors decreased the surface area for corrosion without affecting
the corrosion mechanism of carbon steel in the HCI solutions.?®
The inhibiting effect of the inhibitors may be related to their
adsorption and the formation of a barrier film on the electrode
surface.

3.2. EIS measurements

The EIS measurements were carried out to further evaluate the
corrosion inhibition performance of these two new inhibitors.
The impedance spectra for carbon steel in 1.0 M HCI with and
without CPT and MPT at different concentrations at 303 K are
presented as Nyquist plots in Fig. 2. The plots are denoted by
a unitary capacitive loop in the form of depressed semicircles. A
deviation of this kind is often referred to as frequency disper-
sion due to the surface inhomogeneity of the working elec-
trode.” It is clear from Fig. 2 that the impedance response of
carbon steel has significantly changed after the addition of
pyrazolotriazoles to the corrosive solution. The diameters of the
capacitive loops increased with an increase in the inhibitor
concentration. Generally, a large charge transfer resistance is
associated with a slowly corroding system. It was worth noting
that the change in the concentrations of inhibitors did not alter
the shape of the impedance behavior; this implied a similar
inhibition mechanism of the inhibitors.

Fig. 3 shows the equivalent circuit model for the analysis of
the impedance characteristics. Herein, R, represents the solu-
tion resistance and R, is the charge transfer resistance corre-
sponding to the corrosion reaction at the iron-solution
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Fig. 1 Potentiodynamic polarization curves for carbon steel in the absence and presence of (a) CPT and (b) MPT at different concentrations.

interface. Considering that a double layer does not behave as an
ideal capacitor in the presence of a dispersing effect, a constant
phase element, CPE, is used to substitute the double layer
capacitance (Cqj). Constant phase elements have been widely
used to account for deviations brought about by surface
roughness. The impedance of CPE is defined by the following
equation:*

b
Yo(jw)"

where Y, is a proportionality coefficient, j is the imaginary unit,
and w is the angular frequency. The value of n represents the
deviation from the ideal behavior and it lies between 0 and 1.
Cq1 and the inhibition efficiency IE% were calculated by the
following relations:**

(2)

Zcpg =

Cai = (YoRy' ™" 3)

Rcl - RcL,O
R

IE(%) = x 100 (4)
where R, and R., are the charge transfer resistance in the
presence and absence of inhibitors, respectively. The corre-
sponding impedance parameters are presented in Table 3.

It is apparent from Table 3 that the R, values of both the
investigated pyrazolotriazole derivatives increase with an
increase in the concentrations of the inhibitors, and MPT
provides a better inhibition efficiency than CPT. However, the

values of Cq4 decrease with an increase in the inhibitor
concentration. According to the Helmholtz model, Cq4 can be
expressed as the following relation:**

0

Ca = gd—eA )
where d is the thickness of the protective film, ¢ is the local
dielectric constant, ¢° is the permittivity of air, and A is the
effective surface area of the electrode. Then, a decrease in the
CPE can result from a decrease in the local dielectric constant
and/or an increase in the thickness of the double layer, sug-
gesting that the inhibitors inhibit the corrosion of carbon steel
by adsorption at the iron/acid interface. Therefore, the change
in the Cq values originated from the gradual displacement of
the water molecules by the adsorption of the corrosion inhibi-
tors on the iron surface, decreasing the extent of metal disso-
lution.®® Overall, the corrosion inhibition performances
obtained from the EIS measurements are in good agreement
with those obtained from PDP.

3.3. Adsorption isotherm and thermodynamic parameters

The inhibition of the corrosion of metals by organic compounds
can be explained by their adsorption isotherms. To evaluate the
adsorption process of the investigated pyrazolotriazole deriva-
tives on the carbon steel surface, several adsorption isotherms,
such as Langmuir, Temkin, Freundlich and Frumkin isotherms,

Table 2 Tafel polarization parameters for carbon steel in a 1 M HCl solution in the absence of inhibitors and at different concentration of the

tested inhibitors at 303 K

Ecorr
Inhibitor c (M) (mV per SCE) Leorr (LA cm™?) Ba (mV dec™ ) —B. (mV dec™) IE (%)
Blank 1 —452.1 660.8 95.3 113 —
CPT 107° —445.9 128.9 64.4 99 80.4
10°° —436.7 104.2 59.7 103.7 84.2
107* —447.2 72.3 69.6 104.6 89.0
1073 —449.6 68.4 72.8 109.7 89.6
MPT 10°° —454.0 130.0 63.7 105.9 80.3
107° —439.3 117.8 62.4 109.8 82.1
107* —442.1 103.8 66.7 97.8 84.2
1073 —441.4 42.8 67.3 99.7 93.5
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Fig. 2 Nyquist plots for carbon steel in 1 M HCl in the absence and presence of (a) CPT and (b) MPT at different concentration at 303 K.

Steel substrate

Fig. 3 Equivalent circuit used to fit the obtained Nyquist impedance
spectra.

were tested. Finally, the results indicated that the Langmuir
adsorption isotherm could provide the most accurate descrip-
tion of the adsorption behavior. The Langmuir adsorption
isotherms can be expressed by the following relation:**
C 1
i (6)

where K,qs is the equilibrium constant of the adsorption
process, C is the corrosion inhibitor concentration in the
solution, and 6 is the surface coverage (from Table 3). Fig. 4
shows the plots of C/6 vs. C, which appear as straight lines for
both inhibitors. The linear regression coefficients (R?) as well as
all the slopes are close to one, confirming that the adsorption of
pyrazolotriazole follows the Langmuir adsorption isotherm. The
free energy of adsorption AGags can be calculated from the Kyqs

value by the following correlation:**

AGYys = —RT In(K,gs X 55.5) (7)
where 55.5 is the concentration of water, R is the universal gas
constant and T is the absolute temperature. As can be observed
from Fig. 4, the calculated AGYy, values for CPT and MPT are
—37.5 and —31.2 kJ mol ™", respectively. These negative values
suggested that the adsorption of both compounds on the carbon
steel surface was a spontaneous process. It is generally accepted
that the AGJ4, values of —20 k] mol " or less negative than this
are associated with an electrostatic interaction between the
charged molecules and the charged metal surface (physical
adsorption), whereas those of —40 k] mol ™" or more negative
than this involve charge sharing or transfer between the inhibitor
molecules and metals (chemical adsorption).** However, the
adsorption of inhibitors on the metal substrates cannot be

Table 3 EIS parameters obtained for carbon steel in a 1 M HCl solution in the absence of inhibitors and at different concentrations of the tested

inhibitors at 303 K

CPE
c (M) R, (Q cm?) R (Q cm?) Yo (x1077 Q' em 2 §") n Cai (WF cm™?) IE (%) 0
Blank 0.568 20.24 2.72 0.860 116.87 — —
CPT 10°° 2.933 107.5 1.67 0.774 51.87 81.1 0.811
10°° 1.589 139.5 1.38 0.777 44.50 85.4 0.854
107* 1.145 218.0 1.02 0.806 40.09 90.7 0.907
1073 2.685 219.7 1.01 0.795 37.98 90.8 0.908
MPT 10°° 1.324 109.3 1.48 0.798 52.17 81.4 0.814
10°° 1.870 125.1 1.35 0.803 49.82 83.8 0.838
107* 1.273 135.9 1.27 0.780 40.47 85.1 0.851
1073 1.119 351.9 0.89 0.794 36.62 94.2 0.942

This journal is © The Royal Society of Chemistry 2019
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Fig.4 Langmuir adsorption isotherms and relevant parameters for the investigated (a) CPT and (b) MPT inhibitors on the carbon steel surface at

303 K.

considered as a purely physical or chemical behaviour. In addi-
tion to chemical adsorption, the inhibitor molecules can also be
adsorbed on the metal surface via physical interactions. In this
case, we can conclude that the adsorption of pyrazolotriazoles on
iron substrates is a mixed type of chemical and physical
adsorption, with the first process being predominant.

3.4. Effect of temperature

As shown in Fig. 5, the effect of temperature on the corrosion of
carbon steel in 1 M HCl without and with the studied inhibitors
at various concentrations was investigated between 303 K and

333 K using the PDP measurements. The deduced corrosion
parameters such as Ecorr, leor, and the inhibition efficiency
(IE%) are summarized in Table 4. It is clear that the corrosion
rate increases with an increase in temperature under all
circumstances. The corrosion rate of carbon steel in the absence
of inhibitors increased steeply from 303 to 333 K, whereas the
corrosion rate increased slowly in the presence of inhibitors.
The inhibition efficiency decreased with an increase in
temperature from 303 to 333 K. This type of behavior can be
described on the basis that the increase in temperature leads to
a shift in the equilibrium position of the adsorption/desorption
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Fig.5 Effect of temperature on the behavior of the carbon steel/HClinterface in uninhibited and inhibited solutions with 107> M of the inhibitors

tested herein.
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Table 4 The influence of temperature on the PDP parameters for carbon steel in 1 M HCl with and without the studied inhibitors in the

temperature range of 303-333 K

Ecorr
Inhibitor T (K) (mV per SCE) Leorr (LA cm™?) Ba (mV dec™) —B. (mV dec™) IE (%) 0
Blank 303 —452.1 660.8 95.3 113 — —
313 —454.4 865.5 79.1 95.4 — —
323 —443.4 1529.8 88.7 79.3 — —
333 —450.8 2898.3 82.8 82.9 — —
CPT 303 —449.6 68.4 72.8 109.7 89.6 0.896
313 —447.4 253.7 71.6 94.6 70.6 0.706
323 —453.0 506.8 79.8 114.8 66.8 0.668
333 —461.2 1360.8 88.9 117.7 53.0 0.530
MPT 303 —441.4 42.8 67.3 99.7 93.5 0.935
313 —447.0 264.4 67.9 99.4 69.4 0.694
323 —463.1 485.8 85.5 117.2 68.2 0.682
333 —457.9 928.6 116.7 128.4 67.9 0.679

phenomenon towards the desorption of the inhibitor molecules
on the surface of the carbon steel.*”

The effect of temperature on the corrosion current (I.o.) can
be used to determine the activation thermodynamic parameters
for the dissolution process following the Arrhenius and
transition-state equations:*®

E,
Inly,=mnAd— == 8
n n RT (8)
1 Icorril R +ASa AH, (9)
" ="M R T RT

where E, is the activation corrosion energy, AH, is the enthalpy,
AS, is the entropy of activation, T is the absolute temperature in
Kelvin, 7 is the Planck's constant, N is Avogadro's number and R
is the molar gas constant. The plots of In I.o. vs. 1/T and In(Zeor/
T) vs. 1/T are shown in Fig. 6. The E, values for carbon steel were
determined from the slope of the In I, vs.1/T plots. AH, and
AS, were calculated from the slope and intercept of the In(Z ./
T) vs.1/T plots, respectively. The obtained corrosion kinetic
parameters are listed in Table 5.

As can be observed from Table 5, the values of E, for the
inhibitor-containing systems are higher than that for the
uninhibited system; this indicates a decrease in the rate of
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dissolution of carbon steel due to an increase in the energy
barrier for the dissolution reaction. The positive sign of AH,
suggests that the dissolution of carbon steel is endothermic.*
The large negative value of AS, for carbon steel in 1 M HCI
implies that the formation of the activated complex is the rate-
determining step, rather than the dissociation step. In the
presence of the inhibitors studied herein, the AS, value
increased, indicating an increase in disorder as the reactants
were converted to the activated complexes.*®

3.5. DFT results

The DFT study was conducted to understand and explain the
inhibitory effects of compounds in molecular terms. The
HOMO and LUMO orbitals are useful for predicting adsorption
centers in the interaction between the inhibitor and the metal
surface. Efficient inhibitors donate electrons (a nucleophilic
attack) to the d orbital of the metal and accept electrons from
the metal surface (an electrophilic attack).*” The frontier
molecular orbitals for the synthesized inhibitors in both the
neutral and the protonated forms are displayed in Fig. 7. The
HOMO orbitals are delocalized over the pyrazolotriazole moiety
for CPT, whereas for MPT, the HOMO orbitals are mainly
localized over the carbothioamide moiety. On the other hand,

< 0.024 | (b)

< .\.\.'\.
' ¢

g 0.020 |

iij; *

= 0.016  m Blank

~ A CPT

= 0012 ¢ MPT .
- 1 1 1 1 1 1 1

3.00 3.05 3.10 3.15 3.20 3.25 3.30
1000/T (K™)

Fig. 6 (a) Arrhenius plots of In /cor vs. 1/T and transition-state plots of In(/cer/T) vs. 1/T (b) for carbon steel in 1 M HCl containing 10~ M CPT and

MPT at various temperatures.
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Table 5 Corrosion kinetic parameters for carbon steel in 1 M HCl in
the absence and presence of 10~ M of tested inhibitors

Inhibitor E, (k] mol ™) AH, (k] mol ™) AS, J mol ' K1)
Blank 41.7 39.1 —62.8
CPT 81.1 80.5 56.3
MPT 83.4 76.1 40.2

the LUMO orbital of CPT is delocalized over the triazole ring,
similar to the case of the carbothioamide group for MPT. The
electronic density delocalization of the HOMO and LUMO
orbitals distinctly showed that the synthesized inhibitors might
donate/accept the electrons of the atom sites in the triazol and
pyrazolo moieties to/from the d-orbitals of the iron metal. This
phenomenon is more pronounced for protonated inhibitors.
Using the Koopmans' theorem as an approximation,** the
ionization potential (I) and electron affinity (4) can be replaced
by the highest occupied molecular orbital energy (Exomo) and
the lowest unoccupied molecular orbital energy (Erumo),

respectively. That is, ] = —Eyomo and A = —Epymo- The elec-

tronegativity (x) and global hardness (n) are related to I and A:*
I+ 4

=—- 1

X=— (10)
I1-4

== 11

n=— (11)

The fraction of electrons transferred from (to) the inhibitor
molecules to (from) the metallic surface (AN) was calculated

by*

XFe — Xinh ¢F€ — Xinh
AN = = 12
Z(nFe + ninh) 2ninh ( )
Structure
HOMO
LUMO

Paper

For the iron surface, the work-function @ is taken as its
electronegativity, whereas the chemical hardness is neglected
because 7 of the bulk metals is related to the inverse of their
density of states at the Fermi level, which is an exceedingly
small number.* The relative quantum chemical descriptors are
listed in Table 6. From the data, we can observe that MPT
exhibits lower AE value and higher AN and dipole moment (u)
values, which theoretically confirm that it has a better corrosion
inhibition performance.

3.6. Molecular dynamics simulation

MD simulations were carried out to provide deep insights into the
anticorrosive mechanism of the studied inhibitors, which helped
us to better understand the inhibitor-iron interactions at the
atomic and molecular level. The simulations were run until the
system reached equilibrium and both the energy and tempera-
ture were balanced. The equilibrium configurations of CPT and
MPT adsorbed on the Fe(110) surface are presented in Fig. 8.
Moreover, we declare that the absorption behavior of the inhibi-
tors in the protonated form has no obvious effect on their equi-
librium configurations (see Fig. S5 in the ESIt); therefore, we have
concentrated on the neutral results in the following discussions.

As shown in Fig. 8a and b, the inhibitor molecules were
adsorbed on the Fe(110) surface in the parallel adsorption
mode. Hence, it was reasonable that the nearly flat adsorption
orientation was ascribed to the simultaneous interactions of the
inhibitor molecules with the Fe(110) surface through the
electron-rich groups as well as the aromatic rings. Compared
with the case of vertical adsorption, the parallel adsorption
configurations can distinctly cover more steel surface area and
this leads to a better inhibition action.*®

The strength of the corrosion inhibitors absorbed on the
iron surface can be expressed by the adsorption energy (E,qgs),
which has been calculated using the following equation:*’

MPT

Fig. 7 Frontier molecular orbitals of the synthesized inhibitors in the neutral and protonated forms.
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Table 6 Some molecular properties of the tilted compounds calculated using DFT at the B3LYP level in an aqueous phase

Inhibitor 1(ev) A (eV) Enomo (eV) Erumo (eV) AE (eV) X n AN u (Debye)
CPT 6.66 0.85 —6.66 —0.85 5.81 3.75 2.91 0.558 4.11
CPTH 7.85 2.11 ~7.85 —-2.11 5.74 4.98 2.87 0.351 7.64
MPT 6.26 1.92 —6.26 -1.92 4.34 4.09 2.17 0.671 5.51
MPTH 7.20 3.41 —7.20 -3.41 3.79 5.30 1.89 0.449 9.31

E.is = Eiotal — (Esurtswater T Einhswater) T Fwater (13) rcurve within 0.35 nm was caused by chemical bonds, and the

where Ei., is the total potential energy of the system, which
includes the iron crystal, the adsorbed inhibitor molecule and
the solution. Egyrfiwater aNd Einhiwater are the potential energies
of the system without the inhibitor and the system without the
iron crystal, respectively. Ey.r iS the potential energy of the
water molecules.

The adsorption energies in the present study were calculated
from the average adsorption energy of the obtained equilibrium
configurations. The obtained E,qs values are —335.2, —512.7,
—348.9, and —523.4 k] mol~* for CPT, MPT, CPTH, and MPTH,
respectively. The negative values indicate that spontaneous
adsorption can be expected. It is generally accepted that a more
negative value of E,qs suggests a stronger adsorption strength
between the inhibitor molecule and the metal substrate.*®
Obviously, MPT has a better inhibition performance with
a higher absolute value of E,q;.

Finally, pair correlation functions for the super-molecular
structures, g(r), were obtained. Generally, the peak in the g(r)-

Fig. 8
aqueous phase, respectively.

This journal is © The Royal Society of Chemistry 2019

peak outside 0.35 nm was caused by the Coulomb and van der
Waals interactions.*” As shown in Fig. 8c and d, the distance
between CPT/MPT and the iron atoms of the Fe(110) face was
0.307/0.335 nm, less than 0.350 nm, which indicated that
chemical bonds had formed between these two compounds and
the iron atoms. Moreover, the countless decentralized peaks
located outside 0.35 nm, which were derived from physical
interactions, might also contribute to the net molecule surface
attraction.

3.7. Mechanism of adsorption and inhibition

As illustrated in Fig. 9, a mechanism was proposed to explain
the high corrosion inhibition performance of the studied
inhibitors (abbreviated as Inh). The cathodic chemical process
may occur as follows:*

Fe + H* — (FeH")uqs (14)

(FeH+)ads +te — (FeH)ads (15)

a(n) Fe-CPT

a(r; )Fe-MPT

r(nm)

(a and b) Equilibrium configurations and (c and d) radial distribution functions for the CPT and MPT molecules on an Fe(110) surface in the

RSC Adv., 2019, 9, 34761-34771 | 34769



RSC Advances

®

Fe(II)
Localized dissolution

Fe(0)

Cathode

Iron substrate

Low concentrations

Paper

Aggressive medium

2 I/ Barrier

Fe(0)
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/A es \7

Iron substrate

High concentrations

Fig. 9 Proposed mechanism for the adsorption of inhibitor molecules on the iron surface in an aggressive medium.

(FeH),qs + H" + e~ — Fe + H, (16)

The corrosion inhibition can be attributed to the formation
of an adsorbed layer of corrosion inhibitor molecules, i.e.

Fe(0) + Inh — Fe:Inh,qs (17)
where Fe:Inh,q5) refers to inhibitor molecules adsorbed on the
iron surface. We can find that at low inhibitor concentrations,
localized corrosion can occur in the anode area, where the
corresponding reaction is the dissolution of metallic iron (Fe?)
to ferrous cations (Fe>*). However, a perfect organic film can
be formed on the iron surface at high inhibitor concentra-
tions, which can be regarded as a barrier to iron dissolution
and hydrogen reduction. Several types of adsorption may take
place in the inhibition phenomena involving the adsorption of
the CPT/MPT molecules on the iron surface as follows: (i)
a non-covalent interaction of the CPT/MPT (or protonated)
molecules with iron atoms (physisorption); (ii) an interaction
between the unshared electron pairs of the N/O/S atoms or the
m-electrons of aromatic rings and the iron surface (chemi-
sorption); and (iii) a combination of the abovementioned
processes.

4. Conclusions

The abovementioned results show the excellent performance of
the pyrazolotriazole derivatives MPT and CPT for the inhibition
of carbon steel corrosion in 1 M HCI. The higher efficiency of
MPT when compared with that of CPT was due to the presence
of a sulfur atom in MPT. The inhibition efficiency increased
with the increasing inhibitor concentration. The quantum
chemical calculation results revealed that the electron-rich
groups as well as the aromatic rings were active sites via
which the inhibitors adsorbed onto the carbon steel surface by
sharing electrons with iron atoms. The molecular dynamics
simulation results revealed that both inhibitors adsorbed on
the iron surface in a nearby flat manner.
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