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ARTICLE INFO ABSTRACT

Keywords: In view of severity of metallic corrosion in different corrosive media, application of corrosion inhibitor has been
Adsorption very promising to overcome this problem. However, numbers of corrosion inhibitors investigated earlier are not
Ele?trov':hemistry environmentally safe as well as costlier. To overcome these problems, researches are going on to develop effi-
S;E;vanon parameters cient, environment friendly as well as cost effective corrosion inhibitor. In view of these facts, corrosion in-

hibition property of an expired anti-biotic, cefdinir (CDR) was investigated. This study includes anti-corrosion
performance of CDR molecule against corrosion of mild steel (MS) in HCl medium. The results are summarized
on the basis of weight loss, electrochemical, morphological and theoretical studies. The weight loss study infers
that the rate of corrosion regularly decreased by the increasing the amount of CDR in acid solution. The cefdinir
thus adsorbed on the MS surface and mitigate the corrosion rate. The adsorption of CDR on MS surface obeys
Langmuir isotherm. The activation energy regularly increased by the presence of CDR and hence indicated that
energy barrier for corrosion process to take place increased. The increased entropy of activation in presence of
CDR assigned to entropy of solvent molecule. Potentiodynamic study infers that the CDR acts as mixed type of
inhibitor. The value of Gibb’s free energy suggested the electrostatic as well as chemical interaction of CDR
molecule with mild steel surface. The theoretical study (Density functional theory, Fukui indices and Molecular
dynamics) justifies the experimental results appreciably.

MD simulation

Introduction

Metals have ever been important for our life. The different metallic
properties, hardness, ductility, rigidity, strength, high resistance against
natural wear and tear make the way for variety of uses of metals. Metals
have been used by man in various forms since ancient time or better to
speak since evolution. Not only our body needs metals like Cu & Zn for
its proper functioning [1] but also number of amenities in life would
not exist. Generally all the metals are thermodynamically unstable and
hence tend to revert in their stable state by reacting with their en-
vironment. This forms the basic cause of metallic corrosion. The
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metallic corrosion results in to economic loss and may lead to safety
and health issues of industry workers as well as peoples residing in
nearby towns. Due to their high sensitivity against different corrosive
environments as well as their importance for human society metals
need to be protected from corrosion.

Due to cost-effectiveness and appreciable mechanical strength, mild
steel is considered as one of the most commonly used steel. It is widely
used in number of industries such as pipelines, buildings; bridges and
tin cans [1].The mild steel is exposed to different corrosive atmosphere
in these industries and hence corrodes easily. Thus, protection of mild
steel from corrosion has ever been felt. The application of inhibitors is
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one of the most primitive methods of corrosion control and has been
very promising, cost-effective [2-5]. The inhibitors interact with the
metal surface and thereby adsorbed them self on the metallic surface.
The chemical structure of an inhibitor is closely related to its adsorption
ability. Earlier studies have reported that organic compounds having
hetero atoms, conjugated m-bonds and aromatic nucleus show appre-
ciable efficiency to mitigate [6-10]. Thus, keeping this in view, hetero-
aromatic compounds have been widely studied as corrosion inhibitor
because of having greater tendency to form metallic complex with
metal ions because of having either non-bonding electrons or some-
times having vacant d-orbital (in case of S-compounds). The toxic
nature of these compounds led the Corrosion Scientists to think about
the development of non-hazardous and environment friendly inhibitors
[11-12].

In the light of the development of non-hazardous, environmentally
benign inhibitors, corrosion inhibition property of various drugs in
different corrosive medium has been studied [13-19]. Moreover the
importance of cost effective drugs for illness of poor people’s led re-
searchers to study some expired drugs as corrosion inhibitor to protect
metal from corrosion in various corrosive environments [20-22]. The
use of expired drug as corrosion inhibitor solves our environmental
problem also as their disposal imposes a problem before us. These
problems led us to study anti-corrosion property of an expired Cefdinir.
In this paper, anticorrosion property of cefdinir (CDR) against acidic
corrosion of mild steel is reported. Cefdinir is an antibiotic of third
generation of Cephalosporin. The chemical structure and IR spectrum of
cefdinir is presented as Fig. 1.

The selection of expired cefdinir was made due to its size as it is big
enough to cover the mild steel surface effectively to retard the corrosion
as well as it solve some other problems also as (i) It would be eco-
nomical as the use of expired drug ruled out its disposal cost and (i) it
would reduce environmental pollution because of its application as
corrosion inhibitor.

Recently, theoretical study has been emerged as an important tool
to determine the relationship between structure and activity [23-24].
To examine the effect of molecular structure and different orientations
on anticorrosion potential of CDR, density functional theory (DFT)
calculations were done. For this purpose ORCA programme package
(version 2.7.0) [25] was used and geometry optimization was achieved
by B3LYP functional level of DFT [26-30]. Gaussian basis set was used
in this study which was developed by the Ahlrich’s group [31].

Atomic force microscopy (AFM) being an important tool for surface
study was used to study the effect of CDR on metal surface. The hy-
drophobicity of acid solution containing CDR is studied by contact
angle measurement.

The corrosion mitigating potential of CDR was further compared
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Table 1
Inhibition efficiency values of CDR showing supremacy with some other studied
inhibitors.

Name of Inhibitor Optimum Conc./Mg 17! EwL%
Cefdinir/CDR 200/5.05 x 10~ *M 97
Cefotaxime Sodium 500 95
Doxycycline 500 94
Cefazolin 500 94
Streptomycin 500 88
Sulphadiazine 1200 94
Sulphamethaxazole 1266 93
Cefalexin 500 92
Ceftobiprole 500 92

with some earlier studied drug molecule as corrosion inhibitor for mild
steel in acid medium. The comparative corrosion mitigating efficiency
data are provided in Table 1. The optimum concentration of CDR used
in this study was 5.05 x 10~ *M (200 ppm), while the concentrations
of earlier reported drug molecules were ranging from 500 to 1266 ppm.
Thus, the results obtained have proven CDR as an excellent corrosion
inhibitor at low concentration. Also, the use expired drug, CDR, offer
cost effective solution for corrosion mitigation.

Experimental procedure
Preparation of metal sample

Mild steel samples used for this study were cut in to size
2.5 % 2.0 X 0.025cm®  for weight loss experiments and
7.5 x 1.0 X 0.025cm® for electrochemical experiments respectively.
These samples were abraded, washed thoroughly, dried and then used
to perform experiments. The composition and density of mild steel used
in this study was determined and is presentedas Table 2.

The mild steel coupons used to scan atomic force micrographs were
prepared similarly. The inhibitor solution was made in 1M HCIL
Hydrochloric acid and ethanol were mixed in 9:1 ratio just ensure the
solubility of CDR molecule. The analytical grade HCl (37%) was used to
prepare stock acid solution which was further used to study anti-cor-
rosion performance of CDR; the spectral details of CDR molecule is
presented as:

FT-IR (KBr, cm™'): 3286 (NH stretching); 2918, 2851 (CH
stretching); 1767 {CO stretching (COOH)}; 1665 {CO stretching
(CONH)}; 1585 (NH out of plane); 1336 (CN stretching-aromatic); 992
(=CH out of plane); 799 (CH bending)
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Fig. 1. Molecular structure of Cefdinir (CDR).
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Table 2
Composition and density of tested mild steel sample.
Density (g cm ™~ 3) Composition
Elements % (by weight)
7.87 C 0.17
Mn 0.46
Si 0.26
S 0.01
P 0.02
Fe 99.07

Electrochemical measurements

To analyze the corrosion inhibiting potential of CDR, electro-
chemical experiments; EIS and potentiodynamic potential were run.
The concentrated solution of CDR was prepared in 1M HCI and this
solution was diluted up to different concentrations to run electro-
chemical experiments separately. The counter electrode consists of Pt
foil (1 x 1cm?) and saturated calomel (SC) works as reference one
while working electrode consists of mild steel. Before running electro-
chemical experiments the working electrodes were dipped in solution
with different concentrations of CDR for 30 min to stabilize the corro-
sion potential.

The Potentiostat/Galvanostat used to run electrochemical experi-
ments was supplied from Gamry; model 300 [32]. This electrochemical
work station fitted with software Echem analyst to check the fitting of
all the experimental data with an appropriate equivalent circuit.

Potentiodynamic polarization experiments were run in the + 250 to

—250mV potential range with scan rate 1 mVs™?.

Gravimetric experiments

These experiments were performed according to ASTM G31 stan-
dard [33]. The molar HCI solutions with different CDR strength were
prepared and mild steel samples were dipped in it for 3h. After 3h
weight loss data were calculated by weighing these mild steel speci-
mens.

Evaluation of wetting behaviour

The wetting behaviour of metal surface becomes so important and
has attracted considerable interest from both fundamental as well as
application point of view. The solid-liquid wettability considerably af-
fects anticorrosion performance of an inhibitor. DSA Kruss optical
contact angle measurement instrument based on sessile drop technique,
made in Germany, was used to measure contact angle by the method as
described elsewhere [34]. The mild steel coupons were thoroughly
cleaned to assure no contaminant present on its surface to perform
contact angle measurement experiment. The acid solutions having
varying concentrations of CDR are then placed as drop on the MS sur-
face and measured the contact angle.

Theoretical study

Quantum chemical calculation

Generally corrosion inhibitor must be adsorbed on the desired me-
tallic surface to show corrosion inhibiting potential. Basically, it is the
electronic properties and molecular structure of corrosion inhibitor
which affect their adsorption on any surface. In this connection, DFT
has been proved an important tool to optimize the structure of in-
hibitors and also to get their electronic properties. ORCA programme
package [25] was the source to ensure DFT calculations and B3LYP
functional level of DFT [26-30] to get optimize geometry of CDR mo-
lecule. Ahlrich’s group [31] developed all-electron Gaussian basis set
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was used to perform this study. Triple-{ quality basis set together with a
set of polarisation functions were used for N & O atoms while polarized
split valence and a polarizing set of d functions were used for C & H and
non-hydrogen atoms respectively in this study. In this analysis, solvent
effect is also considered because of the fact that liquid medium is ne-
cessary to occur this type of corrosion. Herein, effect of solvent (here
water) has been introduced by the utilization of COSMO model during
the optimization process.

Analysis of reactive sites which are responsible for adsorption was
accomplished by Fukui Indices (FIs). The software used to get FIs of all
the atoms of CDR molecule was Material studio” 6.1 versions [35] with
DMol3 module. Application of double numerical polarization combined
together with generalized gradient approximation and BLYP exchange
correlation functional [36,37] was required to calculate all the FIs. The
condensed Fukui function gives the detailed information of the local
reactive centres of the inhibitor molecules. The Fukui function (f,) can
be defined as [38]:

9p (1)
fe= (—]
v o(7) (@)

where, p(7), Y and o(7) are first derivative of electron density,
number of electrons and constant external potential respectively.
With the help of finite difference approximations, Fukui functions
can be determined for nucleophilic and electrophilic attacks by in-
hibitor molecule separately as follows [39]:
For Nucleophilic attack

i =a(V+ 1) = g(Y) 2
And for electrophilic attack
fi =) —gq(¥Y -1 3)

where, g, represents total charge of the x atom, while g, (Y + 1)stands
for charge of the anionic form, g, (Y) for neutral form and g, (Y — 1) for
cationic form of x atom respectively. Hirshfeld population analysis, i.e.
HPA represented Fukui functions in this study.

Molecular dynamics study

It is well established fact that inhibitors interact with the metal
surface to be adsorbed and this interaction can be easily predicted by
molecular dynamics, i.e. MD simulation technique. To carry out simu-
lation study, Fe (1 1 0) surface is selected because of packed surface and
high stabilization energy. The interaction of CDR molecule with the
metallic surfaces has been modelled in a 3D simulation box (dimension:
39.96 x 39.96 x 77.61 A). The whole simulation box has been con-
structed of three layers which includes first layer consists of a layer of
Fe block followed by 10 subsequent layers of Fe atoms, second layer
which is the solution block consisting of inhibitor molecule, H,O mo-
lecules and molecular ions like H;0* and Cl1~ and the third one the last
uppermost vacuum layer. In this case, COMPASS, i.e. Condensed Phase
Optimized Molecular Potentials for Atomistic Simulation Studies which
is highly accepted has been used. COMPASS, an originally force field
provides accurate prediction about chemical properties of a molecule/s
[40]. The COMPASS force field can be defined as [29,41-43]:

E= Ebs + Eab + Eopac + Etorsion + Ecc + Eelec + Evp (4)

where Eys, Eap, Eopacs Etorsions Ece> Eelec @nd Evg stands for contribution
due to bond stretching, due to angle bending, due to out of plane angle
coordinates, due to torsion, due to cross coupling, due to electrostatic
and due to Vander Waals interaction respectively. All the terms of Eq.
4can be written separately as:

Eps = z [ (b — bo)* + x3(b — bo)* + x4(b — bo)*]
b 5)

Ew = ), [Hy(8 — 60)* + Hy(6 — 60)° + Ha(6 — 60)°] ©
6
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E torsion

= 27 [Vil1 = cos(¢ — ¢o)?] + Va[1 — cos(2 — ¢,)*] + V4
¢

[1 — cos(3¢ — ¢,)’1] %)
Eopac = Z X XZ
" x h ®
Eee = 3, 2y Foy (b — bo) (6" — bg)+ 3 Dy Foer (6 — 00)(6 — 65)
+ 2 2o Foo(b — bo)(8 — 6)
+ Zb Z¢Fb¢(b — by)[Vicos ¢ + V5cos2¢ + Vscos 3¢
+ 2y Z¢ Fyo(b' — bg)[Vicos¢ + Vscos 2¢ + Vscos 3¢]
+ 2% E¢F9¢(9 — 6p)[Vicos ¢ + Vocos2¢ + Vicos 3]
+ Ze Zs’ qu kgercos @(6 — 60)(0" — 6g) 9
44
Eelec = -
l lZJ: & (10)

0y #0\°
EVB = Z Eij 2 2 -3 2
/ T T
ij Y Y an

where, b, 6, ¢ and y stands for bond length, bond angle, angle of torsion
and out of plane angle respectively.

During entire simulation study, Fe atoms are kept static while all
remaining species involved in simulation are allow to interact freely
with the metallic surfaces. In this study, MD simulations run by in-
corporating NVT canonical ensemble at 298 K temperature with 1 fs
time step and 100 ps simulation period.

The total energy of interaction (Ej,,) due to interaction inhibitor
molecule with Fe surface can easily be derived as [29,30]:

Einter = Etotal — (Esurf+ Ho+mot +c- + Einh) (12)

where, Eyal, Einh, and Egysymo0+ 1m0 + +c1- represents total energy of
the whole simulation system, energy of adsorption inhibitor and energy
of metallic surface and all other concerned species like H,0, H;O ™" and
cl.

The negative of interaction energy can be taken as binding energy of
the inhibitor as:

Ebinding = —FEinter 13)

Surface study; atomic force microscopy (AFM)

The topographical study of mild steel samples was carried out by
scanning atomic force micrographs. The mild steel samples were pre-
pared in the same way as in the TGA experiment to run scan AFM
images. NT-MDT multimode AFM was used to scan the topographical
images. This instrument was supplied from Russia. The AFM was run in
semi-contact mode [44] to record micrographs of mild steel surface.

Results and discussion
Electrochemical impedance spectroscopic data

Table 3 represented the results obtained by running EIS with dif-
ferent solutions of CDR in molar hydrochloric acid. The performance of
CDR against corrosion of mild steel corrosion acid is shown as Nyquist
and Bode-Phase plots and represented as Fig. 2a—c.

The Nyquist plots obtained consist of two loops; large capacitive
loop and small inductive loop. The capacitive obtained at higher fre-
quency and contributed significantly to reduce the corrosion rate while
inductive loop obtained at lower frequency. The inhibiting action of an
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inhibitor is a function of diameter of Nyquist plot; greater the diameter
of Nyquist plot, greater will be its efficiency. The performance of CDR
to reduce corrosion bettered by increasing its amount in HCl acid so-
lution as confirmed by increased diameter of Nyquist plots which in-
dicated adsorption of CDR over metal surface. The high frequency ca-
pacitive loop was formed due to charge transfer process occurred on the
studied surface while relaxation of corrosion products and/or adsorp-
tion of CDR accounted for the formation of low frequency inductive
loop. The size of inductive loop increased appreciably at higher con-
centrations of CDR and thus confirmed its adsorption and thereby
corrosion rate is reduced. The surface state may have short or long
relaxation time which is defines as [45-47]

7=CRy a4

where, C is used for capacitance while R for resistance due to charge
transfer, i.e. charge transfer resistance. Thus, higher values of charge
transfer resistance at higher concentration of CDR resulted into longer
relaxation time. The values of relaxation time presented in the Table 3.
The phase angle at intermediate frequency measures the capacitive
behaviour of electrode. The phase angle increased by the increase in
CDR concentration indicates the more capacitive behaviour or effective
control of corrosion at higher concentrations of CDR.
The charge transfer resistance (R.) can be used to analyse anti-
corrosion performance of CDR as:
Ra—Ra — Ret 100

Er. % =
fT T OR) s)

where, R}, stands for charge transfer resistance with inhibitor while RS
for the same in without inhibitor.

The Nyquist plots obtained is depressed semicircle instead of perfect
semicircle and this depression is characteristically associated with
heterogeneity of electrode which can be explained by incorporating
constant phase element in equivalent circuit.

An equivalent circuit used to fit all the experimental data of EIS is
presented as Fig. 2d. This equivalent circuit includes modification in the
form of CPE for double layer capacitance and consists of parallel
combination of R, and CPE connected in series to a parallel combina-
tion of inductive element (L) and inductive resistance R;, The value of
inductance, L, is a function of inhibitor concentration as its value de-
creased by increasing concentration of inhibitor shown in Table 3. The
decreasing value of L indicated increasing adsorption of CDR over the
metal surface.

The value of n is closely related to roughness of electrode surface.
The value of n increased by the presence of increasing amount of CDR
(Table 3) and thus confirmed reduced corrosion and also surface
roughness.

Potentiodynamic polarization

Potentiodynamic polarization experiments were conducted at dif-
ferent temperature (308-338K) in acid solutions having different
amount of CDR to derive information about kinetics of corrosion in-
hibition mechanism. The increment of corrosion current density at
higher temperatures indicates that equilibrium is shifted towards des-
orption at higher temperatures. The Fig. 3 presented polarization curves
obtained after running the experiment with different amount of CDR at
temperature range 308-338 K. Addition of CDR to the acid solution
lowered the corrosion current density and hence corrosion inhibition
efficiency of CDR is confirmed. The corrosion potential shifted insig-
nificantly (2-22 mV) by the presence of different concentrations of CDR
which confirmed its mixed type nature. Similar findings reported by
some other researchers [48,49].

The corrosion mitigating potential of CDR can be calculated from
the data of potentiodynamic polarization experiments as
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Table 3

Impedance parameters for mild steel in 1 M HCI in absence and presence of different concentrations of CDR at 308.
Conc. of inhibitor Rs Yo n L Rt Ry T Ery %
M x 1079 (Q em?) (107°x Q7 's"em™?) (H) (Q em?) (Q cm?) ()
- 1.30 164.0 0.811 13.0 16.0 1.0 0.0006 -
0.63 0.95 75.2 0.835 12.2 84.2 5.6 0.0020 81.1
1.26 0.74 66.2 0.862 10.1 100.9 11.4 0.0020 84.8
2.52 1.09 50.9 0.863 9.3 120.0 12.8 0.0030 87.2
3.79 1.10 45.8 0.899 8.5 188.2 11.4 0.0050 91.5
5.05 1.04 20.5 0.902 7.6 485.3 55.8 0.0090 96.8
6.32 1.07 18.8 0.903 6.7 514.0 28.8 0.0058 96.9

i — il Temperature study
Eppp% = T e— X 100 . . h . inhibiti ial of CDR high
id. (16) To investigate the corrosion inhibiting potential o. at higher

where, i0,, stands for corrosion current density in 1M HCI and il
stands for corrosion current density in presence of CDR.

Polarization curves were analysed by Tafel fit and obtained different
parameters are listed in Table 4.

The decrease of inhibition efficiency of CDR at higher temperatures
confirmed the shift of equilibrium towards desorption at higher tem-
peratures. The values of anodic Tafel constant b, are somewhat constant
while the value of cathodic Tafel slope b. was changed by the presence
of different concentration of CDR which confirmed predominant
cathodic nature of CDR.

The results of EIS as well as potentiodynamic polarization study
showed consistency up to an appreciable extent.

Gravimetrical analysis

Assessment of corrosion inhibition

The relation of corrosion rate with CDR concentration and time up
to which mild steel samples were immersed are presented as Fig. 4a & b
respectively. The linear increase of corrosion inhibition potential of
CDR by increase of its concentration resulted due to its increased ad-
sorption. The continuous decrease of weight loss for a particular im-
mersion period at higher concentration of CDR (Fig. 4b) confirms the
stability of CDR film formed due to its adsorption. The gravimetric and
electrochemical results agreed well as seen in Table 5.

temperatures, gravimetrical analyses were carried out with different
amount of CDR at different temperatures in the temperature range
308-338K and the result is presented as Fig. 4c. The decreased effi-
ciency of CDR at higher temperatures is due to shifting of adsorption-
desorption equilibrium towards desorption.

Thermodynamic activation parameters

The temperature studies have been proved very important as it
provides information regarding reaction kinetics of corrosion process.
The adsorption-desorption equilibrium changed by the change in tem-
perature and therefore interaction of CDR with mild steel surface
changed also at different temperatures. Thus, to explain reaction ki-
netics of corrosion inhibition, potentiodynamic polarizations as well as
gravimetrical analysis were carried out at different temperatures in the
temperature range 308-338 K with different amount of CDR. The re-
sults obtained from both studies agreed well.

The activation parameters can be calculated using following rela-
tions [50]:

)
log(Gr) = ——>— + logd
08(CR) = 3 3pr T 108 a7)
RT _ (AS® AH®
Cr = —exp| — |exp| ———
N R RT (18)

where, E, stands for activation energy, A for Arrhenius factor, AH for
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Fig. 2. (a) Nyquist plot, (b) Bode-magnitude plot and (c) Phase angle plots obtained for the mild steel in 1 M HCI in the absence and presence of different con-
centrations of CDR and (d) The electrochemical equivalent circuit used to fit the impedance measurement.
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Fig. 3. Tafel Polarization curves for corrosion of mild steel in 1 M HCl medium in absence and presence of different concentrations of CDR at (a) 308 K, (b) 318K, (c)

328K and (d) 338 K.

Table 4
Potentiodynamic polarization parameters for mild steel without and with dif-
ferent concentrations of CDR in 1 M HCI at 308 K.

Conc. Of Inhibitor  -Ecopr fcorr b, b. Eppp%
M x 1079 (mV vs. (MA cm™2) (mV (mV

SCE) dec™) dec™ )
- 469 730 73 127 -
0.63 482 184 72 135 74.8
1.26 462 131 72 132 82.0
2.52 471 112 75 181 84.6
3.79 469 55 80 154 92.4
5.05 476 35 76 184 95.2
6.32 481 32 77 168 95.6

activation enthalpy, AS” for activation entropy, h for Planck’s constant
and N for Avogadro number, respectively. These activation parameters
listed in Table 6 were calculated from slope and intercept of the graphs
log Crvs. 1/T and log (Cr/T) against 1/T presented as Fig. 5a-b.

The increased activation energy of corrosion process by the pre-
sence of CDR revealed that higher energy barrier to be crossed for
corrosion to occur.

According to Eq. (17), the value of E, and A both can affect the
corrosion rate. According to Eqnl7, higher values of activation energy
and lower values of pre-exponential factor favours lower corrosion rate.
The examination of Table 6 reveals that values of both E, and A in-
creased by increase in CDR concentration; thus, it is the increase in
activation energy which controls corrosion rate.

The higher values of AH" in inhibited solution attributed to high
corrosion inhibiting potential of CDR; similar findings reported earlier
[51].

As we can observe the values of AS"increased in presence of CDR
(Table 6) as compared to uninhibited solution which indicated that the
entropy of solvent, i.e. water increased in the adsorption-desorption
equilibrium.

Adsorption isotherm

The interaction of organic compounds and metal surface is of two
types; physical (through electrostatic force of attraction or simple
Wander Waals force of attraction) and chemical (through chemical
bonds). This interaction of organic compounds mainly depends on
nature of metal, chemical structure of inhibitor molecule which is to be
adsorbed and electrolyte medium. When metal is immersed in inhibited
acid solution, inhibitor molecules started to adsorb competitively on the
metal surface. Thus, equilibrium is established between adsorbed CDR
molecule and CDR molecules remained in the bulk of the acid solution.
This equilibrium can be described by adsorption isotherm. When mild
steel sample, i.e. working electrode immersed in electrolytic solution,
an organo-electrochemical reaction occurred on its surface and the
mechanism of such reaction can be explained by the application of
appropriate adsorption isotherm. A variety of adsorption isotherms
were examined to explain the adsorption of CDR molecule over the
electrode surface in best way; this purpose served best by applying
Langmuir isotherm as presented by Fig. 6a-b. This isotherm can be
defined as:
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Table 5
Inhibition Efficiency of CDR obtained from different methods at 308 K.

Conc. Of Inhibitor Inhibition Efficiency

M x 1079 Ery % Eppp% EwL%
0.63 81.1 74.8 79.8
1.26 84.8 82.0 85.3
2.52 87.2 84.6 88.9
3.79 91.5 92.4 93.2
5.05 96.8 95.2 97.2
6.32 96.9 95.6 97.9

— Kadscinh

1+ Kadscinh (19)

where, K,4 is the adsorption constant measures the strength of ad-
sorption. This Eqn can also be written as
Cinh 1

= + G
0 Kads inh

(20)

The value of K,q4s is a function of adsorption strength of inhibitor
CDR to the metal surface [52]. The appreciable inhibition potential of
CDR is in accordance with high values of adsorption constant K,gs.

Table 6

Results in Physics 14 (2019) 102383

The adsorption constant K,y is related to Gibb’s free energy of ad-
sorption as
(J
ads

logK,4s = —logCp,o — ————
6 Sads BE10 = D 303RT

@1
where, Cy,0, R and T stands for concentration of water in the taken
solution in molL™!, gas constant and absolute temperature respec-
tively.

According to Van’t Hoff Eq. [53]:

1 _AHads ASa\ds

InK,ys = —
M7 S5 5 RT R

(22)
The plots of In K,45 (obtained from weight loss as well as polariza-
tion study) vs.1/T presented as Fig. 6¢&d. The slope and intercept of
these plots provided the value of enthalpy (AHg,) and entropy of ad-
sorption (ASg,) which are listed in Table 7.
The Gibb’s Helmholtz Eqn can also be used to derive the value of
AHgys and ASgy, as:

A :?ds = AI_Igds - TASgds (23)

The plot of AGY,;, vs.T (presented as Fig. 6e&f) provided the value of
ASgy and AHg,, from slope and intercept respectively.

The values of thermodynamic adsorption parameters obtained from
different methods showed appreciable consistency. In this study the
value of AHy, is negative and the value of ASY; is positive as listed in
Table 7. Thus it is the increasing entropy resulted in negative value of
Gibb’s free energy of adsorption. Hence, the driven force for adsorption
was entropy not enthalpy, as reported elsewhere [54].

Contact angle analysis (Wetting interaction between acid solution and mild
steel surface)

The contact angle is a function of interaction between solution and
the metal surface. The measurement of contact angle was performed for
acid solutions with varying CDR strength and the result presented as
Fig. 7. The value of contact angle decreased continuously by the pre-
sence of increasing amount of CDR and thus confirmed the potential of
CDR molecule to reduce the interaction of mild steel with acid solution.
Thus, potential of CDR to inhibit corrosion increased with its con-
centration. Solmaz et al. [55] reported similar findings in their report.

Theoretical study

Quantum chemical calculations of the neutral form of inhibitor molecule
Quantum chemical calculation eased the designing and develop-
ment of efficient corrosion inhibitors recently. DFT study explores all
the possible D-A interaction at the level of each and every atoms of
inhibitor molecule. It is widely studied fact that for a molecule should
be adsorbed to show corrosion inhibition property and it is mainly the
D-A type interaction which is responsible for adsorption over the pre-
ferred surface. Thus DFT offered the relationship of molecular structure
or properties with corrosion inhibiting capability of a molecule. Based
on this fact quantum chemical calculation has been accomplished to

Calculated values of activation parameters for mild steel in 1 M HCI in the absence and presence of different concentrations of CDR.

Conc. of Inhibitor Eq (KJ mol 1)

AH" (kJ mol™1)

AS" (Jmol ' K™Y A (mgem™3)

M x 10’4) WL PDP WL PDP WL PDP WL PDP

- 42.21 36.37 39.55 33.73 —86.75 —94.99 5.31 x 10® 1.98 x 10®
0.63 71.23 61.89 64.58 59.38 —24.99 —26.74 8.95 x 10™* 7.27 x 10!
1.26 74.02 64.37 71.37 61.70 —18.62 —15.26 19.27 x 10! 2.89 x 10'?
2.52 76.57 68.17 73.92 65.61 -12.63 -14.31 39.62 x 10! 3.24 x 10'2
3.79 80.58 76.34 77.93 73.75 —-3.95 -10.19 11.27 x 102 6.17 x 10*°
5.05 91.24 85.34 88.58 82.73 23.10 —15.67 29.24 x 10'3 25.8 x 10*3
6.32 98.52 91.56 95.87 88.92 44.96 -25.73 40.55 x 10'* 36.1 x 10**
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concentrations of CDR obtained from weight loss measurements.

explain the corrosion inhibition mechanism of CDR over mild steel
surface. The optimized geometry structure, electron density distribution
over the highest occupied and lowest unoccupied molecular orbital i.e.
HOMO and LUMO of CDR molecule are presented in Fig. 8a—c. Several
quantum chemical parameters obtained from DFT calculations such as
energy of frontier molecular orbitals (Egomo and Eruymo), energy gap
(AE), dipole moment (u), electronegativity (x), hardness (i), Softness
(S) and fraction of electron transferred (AY) listed Table 8.

The frontier molecular orbitals (FMO’s) theory states that chemical
reactivity of a molecule is primarily depends on optimized geometry
structure and electron density distribution in HOMO and LUMO. It is
observed from the geometry optimized structure of inhibitor that it has
non-planar in orientation. Thus, it is not adsorbed in a flat orientation
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on the mild steel surfaces. Thus the next question is obviously coming if
molecule is not adsorbed in the flat mode then how incredible amount
of inhibition efficiency has been shown by the particular inhibitor
molecule. This issue can be addressed by the electron density dis-
tribution in FMO’s of the inhibitor. The view of HOMO of the inhibitor
revealed that electron density is distrusted over the 2-amino thiazol and
oxime part of the molecule whereas; appreciable electron density is
distributed in LUMO over the thiazine carboxylic acid part of the mo-
lecule. Therefore, a single molecule showed both type of behaviour;
electron donation is due to one part of the molecule while electron
donation by other part. This dual behaviour of molecule helps in ad-
sorption of the inhibitor effectively. In this consequence, better in-
hibition efficiency is obtained by this particular inhibitor molecule.
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Fig. 6. (a) & (b) Langmuir adsorption isotherm plots, (c) & (d) plot of InKadsvs 1/T and (e) & (f) vs. T obtained from weight loss and Tafel polarization method.
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Table 7
Thermodynamic parameters of adsorption in presence of 5.05 x 10~ *M conc. of CDR.
Temperature (K) Kags AGY, AHY " ASS” AH;’dS" ASfds"
@o0*xM™ (kJ mol™1) (kJmol™1) (Jmol K™Y (kJmol™1) (mol K™Y
WL PDP WL PDP WL PDP WL PDP WL PDP WL PDP
308 6.86 3.92 38.78 37.46 —52.97 —43.37 45.44 18.76 52.60 —44.85 44.90 24.00
318 3.83 2.58 38.50 37.38
328 2.07 1.56 38.04 37.20
338 1.07 0.85 37.34 36.72

@ Calculated from Eq. (22).
b Calculated from Eq. (23).

40
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20
15

10 0 1 2 3 4 5 6 7

QHII(M x 104)

Fig. 7. Variation of contact angle, ¢, with acid solutions containing varying
concentrations of CDR on mild steel surface.

Inhibitor molecule adsorption can also be inferred by the energy of
frontier molecular orbitals. The high value of Eyonmo and low value of
E;umo ease the inhibitor adsorption as these values measure the ten-
dency to donate and accept electrons [56-58]. It is seen from Table 8
that CDR inhibitor molecule has highest Eyomo and lowest Epyyo value

in compared to some previously published molecules [59,60]. Apart
from Epomo and Epuymo, energy gap is another important parameter
from where chemical reactivity of the molecule can be easily elucidate.
As much as AE value decreases, there is an increase in its reactivity,
which in turn increases the adsorption ability of the inhibitors [57,58].
Smaller AE (shown in Table 8) demonstrates that the molecule is much
easier to be polarized and easily adsorbed on the mild steel surfaces.

In order to get further information, whether the inhibitor molecule
capable enough to donate the electron or not, fraction of electron
transferred (AY) between inhibitor molecule and metal surface is
hereby calculated. The values of Egono and Epyyo can make calculation
of a series of intrinsic molecular properties [61] like ionization potential
(D), electron affinity (A), electronegativity (), global hardness () of the
inhibitors. These parameters are related to each other by the following
formula:

I'= —Enomo 24)

A = —Eruymo (25)
I+A

X= 5 (26)
I-A

7= @7)

Pearson method [62] provides the calculation of fraction of electron
transferred (AY) between inhibitor molecule and metal surface. Ac-
cording to this method, electrons flow towards high electronegativity

(b)

Fig. 8. (a) The optimized geometry, (b) HOMO and (c) LUMO of CDR molecule for neutral species in the aqueous phase.

©



A.K. Singh, et al.

Results in Physics 14 (2019) 102383

Table 8
Calculated quantum chemical parameters of studied neutral form of CDR inhibitor.
Inhibitors Enomo Erumo AE u I'= —Enomo A = —Erumo X n S AY
(eV) (eV) (eV) (Debye)
CDR —5.8961 —1.9039 3.9922 11.6625 5.8961 1.9039 3.9000 1.9961 0.5009 0.2304
from low electronegativity when system of different electronegativity Table 9

comes in contact to each other. This flow continues till their chemical
potential becomes equal. The AY value is calculated by the following
equation [29,30]:

_ ¢ — Xinh

- 2(77Fe + ninh) (28)

where, ¢, xinn stands for work function of iron and electronegativity of
the inhibitor, while 5. and #;,;, stands for hardness of Fe and inhibitor
molecule, respectively.

The obtained DFT derived ¢ values for Fe (1 00), Fe (110) and Fe
(111) surfaces are 3.91, 4.82 and 3.88eV, respectively [29,35].
Herein, Fe (1 1 0) surface has been considered due to its packed surface
and higher stabilization energy. Electrons transfer will occurs from
inhibitor to metal surface atom when AY > 0 and vice versa [28-30].
Elnga et al. proposed that electron donation capability of inhibitor
molecules when the AY value is less than 3.6 [63]. It can be seen from
Table 8 that calculated AY value is positive and less than 3.6. Hence,
inhibitor molecule is capable for electron donation to the metallic
surface atom.

Another intrinsic molecular parameters which is associated to the
chemical reactivity of the molecule is global softness (reciprocal of
global harness, 1/7). According to the HASB principle, inhibitor mole-
cules are considered as soft bases and metals as soft acids [64].
Therefore, those inhibitor molecules which have higher softness value
will easily adsorb on the metallic surfaces. Table 8 reveals that the
obtained softness value of the studied inhibitor molecule is quite good
enough in compared to some previously published molecules [65,66].

Quantum chemical calculations of the protonated form of inhibitor molecule

Presence of heteroatoms in the molecular scaffold of CDR molecule
suggests their high possibility towards the protonation in the acidic
medium. Therefore, it is essential to investigate how molecular prop-
erty of the protonated form of inhibitor molecule play crucial role for
the adsorption on the metallic surfaces. In this perspective, in order to
find out the possible site of protonation, mulliken atomic charges of the
neutral form of inhibitor molecule has been consider [67-69]. From
Table 9 it is seen that, 012 atom possess highest negative charge. Thus,
in the present investigation O12 atom is protonated. The optimized
geometric configurations, HOMO and LUMO plot of the CDR molecule
are shown in Fig. 9, whereas quantum chemical parameters obtained
from DFT calculation (such as Eyomo, Erumos AE, W, X, 1, S and AY) is
tabulated in Table 10. From Table 10 it is seen that Eyonmo value of the
inhibitor is shifted towards the more negative value in comparison to
the Epomo value of neutral form. It suggest, in the protonated form
electron donation capability of the CDR molecule decreases and it is
also expected that in the protonation state inhibitor molecule is not
quite capable enough to donate the electron. This finding is further
counter supported by the fraction of electron transfer from the inhibitor
to the metallic surface (AY). Table 10 reveals that AY obtained for
protonation state of inhibitor molecule is negative. On the contrary,
Eiumo value tabulated in Table 10 also shifted towards the more ne-
gative value than that of neutral form, it pointing out electron accep-
tance capability in protonated form is increased. This is also counter
supported by the electronegativity value of protonated form of in-
hibitor. If we compare electronegativity values of the neutral and pro-
tonated form of CDR molecule, it can be seen that electronegativity
value in the protonated form of CDR molecules is much higher than that

10

DFT (ORCA) derived Mulliken atomic charges of the
studied CDR molecule in neutral form.

Atoms Mulliken atomic charge
S1 —0.002402
C2 —0.214226
C3 —0.039381
C4 0.198806
N5 —0.326403
C6 —0.004131
c7 0.092934
c8 0.268920
09 —0.354757
N10 —0.333772
Cl11 0.291463
012 —0.414719
C13 0.053952
N14 —0.253385
015 —0.266988
C16 0.149620
N17 —0.390186
C18 0.148729
S19 0.104678
C20 —0.224276
N21 —0.341517
Cc22 0.127501
023 —0.243463
024 —0.327635
C25 —0.125003
C26 —0.199597

of the neutral form. It suggests electron attraction capability is better by
the protonation form of inhibitor. Therefore, after successive analysis of
both the neutral as well as protonation form of inhibitor molecule it can
be concluded that neutral form of inhibitor have high tendency to do-
nate electrons whereas protonation form inhibitor is much superior to
accept electrons.

Active sites analysis of neutral form of molecule

The molecular behaviour of any molecule largely depends on geo-
metry optimized structure and electron density distribution in FMO's.
Although, a molecule may have number of active sites but it is quite
essential to recognize which particular active sites of will principally
participate in D-A type of interaction. Generally D-A type interactions
resulted from electron rich heteroatoms [70]. Though, it is difficult to
predict accurate point from where inhibitor molecule donate certain
amount of charges through some centres and received significant
amount of charges through the consecutive centres. This problem
overcame by Fukui indices analysis which eases behavioural differ-
entiation of different parts of molecule [71]. The value of f and f_
decides the chemical behaviour of different part of a molecule. The
atoms having high value of f} involve in the formation of back-bonding
by accepting electrons from metal surface i.e. these atoms behave as
electron deficient centres while atoms having sustainable fact as
electron rich centres i.e. favours the formation of chemical bond
through donation of electrons to vacant d-orbital of metal [57,72]. The
Fukui indices calculated for all the atoms of CDR molecule are listed in
Table 11. The Table 11 showed that S(1), C(3), C(4), C(8), 0O(9), C(22),
0(23), 0(24), C(25) and C(26) atoms of CDR molecule have high value
of f;' and hence are susceptible to accept electrons while N(14), O(15),
C(16), N(17), C(18), S(19), C(20) and N(21) atoms having high value of
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(b)

Fig. 9. (a) The optimized geometry, (b) HOMO and (c) LUMO of CDR molecule for protonated species in the aqueous phase.

fyare involved in electron donation. Therefore, it is inferred that
mainly thiazine carboxylic acid segment of the inhibitor molecule
participated for accepting electrons, whereas 2-amino thiazol and
oxime part of the CDR molecule for donating electrons. Thus it can be
said conclusively that electron density distribution in FMO’s and Fukui
indices agreed well.

Molecular dynamics simulation

To understand interaction of inhibitor CDR with the Fe (1 1 0), MD
simulation was carried out with consideration of all the concerned
species (such as H,O, H;0 ™", C1~ and Fe surface) which are involved in
the corrosion relate process. An appropriate and authentic configura-
tion of surface adsorbed CDR molecule was obtained by means of MD
simulation. The side and top view of the equilibrium adsorption con-
figurations of surface adsorbed CDR are presented as Fig. 10a-b which
elucidated that CDR molecule tend to acquire more or less planar or-
ientation to favour its adsorption on the Fe (1 10) surface. This parti-
cular orientation provided maximum contact of CDR molecule with
metal surface leaving minimum surface area to be attacked by ag-
gressive corrosive species. Hence, superior inhibition effectiveness is
expected and obtained accordingly.

Moreover, valuable information regarding adsorption potential of
CDR is drawn from the values interaction energy (Ejn,) or binding
energy (Epinding)- The interaction energy obtained for this system is
presented in Table 12. The value of Ej,., presented in Table 12 in-
dicated a strong interaction of CDR molecule with the Fe (1 1 0) surface.
Thus, it can be concluded that theoretical results agreed well with the
experimental results.

Surface characterization: AFM study

The topographical analysis of mild steel electrodes was carried out
by means of AFM. Atomic force microscope scanned the image of sur-
face of different electrode sample which are presented as 3d images

(©

Table 11
Obtained Fukui indices for nucleophilic and electrophilic attack for CDR in-
hibitor molecule.

Atom Fukui Indices for Nucleophilic Fukui Indices for Electrophilic
Attack () Attack (f7)
S (1) 0.048 0.022
C(2) 0.020 0.004
Cc®3) 0.081 0.004
C(4) 0.061 0.004
N (5) 0.017 0.004
C (6) 0.010 0.003
C(7) 0.014 0.003
C(8) 0.050 0.003
0 (9 0.064 0.007
N (10)  0.004 0.005
c(n 0.006 0.001
0 (12) 0.016 0.020
C(13) 0.012 0.026
N (14)  0.020 0.067
0 (15) 0.010 0.056
C (16) 0.006 0.071
N (17)  0.004 0.078
C(18) 0.004 0.056
S (19) 0.017 0.165
C (20) 0.012 0.103
N (21)  0.004 0.117
C(22) 0.060 0.001
0(23) 0.045 0.002
O (24) 0.084 0.003
C (25) 0.036 0.002
C (26) 0.082 0.006

(Fig. 11a—c). The average surface roughness of studied sample prior to
be immersed in an electrolytic solution was around 66 nm as presented
by Fig. 11a. The average surface roughness got increased up to 395 nm
(Fig. 11b) when the sample immersed in an electrolytic solution. The
attack of acid solution to the mild steel surface was hindered when CDR

Table 10
Calculated quantum chemical parameters of studied protonated form of CDR inhibitor.
Inhibitors Enowmo (V) Erumo (eV) AE (eV) M (Debye) I = - Enomo A = - Erymo X n S AY
CDR —6.3951 —3.4402 3.4647 10.51726 6.3951 3.4402 49176 1.4774 0.6768 —0.0330

11
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Fig. 10. Equilibrium adsorption configurations of CDR on Fe (1 1 0) surface obtained by MD simulations. (a): side view, (b): top view.

Table 12
Output obtained from MD simulation for adsorption of inhibitors on Fe (11 0)
surface.

Systems Einter (kJ mol™") Epinding (kJ mol™1)

Fe + CDR —944.90 944.90

added to it which is supported by the fact that the average surface
roughness reduced to 197 nm (Fig. 11c) compared to 395 nm.

Mechanism of corrosion inhibition

In general, adsorption plays an important role in corrosion inhibi-
tion by use of organic compounds as they get adsorbed and checked
further corrosion. The results discussed so far supported this view in the
case CDR also.

nm
80 —

N/ OH N\ - OH
N I R /N R
[©] / HEN/< \ o
HaN A s
H S
B A
c ¢ o c o o o c _
mild steel surface

® ® ©® 6 e ®© © o o ®

Fe

Fig. 12. Schematic representation of adsorption of CDR molecule on the mild
steel surface (A) Chemisorption and (b) Electrostatic interaction.

A number of possible interactions through which CDR molecule can
get adsorbed to the mild steel surface are presented by Fig. 12.
Generally inhibitors interact to metal surface in number of ways

600 —J
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00—~

Fig. 11. Atomic Force Micrographs of (a) mild steel surface before immersion in HCI Solution, (b) After Immersion in 1 M HCI and (c) After immersion in HCI-CDR

Solution.
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[73-75] and thereby get adsorbed. They may interact through

(a) Electrostatic interaction which occur between differently charged
objects, i.e. inhibitor molecule and metal surface,

(b) Non-bonded electrons of inhibitor to those metal orbitals which are
vacant,

(c) Similarly unsaturation of inhibitor, i.e. ;-electrons to vacant metal
orbitals and

(d) Back-bonding or retro-donation. Inhibitor molecule and metal sur-
face may interact in this way also.

Based on the above facts it can be understood that the deciding
factors for adsorption and thereby corrosion inhibiting potential are
molecular structure and electronic properties of the inhibitor molecule.
It was observed that the inhibition potential of CDR decreases by in-
creasing temperature at its smaller concentrations which attributed to
electrostatic interaction. Further, when concentration of CDR increased,
it showed appreciable efficiency against corrosion even at higher tem-
peratures which might be due to change of interaction of CDR molecule
to the metal surface on which it get adsorbed. The interaction of vacant
3d-orbitals of S-atom with 3delectrons of Fe assisted adsorption of CDR.
The adsorption of CDR molecule is also aided by its s-electrons.

Conclusions

From all the facts discussed above following conclusions can be
drawn

1. The Polarization study of CDR revealed its mixed type nature of
inhibition. Also, cathodic part of polarization curves affected sig-
nificantly by CDR.

2. The decreased value of contact angle by the presence of CDR con-
firmed the reduced affection of mild steel to the solution.

3. Langmuir isotherm can explained adsorption of CDR in best way.

4. The CDR molecule showed appreciable potential against mild steel
corrosion at higher temperatures as confirmed by its thermal sta-
bility by TGA study.

5. The gravimetric as well as electrochemical results are well sup-
ported by AFM study.
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