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Abstract. Concrete is one among the most consumed materials on the planet secondary to water. However,

the degradation of concrete happens due to the corrosion of reinforcement. Although the pore solution of

concrete is alkaline, the corrosion of rebars in concrete is triggered due to aggressive ions like chlorides

entering the concrete. The most common method of corrosion inhibition is by utilising corrosion inhibitors

which when added to the concrete stays in the pore solution and prevents the corrosion of surface of rebars

from aggressive ions. Although there are number of inhibitors, the rise in corrosion deterioration demands

the need for new potential inhibitors which are highly effective in different aggressive environments. This

study is based on the corrosion of rebars in simulated concrete pore solution in the presence of 3.5% NaCl

with oxalhydrazide as the potential inhibiting material. The corrosion behaviour of rebar is obtained by
electrochemical studies using EIS and potentiodynamic polarization and theoretically analysed employing

molecular mechanics and molecular dynamics simulations. The experimental results revealed that the

inhibitor is effective in reducing the corrosion and the values of binding energy of the inhibitors on rebar

surface also go well with the experimental results. Oxalhydrazide is found effective in minimizing the attack

of chloride ion on rebar in pore solution.

corrosion[6,8—16]. The heteroatoms such as O, N, S and
P[17] and its presence in the inhibiting molecules is
found to improve the corrosion inhibiting property of the
inhibitor as well as the physical and chemical adsorption
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reinforcing steel possesses a great threat to the future sharing or backdonation, hence effective on gettmg
existence of concrete structures. Concrete acts as an adsorbed onto the metal surface. Therefore organic

electrolyte  with steel embedded and the ionic inhibitors forms a layer over the surface of metal and
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dynamics simulation based on COMPASS forcefield is
being widely preferred by researchers for adsorption
studies[6,22]. Molecular Dynamics (MD) simulation
based technique is based on the laws in classical physics,
where the Newtons equations of motions are used to
determine the position of atomic particles[12,23]. MD
simulations facilitates in exploring the adsorption
behaviour of inhibitors in different electrolytic
media[6]. From the previous report[13] this inhibitor
shows a maximum efficiency at 0.5mM concentration,
so this concentration is chosen for this study. The
experimental results based on electrochemical
impedance and potentiodynamic polarization studies
were supported using molecular simulations based on
binding energy calculations.

2 Materials and experimental methods
2.1 Materials

2.1.1 Preparation of Steel sample

The samples of reinforcing steel employed for the study
were Thermo Mechanically Treated (TMT) bars of
Fe415 grade. The effect of blank corrodant was studied
on a rebar specimen having dimension 12mm diameter
and 5cm long with an exposed surface area of 20 cm?.
The preparation of sample surface was done according
to ASTM G-01. The rebars were initially washed with
10v/v% HCI acid solutions for 5 minutes to remove
black oxide and then cleaned with distilled water[24].
The samples were then ground with SiC grit paper
starting with 200 -1500 mesh followed by washing in
distilled water, degreased in acetone and cleaned in
ethanol. The surface prepared samples are soldered at
one end to facilitate electrical connection for
electrochemical testing and covered with epoxy on that
face to prevent the damage to the connection. The
curved surface area and bottom round face of the Scm
long rebar section was exposed to the pore solution with
and without inhibitor in the presence of 3.5% NaCl
blank corrodent.

2.1.2 Alkaline Pore Solution-Inhibited and Uninhibited

The simulated pore solution which substitutes the
concrete pore solution was prepared by mixing 8.33g of
NaOH, 3.36g KOH and 2.64g of Ca(OH), in 1000ml
distilled water which is mixed using magnetic stirrer for
24 hours and filtered using whatmann filter paper[24].
This solution was then supplied with 3.5% NaCl to make
the blank corrodent. The pH of the solution was found
to be alkaline around 12.5 at 25°C. This solution is taken
as the uninhibited solution for the study.

The inhibited pore solution was prepared by adding a
0.5mMJ13] stock solution of Oxalhydrazide (OHD) - a
non-toxic inhibiting chemical and mild irritant to eyes
and skin upon direct contact, shown in Fig. 1 into the
pore solution containing NaCl corrodent. The 0.1181g
of OHD in 100ml formaldehyde is used for the
preparation of 100ml stock solution. 5ml of stock

solution is added to 95 ml pore solution with NaCl for
the preparation of 100ml 0.5mM inhibited solution.
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Fig. 1. Molecular Structure of oxalhydrazide
2.2 Methodology

2.2.1 Electrochemical measurements

A Biologic (SP 300 computer controlled) operated by
the EC-Lab® software is used to perform the
electrochemical experiments and the results were fitted
using EC-Lab® All the electrochemical studies
employed the use of three-electrode setup. The rebar
steel sample, Ag/AgCl and platinum coil as the working
(WE), reference (RE) and counter (CE) electrode
respectively were employed for the study as shown in
Fig. 2. Initially the working electrode was subjected to
Open Circuit Potential (OCP) measurement for which
the setup needs to be kept in an undisturbed phase for
nearly 10 minutes until the system reaches a steady state
potential.
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CORROSION CELL SETUP

WE(Working Electrode) — Rebars/ Reinforcing Steel
REBAR WORKING ELECTRODE RE(Reference Electrode) — Ag/AgCl electrode
CE(Counter Electrode) — Platinum

Fig. 2. Corrosion Cell and Rebar Working Electrode

The rebar samples were kept 1 hour prior to the
electrochemical measurements in solutions with and
without inhibitor. The potentiodynamic polarisation
studies involve application of potentials between -0.2V
to +0.2V at a scanning rate of about 1mV/s. The
extrapolation of linear segments of Tafel curve was done
to obtain the corrosion current (icorr) density, corrosion
potential (Ecorr) and cathodic and anodic slopes of Tafel
curve (B and B, respectively)[25].

The impedance spectroscopy using
electrochemical techniques (EIS) were conducted
between a range of 100kHz to 100mHz frequency at an
amplitude of +5 mV AC peak-to-peak. The appropriate
equivalent circuit is chosen for fitting the impedance
data to obtain the necessary parameters to analyse the
spectra including the charge transfer resistance (Rc).

DATA ACQUISITION SYSTEM
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2.2.2 Quantum Chemistry and Molecular Dynamics
Studies

The molecular simulations were performed using Biovia
Material Studio by Dassault system software version
2022. The effect of electronic properties and structural
parameters on adsorption mechanism and inhibition
efficiency of inhibitor molecules on metallic iron (Fe)
surface were investigated using quantum chemical
calculations. The inhibition efficiency of various
inhibitor molecules was analysed with the help of
reactivity parameters [11] such as, the energy of highest
occupied molecular orbital (Enomo), energy of lowest
unoccupied molecular orbital (Erumo), the HOMO-
LUMO energy gap [26,27] reflecting the reactivity of
the molecule, hardness and softness, electronegativity
(x) and the fraction of transferred electrons from the
inhibitor to Fe surface (AN), are investigated in the
present study[28].

Initially, using molecular builder, the structure of
the inhibitor was built. The optimization of the
molecular structure was carried out using Dmol3
module with  Generalized Gradient Approximation
(GGA) functional Perdew-Burke-Ernzerhof (PBE) and
DNP basis set [29]. The geometry optimized structure
was verified for the absence of frequencies of negative
vibrations to make sure that the structure has stable
configuration on the potential energy surface. The Fe
(110) surface was built from Fe unit cell. A vacuum slab
model of Fe (110) was constructed by applying periodic
boundary condition on ‘X’ and Y’ directions and a 20
A vacuum applied in the ‘Z’ direction. The structure was
then optimized using CASTEP module of Material
Studio. The optimization was done by GGA functional
PBE. In order to understand the energetically most
stable orientation of a single inhibitor molecule with
respect to the Fe surface, the molecule was kept close to
the Fe (110) surface in three different orientations. The
three orientations are (i) vertical (OHD1), (ii) horizontal
(OHD2) and (iii) aligned to the Fe surface (OHD3). The
geometry of « inhibitor + Fe(110) » was then optimized
for the three orientations. The binding energy (Evinding)
of the inhibitor molecule with Fe (110) surface for each
orientation was calculated using equation 1[5].

Ebinding = Etotal - (Esurface + Einhibitor) (1)

Where,

Eota 1s the electronic energy of the structure comprising
of the « inhibitor molecule + Fe(110) surface », Esuface
indicates the electronic energy of metallic surface
Fe(110), and Einnivitor implies the energy of the single
inhibitor molecule.

The molecular dynamic (MD) simulations using
Forcite module was performed to understand the
interaction of corroding solution comprising of 500
water molecules and 5 Na* (violet colour) and 5 CI-
(green colour) molecules with the inhibitor molecule
attached Fe (110) surface. For all the simulations,
COMPASS III forcefield was used. The electrostatic
interactions were represented using Ewald summation
method while van der Waals interactions were

represented using atom based method with a cut off
distance of 15 A. The binding energy of the corroding
solution with the inhibitor attached Fe surface was
obtained using equation 2[30]. The binding energy
corresponding to the corroding solution in the absence
of inhibitor molecule was obtained using equation 3.

Ebinding = Etotal - (Esurface+inhibitor + Esolution) (2)

Where,

Eww is the energy of configuration comprising of
« metal surface + inhibitor + NaCl solution »,
Esurfacerinhivitor 1S the energy of « inhibitor molecule +
metallic surface Fe (110) », and

Esolution indicates the energy of NaCl corroding solution.

Ebinding = Etotal - (Esurface + Esolution) (3)

Where,

Ejotal corresponds to the energy of the system comprising
of both Fe (110) surface and solution, Egyface indicates
the energy of metallic surface Fe (110), and Egolution is the
energy of the corroding solution comprising of Na*, CI-
and H,O molecules.

2.2.3 Simulation of surface, solution, and inhibitor
molecule

The body centered cubic (BCC) bulk crystal structure of
iron (Fe) was imported from the database of Material
studio. According to the reported literature, Fe (110)
surface is more energetically stable in comparison to
other planes and therefore it can have effective
adsorption sites[23]. The Fe bulk crystal was cleaved for
(110) miller plane to construct Fe (110) surface. A
supercell was built by expanding the surface in X and Y
directions with Fe (110) slab thickness of 20 A. A
vacuum cell was built by increasing the length in Z-
direction in order to accommodate the inhibitor and
water molecules. During geometry optimization, the
atoms in bottom layers were constrained at their own
bulk positions to resemble the bulk substrate whereas
the atoms of upper layer were allowed to fully relax[6].

In general, inhibitor molecules tend to reduce the
adsorption strength of corrosive solutions such as NaCl
on metal surfaces. The concentration and type of
inhibitor molecules have great influence on the
interaction strength of corrosive molecules on metal
surface. The corrosive solution that we considered in the
present study is aqueous solution of sodium chloride
(NaCl). For preparing the corrosive solution (mentioned
as solution) medium, H,O, CI-, Na" molecules were built
using molecule builder. The structures were geometry
optimized using Dmol3 using GGA functional PBE and
DNP basis set. Electrostatic potential based partial
charges were applied to each atom. The solvent medium
was then constructed with 500 molecules of H,O, 5
molecules each of CI" and Na* ions. The number of
molecules represent 1M solution of NaCl. With the help
of layer builder, a layered model of solvent, inhibitor
and the Fe(110) slab was constructed to generate the
model for “surface+inhibitor+solution”. The geometry
optimization was done after layer construction with
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Forcite module using “smart” algorithm and a forcefield
of COMPASS III was employed. The obtained
optimized geometry was studied under microcanonical
ensemble (NVE) equilibration run for 300 ps at 298 K
and 1 atm. Further, the system was simulated using
canonical (NVT) ensemble for 500 ps of equilibration
runs using random initial velocities followed by
production simulations for 250 ps. Nose-Hoover-
Langevin thermostat was employed for temperature
controlled NVT runs. The energy of this system was
considered as Eal. A similar run was performed to get
the energy of “surface+inhibitor” model as Egurface-inhibitor
and solution the energy of NaCl solution as Egotytion Using
the same MD simulation protocol for calculating Eotar.

3 Results and discussion

3.1 Experimental Results

3.1.1 Electrochemical Impedance Results (ELS)

EIS is a widely used non-destructive method employed
to understand the kinetics and mechanisms of
electrochemical system. The Nyquist plot representing
the impedance values of rebar samples in inhibited and
uninhibited solutions for an hour is shown in Fig. 3. The
equivalent circuit best found to fit the impedance data is
given as inset in Fig. 3. The R; is the solution resistance,
R» and Q; are the resistance and capacitance offered by
the passive film in alkaline pore solution, R3 and Q;
indicates the charge transfer resistance and the double
layer capacitance offered at the interface of steel rebar
and electrolyte respectively[31]. The ideal capacitance
was replaced by a constant phase element to best
resemble the inhomogeneity of the surface due to
surface roughness[32,33]. The circuit fitted curves were
represented in continuous green lines in Fig. 3, and the
values obtained after fit was given in Table 1.

The solution resistance of inhibited solution was found
to be more than that of uninhibited due to the reduction
of conductivity of the inhibited solution with inhibitor
molecules.

Table 1 Fitted values of EIS of rebar in pore solution with
and without inhibitor in 3.5% NaCl

Type of solution Inhibited Uninhibited

Ri (Q) 2.156 1.904

Q2 (Fs*a- 1)) 0.065 0.544
a 0.397 0.54

R> (Q) 9590 209.1

Qs (Fs*(a-1)) 0.083 0.003
a3 0.382 0.540

R3 (Q) 307.4 3.69
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Fig. 3. Complex plane plot and inset shows Equivalent Circuit

used for fitting.

The increase in film capacitance of the passivation layer
of the uninhibited solution was mainly attributed either
due to the thinning of passive layer formed or due to the
increased porosity of the surface mainly because of the
pitting caused by the chloride ions. This shows that the
film capacitance of passive layer increases with the
reduced film thickness of the surface hence the variation
in film capacitance may be an indication of pitting of
steel surface. This indicates the evolution of passivation
layer of OHD molecules, which remains intact on rebar
surface in pore solution in the presence of NaCl ions.
The resistance offered by passivation layer is very high
in inhibited solution when compared with the resistance
of the passive film offered by uninhibited solution. But
the absence of inhibitors causes the breakdown of these
passivation layer and ultimately due to the attack from
aggressive chloride ions there are chances of occurrence
of pitting on the steel surface which is clear in
uninhibited solutions[34]. Whereas the charge transfer
resistance values in both inhibited and uninhibited cases
is reduced when compared with the passive film
resistance due to the depassivation of the passive film on
the working electrode due to exposure to chloride ions
for more time[35]. But the charge transfer resistance
value of inhibited rebar sample was found to be higher
than uninhibited.

3.1.2 Tafel Polarization

In order to authenticate the result obtained from EIS, the
potentiodynamic tests were conducted on rebar samples
in pore solution contaminated by 3.5% NaCl in the
presence and absence of OHD inhibiting molecules and
the results were presented[36] in Table 2.

The corrosion current density, Lo for uninhibited
case is found to be around 194.744 pA/cm? which is
found to be 23.89 times higher than the inhibited
solution. The higher corrosion rate, Reorr in the absence
of inhibitor is mainly due to the spontaneous and harsh
attack of the NaCl molecules onto the steel surface
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making the surface dissolvable and vulnerable to further
attack.

Also, the inhibitor molecules adsorbed on the steel
surface is high as it is evident from the formation of
passivation layer even for small exposure time of 1 hour.
Therefore, with the presence of inhibitor and its
concentration the anodic and cathodic corrosion currents
decreased which ultimately reduced the corrosion
current and corrosion rates. Therefore, the results from
tafel polarization exhibited in Fig. 4 shows similar trend
as in case of EIS values. Based on I the inhibition
efficiency of the OHD is found to be around 95.81% in
pore solution which seems to take part significantly in
mitigating corrosion.

Table 2 Electrochemical parameters obtained after fitting
tafel polarization data

Type of
solution Inhibited Uninhibited
Ecorr (mV) 616998 |  -590.382
Leor(A/em?) 8.149 194.744
Bc (mV) 36.300 125.0
Ba (mV) 103.200 8.580
Reorr(mm/year) 0.096 2.293
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-0.55F
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Fig. 4. Tafel polarization data of steel rebar with and without
inhibitor in pore solution in 3.5% NaCl

3.2 Simulation Results

3.2.1 Quantum chemical parameters

The energy of the frontier molecular orbitals Ewxomo,
Erumo and the energy gap AE are significant parameters
which represent the reactivity of the organic molecules.
The electron donation ability of inhibitor molecule
defines the inhibition efficiency. It is therefore
concluded that higher Enomo causes increased electron
donation chances by organic inhibitors onto Fe
surface[37] and lower Erumo favours increased
acceptance of electrons by the organic molecule of

inhibitor from d-orbitals of metal through backdonation.
Similarly, the energy gap AE = (ELumo — Enomo) of the
inhibiting molecule is another indice whose higher value
favours lesser reactivity and vice versa[12,38]. Hence
the reactivity of the molecule is found to be high due to
low AE therefore its easier for the molecule to donate its
electrons.

HOMO and LUMO electron densities of
« oxalhydrazide » molecule are as presented in the Fig.
5. The values of Exomo and ELumo suggests that inhibitor
has the potential to both accept and donate electrons to
the d-orbitals of metal under favourable conditions. The
energy gap is the measure of kinetic stability of the
inhibitor and a large gap is an indication of charge
transfer within the molecule. The molecule having large
gap exhibits higher stability and vice versa[10].

LUMO =-1.453 ¢V

3.543eV

HOMO =-4.996 eV

Fig. 5. HOMO and LUMO orbitals and the energy gap of
“Oxalhydrazide” molecule

The molecule having high stability is supposed to be less
reactive chemically. Thus, chemical reactivity is found
to be high for soft molecules than hard ones. Thus
HOMO - LUMO gap is a clear indication of activity of
the organic molecule. Larger gap therefore causes less
polarization of molecule resulting in hard molecule with
increased stability and lower chemical reactivity.
Various reactivity descriptors of oxalhydrazide
molecule are given in Table 3. The softness value of
oxalhydrazide (OHD) indicates the reason for ease of
adsorption on Fe (110) surface enhancing inhibiting
effect. The lower electronegativity(y) value explains the
tendency to release loosely bounded -electrons
effortlessly which increases the adsorption of the
molecule and indirectly favours the inhibition. The AN
indicating fraction of electron transferred from inhibitor
molecule to metallic atom is also given in Table 3. If the
AN has a values less than 3.6 (AN < 3.6) then the
inhibitor molecules are effective in donating electrons
thus resulting into the adsorption onto the metallic
surface[39].

3.2.2 Calculation of binding energy

The geometry of inhibitor molecule, OHD and the Fe
(110) structure were optimised using the module
CASTEP in the DFT framework. The orbital cutoff
quality was set to fine. The Vanderbilt ultrasoft
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pseudopotential[40] was used [41,42] to increase the
speed and accuracy[43] of calculations governing the
interaction of electron-ion. The structure optimization
was based on Broyden—Fletcher—Goldfarb—Shanno
(BFGS) algorithm[44]. A 1 x 1 x 1 k-points set was used.
The geometric structure of the OHD was optimized in
12 x 12 x 12 A lattice cell with periodic boundary
conditions. To understand the most stable orientation of
OHD molecule for adsorption on Fe surface, the binding
energy (BE) of OHD on Fe surface was calculated as per
the equation 1 for three different orientation and
tabulated in Table 4. OHD1, OHD2 and OHD3 in Table
4 is represented in three orientations as shown in Fig. 6.

Table 3 Reactivity descriptors of Oxalhydrazide

Parameter Equation Values
Enomo (eV) - -4.996
Erumo (eV) - -1.453
Gap Energy (AE) Erumo - Enomo 3.543
(eV)
Chemical
Hardness () (ELumo - Enomo)/2 -1.772
Softness (o) 1M -0.564
Ionization
Potential (IP) -Enomo 4.996
(eV)
Electron Affinity
(EA) (V) -Erumo 1.453
Electronegativity (IP+EA)/2 3925
0 '
Transferred (xFe - Yinn)/[2*(MFe —
Fraction of MNinh)] 0.450
Electrons (AN) yFe = 4.82eV, Nre =0

Table 4 Binding energy calculation for three different
orientations of OHD molecule on Fe(110) surface

Types OHD 1 OHD 2 OHD 3
Eroat | ¢5357.672 | -85357.732 | -85358.604
(V)

ESurface
-82988.38 -82988.38 -82988.38
(V)
Enhibitor 2361.814 2361.814 -2361.814
(eV)
EBinding
) -7.477 -7.537 -8.41
EBinding
(kl/mol) -721.488 -727.282 -811.444

The highest negative value of BE indicates the highest
adsorption  strength and  energetically  stable
configuration of « inhibitor + Fe surface ». Higher the
adsorption strength, higher will be the inhibition

efficiency. As per Table 4, binding energy is observed
to be maximum negative for « OHD 3 ». In the OHD 3
orientation, the inhibitor molecule is attached to the Fe
surface with almost five binding points which makes the
adsorption on the Fe surface strongest among the three
orientations studied. The presence of more number of
active sites in the structure of inhibiting molecules can
result in multisite adsorption and cause excellent
geometric blocking[45].
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Fig. 6. Interaction between OHD and Fe(110) surface in

different orientations a) vertical b) horizontal c) aligned
parallel to the surface.
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The inhibitor’s OHD 3 orientation which has
highest adsorption with Fe surface was again optimized
in the presence of chloride ion (green colour) using same
simulation settings and the binding energy of chloride
ion are presented in Table 5 and in Fig. 7.

Table 5 Effect of inhibitor (OHD) on the binding energy of
chloride (CI') ion on Fe(110) surface

Types OHD3+CI | Types Fe + CI
](55\;)' -85767.625 1(5;\;)1 -83399.159
Ere vy | 85358604 EE;i}J)RF -82088.38
(Eg) -426.06 (Ei}) -426.06
EB(I;\I\];I)NG 17.039 E]??\];I)NG 15.281
537;’&()’ 1644.106 %}ﬁ%’ 1474.423

In the Table 5, the column “OHD 3 + CI7
represent the calculations for the binding energy of CI°
ion in the presence of the inhibitor OHD where 3
represents the orientation number as per Table 4 and
Fig. 6. The column “Fe + CI” represent the calculations
for binding energy of CI" ion in the absence of the
inhibitor OHD. The values of binding energy calculated
as per equation 1, of chloride ion on Fe surface with and
without the inhibitor showed positive values. Positive
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binding energy indicates weak interaction. Higher the
positive value, weaker the interaction. The higher
positive binding energy is observed in the presence of
inhibitor. This indicates that the energy needed for the
chloride ion to bind to the Fe surface in the presence of
OHD inhibitor is more than the energy needed for the
chloride ion to bind to the Fe surface in the absence of
inhibitor molecule. Therefore, it can be clearly
understood that the presence of inhibitor is effective in
reducing the adsorption of chloride ion onto the Fe
surface.
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Fig. 7. Adsorption of a) Cl" ion on Fe (110) in the presence of
inhibitor b) Cl ion on Fe (110) in the absence of inhibitor

3.2.3 Molecular dynamics simulation

The adsorption of inhibitor (OHD) molecule onto the
surface of iron was also studied using MD simulations.
The binding energy (BE) was computed using equation
1. All the simulations were run using Forcite module of
Material Studio. In order to mimic the coating of
corrosion inhibitor on Fe surface, adsorption of a layer
of 36 OHD molecules was studied. The BE of single
OHD molecule was compared with the BE of 36 OHD
molecules as reported in Table 6.

Table 6 Binding energy values of single OHD and a layer of
36 OHD molecules on Fe surface using molecular simulation.

Types OHD OHD-36
(kiﬂﬁgl) 90.207 5496.419
(kcﬁ;;“niol) 177.089 5734.694
(kisilfﬁol) 183.367 183.367
(cetlme 270249 | 421602
ff}f';gf)’ 1130.721 1764.15

The optimized structures using classical simulation
methods are subjected to dynamics run initially in
microcanonical (NVE) ensemble followed by canonical
(NVT) ensemble at a temperature of 298 K and pressure
of 1 atm. The obtained BE values are presented in Table

6 and the molecular structures used for the simulation
are shown in Fig. 8., Fig. 9., Fig. 10.
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,,‘,\f\‘f\r \[— }Fe Surface

Fig. 8. Molecular dynamics simulation of OHD on Fe surface
a) OHD molecule b) top view c) front view.

Fig. 9. a) 36 OHD molecules before optimization b) geometry
optimized 36 OHD molecules ¢) molecular arrangement of the
36 OHD molecules after dynamics run

Fig. 10. Molecular dynamic simulation of 36 OHD molecules
on Fe (110) surface a) top view b) front view

In the Table 6, the column OHD refers to the BE
for single inhibitor molecule on the Fe (110) substrate
and the column OHD-36 refers to the BE of the 36
inhibitor molecules obtained with the help of molecular
dynamics simulation [14-16]. The binding energy of
single and 36 molecules of OHD adsorption on the Fe
surface are -1130.72 kJ/mol and -1764.15 kJ/mol
respectively. This indicates strong adsorption of the
OHD molecules on Fe(110) surface. The BE of
corrosive solution (NaCl) with Fe(110) surface was also
studied in the presence of one OHD molecule, 36 OHD
molecules and in the absence of inhibitor using MD
simulations. The corresponding molecular structures are
presented in the Fig. 11., Fig. 12., Fig. 13., respectively.
The BE values of corrosive NaCl solution with the Fe
surface in the presence of inhibitor molecule (OHD), are
compared with the BE in the absence of inhibitor as
reported in the Table 7.

The results in the Table 7 clearly indicate that the
inhibitor molecule reduces the adsorption energy of the
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corrosive NaCl solution on Fe surface which can be

w understood from the less negative values of BE in the
=) presence of OHD and more negative value of BE in the
= absence of OHD[45] as reported in Table 7. Also the
g- BE of NaCl solution on Fe(110) surface in the presence
=] of 36 molecules of OHD is less in comparison to the BE
of NaCl in the presence of single OHD which shows that

the increased number of inhibitor molecules offers

]"l? HD better protection to Fe surface from corroding solution.

€

Fig. 11. Molecular dynamic simulation of NaCl solution in the 4 Conclusion

presence of single inhibitor on Fe (110) surface a) top view b)

front view This study clearly demonstrates the interaction of

aggressive NaCl ions in simulated pore solution on the

Fe surface and the corrosion inhibiting behaviour of

oxalhydrazide (OHD). Results indicate that the OHD

W has high inhibition efficiency based on the corrosion

=3 current density values. The results of EIS go well with

= potentiodynamic polarization results. The EIS values
= . .

= suggest the presence of two RC loops in the equivalent

= circuit with the uninhibited case showing reduced

thickness of passive films or surface heterogeneity due

360HD to pitting caused by chloride ions. The adsorption of

molecules of inhibitor on the metal surface seems

Fe significant even for small period of exposure. Chlorides

at the steel/solution interface gets adsorbed on the steel
surface leading to local pitting corrosion damage of the
reinforcement in uninhibited case. The experimental
results were clearly backed by the simulation results.
The binding energy of single OHD inhibitor and 36
molecules of OHD infer chemisorption of OHD
molecules on Fe (110) surface. The HOMO LUMO
studies and their energy gap clearly indicates that the
inhibitor molecules have the tendency to donate and
accept electrons from metal d-orbitals. The binding
energy of inhibitor placed parallel to the Fe(110) surface
is found to be most favourable configuration of
interaction having five binding points between OHD
and Fe (110) surface. The chloride ions adsorption onto
Fe surface was strictly prevented by the presence of
OHD inhibitor which was evident from the binding
Fig. 13. Molecular dynamics simulation of NaCl solution in energy of l.)Oth. cases. The binding energy of corroding
the absence of inhibitor molecule on Fe (110) surface a) NaCl solution in the presence and absence of OHD was
topview b) front view studied using molecular simulations. The results

indicate that the OHD molecules significantly reduce

the binding of corroding solution to the Fe surface.

Fig. 12. Molecular dynamics simulation of NaCl solution in
the presence of a layer of 36 inhibitor molecules on Fe (110)
surface a) topview b) frontview

T AsH %
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Table 7 Binding Energy of NaCl solution with Fe(110) Overall, the inhibitor is found very effective in
surface and the effect of OHD inhibitor mitigating the corrosion on the surface of rebar in pore
solution.
With Inhibitor Without
Types inhibitor
OHD | 360HD | Fe+solution Reference
(k]i;(l)/xgl) -6106.95 | -1747.737 | -13188.02 1. C.R. Gagg, Eng. Fail. Anal. 40, 114 (2014)
[P 2. M. G. Alexander, H. Beushausen, and M. B.
(keal/mol) 90.207 3641.588 183.367 Otieno, Dep. Civ. Eng. Univ. Cape T. Concr.
EsoLn Mater. Struct. Integr. Res. Unit 4 (2012)
(keal/mol) | 3673037 | -3675.637 | -3675.637 3. A H. Yasir, A. S. Khalaf, and M. N. Khalaf,
EBINDING Open J. Org. Polym. Mater. 07, 1 (2017)
(kcal/mol) -2521.52 ) -1713.69 969575 4. H. Bensabra and N. Azzouz, Metall. Mater.
Esnone 1 j0550.04 | 7170079 | -40567.018 Trans. A 44,5703 (2013) —
(kJ/mol) 5. J.Fu, H. Zang, Y. Wang, S. Li, T. Chen, and X.
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