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Corrosion inhibition performance of Ataluren (ATA) on X80 steel in oilfield acid wash solution was inves-
tigated using a combination of experimental and computational techniques. Corrosion rates were quantified using
weight loss analysis and electrochemical methods. Surface morphology and protection mechanisms were
examined using spectroscopic and microscopic tools. Quantum chemical calculations and molecular
dynamics simulations were performed to evaluate solvation, adsorption behavior, and binding affinity of
ATA molecules at the steel interface. Experimental results demonstrated significant reductions of corro-
sion rates across various ATA concentrations, achieving inhibition efficiencies of 96.2%, 95.6%, and
96.3% as determined by impedance, polarization and weight loss measurements, respectively, while Monte
Carlo simulations supported an inhibition efficiency of 76.1%. Analysis of Fukui indices, Mulliken charge
distributions and interaction energies in both gas and aqueous phases, along with EDAX data, indicated
that corrosion inhibition was primarily driven by spontaneous exothermic chemisorption involving N and
O functionalities in ATA interacting with Fe d-orbitals. This adsorption led to formation of a protective
ATA monolayer that significantly reduced surface roughness, as confirmed by SEM. These findings estab-

lish ATA as a highly effective corrosion inhibitor for X80 steel under investigated conditions.
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1. Introduction

Acidizing is a common procedure in the petroleum
industry. The primary aim of acidizing is to enhance
well output by eliminating drilling-related defects or by
enhancing the physical attributes of the reservoir rock,
such as its porosity and permeability. Acid wash and
well stimulation are the various forms of acidizing
requiring pumping of acid into a drilled well to clean
the well of scales, debris, deposits or to etch the
formation rocks, enlarge flow channels and improve
hydrocarbons production. The nature and concentration
of the acid deployed for the acidizing procedure is often
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determined by the formation geology and the type of
acidizing to be carried out [1]. For acid wash or descaling
procedure, mild hydrochloric acid (HCI) of about 5 %
concentration is commonly used [2]. The 5 % HCI
solution reacts with calcium scales, dissolves it to
produce calcium chloride salt, carbon (IV) oxide and
water according to equation (1).

HCl+ CaCO5— CaCl ,+ CO,+ H,0 (1)

The use of HCl is desirable because it reacts very fast
and completely with the calcium rocks before becoming
spent. However, being very corrosive, it causes corrosive
damage to surfaces of steel pipes and casing, and with
time, could lead to materials failure. Materials failure
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Fig. 1. (a) Molecular structure of ATA and (b) Structure of
ATA optimized at DFT/6-311G(d,p). (O: red; N: blue; C:
grey; H: white; F: light green)

may be disastrous and has to be prevented, hence
corrosion inhibitors are often added to the acid to slow
down corrosion and protect materials integrity [3].
Although several corrosion inhibitors (Cls), their
behaviours and inhibition efficiencies in various
acidizing conditions have been reported in literature [4-
7], the search for alternative Cls that are cost effective,
highly efficient, sustainable and environmentally
friendly is still very active.

Corrosion inhibition of X80 steel have been mitigated
by employing organic inhibitors (such as amine
derivatives), surfactants, and plant extracts, as well as
inorganic compounds like phosphates and molybdates.
Polymer based inhibitors, nanomaterials and composite
systems also offer protection of X80 steel [8-10]. These
materials form protective layers on the steel surface,
reducing corrosion

rates, especially

applications exposed to harsh conditions. In the present

in pipeline

study, we present the results of our investigation of
ataluren (ATA) as an alternative CI for X80 steel in
simulated acid wash solution. The aim of this study was
to assess the effectiveness of ATA in inhibiting steel
corrosion in oilfield environment, so that subsequently,
ATA could be used as the active ingredient for
formulating anticorrosion oilfield chemical.

ATA is a pharmaceutical drug used for the treatment
of some renal and muscular issues and is not known for
any toxic effects [11,12]. The choice of ATA was
motivated by its molecular structure which contains
aromatic and heterocyclic rings with nitrogen atoms,
oxygen atoms and continuous conjugated double bonds
system (Fig. 1). These sites are electron rich in nature,
and have been adjudged as potential sites for attachment
of CI molecules on surfaces they are deployed to protect
through the adsorption mechanism [13].
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2. Experimental

2.1 Preparation of test solutions

ATA (CAS No. 775304-57-9, Purity - 98%, Solubility
- 30 mg/mL) and hydrochloric acid (37% HCI) were
supplied by Double Bond Chemicals, Uyo, Nigeria and
were used to prepare the test solutions as supplied. The
acid was diluted to concentration of 5 % HCI to simulate
oilfield acid wash solution [14]. Appropriate masses of
ATA were used to prepare different concentrations
(1.0 mM to 10.0 mM) of ATA in the simulated acid wash
solution. Double deionized water was used for all the
preparations. Models of equipment used are presented
in supplementary file (Sup-1).

2.2 Steel specimens preparation

Casing and pipework steel were simulated using X80
steel coupons of composition (wt%) C (0.17), Mn (1.25),
Si (0.38), Mo (0.20), P (0.015), Ti (0.015), S (0.002),
Nb (0.04), Fe (balance) quoted and supplied by Shengxin
Technology Co. Ltd, Xinyang, China. The coupons were
cleaned by following the ASTM recommended routine for
cleaning steel coupons to be used in corrosion
experiments [15]. In addition, coupons were abraded to
mirror finishing using different grades of silicon carbide
paper (CC-22F P2000 grade). Coupons for electrochemical
experiments were of sizes 1 cm x 1 ecm X 0.25 cm, and
were almost entirely insulated using epoxy resins
mixture but 1 cm?® surface area was exposed. Coupons
used for weight loss experiment were 2 cm X 2 cm X
0.25 cm in dimension.

2.3 Electrochemical tests

Electrochemical impedance spectroscopy (EIS) was
conducted at 303 K using Gamry workstation and the
set up consists of saturated calomel electrode as
reference, X80 steel coupon as working electrode and
platinium electrode as counter electrode. Time for open
circuit potential (OCP) was set at 1800 s and frequency
range at 100 kHz - 10 mHz. Potentiodynamic polarization
was conducted at voltage range of —0.15 V -+ 0.15V
vs. OCP and scan rate = 0.2 mV/s [16]. Obtained data
was tested in various equivalent circuit models with E-
Chem software to elucidate electrochemical parameters
of interest. Triplicate measurements were taken, all at
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room temperature, and results obtained in each measurement
were averaged and reported with errors. The average
values of charge transfer resistance (R,) and corrosion
current (/) obtained from electrochemical impedance
spectroscopy (EIS) (Z,) and PP (/) tests were inputted
into equations (2) and (3) respectively to determine the

percentage inhibition efficiency [17].

_ RctO_Rctl)
I - 100(T 2)
[iorr
1, =100 1-< 3)
ICOV

Given that R_,and R, stands for the charge transfer
resistance without and with the additives respectively,
and I° and I

corr corr

stands for the corrosion current
obtained without and with the additives respectively.

2.4 Weight loss test

The initial weight (w,) of each X80 steel coupon was
recorded, then the coupon was totally immersed in
50 mL of each test solution. The vessel was then sealed
to simulate absence of air and maintained at 303K in a
water bath for 5 h. Thereafter, the coupons were
retrieved, cleaned according to ASTM G1-03 (2017)el
procedures and the new weight (w,) was recorded. The
difference in weights (weight loss, in grams)
(Aw = w,—w, ) was recorded. This was repeated in
triplicates for the different test solutions and at other
temperatures (313, 323 and 333 K). The mean of the
obtained weight losses were used to compute the
corrosion rate (CR (cmh™)) and inhibition efficiency (7,)

using equations (4) and (5), respectively

CR = —87?/10[” 4)
CR,
1,(%) = 100(1—50) 5)

where CR, stands for corrosion rate when ATA were
used and CR, stands for corrosion rate in 5% HCIl without
ATA, p stands for the density (g-cm™) of iron, 4 stand;
for the cross sectional area (cm?) of the coupon and
stands for the immersion time (h). The obtained CR
values were multiplied by 8.76 x 10* being a factor that
converts the initial value to mmy™ [18].
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2.5Surface morphology and corrosion products analyses
The morphologies of the X80 steel specimens
retrieved from the inhibited and uninhibited solutions
were determined by SEM following standard procedures
described in literature [19]. Moreover, the elemental
composition on the surface of the retrieved X80 steel
coupons were checked by EDAX and compared.

2.6 Computational method

2.6.1 Quantum chemical calculation

Quantum chemical parameters of ATA were computed
using its optimized structure. The geometry optimization
achieved with B3LYP method [20] and 6-311G (d, p)
basis set was implemented within the density functional
theory (DFT) framework using Gaussian 09 program
package [21]. Aqueous phase calculation was realized
using the integral equation formalism variant of
Polarizable Continuum Model (IEFPCM) [22]. The
energies of the highest occupied molecular orbital (£;,y,0)
and lowest unoccupied molecular orbital (£, ,,,) were
obtained and used subsequently to calculate other
quantum chemical parameters such as ionization energy
(IE) electron affinity (EA), energy gap (E,),
electronegativity (y), global hardness () and global
softness (o), respectively as shown in equations (6) ~ (11).

AE = Eryvo ~ Enomo (6)

IE = ~Enono @)

EA = -E; 0 8

7 = SUE+EA) ©)

7= %(IE—EA) (10)
1

o= 77 (11)

where HOMO and LUMO represents the highest
occupied molecular orbital and the lowest unoccupied
molecular orbital respectively, The number of electrons
transported between ATA and Fe surface, AN was
calculated using the equation (12).

AN = (¢ — x)27, (12)
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Here, 7, and g, are global hardness and electronegativity
of ATA, respectively while ¢ is the work function of Fe
surface and is given a value of 4.82 [23].

2.6.2 Construction of simulation box

In the experimental corrosion studies, steel coupons
are often consistently immersed in corroding solution
containing the inhibitor, indicating the thorough
saturation of the steel under examination. This practice
contrasts with the usual computational simulations
where the solution is often placed on the steel surface
[24]. To submerge the steel, a Fe crystal was cleaved at
the (110) crystal plane, resulting in a 1 A thick layer of
Fe atoms, akin to a single strip of a steel coupon. To
accommodate ATA without periodic interaction, a super-
cell measuring 11 x 11 A? was created from the cleaved
Fe surface, providing ample space. A vacuum slab with
a thickness of 30 A was generated from the supercell,
positioned centrally in the simulation box at 15 A. The
resulting simulation box was of dimensions 27.30 x
27.30 x 30.00 A°.

2.6.3 Composition of inhibitor solution and packing
of molecules into the simulation box

The number of molecules of ATA, HCI and H,0O was
determined and compared based on a 50 mL 5% HCI
solution used for the experimental investigation.
Interestingly, the HCl molecule count is slightly less
than that of H,O, suggesting approximately 90.41%
protonation of the entire water molecule. Since hydrogen
ions (H") do not exist independently in solution, the
number of dissociated H" ions is equivalent to those
added to H,0, forming hydronium ions (H;O"). Notably,
some H,O molecules remain unprotonated in this
process. This information provides insights into the
protonation behavior in the HCI solution and the
resulting hydronium ion formation.

Using the simulation box created earlier, the molecules
of ATA, H,0", CI' and H,0 were packed using the
Amorphous Cell of Materials Studio with a density of
1.0 g/lem’. A Connolly surface of radius, 1 A, was
created, and the molecules were efficiently arranged
within the isosurface enclosed volume. This iso-surface
accurately represents the volume where the Fe atoms
are situated, ensuring that the Fe surface is fully
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immersed in the inhibitor solution. To achieve a precise
composition, the quantities of ATA, H,0", CI', and H,0
were adjusted based on their mole ratio and available
space. The inhibitor solution was meticulously packed
into the Connolly surface, adhering to the specified
composition: 1 ATA, 211 H,0", 211 CI, and 22 H,O.
This meticulous arrangement maintains a protonation
level of 90.41% in the aqueous medium, ensuring the
efficacy of the inhibitor solution and simulating
experimental conditions as closely as possible.

2.6.4 Molecular dynamics (MD) simulation

The packing of inhibitor solution into the Fe cell
resulted in the formation of Fe-ATA system. This system
was optimized using Forcite engine employing Smart
algorithm, COMPASS forcefield and convergence criteria
of 1.0 x 10* kcal/mol (energy), 5.0 x 10~ kcal/mol/A
(force) and 5.0x10° A (displacement). Geometry
optimization was achieved in 5895 iteration steps. The
optimized Fe-ATA system was subjected to molecular
dynamics (MD) simulation task employing NVT (constant
number of molecules, constant volume and constant
temperature) ensemble with a time step of 1.0 fs and total
simulation time of 50.0 ps. The temperature for MD
simulation was adjusted according to the experimental
temperatures of 303 - 333K respectively while exchange
of heat with the environment was controlled by Nose
thermostat. The structure obtained from MD simulation
stage was utilized for single point energy calculation. The
energy of interaction was determined from equation (13):

Eint = Etotal - (EFe+solu + Einh+solu - Esolu) (13)

Here, E,, is the energy of interaction between the Fe
and ATA, E,, is the total energy of the Fe-ATA system,
E

the energy of inhibitor and acid solution and E

is the energy of Fe and acid solution, E

inh+solu 18

is the

Fetsolu

solu

energy of the acid solution.
The inhibition efficiency was also calculated
theoretically using equation (14):

Einh% = (Eo - El) / Eo (14)

Here, E,,% is the inhibition efficiency of ATA on
Fe(110) surface, E, is the interaction energy computed
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from equation (13) (with inhibitor) and E_ is the interaction
energy obtained without inhibitor in the acid solution. E_
can be determined according to equation (15):

E,=E

o Fetsolu

- (EFe + Esolu) (15)
Here, E,...,, represents the total energy of Fe(110)
surface in acid solution without any inhibitor, Ey, is the

energy of Fe(110) surface while E_, is the energy of

solu

the acid solution.

3. Results and Discussion

3.1 Open circuit potential

The obtained open circuit potential (OCP) values were
plotted against time as shown in Fig. 2a. As can be
observed from that plot, for all the solutions tested, OCP
attained reasonable stability after 600s. With the
solutions containing ATA, the OCP values were more
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negative compared to the blank 5% HCI solution. Such
shift of voltage response to cathodic region on addition
of'the inhibitor, though not a sufficient criterion, provides
a clue that ATA could be a cathodic corrosion inhibitor
[25].

3.2 EIS study

The imaginary and real components of impedance
obtained from EIS experiment were used to plot the
Nyquist curves shown in Fig. 2c. The plot yields
depressed semi-circular curves with a single relaxation
time constant. This shape is similar to those obtained
from EIS study of some other corrosion inhibitors
reported in literature and is often associated with charge
transfer controlled mechanism [26,27]. Since all the
curves are similar in shape, it therefore implies that the
corrosion process occurs through a similar mechanism
despite the addition of ATA. However, the diameters of
the semicircular curves vary in magnitude, the smallest

-
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Fig. 2. (a) OCP vs. time plot (b) Tafel polarization curves (c) Nyquist curves and (d) Equivalent circuit model for the corrosion
of X80 steel surface in 5% HCI without and with different concentrations of ATA
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Table 1. Some parameters deduced form EIS measurement

Test solutions R, (Qcm?) R, (Qcm?) n C,;(uWFem?) 27 (10 15 (%)
5% HCI 3.1£0.3 74.242.2 0.81 26.07 2.66 -
0.10 mM ATA 2.0+0.2 597.842.6 0.85 18.91 4.13 87.6
0.25 mM ATA 1.8.+£0.2 797.5+5.3 0.86 16.09 9.78 90.7
0.50 mM ATA 1.7£0.3 1125.4£3.1 0.88 11.46 4.65 93.4
0.75 mM ATA 1.6+0.2 1359.7£11.8 0.88 9.08 11.72 94.5
1.00 mM ATA 1.3+£0.2 1945.244 .3 0.89 5.22 3.84 96.2

obtained with 5% HCI while the highest was obtained
with the solution containing 1.0 mM ATA. The diameter
corresponds to charge transfer resistance and increases
as concentration of ATA increases, which may be
attributed to adsorption of ATA molecules to form a thin
film on the surface of the steel electrode [28].

In order to quantitatively determine key parameters
(Table 1) associated with the impedance measurement,
the data obtained was fitted into various equivalent
circuit models. The model shown in Fig. 2d consisting
of the constant phase element (CPE), solution resistance
(R)) and charge transfer resistance (R,,), afforded the best
fit with y? values between 1.2 x 107 to 0.4 x 107, The
magnitude of R, depicts the extent of opposition to
current flow through the electrode surface by the
adsorbed surface film of ATA molecules. Since it
increases as the concentration of ATA increases, it
implies that the protective property of the adsorbed ATA
film improves as more ATA molecules are added per
unit volume of the electrolyte. In other words, increase
in concentration of ATA increases the surface coverage
of ATA molecules on the steel surface, thereby
increasing insulation property of the adsorbed film
towards the aggressive electrolyte. As more ATA
molecules are adsorbed, water molecules (initially
adsorbed) are displaced therefore reducing the corrosion
rate [28].

3.3 Potentiodynamic polarization study

The effect of ATA addition on the corrosion current
and voltage responses was investigated by potentiodynamic
polarization technique. The polarization curves shown
in Fig. 2b were obtained from which some associated
parameters displayed in Table 2 were deduced. It can

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.3, 2025

be observed that the curves representing the solutions
with ATA are displaced towards the left with respect to
that of the 5% HCI solution and their respective E__
values are more negative than that of 5% HCI. This is
an indication that ATA exhibits more cathodic effect by
mechanism. However, the extent of displacement of E_
(5% HCI) from all the ATA solutions is within the range
of £85 mV which is assigned to mixed type inhibitor
mechanism [29]. By considering the displacement
towards cathodic region, ATA can be categorized as
mixed type inhibitor but having cathodic predominance
[30]. The cathodic predominance is further demonstrated
in the values of g, which does not follow a consistent
trend compared to A. Also, the corrosion current
measured with the inhibited solutions are smaller in
magnitude than that of 5% HCI solution. This could
have been due to local insulation of the steel surface by
adsorbed surface adsorbed molecules and consequent
resistance to current passage. From this behaviour,
inference can be drawn that the adsorption of ATA
molecules on the steel surface resulted in the reduction
of corrosion current, hence inhibition of the corrosion
process. As can be inferred from the corrosion current
response against ATA concentration, increase in ATA
concentration affords more ATA molecules (at the
interface) available for adsorption resulting in higher
inhibition efficiency. Thus, the inhibition efficiency of
ATA increases as its concentration increases, similar
to and supporting the trend obtained from EIS study
[31].
3.4 Weight loss

Concentrated acid solutions are known to be corrosive
and the corrosive attack causes gradual dissolution of
the steel material immersed in the acid. Weight loss

139



EKEMINI ITUEN, VICTOR MKPENIE, SOLOMON SHAIBU, LIN YUANHUA, UDOINYANG INYANG, SHUANGQIN SUN, SIMPHIWE

NELANA, MICHAEL KLINK, AND OLUSHOLA AYANDA

Table 2. Some parameters deduced from potentiodynamic polarization measurement

Test solutions E.,, (V) L, (Acm?) B, (mVdec™) B, (mVdec™) Lopp (%)
5% HC1 -0.458 826.2+2.7 152.1 143.5 -
0.10 mM ATA -0.505 142.3£1.9 156.4 157.1 83.5
0.25 mM ATA -0.506 93.1+1.6 159.3 128.6 89.2
0.50 mM ATA -0.512 72.4+1.8 166.9 128.4 91.6
0.75 mM ATA -0.514 57.8+1.6 169.2 141.3 93.3
1.00 mM ATA -0.518 37.9+1.7 180.4 148.7 95.6

Table 3. Mean values of corrosion rate and inhibition efficiency obtained for the different test solutions at different

temperatures by weight loss measurement

Corrosion rate (mmy™")

Test Inhibition efficiency (%)

solution 303K 313K 323K 333K 303K 313K 323K 333K

5 % HCI 8.82 11.91 17.63 26.19 - - - -
0.10 mM ATA 1.25 2.05 3.47 5.66 85.8 82.8 80.3 78.4
0.25 mM ATA 1.11 1.76 3.07 5.05 87.4 85.2 82.6 80.7
0.50 mM ATA 0.74 1.26 2.57 4.82 91.6 89.4 85.4 81.6
0.75 mM ATA 0.52 0.87 2.01 4.09 94.1 92.7 88.6 84.4
1.00 mM ATA 0.33 0.53 1.53 2.99 96.3 95.1 91.3 88.6

technique affords a direct method for determining the
amount of the steel dissolved by the corrosive acid at a
given time and temperature. The average losses in
weights of the coupons in the different test solutions
were obtained and used to calculate the values of the
corrosion rates shown in Table 3. The corrosion rate was
highest in the 5% HCI and increased with temperature
which is thermodynamically consistent. Addition of
ATA resulted in a decrease in corrosion rate in an inverse
concentration dependent manner. Even at concentration
as low as 1.0 mm, ATA afforded 96.3% and 88.6%
efficiency at 303K and 333K, respectively indicating
excellent inhibition potential. Further increase in the
concentration of ATA may afford higher inhibition
efficiency, but this could be ascertained by further studies.

3.5 Adsorption kinetics

In order to describe the mode of adsorptive interaction
between the ATA molecules and the steel surface, the
degree of surface coverage was estimated from
inhibition efficiency values and the obtained fractional
surface coverage data were fitted into various adsorption
isotherm models described in literature [32]. The
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Langmuir model afforded best fit with the highest
adjusted and Pearson’s R* values on linearization of the
plots (Fig. 3a). This model maybe extrapolated to
examine the dependence of concentration of ATA
molecules (C) on its fractional coverage () on the steel
surface according to equation (16).

C n
= =nC+
] nC X,

ads

(16)

where 7 is the monolayer correction factor representing
the number of ATA molecules adsorbed per active site of
the steel surface and K, is the reciprocal of adsorption-
desorption equilibrium constant. The values of AG, are
related to the free energy of adsorption by equation (17).

AG,,; = —RTIn55.5K (17)
where R is the universal gas constant and 7'is the absolute
temperature.

Results obtained from analyses of data reveal that n
values were between 1.02 and 1.12. This indicated that

approximately one molecule of ATA occupied a given
adsorption site, hence monolayer adsorption or

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.3, 2025
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Fig. 3. (a) Langmuir adsorption isotherm (b) Arrhenius plots and (c)Transition state plots for the corrosion of X80 steel
surface in 5% HCI without and with different concentration of ATA at different temperatures

Table 4. Some adsorption-related parameters calculated from Langmuir isotherm

T (K) Slope R? K, (10*mM™) AG,,, (kJ/mol)
303 1.02+0.015 0.9997 3.85 -36.71
313 1.03+0.017 0.9996 3.33 -36.35
323 1.07+0.020 0.9995 3.23 -36.27
333 1.12+0.018 0.9991 3.12 -36.19

chemisorption mechanism. The predicted chemical
adsorption mode was further supported by the obtained
values of AG, (Table 4) which were more negative than
-20 kJ/mol. Thus, the adsorbed ATA molecules may
have formed actual coordinate covalent bonds by back-
donation of its electrons to the empty d-orbitals of Fe
on the steel surface. More insights into this mode of
adsorption was further investigated by computational
studies. The values of K, obtained decreased slightly
when the temperature increased, indicating a possibility
of desorption of some ATA molecules at higher
temperatures, hence slight reduction in magnitude of
inhibition efficiency.

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.3, 2025

3.6 Thermodynamic studies

Thermodynamic studies was employed to predict the
effect of temperature on the collision of molecules on
the steel surface, corrosion rate and activation energy.
Arrhenius equation (18) and Transition state equation
(19), which relate the corrosion rate as a function of
temperature to the thermodynamic parameters of
interest, were deployed.

logCR = logZ—i—-j—(-)-?ﬁ, (18)
c AS* ( AH* )
IOg( [ log Nh) 23038/ \2303RT J(19)
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where corrosion rate is denoted by CR, Z denotes
Arrhenius frequency constant of pre-exponential, / is
Planck’s constant, N is Avogadro’s constant, 7T is the
absolute temperature, AS* and AH* are the entropy and
enthalpy of activation, respectively.

The plots obtained from fitting experimental data into
these models are shown in Fig. 3b and 3c respectively
whereas the activation parameters deduced from
analyses of the plots are displayed in Table 5.
Fundamentally, the acid molecules initially drift from
the bulk solution towards the steel surface where they
collide and cause corrosive attack thereof. In the same
way, ATA molecules also drift towards and condense on
the surface for adsorption to occur. The minimum barrier
of energy that the acid molecules must overcome to
attack the steel surface and corrode it is a measure of
the activation energy. The E, determined without the
inhibitor was 0.297 kJ/mol but this energy barrier
increased to 0.423 kJ/mol and 0.640 kJ/mol in the
solutions containing 0.10 mm ATA and 1.00 mm ATA,
respectively. Thus, adsorption of the inhibitor increases
the activation energy, which in turn reduces the corrosion
rate. The values of AS* obtained were all negative
indicating that there was a decrease in molecular random
motion caused by adsorptive association between ATA

molecules and steel surface. In the same way, the values
of AH* were all negative indicating that ATA adsorption
was exothermic, similar to other adsorption processes
[32]. Thermodynamically, negative large AH* values
and negative (small) AS* values are consistent with
negative AG* values indicating spontaneous adsorption
of ATA on steel surface at all temperatures.

3.7 Surface morphological analyses

For comparison, the SEM images of the steel surface
retrieved from the 5% HCI without ATA (a) was placed
side by side with the steel surface retrieved from the
solution containing 1.00 mM ATA (b) as shown in Fig. 4.

The surface (Fig. 4a) is characterized with high degree
of roughness due to uncontrolled corrosive attack by the
acid solution. Although the surface (Fig. 4b) has some
degree of roughness, it is smoother compared to (Fig
4a) due to protective effect of adsorbed ATA molecules.
EDAX result (Table 6) revealed that adsorption of ATA
on the surface resulted in increase in the amounts of C,
N and O atoms on the steel surface compared to the free
acid solution. These atoms are distributed at various
locations on the surface as depicted in the EDAX map
of the surfaces (Figs. 4c and 4d). The presence of these
atoms on the surface could only have been facilitated

Table 5. Some kinetic and thermodynamic parameters calculated from Arrhenius and transition state plots

Test solution E,(kJ/mol) —AH  (kJ/mol) —AS,;, (kJ/mol)
5% HCI 0.297 27.656 0.133

0.10 mM ATA 0.423 39.290 0.112

0.25 mM ATA 0.428 39.479 0.111

0.50 mM ATA 0.530 46.706 0.092

0.75 mM ATA 0.587 55.370 0.066

1.00 mM ATA 0.640 60.118 0.054

Table 6. Elemental composition on the surface of retrieved steel coupons determined by EDAX

Surface retrieved from uninhibited 5% HCI solution | Surface retrieved from inhibited 5% HCI solution of 1.0 mM ATA
Element Atom (%) Weight (%) Atom (%) Weight (%)
Fe 72.18 54.36 61.40 46.92
C 21.63 31.07 26.08 32.16
N - - 242 5.09
(6} 4.84 11.82 9.82 14.28
Cl 1.36 2.75 0.28 1.55
142 CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.3, 2025
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Fig. 4. SEM images of X80 steel surface immersed in (a) 5% HCI and (b) 5 % HCI containing 1.0 mM ATA and EDAX maps
showing distribution of atoms on the surface of steel retrieved from (c) 5% HCl and (d) S % HCI containing 1.0 mM ATA

by surface adsorbed ATA molecules. Perhaps, on
adsorption, the molecules of ATA displaced CI ions on
the surface resulting in lower amounts of Cl compared
to the surface in the uninhibited HCI solution.

3.8 Computational studies

The optimized structure of ATA wusing DFT/6-
311G(d,p) is displayed in Fig. 1b. This structure depicts
the one with minimum energy and was used throughout
for all computations.

3.8.1 Quantum chemical properties of ATA and the
effects of solvation

Quantum chemical parameters can offer useful
insights into the molecular properties and energetic
stability or reactivity of inhibitors. These parameters
were computed and used to assess and describe the
robustness of ATA inhibitor and the results are displayed
in Table 7.

Most corrosion processes occur in an aqueous

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.3, 2025

medium, impacting the inhibitor's ability to form a
protective layer on the steel surface. Understanding the
effect of solvation is crucial in assessing key
performance indices of the inhibitor. In Table 7,
solvation demonstrates a significant impact on the
quantum chemical properties of ATA, particularly on
E,,,» which is a key determinant of the reactivity index
of the inhibitor.

The E_,, slightly increases from 0.179 eV to 0.181 eV
when transitioning from the gaseous phase to the
aqueous phase. Despite the modest change, this elevation
plays a crucial role in augmenting the reactivity of ATA
in the solution. A lower E,, in the aqueous phase would
imply greater stabilization of the inhibitor in the medium,
potentially adversely affecting its adsorption potential
on the metal surface. It is noteworthy that the aqueous
phase primarily acts as a dispersive medium; any
stabilization within it would influence the adsorption
characteristics, impacting the efficiency of the inhibitor
in forming a stable and protective film on the metal. Our
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Table 7. Quantum chemical parameters for ATA in gaseous and aqueous phases

Eyiomo E\imo E,., IE EA X n o
ATA V) V) V) @ | @ | @ | @ | v AN
With solvent -0.260 -0.079 0.181 0.260 0.079 0.170 0.091 10.989 25.549
Without solvent -0.256 -0.077 0.179 0.256 0.077 0.166 0.090 11.111 25.856

result reveals otherwise, and the solvation-induced
increase in E, = proves satisfactory in enhancing the
interaction between the inhibitor and the metal surface.

Another key parameter is electronegativity which is a
vital quantum chemical parameter that influences
corrosion inhibition. It measures an atom's tendency to
attract a bonding pair of electrons, significantly
adsorption. with  higher
electronegativity tend to form robust bonds with metal

impacting Molecules
surfaces, facilitated by available electron density for
interaction. In the case of ATA, solvation enhances
electronegativity from 0.166 eV to 0.170 eV. This
observed increase signifies that a solvated ATA molecule
will exhibit stronger adsorption on the steel surface.

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies
play a crucial role in molecular interactions with metal
surfaces. The HOMO, representing the highest energy
level occupied by electrons in a molecule, determines
the inhibitor’s tendency to donate electrons to the metal
surface. A higher-lying HOMO indicates a greater
electron-donating propensity. However, in the case of
ATA, solvation diminishes this tendency. On the other
hand, the LUMO, the lowest unoccupied orbital, is
involved in accepting electrons from the metal surface.
Solvation enhances this tendency favourably, as
evidenced by a lower value in the aqueous phase
compared to the gaseous phase.

Global softness and global hardness play pivotal roles
in understanding the reactivity and stability of
molecules, especially concerning corrosion inhibition.
Global hardness represents a molecule's resistance to
changes in electronic density, indicating stability. On the
other hand, global sofiness, which measures polarizability,
reflects a molecule's reactivity. These quantum chemical
parameters offer valuable insights in that, molecules with
higher global hardness tend to be more stable and less
reactive, making them potential candidates for corrosion
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inhibitors. Conversely, molecules with higher global
softness are less stable and more reactive, which may
impact their effectiveness in inhibiting corrosion
processes.

In the aqueous phase, ATA exhibits higher global
hardness, indicating its hardness in this medium. The
lower reactivity of ATA in the aqueous phase is
advantageous since the aqueous medium is required for
dispersion purposes, thus facilitating better adsorption
behaviour on the Fe(110) surface. These characteristics
ensure that ATA interacts maximally with the metal
surface rather than the aqueous medium. The elevated
global hardness of ATA in the aqueous phase favours
its interaction with the Fe(110) surface, contributing to
its corrosion inhibition effectiveness

3.8.2 Frontier molecular orbitals

Frontier molecular orbitals of inhibitor provide a clear
picture about the centres, regions, bonds and atoms
involved in adsorption/inhibition process. It also
indicates the spread of these centres within the inhibitor
molecule. The HOMO and LUMO orbitals of ATA are
shown in Fig. 5a and 5b, respectively. The HOMO
represents the electron donating character of the inhibitor
and these are primarily the electron rich aromatic rings
as depicted by the lobes. The steel surface receives
electron donation through the HOMO centres or regions.
The LUMO represents the electron accepting ability,
usually receiving feedback donation from the metal
surface to the inhibitor.

The HOMO and LUMO visualization plots can
provide valuable insights into regions of the inhibitor
involved in interaction with a metal surface. Potential
interaction sites are regions where the HOMO and
LUMO have significant overlap. As shown in Fig. 5,
the HOMO and LUMO are well spread across the entire
ATA molecule except O16 and 020. Such distribution
of HOMO and LUMO centres is consistent with strong
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adsorption of ATA on the steel surface. It is noteworthy
that the oxygen atoms of the carboxylic acid group
neither contribute to the LUMO nor HOMO centres. It
can be inferred therefore that the carboxylic acid group
has no contribution to the inhibition properties of ATA.
It is simply isolated from the inhibition process. Any
atom that does not show either HOMO or LUMO centre
can be considered non-participatory in the adsorption of

J

(a) (b) 2 '
J
‘ 2 ' " ¢
. o o
: MA . 099 0"
0
Q ¢ 0

Fig. 5. Visual representation of molecular orbitals of ATA
(a): HOMO; and (b): LUMO

Table 8. Fukui Indices and Mulliken charge distribution of ATA

any inhibitor on a metal surface leading to corrosion
mitigation. Significant contributions to HOMO and
LUMO are highlighted by large orbital lobes and an
overlay of HOMO and LUMO plots reveal overlapping
of HOMO and LUMO regions marking potential
interaction sites with the metal surface.

3.8.3 Solvation effect on ATA’s charge distribution
and reactivity sites

The inclusion of solvent effects in Density Functional
Theory (DFT) calculations is crucial due to the significant
impact of the solvent medium on various properties. This
encompasses heats of formation, heats of reaction, dipole
moments, and other electronic properties. In the study of
the corrosion inhibition of ATA, the solvent effect on the
distribution of Fukui indices and Mulliken charge

Nucleophilic Nuclephilic Electrophilic Electrophilic Mulliken Mulliken
Atom (gaseous) (aqueous) (gaseous) (aqueous) charges charges
£ £ £,.0 £ (gaseous) (aqueous)
C1 0.070 0.080 0.038 0.055 -0.056 -0.063
C2 0.010 0.017 0.013 0.025 -0.038 -0.047
C3 0.032 0.048 0.020 0.043 0.066 0.063
C4 0.026 0.031 0.035 0.058 0.080 0.078
Cs 0.034 0.050 0.010 0.022 -0.066 -0.074
Co6 0.012 0.021 0.031 0.059 -0.065 -0.074
Cc7 0.078 0.108 0.025 0.030 0.432 0.447
08 0.043 0.054 0.030 0.031 -0.383 -0.397
N9 0.095 0.111 0.105 0.102 -0.059 -0.105
C10 0.039 0.054 0.035 0.036 0.230 0.244
N11 0.053 0.057 0.042 0.041 -0.347 -0.360
C12 -0.005 0.004 0.015 0.022 0.097 0.092
C13 0.020 0.032 0.022 0.026 -0.092 -0.097
Cl4 0.008 0.004 0.010 0.008 0.015 0.008
Cl15 0.023 0.022 0.037 0.036 -0.101 -0.100
C16 0.013 0.015 0.016 0.019 -0.062 -0.072
C17 -0.000 0.009 0.011 0.016 -0.096 -0.098
C18 0.010 0.007 0.012 0.008 0.563 0.576
019 0.019 0.008 0.024 0.009 -0.439 -0.508
020 0.018 0.005 0.021 0.006 -0.459 -0.483
Ci21 0.088 0.064 0.124 0.136 -0.159 -0.184

Parameters for H atoms are excluded as none was indicated with highest value of the calculated functions
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distribution was probed by recording values in both
gaseous and aqueous phase and detailed result of this
investigation is documented in Table 8.

Fukui indices, encompassing Fukui electrophilic f,”
and Fukui nucleophilic £, serve as predictive tools for
identifying reactive sites of inhibitors during metal
surface adsorption. These indices evaluate nucleophilic
and electrophilic characteristics at various atomic
positions, assigning elevated values to predisposed sites.
In the case of ATA, the Fukui nucleophilic index
designates N9, highlighting its proclivity to donate
electrons for favourable interactions with positively
charged species on the metal surface. Conversely, the
Fukui electrophilic index peaks at CI21, indicating a
pronounced tendency to accept electrons during
interactions with negatively charged species. Notably,
solvation has minimal impact on the highly reactive sites
identified by Fukui indices. The consistent high reactivity
of the same atom in both gaseous and aqueous phases
underscores stability despite solvent presence.

Mulliken atomic charges provide insights into the
distribution of charge on atoms individually within a
molecule. As observed, atom C18 exhibits the highest
positive Mulliken charge within the molecule, while
atom O20 exhibits the highest negative Mulliken charge.
A noteworthy trend is observed in the distribution of
charges as the system transitions from the gaseous to
the aqueous phase. There is a discernible increase in
charge from the gaseous phase to the aqueous phase.

()

This observed trend indicates an augmented interaction
strength between ATA and the steel surface in the
aqueous environment. The wvariations in Mulliken
charges indicate changes in the electronic structure,
emphasizing the significance of solvent effects on the
molecule’s reactivity and its potential impact on
corrosion inhibition.

3.9 Molecular dynamics simulation

Molecular dynamics approach was used to simulate
and study the electronic structure and energetics of the
adsorption of ATA on steel surface. At the atomic and
molecular level, it provides insights into the nature of
interaction and configuration of the inhibitor on the
metal surface. The result of the configuration of ATA
on Fe(110) surface is shown in Fig. 6.

The Connolly surface, illustrated in Fig. 6a, delineates
the spatial domain occupied by the Fe atoms, accessible
to the inhibitor solution. The entirety of the inhibitor
solution components is presumed to be encapsulated
within the Connolly surface. This design guarantees the
continuous submersion of the Fe surface in the inhibitor
solution throughout molecular dynamics studies.
Notably, ATA demonstrates a planar configuration on
the Fe surface, a critical factor for optimizing the
alignment of HOMO and LUMO centres, thereby
facilitating robust adsorption. The persistence of this
configuration across all investigated temperatures

indicates the consistent binding mode of ATA.

(b)

Fig. 6. Configuration of ATA on (Fe(110) surface, (a): Side view; (b): Top view. [O: red; N: blue; C: grey; H: white; Cl: light

green|
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3.9.1 Interaction energy of ATA on Fe(110) surface

Interaction energy is a crucial parameter that quantifies
the strength of interaction between an inhibitor and a
metal surface. The magnitude and sign of this interaction
energy play a pivotal role in predicting the adsorption
behaviour and the mechanism of adsorption. In the
context of ATA (an inhibitor) on a steel surface, specifically
represented by the Fe(110) surface, a comprehensive study
was conducted at various temperatures within the range
0f 303 - 333 K. The results of this investigation presented
in Table 9, provide valuable insights into how the
strength of interaction between ATA and the steel surface
varies under different temperature conditions.

The results obtained reveal a notable increase in
interaction energy, upon the introduction of ATA into
the solution. Specifically, at 30 °C, the interaction energy
in the acid solution alone is considerably low at -471.39
kcal/mol. However, with the addition of ATA, the energy
increases to -114.30 kcal/mol. Elevated interaction
energies are indicative of stronger adsorption, a critical
factor for enhancing the corrosion efficiency of inhibitors
relying on adsorption mechanisms, particularly in
protecting metal surfaces. The negative sign of the
interaction energy signifies an exothermic process, and
supports experimental results.

Investigating the impact of temperature on interaction
energy and inhibition efficiency provides crucial insights
into the underlying corrosion inhibition mechanism.
Interaction energy between ATA and the Fe(110) surface
initially rises from 303 °C reaching its peak at 313 °C.
Subsequently, further increase in temperature causes a
decline in interaction energy. Inhibition efficiency of
ATA mirrors a similar pattern, escalating from 75.8% to
76.1% within the temperature range of 303 - 313 °C.
However, it experiences a decline to 74.6% as the
temperature drops to 333 K. The optimal temperature

for ATA’s inhibition efficiency is identified as 313 K,
aligning with the highest interaction energy. The initial
rise in inhibition efficiency from 303 - 313 K signifies
a chemisorption-dominated process, while the decline
from 313-333 K indicates a shift towards physisorption.
This behaviour which can be characterized as a mixed-
type behaviour, is typical of most organic inhibitors
[14,33] and is consistent with experimental inference
from electrochemical studies. Overall, the observed
inhibition efficiency of 74.6-76.1% at different
temperatures establishes ATA as an effective corrosion
inhibitor for steel in 5% HCI solution.

3.9.2 Distribution of binding energies

Binding energy is a measure of the energy or strength
of interaction between any two or more components that
are bound together. The distribution of binding energy
can provide valuable information on adsorption sites
associated with the adsorptive binding of ATA to Fe
(110) surface. Higher binding energy at specific sites is
indication of energetically favourable interaction. The
distribution of the binding energy of ATA on Fe(110)
surface is shown in Fig. 7. This was recorded using
Blend Module of Materials Studio with a sampling
energy of 1.0 x 10° and energy band width of 0.2 kcal/
mol. The screen role was assigned to ATA while the
base role was assigned to Fe(110) surface.

The energy distribution reveals two prominent active
sites characterized by higher binding energy. Enhanced
reactivity on these sites is implied, considering that
adsorption typically occurs at active sites with elevated
binding energy. Upon examining the structure of ATA,
it becomes apparent that it contains two types of
heteroatoms: nitrogen and oxygen. Previous studies [34]
have highlighted heteroatoms as potential adsorption
points for organic inhibitors. Consequently, it is evident

Table 9. Interaction energy and inhibition efficiency of ATA on Fe(110) surface at different temperatures

Temp Interaction energy without inhibitor Interaction energy with inhibitor Inhibition efficiency
(K) E, (kcal/mol) E,, (kcal/mol) (E;;n%0)
303 -471.387 -114.305 75.8
313 -471.799 -112.721 76.1
323 -457.844 -113.928 75.1
333 -446.699 -113.529 74.6
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Fig. 7. Binding energy distribution of ATA on Fe(110)
surface

that the major active sites of ATA are the nitrogen and
oxygen atoms within the oxadiazole ring, since the
oxygen atoms in the carboxylic acid group play no
participatory roles.

4. Conclusion

This study explores the potential of ATA as a novel
corrosion inhibitor for X80 steel in a simulated acid
wash solution. Results reveal that ATA efficiently
inhibited X80 steel corrosion especially at 303 K and
313 K. The efficiency of inhibition was dependent on
temperature and ATA concentration — increasing with
increase concentration but decreasing with increase in
temperature. Addition of ATA to the 5% HCI resulted in
increase in charge transfer resistance indicating the
adsorption and formation of a protective ATA film on the
steel surface. Adsorption and simulation studies reveal that
the adsorption of ATA molecules on X80 steel surface
occurred via a combination of chemical and physical
adsorption mechanisms. The primary active adsorption
sites on ATA are identified as the nitrogen and oxygen
atoms in the oxadiazole ring. However, at high temperatures
above 60 °C studied, the efficiency of ATA may decline
overtly and would therefore require to be optimized by
blending with some synergistic additives to obtain a
corrosion inhibitor for oilfield acid wash operations.
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