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In this paper, the inhibition mechanism of a pharmaceutical agent, piroxicam, on the corrosion behavior of
carbon steel in HCl (1M) solution was investigated. The weight loss technique and quantum chemical calculations were carried out. The determined inhibition efficiency at 298 K was 86.90 % for a concentration of
600 ppm. The adsorption mode of the drug obeys to the Langmuir isotherm model. The free energy of adsorption
(ΔGads = −32.84 kJ mol−1) revealed a spontaneous process with a mixed interaction type, physical and chemical. The thermodynamic parameters (ΔHads and ΔSads) governing the adsorption phenomenon and metal
dissolution were investigated and discussed through thermodynamic and kinetic principles. The ΔHads and ΔSads
were respectively −17.86 kJ mol-1 and 50.27 J mol−1 K−1 which indicates an exothermic process and an increased disorder at the interface. The DFT method was used to determine the adsorption centers of the chemical
structure of the drug. EHOMO (−6.448 eV) reveals a high tendency of the drug to share its electrons with the
metal. In addition, the SEM analysis was carried out for the surface characterization of the carbon steel after
immersion into the aggressive medium in the absence and presence of the drug substance.

1. Introduction
Corrosion of metallic materials is of great concern for diverse sectors
such as the petroleum industries, nuclear plants, marine structures, and
so forth. The annual costs of corrosion are about 1–5 % of the gross
national product of many countries [1]. Therefore, the corrosion inhibition technique is widely recommended in the protection of irons
and carbon steels against aggressive environments. Its success is attributed to its efficiency, feasibility, low cost and low toxicity [2,3]. In
this respect, application of organic compounds as corrosion inhibitors
has gained a great interest from various industrial areas and continue to
draw a growing attention of scientists [4–6].
Among the organic compounds, pharmaceutical agents demonstrate
a remarkable potential as corrosion inhibitors [7]. Indeed, most drugs
possess the required characteristics of effective inhibitor; they contain
different electronegative functional groups, π systems and heterocycles
in their structure [8,9]. In fact, the presence of heteroatoms such as

⁎

nitrogen, oxygen and sulfur is critical in the retention of organic species
onto the metallic surface [10,11]. The adsorption of organic molecules
leads to the formation of a barrier film at the surface of metals [12,13].
This protective layer reduces considerably the degradation of metal in
contact with the external environment.
The thermodynamic is a fundamental tool to understand the origin of
the material corrosion and its mechanism. In the absence of organic inhibitor, the interface is modeled as a solution metal system [14], while in its
presence, we have a solution inhibitor metal system [15]. The adsorption
mechanism depends on the chemical structure of the inhibitor, the nature of
the metallic surface and the chemical composition of the medium [15].
Thermodynamic aspect of the solution / metal interface in the presence of
inhibitor has been investigated by several authors [10,11,16–22]. However,
for most of these works, different conclusions were drawn, i) the interaction
inhibitor / metal is found to be either of physical [23,24], chemical
[10,11,25], or mixed physical / chemical nature [17–19,21,22], ii) the relative thermodynamic parameters disclose different energy outcomes, either
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by releasing [11,17–19,26] or absorbing heat [10], iii) the disorder degree
at the interface can decrease [16,18,23] or increase [10,11,17,19]. In fact,
the complexity of the system is at the origin of these diverse observations. In
the opinion of the authors, a good understanding of the protection mechanism of inhibitors is of paramount importance in developing new ones
with enhanced efficiency and stability.
The weight loss technique is often used in the corrosion studies
[27,28]. It is principally characterized by its practicability and reliability. Obot et al. [27] observed by weight loss that the inhibition efficiency (IE%) increases (43.1 %–80.0 %) with increasing the drug
concentration. Its accuracy has been evaluated by comparison to other
classical approaches, such as polarization and electrochemical impedance spectroscopy (EIS) and the good agreement between both
techniques is well reported [29–31]. Shukla et al determined IE% of
streptomycin from the weight loss, EIS and Tafel data [30]. The results,
respectively 88.5 %, 84.8 % and 83.9 %, are in very good agreement. In
addition, the combination of gravimetric method with a quantum
chemical calculation is an essential tool for a deep understanding of the
corrosion inhibition mechanism [32,33].
The aim of the present work was to study the corrosion inhibition
mechanism through thermodynamic and kinetic principles using the
weight loss technique. Piroxicam, a non-steroidal anti-inflammatory
drug (NSAID), has the ability to relief symptoms from rheumatoid arthritis conditions and is used in the treatment of post-operative inflammation. It was utilized as a safe and economic corrosion inhibitor
in acidic medium at different temperatures; the adsorption isotherm
model was determined at 298 K. The thermodynamic parameters of
adsorption and activation were calculated subsequently. The electronic
properties of the drug and its possible adsorption centers were further
discussed from the quantum chemical study. Finally, the surface characterization of the studied material was performed by means of scanning electron microscopy (SEM).

2.2. Weight loss
The mild steel sample was accurately cut in several coupons (3 cm
× 1 cm × 0.5 cm). Prior each experiment, the steel coupons were polished with emery paper (320–1200), thoroughly rinsed with distilled
water followed by acetone, and then dried with fresh air to preclude
any surface oxidation. Each specimen was weighed and stored in a
moisture free desiccator. A series of piroxicam solutions (100–600 ppm)
were prepared in HCl (1M) solution. The steel specimens were separately immersed in 100 ml glass beakers in the absence (blank HCl) and
presence of the drug at different concentrations. All beakers were
placed in the thermostatic water bath in contact with air. At the end of
each test, the metallic coupons were removed, washed with distilled
water and acetone, dried with fresh air and accurately weighed. The
test of weight loss was carried out in triplicate for each sample and the
relative corrosion rate (CR) is calculated from (1):

CR =

W0 Wn
S×t

(1)

Where Wo, Wn, S and t are respectively the metal weight before immersion, after immersion, metal surface area and immersion time in the
acidic medium. The relative inhibition efficiency (IE%) is calculated as
follow:

IE %=

CR 0 CRn
× 100 =
CR 0

× 100

(2)

CRo and CRn are respectively the corrosion rate of the mild steel
specimen in the absence (blank solution) and in the presence of piroxicam and θ the surface coverage degree of the mild steel by the organic species.
2.3. Chemical quantum calculations
The density functional theory (DFT) was applied for all geometrical
optimizations and quantum chemical calculations. The calculations in
aqueous phase were performed at the functional theory of B3LYP and
basis set of 6-31++G. The quantum parameters are the energy of the
highest occupied molecular orbital (EHOMO), the energy of the lowest
unoccupied molecular orbital (ELUMO) and the dipole moment (μ). The
frontier orbitals, which are important in defining the reactivity [34],
are generally used to correlate the inhibition efficiency of a molecule to
its electronic properties by evaluating the energy gap as follow:

2. Materials and method
2.1. Materials
Piroxicam (Fig. 1) with a high purity (> 99.5 %), was supplied from
Biopharm Co. (Algeria). Analytical grade HCl reagent (37 %) was
purchased from Sigma Aldrich. Concentration series of piroxicam solutions were prepared in HCl (1M) using ultrapure water as solvent. The
gravimetric experiments were conducted upon a mild steel material
with the chemical composition (wt%): 0.13 % C, 0.24 % Si, 1.46% Mn,
0.017 % P, 0.005 % S, 0.016 % Cu, and balance Fe. Thermostated water
bath apparatus (Memmert, Germany) was utilized during the thermogravimetric study. Advanced analytical balance, Mettler Toledo (Germany), of ± 0.1 mg increment was used for all weighing stages. The
chemical quantum calculations were performed using a Gaussian program package. The surface was characterized with a scanning electron
microscope (Zeiss Gemini SEM 300, Germany).

E = ELUMO

EHOMO

(3)

2.4. SEM analysis
The mild steel coupons were immersed for 3 h at 298 K in the corrosive medium (HCl 1M), in the absence and presence of piroxicam at
the concentration of optimum inhibition. Then, the coupons were removed, gently washed with ultrapure water, carefully dried and directly examined without any further treatment [35]. The surface
characterization was performed by SEM analysis for each specimen; the
morphological analysis was realized under high vacuum and acceleration voltage of 20 kV (Zeiss Gemini SEM 300).
3. Results and discussion
3.1. Weight loss study
The inhibition efficiency (IE%) and corrosion rate (CR) were determined at 298 K after immersion time of 72 h (Table 1) and the related graphs are shown in Fig. 2. The influence of piroxicam on the
studied system is well remarked. In the absence of the drug, CR is at its
maximum value (1.338 mm y−1). After addition of piroxicam, an apparent decrease of CR down to 0.177 mm y−1 was observed at the

Fig. 1. Chemical structure of piroxicam.
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of piroxicam onto the metallic surface was at the origin of the corrosion
inhibition of the mild steel material.
Karthik et al. [38] observed similar trends after testing Esomeprazol
as inhibitor in HCl solution where IE% increases up to 94.33 % by
raising the drug concentration even after an immersion time of 5 h, and
remains almost stable. Shukla et al. [24,39] reported the variation of IE
% with the inhibitor concentration in HCl solution. However, by increasing the immersion time, IE% decreases remarkably below 80 %
after 8 h. This is contradictory with our results and others
[18,36,38,40–42] where the reported IE% remain stable (> 90 %) between 10 and 168 h of immersion in the acidic medium. Shukla et al.
relate this decline in IE% to desorption of the inhibitor from the metal
surface with the immersion time. In the opinion of the authors, at
constant temperature and HCl concentration, IE% should remain stable
for many hours as there is no apparent reason to displace the adsorption
equilibrium. It could be suggested that the tested inhibitors [24,39]
formed weak interaction forces with the metallic surface, inducing a
premature desorption. Hence, an inhibitor should be characterized by
an elevated IE% and a stability over time in order to be accepted as an
efficient corrosion inhibitor.

Table 1
CR and IE% values determined in the absence and presence of different concentration of piroxicam.
Piroxicam (ppm)

CR (mm y−1)

IE %

θ

Blank (HCl 1M)
100
200
300
400
500
600

1.33863
0.31853
0.28097
0.27929
0.23694
0.19927
0.17732

0
75.87
78.72
78.84
82.05
84.56
86.90

–
0.758
0.787
0.788
0.820
0.845
0.869

3.1.1. Adsorption isotherm study
The corrosion inhibition is widely accepted as an adsorption mechanism and its efficiency is proportional to the coverage of the metallic
surface [37]. The frequently studied models are those of Frumkin,
Temkin, and Langmuir isotherms. In this work, the Langmuir isotherm
turned out to be the most suitable model to describe the adhesion of
inhibitor onto the surface. It is based on the following assumptions:
The adsorption process cannot progress beyond monolayer coverage;
All sites are equivalent and the surface is homogeneous;
An adsorbed particle at a given site is independent of its neighboring occupied site.
This model is expressed by the relation:

Fig. 2. Variation of CR and IE% against the piroxicam concentrations at 298 K
in HCl (1M) solution.

concentration level of 600 ppm. Likewise, an apparent increase of IE%
up to 86.90 % was noticed; beyond this concentration, both CR and IE%
slightly varied. Therefore, piroxicam was accepted as a corrosion inhibitor of metallic materials with an optimal concentration of 600 ppm.
The surface coverage (θ) increases from 0.758 to 0.869 (Table 1) which
assumes the formation of a protective film onto the metallic surface
through an adsorption process [35]. This film is admitted to form a selfassembled monolayer of inhibitor species with the heteroatoms anchored onto the surface and the hydrophobic part pointing out into the
aqueous medium. Hence, a hydrophobic like barrier is suggested to be
formed onto the metal surface. This barrier affects the Helmholtz
double layer structure which, according to Samide [36], prevents the
aggressive Cl− anions to adhere to the metal surface and leads to a
pitting corrosion. It could be added that the variation in IE% and CR
beyond 600 ppm was not remarked which ascertained the absence of
the drug influence in the acidic solution [37]. Therefore, the adsorption

Cinh

= Cinh +

1
K ads

(4)

Where Cinh and Kads are respectively the inhibitor concentration (pirC
oxicam), and the adsorption equilibrium constant. The plot vs. Cinh is
−1
shown in Fig. 3a and the constant Kads (L mol ) is calculated from the
y axis intersection with the linear plot; the free energy of adsorption
(ΔGads) is obtained from the relation:

Gads =

RTln (55.55 × K ads )

(5)

Where R, T and 55.55 are respectively the ideal gas constant (8.32 J
mol−1 K-1), the absolute temperature (298 K) and the water molarity
(M).

Fig. 3. (a) Langmuir isotherm plot of the carbon steel after immersion in the aggressive HCl medium at 298 K. (b) Second Langmuir expression plot.
3
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The adsorption plot (Fig. 3a) shows a linear behavior with a correlation coefficient (R2) of 0.997. The slope (1.11) is close to the ideal
value, i.e. 1, of the applied model and this suggests the formation of a
single layer on the metallic surface with no interactions between the
adsorbed species. Therefore, it could be ascertained that the experimental data related to the adsorption process follows suitably the
Langmuir model. According to the literature [28,38,43–47], the adsorption of most organic inhibitors follow the classical Langmuir isotherm. The simple equation and ideal features of this elementary model
makes it suitable for modeling the experimental results. Malek et al.
[48] state that the less complex the model, the more popular it is.
However, in the sporadic cases, other experimental data are found to
follow the Temkin [17,27,42], Frumkin [49], Bockris-Swinkel [50] or
Flory-Huggins [51] models. These adsorption isotherms take into consideration the non-ideal behavior of the equilibrium system. It can be
added that for a same molecule, different adsorption isotherms could
result if the nature of the medium is changed. For instance, the adsorption of the alkaloid Tryptamine obeys the Langmuir isotherm in
HCl solution [47]; whereas it follows the Bockris-Swinkel isotherm in
deaerated H2SO4 solution [50]. In another study [52], even though the
R2 of the Langmuir plot was close to 1, the model could not be corroborated because of the large deviation of the slope from unity. In this
case, the El Awady kinetic-thermodynamic adsorption model [53] was
applied. This model is a modification of the Langmuir adsorption,
taking into account the interactions between the adsorbed inhibitor
species.
The pronounced value of Kads (10,208 M−1) revealed the strong
tendency of the inhibitor to be retained onto the metal surface [18].
The negative value of ΔGads (−32.84 kJ mol−1) indicates the spontaneity of the adsorption process; while its magnitude corresponds to an
adsorption based on both physical and chemical interactions. In general, it is admitted that for ΔGads values smaller than −20 kJ mol−1, the
electrostatic interactions are the main driving forces of the adsorption
process; whereas for ΔGads greater than −40 kJ mol−1, the electrons
transfer between the ligand (piroxicam) and metal are the main driving
forces in the adsorption process (chemisorption) [54]. However, when
ΔGads lies between −20 and −40 kJ mol−1, a combined adsorption
mode is generally accepted as physical and chemical interactions [55].
Generally, temperature effect on the constant Kads and IE% is studied to determine which driving force prevails during the adsorption.
By increasing temperature (303–333 K), the Kads decreased subsequently, and similarly with IE% (Table 2). Samide [36] attributes this
behavior to a better adsorption occurring at higher Kads value. Bhat
et al. [19] relate the decrease in IE% to the instability of the protective
film at higher temperature. The interaction forces ligand / metal is
weakened with increasing temperature; hence, more molecules are
desorbed from the metal which exposes more surface area to the aggressive medium. On the contrary, Nouri et al. [10] observed opposite
behavior where IE% increased with temperature. Even though the Kads
decreased; the protection efficiency increased from 93.57 % (296 K) to
95.17 % (316 K). This phenomenon is explained by the predominant
chemical interactions occurring between the inhibitor and the metallic
surface. It could be argued that when the significant decrease of IE% is
observed, physical interactions are the main driving forces of

adsorption. Conversely, when IE% increases, chemical interactions are
the main driving forces of adsorption. In this work, the decrease of Kads
and IE% was not significant and this indicates the existence of both
forces, physical and chemical, during the adsorption process.
3.1.2. The adsorption centers of the drug
At the beginning of the process, physical interactions were the main
forces involved in the adsorption of the drug species. After reaching the
equilibrium state, the molecules attained a considerable stability onto
the metal surface. This could favor the electron transfer between the
active sites of the molecule and the metal. Previous study found that
thepiroxicam is an excellent ligand for chelating metals like Fe (II) and
Fe (III) [56]. Spectroscopic investigation shows that it behaves as a
neutral bidentate ligand, it coordinates the metal ion through the carbonyl group (CO) of the amid moiety and nitrogen atom (2′-N) of the
pyridine ring (Fig. 1). CO is an electron rich site due to the oxygen atom
(13-O), an electron attractor which withdraws electrons from the amine
group (14-NH); while 2′-N has a localized lone pair of electrons not
involved in the aromatic π-system. These two sites were argued to be
mainly involved in the chemical interactions with the metallic surface
by sharing their available lone pair of electrons with the orbital Fe: 3d.
Tang et al. [57] suggest that the chemisorption is always accompanied
by physisorption. Indeed, the adsorption mechanism is assumed to
occur either by contribution of the unshared electrons of inhibitor, by
electrostatic attractions of charged inhibitor, by π electrons system or
by combination of all of these with the metal surface [58]. Hence, the
physisorption is supposed to occur between the protonated drug and
the adsorbed Cl− ions. Therefore, the drug inhibitor interacts with the
metal surface by a combination of both processes.
3.1.3. Thermodynamic study
The free energy at 298 K pointed out to a favorable adsorption
(ΔGads < 0) and the process becomes more favorable when both the
released energy and disorder degree of the system increase. The enthalpy (ΔHads) and entropy (ΔSads) are determined by the same gravimetric procedure. The experiments were performed in the range
(303–333 K) in HCl solutions containing piroxicam (600 ppm); the
immersion time was set for 1 h, after the equilibrium was attained. CR,
IE% and θ determined at each temperature are summarized in Table 2.
A second representation of the Langmuir isotherm is expressed as
follow [55]:

ln

=

1

Hads
+ lnA + lnCinh
RT

(6)

( )

1000
T

vs.
A being an independent parameter. The plot ln 1
(Fig. 3b) shows a linear behavior with a correlation coefficient (R2) of
0.954. ΔHads is evaluated from the slope ( Hads ) of the straight line
R
while the constant Kads at each temperature (T2) is determined (Table 2)
from the following relation:

ln

KT 2
=
KT 1

Hads 1
R
T1

1
T2

(7)
−1

Where KT1 is the equilibrium constant of adsorption (10,208 M ) at
298 K (T1) and KT2 is the equilibrium constant of adsorption at T2. ΔGads

Table 2
CR, IE%, and thermodynamic parameters of adsorption in 600 ppm solution of piroxicam at different temperatures.
T (K)

CR° (mm y−1)

CR (mm y−1)

IE%

θ

ΔH (kJ mol−1)

Kads (M−1)

ΔG (kJ mol−1)

ΔS (J mol−1 K-1)

303
313
323
333

2.34
11.36
14.37
57.62

0.33
2.34
3.12
15.61

83.87
80.03
78.29
72.92

0.83
0.80
0.78
0.72

−17.86

9063
7227
5845
4787

−33.09
−33.60
−34.10
−34.60

50.26
50.28
50.27
50.27
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and ΔSads were determined for each temperature from the relations (5)
and (8) respectively:

Gads = Hads

T Sads

and both the Arrhenius (10) and transition state (11) relationships were
applied:

(8)

lnCR =

The adsorption is exothermic (ΔHads < 0); it is generally accepted
that a chemical reaction is favorable, but not a condition, when the heat
is released (ΔH < 0). Moreover, in the corrosion inhibition mechanism,
it is agreed that an exothermic adsorption occurs either by physisorption or chemisorption while an endothermic adsorption occurs mainly
by chemisorption [59]. In this work, the interaction between piroxicam
and metal occurs through a mixed type, chemisorption and physisorption. Hence, ΔHads (Table 2) indicates a good agreement with the interpretation of ΔGads at 298 K. In the fewer cases, an endothermic
process is observed which results on an increase in IE% with temperature [10]. In this case, the gain of entropy is the driving force for
the adsorption of the inhibitor. In fact, with this paper [10], the ΔSads is
significantly higher (180.7 J mol−1 K−1), in good agreement with the
thermodynamic laws. However,with piroxicam adsorption, the decrease in enthalpy is the driving force of the inhibition process [60].
The reaction at the metal solution interface is regarded as an
equilibrium between a metallic surface covered with water molecules
and a metallic surface covered with inhibitor molecules [61]. The
substitution of water species by organic species could be written as
follows:

[Inh (nH2 O )]sol + M : (mH2 O)ads

CR =

Ea
+A
RT

RT
exp
Nh

(10)

Ha
exp
RT

Sa
R

(11)

Ea and A are respectively the apparent energy of activation and the
exponential factor, N the Avogadro number and h the Planck constant.
E
1
The plot lnCR vs. T (Fig. 4a) gives the Ea value from the slope R a of

( )

each curve, in the absence and presence of inhibitor. The plot log T vs. T
(Fig. 4b) yields the activation enthalpy (ΔHa) from the slope of the
Ha
linear plot
; while the activation entropy (ΔSa) is deduced from
R
CR

(

(

)

S

R

1

)

the intercept R a + log Nh .
The Arrhenius and transition state plots disclose the linear behavior
(R2 = 0.910 and 0.905); the thermodynamic parameters of activation
are gathered in Table 3. The reported results revealed the influence of
the inhibitor on the system. In the absence or presence of the organic
drug, the enthalpy of activation (ΔHa > 0) indicated an endothermic
process in agreement with the dissolution phenomenon occurring at the
metal / solution interface. The increase of ΔHa in the presence of the
inhibitor revealed that the decrease in steel corrosion rate is chiefly
controlled by kinetic parameters of activation [11]. In fact, the metal
undergoes a loss of mass through its dissolution that requires heat and
this process occurs only for atoms possessing the minimum average
kinetic energy needed to overcome the energy barrier (Ea= of 82.79 kJ
mol−1). After addition of piroxicam, the Ea increases up to 99.42 kJ
mol-1 (Table 3), thus confirming the inhibition process. Hence, it could
be argued that the pharmaceutical plays the role of inhibitor by increasing Ea where more energy must be supplied for the metal dissolution.
Dehri et al. [64] studied the correlation between Ea and the variation of IE% against temperature. They remarked that Ea could either
increase or decrease in the inhibited solution compared to the blank
solution. They mentioned that i) Ea increases when IE% decreases at
elevated temperatures indicating a predominant physisorption of the
inhibitor ii) Ea decreases when IE% remains stable or increases at elevated temperatures indicating a predominant chemisorption of the inhibitor. Nouri et al. [10] determined the chemisorption mode of the
inhibitor. They observed that Ea decreases in the inhibited solution;
while IE% increases at higher temperatures and this is in good agreement with the aforementioned study. In the present study, Ea increased
and IE% decreased with raising temperature, implying the predominant
physical interaction during the adsorption. However, the chemisorption
is argued to exist but to a lesser extent because the decrease in IE% was
not drastic.
The activation entropy ΔSa increased, revealing the increasing disorder due to the atoms dissolution at the metal / solution interface.
However, the larger value of ΔSa in presence of piroxicam points out
that the activated complex in the rate determining step represents an
association rather than a dissociation step. The thermodynamic relation
between Ea and ΔHa is also determined (Table 3); the calculated values
are very close to the second part of Eq. (12) at 298 K (2.48 kJ mol−1).

M : b (Inh)ads + (n + m) H2 Osol + Heat
(9)

Where [Inh(nH2O)]sol represents the solvated inhibitor in the solution
and M the metallic atom. The M:(Inh)ads (or M:(mH2O)ads) is the
complex formed between the ligand (drug or H2O) and metal while the
heat represents the reaction exothermicity (ΔHads < 0).
The positive entropy ΔSads (Table 2) is also favorable for an exothermic reaction. However, it is suggested that more inhibitor species
are adsorbed, and less disorder is reached at the interface. Hence, the
entropy of the system is decreased. This discrepancy can be explained
by the important involvement of water molecules at the interface metal
/ solution. Once in solution, piroxicam is first transported to the metal
surface to interact with different forms of intermolecular bonds. Such
interaction also implies a significant release of H2O moleculesfrom both
inhibitor and metal. The interaction metal / inhibitor is more favorable
than that metal / H2O [61]. Hence, the metal binding to the inhibitor
induces important displacement of H2O molecules from the surface. In
this first case, the disorder is proportional to the number (m) of H2O
species displaced from the surface. The second factor that possibly
contributes to the increased disorder is associated with H2O surrounding the piroxicam molecule. The interaction piroxicam / metal is
more favorable than piroxicam / H2O and consequently the adsorption
results in the release of n H2O molecules from the piroxicam. Therefore,
the overall entropy results from both phenomena: the desolvation entropy (ΔSH2O > 0) of metal and inhibitor and adsorption entropy
(ΔSinh < 0) of inhibitor. The determined ΔSads assumes that a posteriori
ΔSH2O outweighs ΔSinh in absolute value (ΔSH2O > ΔSinh), thus explaining the increased disorder at the metal / liquid interface. Other
authors [19,62] observe the same phenomenon with a positive entropy
and related it to the important water desorption entropy. However,
when a decrease in disorder is noted (ΔSads < 0), the system is reported
to undergo from reactants to the metal adsorbed species [18,63].
The thermodynamic laws state that the spontaneity of a reaction
becomes favorable (ΔG < 0) as more heat is given off (ΔH < 0) and
greater disorder is reached (ΔS > 0). In this study, the adsorption
measurements revealed an exothermic process and an increased disorder (Table 2), this is in good agreement with the thermodynamic
principles.

Ea

Ha = RT

(12)

3.2. Quantum chemical study
The quantum chemistry is well established as a useful tool in determining the relationship between the electronic properties of the
adsorbed molecule and inhibition efficiency. In fact, the quantum calculations enable the estimation of quantum descriptors that characterize the reactivity, shape and binding properties of a complete organic molecule. In this respect, the Density Functional Theory (DFT) is

3.1.4. Kinetic study
The thermodynamic parameters of activation were also investigated
5
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Fig. 4. The Arrhenius (a) and transition state (b) plots.

Fig. 5 while the determined quantum molecular descriptors are reported in Table 4.
The dipole moment (μ) is a quantity that measures the covalent
bond polarity between atoms in a chemical bond and the calculated μ
value represents rather the global polarity of the organic inhibitor. The
determined moment is very high (6.83 D), thus corroborating the
chemical adsorption. Several studies have remarked a direct correlation
between the polarity and IE% [65]. A high μ value is correlated with a
better adsorption phenomenon at the interface, which signifies an improved corrosion inhibition of the material. EHOMO represents the tendency of the compound to donate electrons to a molecule of low unoccupied molecular orbital energy; whereas ELUMO is the tendency of
the molecule to accept electrons. From the distribution of both HOMO
and LUMO over the molecule (Fig. 6), it is evident that the drug is rich
in electrons, capable of sharing electrons with the metal.The HOMO
(left) is distributed over the benzothiazine and pyridine rings and the
amide moiety while LUMO (right) is mainly distributed over the heteroatoms of benzothiazine ring. It should be added that theoretically,
the pyridine ring is more involved in sharing than in accepting electrons
and this result ascertained the participation of the lone pair of electrons
of 2′-N (Fig. 1) in the chemical interactions.
The frontier molecular orbital theory is an important quantum descriptor that supplies information about the interaction strength between the inhibitor and material. According to literature [61], the energy gap (ΔE) indicates the degree of reactivity of the drug at the
material / solution interface. Small ΔE value means more reactive
species and in this way a strong adsorption activity while a large value
indicates a less reactive molecule with a weak adsorption activity. In a
study conducted by Obi-Egbedi et al. [66], the quantum chemical
parameters of potential inhibitors, Xanthene (XEN), Xanthone (XAN)
and Xanthione (XION), have been correlated with their respective
corrosion IE% values. The order of the determined ΔE by DFT were
XION (3.21 eV) < XAN (4.49 eV) < XEN (5.27 eV). Whereas the order
of IE% obtained by gravimetric measurements were XEN < XAN <

Table 3
Activation thermodynamic parameters.
Cinh (ppm)

Ea(kJ mol−1)

ΔHa(kJ mol−1)

ΔSa(J K−1 mol-1)

Ea- ΔHa

0
600

82.79
99.42

80.15
96.78

27.39
65.47

2.64
2.64

Fig. 5. Optimized structure of piroxicam.
Table 4
Quantum parameters of piroxicam.
Quantum descriptors

Neutral form

μ (D)
EHOMO (eV)
ELUMO (eV)
ΔE = ELUMO– EHOMO

6.83
−6.448
−5.002
1.445

a theoretical method that connects certain empirical concepts from the
corrosion science to quantum mechanics for complex molecules at low
cost [15]. The optimized geometry of the drug molecule is shown in

Fig. 6. The HOMO (left) and LUMO (right) of piroxicam using DFT at the B3LYP/6–31 ++ G basis set level.
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Fig. 7. SEM images of the mild steel surface. (Left) before immersion. (Middle) after 3 h immersion without inhibitor. (Right) after 3 h immersion with inhibitor.
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