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The novel heterocyclic compounds, mainly based on the 8-hydroxyquinoline moiety, namely (8-
hydroxyquinolin-5-yl) methyl-4-chlorobenzoate Q1 and (8-hydroxyquinolin-5-yl) methyl-4-nitrobenzoate Q2
have been synthesized and identified through different spectroscopicmethods (FTIR, 1H, 13C NMR, and Elemental
analysis (EA)).Q1 andQ2 were estimated as corrosion inhibitors ofmild steel (MS) in the aggressive environment
(1 M HCl) utilizing a weight technique (weight loss measurements) and the non-weight techniques (electro-
chemical techniques), Density Functional Theory (DFT) and Monte Carlo Simulations (MC). However, to better
gather information on bonding mechanism of MS surface/inhibitors/1 M HCl medium, the corrosion protection
was once also investigated with the aid of ultraviolet-visible spectrophotometry (UV–Vis). Surface studies
(SEM) revealed that the HCl medium protected by Q1 and Q2 could prevent the surface damage and decrease
the roughness. The results clearly exhibit that the inhibition performance (η %) will increase with an increase
in the concentration of Q1 and Q2 achieves maximum value of 96% (Q1) and 92% (Q1) at optimal concentration
(10−3 M). Withal, potentiodynamic polarization test results exhibited the influence of Q1 and Q2 on both anodic
and cathodic reactions suppression. Inhibitors formed protective layers on metal surface through adsorption as
per Langmuir model. The metal dissolution and inhibitor adsorption phenomena have been studied through
the estimation of thermodynamic parameters. DFT calculations and MC simulations were exploited to describe
the electronic and adsorption properties ofQ1 andQ2. The records of both techniques supported the experimental
findings.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Metal corrosion is an unavoidable difficulty for industries. Mild steel
is the most extensively employed metal in industrial applications be-
cause of its excellent mechanical characteristics and inexpensiveness,
[1]. A Large quantity of the mild steel, as well as other iron alloys, is
destroyed by corrosion in aggressive media, especially in acid environ-
ments which cost billions of dollars every year [2]. This situation has
grown to be a more important task for corrosion engineers and the sci-
entific neighborhood. From an economic point of view, stopping or
slowing down this deterioration has become obligatory. The only solu-
tion to this undesirable problem is to use corrosion safetymethods. Cor-
rosion inhibitors are commonly added to the aggressive acids to prevent
the severe metal dissolution during acid treatment [3]. Therefore, spe-
cific amounts of various synthetic corrosion inhibitors are added to
the HCl solution for mild steel corrosion control. Recently, 8-
hydroxyquinoline derivatives compounds have gained significant at-
tention in corrosion science [4,5]. Literature reviews reveal that hetero-
cycles compounds based on 8-hydroxyquinolines are used as efficient
corrosion inhibitors for metals in an acid medium [6,7].

The novelty of this work is synthesis of two new compounds based
on 8-hydroxyquinoline, to obtain a new variety of multifunctional het-
erocycles based on the 8-hydroxyquinolinemoiety, to create several re-
active sites in order to apply as steel corrosion inhibitors in an acid
medium. In addition, the synthesized compoundswere identified by In-
frared (IR), nuclear magnetic resonance (NMR 1H, 13C) and elementary
analysis (EA). The corrosion inhibiting action find out about of these
compounds was evaluated by electrochemical methods (potentiody-
namic polarization, impedance spectroscopy) and gravimetric methods
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(mass loss).in addition, MC simulations and DFT calculations are
employed to discuss the adsorption configuration to give an explanation
for the corrosion inhibition mechanism of utilized inhibitors on the MS
surface. The corrosion inhibition performance of the compound Q1 is
significant compared with that of the compound Q2 and this is
explained by the existence of a mesomeric electron donor group
(\\Cl) carried by Q1 improving thus its adsorption capacity on the
metal [8,9].
2. Experimental details

2.1. General information

For the synthesis of these new products, the mark of reagents, tech-
niques and melting points were utilized and made as a work that we
published previously [10].

The steel rooms were weighed and then submerged in HCl solutions
without and with the compounds for 6 h. After, the specimens were
withdrawn and cleaned by acetone, and then dried and weighed. The
chemical composition of the used mild steel is (wt%): C, 0.11; Si, 0.24;
Mn, 0.47; Cr, 0.12; Mo, 0.02; Ni, 0.1; Al, 0.03; Cu, 0.14; Co, b0.012; V,
b0.003; W, 0.06; Fe, balance.
2.2. Organic synthesis

2.2.1. General procedure for the preparation of the compounds Q1 and Q2

A solution of 5-hydroxymethylquinolin-8-ol (10 mmol), 4-
alkylbenzoic acid (10 mmol) in absolute THF (50 mL), and a solution
of concentrated HCl (37%) was refluxed under stirring for 10 h.

The use of hexane-acetone (6:4, v/v) as themobile phase and thin
layer chromatography is to follow the reaction. After completion, the
reaction mixture was cooled to room temperature, diluted with
water (20 mL), and extracted with dichloromethane (3 × 20 mL).
The combined organic layers were dried over anhydrous MgSO4, fil-
tered and the solvent was removed by rotary evaporation under vac-
uum. The obtained crude residue was washed with acetone and
purified by chromatography on a silica gel column utilizing dichloro-
methane/hexane (85:15, v/v), and then recrystallized from absolute
ethanol (Scheme 1).

The structure, names, abbreviations, yields, and physicochemical
characteristics of the synthesized compounds are shown in Tables 1
and 2.

Compound 5-hydroxymethylquinolin-8-ol (HMHQ) was synthe-
sized by adopting the method already described in the literature
[11].
Scheme 1. Synthetic route for the prepa
2.3. Weight loss measurements

Mass loss measurements were made in accordance with an experi-
mental protocol alreadymentioned in a precedingwork [12]. The corro-
sion rate is appreciated through the relationship (Eq. (1)).

Wcorr ¼
mi−mf

S� t
ð1Þ

where initial weight symbolized by mi, final weight symbolized by mf,
immersion time symbolized by t and the surface of panel symbolized
by S.

The inhibition performance ηW(%) is appreciated as follows
(Eq. (2)):

ηW %ð Þ ¼ W0
corr−Wcorr

W0
corr

 !
� 100 ð2Þ

whereWcorr′ andWcorr according to the abbreviations chosen are the cor-
rosion rates in the absence and the presence of Q1 and Q2, respectively.

2.4. Electrochemical tests

As the method of mass loss, the electrochemical techniques have
been described in the sameprevious publicwork [13]. The values of per-
formance ηPDP(%) are calculated utilizing Eq. (3).

ηPDP %ð Þ ¼ icorr−i0corr
icorr

� �
� 100 ð3Þ

where icorr is the corrosion current density in the absence of Q1 and Q2,
and icorr′ is the corrosion current density with Q1 and Q2 [13].

The conventional electrochemical impedance spectroscopy (SIE)
were run at a frequency ranging from 100 kHz up to 100 mHz with a.
c. amplitude 10 mV at OCP [13]. All the electrochemical experiments
were performed at room temperature (298 K) but potentiodynamic po-
larization studywas carried out at various temperature ranges from 298
to 328K for calculating kinetic and thermodynamic parameters. Nyquist
plots were made from these experiments. The best fit of the experi-
ments was done utilizing ZView 2 software. Eq. (4) was utilized to esti-
mate the ηEIS (%):

ηEIS %ð Þ ¼ RpR
0
p

Rp

 !
� 100 ð4Þ

where Rp is of polarization resistance in presence of Q1 and Q2, and Rp′ is
the polarization value without Q1 and Q2.
ration of the compounds Q1 and Q2.



Table 1
Molecular structure of Q1 and Q2.

Product
abbreviation

Chemical structure Compound name Molecular
weight:
(g/mol)

Q1 (8-Hydroxyquinolin-5-yl)
methyl 4-chlorobenzoate

313,74

Q2 (8-Hydroxyquinolin-5-yl)
methyl 4-nitrobenzoate

324,29
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2.5. Surface analysis

2.5.1. Scanning electron microscopy (SEM)
After immersing in a solution of HCl (1 M) for 6 h except and with

optimum concentration (1 mM) of quinoline derivatives, the surface
of the steel was analyzed by way of scanning electron microscopy
(SEM). The method of sample preparation in our steel was identical to
that described in Section 2.3. The SEM imageswasperformed on the sur-
face of theMS panels in the absence and in the presence of Q1 and Q2 to
analyze the morphology of the deposited protective layers.

2.5.2. UV–Visible spectra
To discover more data on the bonding mechanism of MS surfaces/

compounds/aggressive environment, corrosion protection was also in-
vestigated by means of ultraviolet-visible spectrophotometry (UV–
Vis), before and after immersion of theMS sample for 48 h. The Jenway
ultraviolet-visible spectrophotometer (series 67) was once utilized for
this analysis.

2.5. Theoretical studies

2.5.3. Density functional theory (DFT) study
To apprehend the mechanism between the molecular properties of

Q1 and Q2 and their inhibition performance, theoretical calculations uti-
lizing DFT are effectuated out.

Calculation of quantum parameters and optimization of Q1 and Q2

molecular geometry was carried out by means of DFT the usage of the
6-31G base set (d, p). The electronic correlation was blanketed via
Table 2
Yields and physicochemical characteristics of the compounds Q1 and Q2.

Compounds Mp

(°C)
Spectral data

Q1 170 1H: δppm = 5.05 (s, 1H, OH), 4.19 (S, 2H, CH2), 7.07–8.86 (m, 9H, Ar
139.32(C\\Cl), 131.82–128.34 (ArCH-benzene ring), 129.50 (ArC-be
127.35–132.46–142.14 (ArC-quinoline).
Elemental analysis:
- Calculated: C, 65.08%; H, 3.86%; N, 4.46%.
- Obtained: C, 65.02%; H, 3.70%; N, 4.70%.

Q2 165 1H: δppm = 4.39 (s, 1H, OH), 4.35 (S, 2H, CH2), 7.05–8.61 (m, 9H, Ar
146.48(C-NO2), 123.66–128.54 (ArCH-benzene ring), 136.2 (ArC-be
(ArCH-quinoline), 127.84–128.75–139.98 (ArC-quinoline).
Elemental analysis:
- Calculated: C, 62.96%; H, 3.73%; N, 9.64%.
- Obtained: C, 62.87%; H, 3.77%; N, 9.66%.
adopting the Becke3-Lee-Yang-Parr (B3LYP) procedures. The Gaussian
program 09 W was utilized to calculate these quantum parameters.

2.5.4. Monte Carlo simulations
MC simulations utilizing simulated annealingmethod had been car-

ried out to quantify the adsorption of Q1 and Q2 on Fe (110) surface. The
simulation box consisted of 5 floors of iron atoms split along the (110)
plane. A supercell of (10 × 10) was created and vacuum layer of
50 nm height was fabricated. Optimized Q1 and Q2 molecules were
placed near the surface of the Fe plane (110) adopt the simulated an-
nealing adsorption detection module with the “COMPASS” force field.
The simulations were performed under fine convergence conditions,
while every simulationwent via 5 cycles at 50,000 steps per cycle. Low-
est adsorption energies were obtained and documented forQ1 andQ2 as
they interact with the iron surface.

3. Results and discussion

3.1. Gravimetric measurements

The weight loss approach was utilized to study the impact of the
concentration of the two compounds Q1 and Q2 on the corrosion inhibi-
tion ofMS in 1 M HCl. The inhibitory performance “ηw %”, and other pa-
rameters of this approach have been described in Table 3. Conscientious
examination of the results showed that the inhibition performance will
increase with increasing of Q1 and Q2 synthesizedmolecules concentra-
tion. Maximum values of (inhibition performance) 95.2% for Q1 and
92.4% for Q2 had been acquired at optimum concentration. It has been
said that at decrease concentrations when the concentration increases
the inhibitors are ideally adsorbed via flat orientation, surface coverage
and thereby inhibition performance increases. Therefore, after the opti-
mum awareness of Q1 and Q2, the inhibition overall performance does
not exchange significantly.

The excessive inhibition performance of Q1 significant to Q2 is ex-
plained to the existence of electron donating\\Cl group in Q1 so en-
hances its ability to donate charges to the metal in the course of the
adsorption progress.

3.2. Potentiodynamic polarization curves

The inhibition mechanism of Q1 and Q2 onMS corrosion in 1 M HCl
solution was also studied through Tafel curves. Results given in Fig. 1
clearly depict that both anodic and cathodic branches shifted to lower
current densities, indicating the mixed type inhibition effects of the in-
hibitors. The potentiodynamic polarization parameters were listed in
Table 4, these are icorr, corrosion potential (Ecorr), cathodic Tafel slope
(βc) and anodic Tafel slope (βa). From Table 4, slight displacement
Solubility
(mg/ml)

H). 13C: δppm = 49.38 (CH2), 153.90 (Ar C\\OH), 167.26 (C_O),
nzene ring), 110.85–122.56–123.36–148.48 (ArCH-quinoline),

1 mg/ml in
DMSO
1 mg/ml in
DMF
1 mg/2 ml in
CHCl3
Insoluble in
hexane

H). 13C: δppm = 59.84 (CH2), 146.04 (Ar C\\OH), 152.26 (C_O),
nzene ring), 114.59–119.90–125.92–134.17–145.07

1 mg/ml in
DMSO
1 mg/ml in
DMF
1 mg/3 ml in
CHCl3
Insoluble in
hexane



Table 3
Corrosion rate and inhibitory efficicacy obtained by gravimetry at different concentrations
of the test compounds (Q1 and Q2).

Medium Conc.
(M)

Wcorr

(mg cm−2 h−1)
θ ηw(%)

Blank 0 25.00 – –
Q1 10−6 4.20 0.832 83.20

10−5 3.23 0.870 87.08
10−4 2.23 0.910 91.08
10−3 1.20 0.952 95.20

Q2 10−6 5.66 0.773 77.36
10−5 4.70 0.812 81.20
10−4 3.45 0.862 86.20
10−3 1.90 0.924 92.40

Table 4
Electrochemical parameters of polarization of MS corrosion in 1 M HCl without and with
addition of Q1 and Q2 compounds at different concentrations at 298 K.

Medium [C]
(M)

−Ecorr
(mV vs. SCE)

icorr
(μA cm−2)

Tafel slopes
(mV dec−1)

θ ηPDP
(%)

−βc βa

Blank 0 506.0 983.00 92.0 150.0 – –
Q1 10−3 508.6 50.41 146.4 45.8 0.948 94.8

10−4 501.0 59.15 123.2 19.6 0.939 93.9
10−5 503.9 61.56 111.9 100.4 0.937 93.7
10−6 511.7 292.89 103.0 72.9 0.702 70.2

Q2 10−3 508.7 75.85 121.6 175.0 0.922 92.2
10−4 508.3 147.75 179.5 128.3 0.850 85.0
10−5 501.4 156.26 224.3 131.6 0.941 84.1
10−6 510.82 196.62 235.6 141.2 0.800 80.0
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was observed in the shift of the Ecorr values, in the presence of various
concentrations of compounds Q1 and Q2 in 1 M HCl, this maximum dis-
placement was 5.7 mV/SCE. These observations indicate that the exam-
ined compounds act in each cathodic and anodic domain, so these
compounds are mixed type inhibitors [14].

Addition of Q1 and Q2 to the corrosive environment causes a modifi-
cation of cathodic Tafel slope (βc), indicating that the Q1 and Q2 have a
direct influence on the kinetics of hydrogen evolution. Also, when com-
pared corrosive environment, the values of the (βa) changed irregularly
in the presence of Q1 and Q2, which indicates that the anodic reaction is
affected by the presence of Q1 and Q2 [15].

ηp (%) values are higher in comparison to those obtained utilizing
the gravimetric method. Such difference could be due to the fact that
immersion times are different for the two methods. However, the po-
tentiodynamic polarization measurements give the same order of inhi-
bition efficiencies of the two compounds as deduced from weight loss
measurements.

3.3. Electrochemical impedance spectroscopy (EIS)

Another important electrochemical technique, EIS is a non-
destructive technique to evaluate the inhibition performance of corro-
sion from the interaction betweenmetal and corrosion in HCl as aggres-
sive media. The main index expressing the corrosion inhibition
performance is the corrosion resistance which is currently measured
Fig. 1. Steel polarization curves in 1 M HCl medium with a
as the area enclosed by the loop in Nyquist plot. For a good understand-
ing of the corrosion phenomenon, the mechanism of electrochemical
processes, especially the corrosion aspects taking place between the
metal surface and electrolytewas comprehensively considered. The cor-
rosion behavior ofMS immersed in 1MHCl solution in the presence and
absence of different concentrations of Q1 andQ2 was investigated utiliz-
ing EIS over a frequency range of 100 kHz to 100mHz after immersion in
solutions for 30min. The impedance datawasfittedwith an appropriate
electrical equivalent circuit (Fig. 4). Nyquist and Bode plots of the sam-
ples ofMS in 1MHCl solutions are depicted in Figs. 2 and3. According to
these figures all plots show only one time constant and the semicircular
shape did not change after addition of inhibitors [16,17]. This means
that the corrosion reaction is under charge transfer control and the cor-
rosionmechanism did not change. It can be seen from the Nyquist plots
that the increase in inhibitor concentration resulted in the increase of
diameter of Nyquist plots. This can imply the fact that the organic mol-
ecules adsorbed on the active sites ofmetal surface. A one-time constant
electrical equivalent circuit (R(RQ)) was employed for modeling of im-
pedance plots. In the model utilized the Rs, Rp and CPE are the solution
resistance, polarization resistance and constant phase element of dou-
ble layer, respectively.

It can be seen from Figs. 2–4 and Table 5 that by the increase of Q1

and Q2 concentration the values of low frequency impedance
(100 mHz) and Rp increased. The maximum Rp significantly and
nd without the addition of (a) Q1 and (b) Q2 at 298 K.
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impedance values are obtained for the sample dipped in solution con-
taining 10−3 M Q1 and Q2. The values of double layer capacitance (Cdl)
are calculated according to formula 5, and the results are shown in
Table 5.

Cdl ¼ Q1=ndl � R 1−ndlð Þ=ndl ð5Þ

with ndl is the degree of heterogeneity
Another important thingwas observed that Cdl values decrease after

adding Q1 and Q2. This also indicates that the thickness of the double
layer increase with Q1 and Q2 concentration, which is well explain by
this formula (6) [18]:

Cdl ¼
ε0ε
d

S ð6Þ

where, ε0 is thepermittivity of space, ε is the local dielectric constant,
d is the film thickness and S is the surface area. From formula it is found
that Cdl is directly proportional to ε and inversely proportional to d. The
Cdl value was decreased due to decrease in local dielectric constant be-
cause of replacement of water molecules (higher ε value) by the inhib-
itor molecules (lower ε value). The increase in thickness (d) of the
electrical double layer was observed with increase in concentration of
Q1 andQ2which also play an important role in decrease of Cdl value [19].

It can be clearly seen from Fig. 2 that the increase in Q1 and Q2 con-
centration results in the increase of corrosion inhibition performance.
The maximum corrosion inhibition performance was obtained at
10−3 M Q1 and Q2. These organic compounds (Q1 and Q2) include
many polar groups and aromatic rings. The coordination between the
lone pair electrons of heteroatoms, such as O, N, and empty orbital of
metal cations, and the interaction between the electrons in aromatic
rings with empty orbital of metal cations is the mechanism of Q1 and
Q2 adsorption on the MS surface. The organic molecules adsorption on
theMS surface restricts the access of the corrosive agents to the actives
sites.

3.4. Effect of temperature

The stability of a corrosion inhibitor in an aggressive medium at
given use temperatures is very important for its application. In acid
stripping, the role of the inhibitors is to protect the metal installations
against acid attacks. These stripping operations are usually carried out
at high temperatures [20]. In our case, the study of the influence of
Fig. 2. Impedance spectra of MS corrosion in 1 M HCl with and w
temperature (298–328 K) on the corrosion inhibition rate of MS for
the two 8-hydroxyquinolines was carried out potentiodynamic polari-
zation. The cathodic and anodic polarization curves of steel in 1 M HCl
medium in the absence and in the presence of Q1 and Q2 at 10−3 M
are shown in Fig. 5. The values of corrosion current densities (icorr), cor-
rosion potentials of steel (Ecorr), and the inhibitory performance of Q1

and Q2 as a function of temperature are given in Table 6. We note that
the increase in temperature causes an increase in icorr and the inhibitory
performance decreases throughout the temperature range studied [21].
It also shows thatQ1 andQ2 retain their inhibitory properties for all tem-
peratures studied. However, in the case of the inhibitor Q1, which
proved to be the best inhibitor of this family, the decrease in the inhib-
itory performance is less important and reaches 82.6% at 328 K.

3.5. Kinetic/thermodynamics considerations

The thermodynamic parameters specifically activation energy (Eact),
entropy of activation (ΔSact) and enthalpy of activation (ΔHact) for cor-
rosion reaction at 10−3 M for Q1 and Q2 were calculated from Arrhenius
and transition state plot. The activation energywas calculated by Arrhe-
nius formula (7).

icorr ¼ A exp
−Ea
RT

� �
ð7Þ

and other two parameters ΔHact and ΔSact were calculated utilizing the
transition state formula:

icorr ¼ RT
Nh

exp
ΔSact
R

� �
exp

−ΔHact

RT

� �
ð8Þ

where, R, T, A, N & h are universal gas constant, absolute temperature,
pre-exponential factor, Avogadro number and plank constant, respec-
tively. The icorr values were obtained from the extrapolation of Tafel
plot at different temperature with and without adding Q1 and Q2 mole-
cules. Here, icorr values consider as a corrosion rate. From the Arrhenius
plots, the Ln icorr against 1000/T at the optimal concentration of Q1 and
Q2 is shown in the Fig. 6.

From Fig. 6 showing a curve in a straight line and having a slope
equal to −Ea/RT, we have calculated the energy value of Ea. Another
plot of Ln (icorr/T) vs. 1000/T show a straight line curve (presented in
Fig. 7) with a slope and intercept those are equal to –ΔHact/R and Ln
(R/Nh) + ΔSact/R, respectively.
ithout different concentrations of (a) Q1 and (b) Q2 at 298 K.



Fig. 3. Phase and Bode plot for MS corrosion in 1 M HCl without inhibitor (a), and in the presence of (b) Q1 and (c) Q2.

Table 5
Parameters evaluated fromNyquist and Bode diagrams for MS corrosion in 1MHCl in the
presence and absence of various concentrations of Q1 and Q2 at 298 K.

Medium C Rs
2

Rct
2

Cdl
−2

ndl Q
n−1

ȠEIS
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The values ofΔHact andΔSact listed in Table 7, whichwere calculated
from the slope and intercept. From Table 7 and Fig. 6, it can be seen that
the activation energy (Eact) in presence of both Q1 and Q2 is higher than
the blank solution on MS corrosion which indicates the metal dissolu-
tion decreases in acidic medium because of increase in the energy bar-
rier for mild steel corrosion.

Meanwhile the activation entropy (ΔSact) value increases in addition
of Q1 and Q2 compared to given acid solution and the values were found
in negative. The higher ΔSact values in presence of Q1 and Q2 signified
the entropy of the solvent increases. This may be occur due to desorp-
tion of large numbers of water molecule which were already adsorbed
on the metal surface and less disorder larger Q1 and Q2 molecules
adsorbed on the MS surface [22,23].

3.6. Adsorption isotherm

The adsorption isotherm is providing some useful information re-
garding corrosion mechanism. Many factors are control the adsorption
process, like nature of the metal surface and its charge, solvent and
other ionic species adsorption, electrochemical potential between
metal-solution interface, temperature during corrosion reaction. The
adsorption process is divided into two categories. Frist one is chemi-
sorption, it occurs when the direct interaction between adsorbed inhib-
itors molecule and metal surface like donor-accepter type interaction.
Chemical adsorption implies the charge sharing or charge transfer
from adsorbates (inhibitor molecule) to the metal surface and forms a
very strong metal-inhibitor coordinate bond.

These types of interaction are basically irreversible in nature. The
second one is physisorption, here the inhibitor molecules adsorb on
the metal surface through week undirected interaction which is basi-
cally formed due to the electrostatic interaction between metal and
inhibitor's solution interface [24]. To evaluate the adsorption isotherm
Fig. 4. The equivalent circuit corresponding to the impedance spectra.
nature, several adsorption isotherms were tested. It was observed that
the adsorption of Q1 and Q2 on MS in 1 M HCl medium obey the Lang-
muir adsorption isotherm formula:

Cinh

θ
¼ 1

Kads
þ Cinh ð9Þ

where Kads, θ and Cinh are inhibitor adsorption constant, degree of sur-
face coverage and Q1 and Q2 concentration, respectively. Values of θ =
ƞ/100 was taken from weigh loss measurement. The plot of Cinh/θ vs
Cinh gave a straight line curve (Fig. 8) having 1/Kads intercept and the
correlation coefficient (R2) values for Q1 and Q2 are 1.00 and 0.99,
respectively.

The straight line and strong correlation coefficient value indicate the
Langmuir adsorption isotherm the best fitted with experimental data.
The ΔGads

o value was calculated utilizing the formula:

ΔG °
ads ¼ −RTLn 55:55Kadsð Þ ð10Þ

where, T is the temperature, R is the gas constant. The values of Kads is
represented here in L mol−1, thus in this formula the concentration of
water is taken in L mol−1 (55.5 mol/L). In general, when the obtained
ΔGads

o values of inhibitor lie in the order of −20 kJ mol−1 or even
lower (more positive), it satisfies the physisorption of inhibitor on
metal surface. While the ΔGads

o values around −40 kJ mol−1 or higher
(more negative) are associated with chemisorption [25]. The obtained
(M) (Ω cm ) (Ω cm ) (μF cm ) (μF S ) %

Blank 00 1.22 33.97 121.0 0.82 315.0 –
Q1 10−3 1.57 554.7 31.6 0.88 49.5 93.1

10−4 1.40 390.5 37.3 0.89 57.9 90.2
10−5 1.51 382.8 42.7 0.85 77.2 90.0
10−6 1.98 121.0 55.8 0.89 94.9 68.6

Q2 10−3 1.41 388.5 61.4 0.87 97.3 90.1
10−4 1.42 217.0 59.8 0.89 92.0 82.2
10−5 1.55 200.3 60.1 0.89 96.0 81.0
10−6 1.58 181.6 56.2 0.88 295.0 79.0



Fig. 5. Effect of temperature on the polarization curves of (a) MS in 1 M HCl and in the presence of (b) Q1 and (c) Q2.
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ΔGads
o values ofQ1 andQ2 are−46.3 kJmol−1 and−42.6 kJmol−1 forQ1

andQ2, respectively (Table 8). The range ofΔGads
o values above indicates

the contribution of the chemisorption mechanism [26,27].

3.7. UV–Visible spectroscopy

In order to confirming the possibility of the formation of 8-
hydroxyquinoline derivatives-Fe complex, UV–Visible absorption
Table 6
Values of the corrosion current density and the inhibition performance in the presence of
10−3 M of Q1 and Q2 at different temperatures.

Medium T
(K)

−Ecorr
(mV/SEC)

icorr
(μA/cm2)

Tafel slopes
(mV/dec)

ηPDP
(%)

−βc βa

Blank 298 498 983 92 104 –
308 491 1200 184 112 –
318 475 1450 171 124 –
328 465 2200 161 118 –

Q1 298 508.6 50.41 146.4 45.8 94.8
308 515.5 72.78 131 40.9 92.5
318 533.9 82.11 116.4 42.2 91.6
328 529.6 170.4 101.6 42.6 82.6

Q2 298 507.2 53.43 103 175 92.2
308 508.2 90.65 116.1 45.1 90.7
318 508.6 126.83 116.6 206.6 87.0
328 531.1 311.2 119.5 58.5 68.0
spectra obtained from 1 M HCl solution containing 10−3 M of Q1 and
Q2 before and after 48 h ofMS immersion are shown in Fig. 9. The elec-
tron absorption bands of compounds solutions (Figs. 9(a and b)), before
immersion of MS in 1 M HCl solution show visible absorption bands
Fig. 6. Arrhenius plots for MS corrosion in 1 M HCl in the absence (a) and presence of
(b) Q2 and (c) Q1 at 10−3 M.



Fig. 7. Transition state plots for Q1 and Q2 in 1 M HCl medium on MS corrosion. Fig. 8. Langmuir adsorption isothermplots for the adsorption ofQ1 andQ2 onMS corrosion
surface in 1 M hydrochloric acid.
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256.67 nm, and 258.81 nm respectively forQ1 andQ2. This stripemay be
assigned to the π-π* transition implying the ensemble, electronic struc-
ture system of Q1 and Q2 with an important charge transfer character.
However, after 48 h of immersion of specimen MS panels in aggressive
solution (Figs. 9(a and b)), the absorption bands λmax underwent a
bathochromic shift from 256.67 nm to 258.81 nm and from 251.97 nm
to 254.42 nm respectively for Q1 and Q2. A change in the position of
the absorption maximum λmax, show the formation of a complex be-
tween the two species in solution as described in the collected works.
Our experimental results are suitable evidence for the chance of the for-
mation of a complex among Fe2+ and Q1 and Q2 in molar hydrochloric
acid [28].

3.8. Scanning electron microscopy (SEM)

The MS panels surface morphology analysis utilizing SEM is a very
essential equipment to study the surface of corroded and uncorroded
metal. The corrosion inhibition ability of Q1 and Q2 are directly judged
by the matching of MS surface morphology with Q1 and Q2 (10−3 M)
and without (in molar HCl solution). The SEM images were taken after
6 h immersion of metal coupon in given solution. The first image
(Fig. 10a) shows the badly damage surface which is without inhibitor
metal. In this morphology, the enormous numbers of ups and down
are spread all over the metal surface. But in Fig. 10 2nd and 3rd image
display the much cleaner and smoother surface than 2st image [29].

This image indicates that Q1 and Q2 are adsorbed on the surface of
MS panels and protect the metal from aggressive media, and it can
also see that Q1 show better effect than Q2, due to well protective
layer formation.

3.9. Theoretical computation

3.9.1. Determination of the quantum chemical parameters of the molecules
tested

The quantum chemical computation based DFT were carried out by
Gaussian 09 program at the B3LYP/6-31G (d, p) system to study the
Table 7
Activation parameters ofMS corrosion in 1MHClmediumwithout andwith addition ofQ1

and Q2 at 10−3 M.

Medium Ea
(KJ mol−1)

ΔHa

(KJ mol−1)
−ΔSa
(J mol−1 K−1)

Blank 21.02 18.45 126.08
Q1 30.47 27.87 119.24
Q2 45.47 42.87 68.52
effects of the organicmolecular structures, electronic properties of stud-
iedmolecules on the inhibition performance, and explain the type of ef-
fect of the corrosion operation [30]. The geometry of optimized
molecules and the frontier molecular orbital (FMO) density distribu-
tions of the neutral compounds Q1 and Q2 were shown in Fig. 11. The
HOMO mostly distributed around the hydroxyquinoline heterocyclic
for the two studied compounds Q1 and Q2, This motive is considered
an electron donating group to supply electrons to the unoccupied d-
orbital of Fe to form coordination bonds. While the LUMOwas localized
on the hydroxyquinoline for Q1 but it is distributed on methyl
nitrobenzoate for Q2, here the electron-withdrawing group (NO2) at-
tracts the electrons towards it.

The parameters such as energy of frontier molecular electrons, en-
ergy gap (ΔEgap= ELUMO – EHOMO), electronegativity (χ), electrophilicity
(ω) and nucleophilicity (ε) index, hardness (η), fraction of electrons
transferred from the inhibitor to the surface of the metal (ΔN110) and
the total energy (TE) are recorded in Table 9. These parameters are
expressed in the following formulas [31]:

IP ¼ −EHOMO ð11Þ

EA ¼ −ELUMO ð12Þ

η ¼ ΔEgap
2

ð13Þ

χ ¼ ηþ EA ð14Þ

ω ¼ χ2

2η
ð15Þ

ε ¼ 1
ω

ð16Þ

ΔN110 ¼ ϕ−χinh

2 ηFe þ ηinh
� � ð17Þ
Table 8
Thermodynamic parameters of adsorption of Q1 and Q2 on MS at 298 K.

Inhibitor Kads

(mol−1)
R2 ΔGads

(kJ mol−1)

Q1 2,399,427 1.00 −46.3
Q2 535,790 0.99 −42.6



Fig. 9. UV–visible spectra of 1 M HCl solution containing 10−3 M of (a) Q1 and (b) Q2 before (black) and after (red) After 6 h of MS immersion.
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Theɸmeans thework function; the valueΔN ismore appropriate for
the use of thework function (ɸ). In the literature, the value obtained for
the function ɸ is 4.82 eV for the surface Fe (110) [32]. The hardness
value of iron (ηFe) is zero considering IP= EA for the metallic bulk [33].

In this work, we discussed the various results obtained theoretically
for the two neutral and protonated forms of the studied molecules Q1

and Q2. First, we started by neutral forms.
The two indices EHOMO and ELUMO have related the donor and accep-

tor capacities of the electrons of a substance, respectively. Indeed, the
molecules that have high values of ELUMO and EHOMO, they are admirable
corrosion inhibitors. In this context, the high value of HOMO energy
translates that the molecule studied possesses a great capacity to give
electrons to the metallic surface, [34] and in this investigation they
have the order−5.818Q1 N−6.074Q2 that is, themolecule Q1 has a ca-
pacity to offer electronsmore than themoleculeQ1. This can be linked to
Fig. 10. SEM image of MS before (a) and after immersion
the chlorine donor electron group (\\Cl). In addition, the energy gap is
another important parameter that describes the interaction betweenQ1

and Q2 and Metallic Iron. Generally, the molecule that has the lowest
value of ΔEgap is more stable and considered better inhibitor [35]. The
studied Q1 and Q2 inhibitors have small deference's of ΔEgap and that
was of 3.184 eV and 3.788 eV, respectively. Concerning the electroneg-
ativity index (χ) the molecule that possesses the lowest χ, it is related
with higher electron donating tendency indeed, the inhibition perfor-
mance is important with the molecule has a high value of (χ). From
Table 9 the values of χ are ranked as follows: Q1 N Q2, this result sup-
ports the experimental data. The values of the fraction of electrons
transferred (ΔN110) are also grouped in Table 9. These values show
that the inhibition performance resulting from electron donation agrees
with Lukovit's study (ΔN110b3.6N [36]. The inhibition performance in-
creases with electron donation power of these molecules studied to
for 6 h in 1 M HCl with 10−3 M of (b) Q1 and (c) Q2.



Fig. 11. Optimized structures and the FMO density distributions of the investigated the neutral compounds Q1 and Q2: HOMO and LUMO.
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offer electrons to the iron surface [37]. TheΔN110 values ofQ1 andQ2 are
classified according to the following sequence:ΔN110 (Q1) N ΔN110 (Q2).
Tomeasure the electron-accepting ability of amoleculewe use the elec-
trophilicity (ω) index, on the contrary, we find the nucleophilicity (ε)
index. Indeed, a molecule with a lower value of ε and higher value of
ω is possible to behave as good corrosion inhibitor [38]. From Table 9,
it is clear that the values of nucleophilia and electrophilia are confirmed
by experimental measurements.

Concerning the protonated forms the studied molecules exist in the
cationic form in an acidicmiddle [39]. For it, we have protonated the ni-
trogen atom (N7), which belongs to the quinoline heterocyclic and con-
sidered as the most available site for protonation. Quantum chemical
indices are also represented in Table 9.

FromTable 9, EHOMO values of the tested compounds are displaced to
more negative values than that of the EHOMO values of the neutral mole-
cules Q1 and Q2. This indicates that these two molecules can take
Table 9
Quantum chemical calculation data of Q1 and Q2 neutral and protonated forms for the
B3LYP/6-31G (d,p) method.

Parameters Neutral molecules Protonated molecules

Q1 Q2 Q1(N7H)+1 Q2(N7H)+1

ELUMO (eV) −1.997 −2.286 −6.549 −6.587
EHOMO (eV) −5.818 −6.074 −9.062 −9.856
ΔEgap (eV) 3.184 3.788 2.513 3.270
η (eV) 1.592 1.894 1.256 1.635
χ (e·V) 3.589 4.180 7.805 8.222
ω 4.045 4.612 24.250 20.673
ε 0.247 0.216 0.041 0.048
ΔN110 0.386 0.169 −1.188 −1.040
TE (μ a) −1395.68 −1140.59 −1396.087 −1140.988
electrons from Fe (110) [40]. The values of ΔEgap, χ, TE and ω show
that the reactivity of the protonated molecules increases remarkably.
So, the protonated molecules interact more easily with the metal of
the Fe.

The different quantum chemical parameters for protonated and
non-protonated Q1 and Q2 molecules have supported the results ob-
tained experimentally.

3.9.2. Location of active centers
The active centers of Q1 and Q2 were further confirmed by the etude

of molecular electrostatic potential (MEP), the density of the atomic
charge ofMulliken and the Fukui parameters. First of all,MEP is allowing
the electron density visible and determined the sites of electrophilic and
nucleophilic attack for a molecule [41]. The total density distribution in
MEP shows that the red regions (negative) are represented on the nu-
cleophilic attack, while the blue regions (positive) are responsible for
the electrophilic attack. In Fig. 12 it is clear that the total electron density
for the negative regions is distributed over the oxygen atoms that are
available for nucleophilic attack while blue regions are corresponding
to the LUMO orbital distribution of studied substances.

In addition, Fukui indices are good indicators utilized to precise the
local reactivity of a molecule. These indices or functions are calculated
as follows:

f r!
� �

¼
∂ρ r!
� �
∂N

0
@

1
A

V r!
� �: ð18Þ

The functions of Fukui f ð r!Þþ and f ð r!Þ− are utilized to establish the
sites responsible for the electrophilic and nucleophilic attack of



Fig. 12. Density distribution of MEP and FI for both inhibitors Q1 and Q2.
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inhibitory molecules. They are calculated by formulas (19) and (20)
[42]:

f i r!
� �þ

¼ qi N þ 1ð Þ−qi Nð Þ ð19Þ

f i r!
� �−

¼ qi Nð Þ−qi N−1ð Þ ð20Þ

where qi (N+1), qi (N), qi (N−1) are charge values of atom i for cation,
neutral and anion, respectively.

The calculated Fukui indices of inhibitors studied are shown in
Fig. 12 and grouped in Table 10. These indices are calculated by theMa-
terials Studio 8 software from Biovia-Accelrys Inc., utilizing the Dmol3

module. The calculations are executed utilizing the correlation BOP
function and the digital double polarization (DNP).
Table 10
Values of electron donor and acceptor centers of inhibitory molecules (Q1 and Q2).

Atom Mulliken charge f ð r!Þþ f ð r!Þ−

Q1 Q2 Q1 Q2 Q1 Q2

C2 −0.116 −0.100 0.027 −0.001 0.067 0.070
C3 0.305 0.337 0.046 0.010 0.039 0.040
C4 0.132 0.169 0.013 0.006 0.037 0.028
C6 0.000 0.019 0.032 −0.013 0.086 0.084
N7 −0.369 −0.386 0.074 0.009 0.024 0.028
C8 0.071 0.115 0.048 0.007 0.031 0.032
O11 −0.428 −0.454 0.050 0.015 0.124 0.125
C12 0.076 0.130 0.000 −0.016 −0.005 0.000
C17 0.008 0.179 0.011 0.001 −0.000 0.004
Cl19 −0.072 – 0.049 – 0.038 –
C19 – 0.544 – 0.031 – −0.014
C20 0.521 – 0.009 – −0.012 –
O20 – −0.389 – 0.063 – 0.035
O21 −0.377 −0.493 0.042 0.016 0.031 0.017
O22 −0.487 – −0.015 – 0.019 –
N34 – 0.377 – 0.082 – 0.001
O35 – −0.341 – 0.181 – 0.017
O36 – −0.343 – 0.181 – 0.020
From Fig. 12 and Table 10 the atoms C3, N7, C8 and O11 for Q1 and
the atoms O20, N34, O35 and O36 for Q2 are available to accept elec-

trons. These atoms have high values of f ð r!Þþ. While the atoms C2, C3,
C6, and O11 are responsible for giving electrons to the metal of the Fe
to form coordination bonds. This results in the high values of f ð r!Þ− .
So, all these centers of the studied molecules may be responsible for
the inhibitory performance.

The atomic charge of Mulliken is another descriptor that determines
the local reactivity of a molecule. The various atomic charges of sub-
stances studied are grouped in Table 10. Atoms that carry higher nega-
tive charges; they are as electron donors (nucleophilic centers). So, The
C2, N7, O11 and O21 atoms of Q1 and the atoms N7, O11, O20, O21, O35
and O36 of Q2 are active sites capable of delivering electrons as they in-
teractwith themetal surface.While,While, the carbon atoms C3, C4 and
C20 ofQ1 and the atomsC1, C2, C4, C8, C12, C17, C19 andN34 ofQ2 carry
a high density of positive charges. This shows that these atoms are con-
sidered electron acceptor active sites.

3.10. Simulation by Monte Carlo

To know adsorption configurations and interactions between inhib-
itors and themetal surface we performed theMonte Carlo simulation of
the inhibitorymolecules on the area of Fe (110). This simulation ismade
in an area of (26.894 × 26.894 × 22.134 Å) with periodic boundary con-
ditions, a super cell of (7 × 7), a vacuum of 40 Å and we studied six
layers of iron to ensure that the area depth was greater than the non-
cut utilized in the simulation [43]. The interaction energy for the system
the Fe (110)/inhibitory molecule is calculated by the relation (21):

Eint ¼ ETotal− ESurface þ EInhibitor
� � ð21Þ

Where the total energy of the area and the inhibitor molecule is
expressed by Etotal, Esurface is the surface energy without the inhibitor
and the inhibitor is the energy of the fixed inhibitor at the area of the
Fe. The binding energy (Ebinding) of the inhibitory molecule is presented
as following:

Ebinding ¼ −Eint: ð22Þ



Table 11
Outputs and descriptors for the lowest adsorption configurations for Fe (110)/(Q1 andQ2)
system. (All values in Kcal/mol).

Inhibitor Total
energy

Adsorption
energy

Rigid
adsorption
energy

Deformation
energy

dEad
dEi

Fe(110)/Q1 13.269 −112.840 −56.145 −56.695 −112.840
Fe(110)/Q2 41.087 −112.800 −55.484 −57.316 −112.800

Fig. 13. Side and top views of most stable adsorption configuration for Fe (110)/Q1 and Q2 interface obtained through the MC simulation.
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Fig. 13 shows that the adsorption actives sites on the iron surface
(110) are the lone pair of electrons on the atoms (N, O, and Cl) and π-
electrons of aromatic cycles for inhibitor molecules Q1 and Q2. These
two inhibitors are adsorbed in a planar manner onto the Fe (111) as
well as the close contacts between those.
Fig. 14. Adsorption density field of Q1 and Q2 inh
The different energy values in Kcal/mol of themost stable configura-
tion of Q1 andQ2 are tabulated in Table 11. In addition, the rigid adsorp-
tion energy (R.A.E) is defined as the energy relaxedwhen the no relaxed
molecule. For the energy released by the adsorbed inhibitor molecules,
Q1 and Q2 on the iron surface (110) is presented by deformation energy

(DE). The ðdEaddEi
Þ is the energy required to remove adsorbents from the

metal area.
From Fig. 12 we have observed that all Eads values for Fe (110)/Q1

and Q2 system is negative, which indicate that the molecules Q1 and
Q2 are strongly and quickly adsorbed on the area Fe (110) [44]. The ad-
sorption energy value of the Q1 (−112.800Kcal/mol) in equilibrium
configuration, is higher than that of Q2 (−112.840 Kcal/mol). This indi-
cates that the Q1 molecule adsorbs better than the Q2 molecule on the
iron surface. We say that this result overlaps with the experimental
ibitor molecules on the Fe (1 1 0) substrate.
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data. Fig. 13 shows from the minimum to the maximum values of the
electrostatic potential and the adsorption density for Fe (110)/Q1 and
Q2 interface.

From Fig. 14 it is obvious that the change in the colors of the
isosurface of the substances studied results in the maximum and mini-
mum values that are related to the field of electrons mapped and MEP.
The electron density distribution for the two compounds studied
means more likely adsorption sites for these molecules Q1 and Q2 on
the Fe (110) metal area.

4. Conclusion

Compound Q1 exhibits the best corrosion inhibition performance
that compound Q2 which is confirmed by electrochemical studies and
weight loss. From the Polarization results, it could be confirmed that
both the polymers are mixed type corrosion inhibitor and their adsorp-
tion obey the Langmuir Adsorption isotherm. The UV–Visible studies
clearly reveal the formation of a complex that may also be responsible
for the observed inhibition. SEM images also confirm the inhibitor ad-
sorption process and reduction in the surface damage of MS due to cor-
rosion. The effect of the strong protective power of inhibitorymolecules
Q1 and Q2 is attributed by chemical quantum parameters. The theoreti-
cal parameters founded are a good correlation with the experimental
data. Monte Carlo simulations show the great interaction between the
tested Q1 and Q2 compounds and the metal surface of the iron, and
the Q1 molecule is better adsorbed on the Fe (110) surface than the Q2

molecule.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2018.11.104.
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