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ARTICLE INFO ABSTRACT

Keywords: A combined experimental and theoretical approach has been used to evaluate the corrosion inhibition potential
Aspirin of an ecofriendly, cost effective and benign compound (Aspirin) on mild steel in acidic media using hydrogen
Corrosion inhibitor evolution technique within a temperature range 303 K-333 K in sulphuric acid solution. The results show that
qu steel . Aspirin inhibits the corrosion of mild steel in acidic media. The inhibition efficiency of Aspirin was found to
Acid corrosion . PR . cr e N P . .
Adsorption increase with inhibitor concentration and decreased with rise in temperature. The maximum inhibition efficiency
was 79.2 % with 800 mg/L of Aspirin at 333 K. The corrosion reaction kinetics in the presence of Aspirin shows a
transition from first order to second order kinetics on going on elevating the temperature of the system. The trend
in activation energy, E, and the enthalpy of activation, AH indicate that the corrosion process is endothermic, the
entropy of activation, AS shows that the process is spontaneous. The experimental results were in consonance
with Langmuir isotherm and a physical adsorption mechanism is proposed for the adsorption of inhibitor on the
mild steel surface. Complementary information was obtained from theoretical computations which show that the
Enomo and Epymo for Aspirin are —7.33 eV and —2.06 eV, respectively. Molecular dynamics simulation reveals a
strong binding affinity between inhibitor and the steel surface with a binding energy of —117.2 kcal/mol at the
most stable adsorption configuration.
Introduction of organic or inorganic sources which may be synthetic or naturally

Corrosion is the degradation of a metal or alloy by chemical or
electrochemical reaction when it is exposed to the environment. Mild
steel, an alloy of iron is widely used various industrial and structural
applications due to its appealing thermal and mechanical properties,
then again, it is often exposed to harsh environmental conditions which
accelerate its rate of degradation [1-4]. Industrial processes such as acid
pickling; acid cleaning, acid descaling, and oil-well acidizing are
habitually carried out using acids which catalyzes the corrosion pro-
cesses. In order to mitigate corrosion, many practical methods have been
employed which includes the use of inhibitors (including drugs) [5-71,
paints, protective coating, and cathodic protection e.t.c. Among all these
methods, the use of inhibitors is one of the sustainable approaches of
mitigating corrosion [8-10]. Corrosion inhibitors are substances which
when introduced into the corrosion environment, decelerates the
corrosion rate. Corrosion inhibitors can be obtained from a wide range

occurring [11,12]. Most corrosion inhibitors are inorganic or organic
molecules which consist of hetero atoms like nitrogen, sulfur, oxygen
and pi-electrons in heterocyclic ring systems which are believed to
provide sites for adsorption of the molecules on the metal surface. These
adsorbed molecules provide a barrier between the metal surface and the
corrosive environment [11-13].

Even with the wide use of inhibitors in numerous mild steel indus-
trial applications, toxicity, cost, availability and sustainability remains a
persistent issue due to the associated environmental and health chal-
lenges, hence, necessitating the urgent need for the development of
sustainable environment-friendly, cost effective, non-toxic alternatives
[14-17]. There has been recent advances geared towards the reor-
ientation of research focus to the use of benign and environmentally
friendly compounds for corrosion protection; otherwise known as green
corrosion inhibitors. This captures a wide range of naturally occurring
substances and some other synthetic compounds which are mostly
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organic in nature including pharmaceutical drugs [18-21].

Research reports reveal that the corrosion inhibition potential of
some drugs has been appraised for possible use a competitive class of
green corrosion inhibitors. This is because certain drugs meet sustain-
able environmental requirements for corrosion protection; non-toxic,
ecofriendly, readily available and cost effective [13-121]. For
instance, the corrosion inhibition performance of gentamicine and sul-
famethoxazole [20], domperidone [21], by Ambroxol [22], Cefazolin
[23], polyltriazole and [24], penicillin G [25], moxifloxacin [26], 2-
Thiophene Acetyl chloride [27], expired ampicillin and flucoxacillin
[28], fluconazole [29] have been investigated as green corrosion in-
hibitor using conventional corrosion monitoring methods such as weight
loss, volumetric, thermometric and electrochemical methods [30-33].
In recent times, computational tools have been employed in addition to
gain more theoretical insights into the corrosion inhibition mechanism
of these inhibitors. For example 2-Thiophene Acetyl Chloride [34], tri-
azole [35], tartaric acid [36], and Imidazoline [37], and isoxazolidine
derivatives [38] has been studied using a combined theoretical and
experimental approach.

Aspirin (Fig. 1) also known as also known as acetylsalicylic acid is an
analgesic, antipyretic and anti-inflammatory drug that comes under the
class of non-steroidal drugs. It is a white colored, crystalline compound
soluble in alcohols. Aspirin possesses a planar structure with electron-
rich oxygen atom and pi electrons [39,40], which favors its possible
adsorption capacity, hence, its use as an efficient corrosion inhibitor
[41-45].

Aspirin is eco-friendly, readily available, cost effective and a po-
tential compound for corrosion inhibition, however, there is limited
information on the temperature-dependent kinetics and thermodynamic
parameters of mild steel in the presence of Aspirin which is crucial in
predicting the operational lifetime of the metal under service conditions,
more also, there is no adequate information on the computational details
of Aspirin which is very important in gaining theoretical insights into the
elucidation of its corrosion inhibition mechanism. These computational
details provide information on quantum mechanical parameters, and
molecular dynamics [46-48]. Adequate information on the corrosion
inhibition performance of Aspirin will inform key decisions as to its
suitability for a possible alternative to the widely applied toxic corrosion
inhibitors in the industry. An additional advantage of aspirin over other
drugs its facile synthetic route making its application on an industrial
scale more practicable.

This work aims to bridge the gap above by adopting a combined
theoretical and experimental approach to the investigation of the
temperature-dependent kinetics of the corrosion inhibition performance
of Aspirin in acidic media. A temperature range of 303-333 K was
adopted in an aggressive environment of 1.0 M HySO4. Computational

Fig. 1. Molecular structure of Aspirin (Grey, red, and white are C, O and H,
respectively). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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details, thermodynamic and kinetic parameters were deduced and
adsorption considerations were made. The results obtained indicate that
Aspirin is a promising candidate for the corrosion inhibition of mild steel
in acidic media at ambient and elevated temperatures.

Materials and method
Materials

The mild steel sheets used were obtained from the Department of
Physics, Mechanical Workshop, University of Calabar. The mild steel
composition by weight is: Fe (98.34 %), C (0.08 %), Si (0.26 %), Na
(0.64 %), S (0.05 %), Ni (0.09 %),Cr (0.08 %), Mn (0.02 %) and Cu (0.27
%). The steel sheet was mechanically press cut into 2 cm x 5 cm coupons
with thickness of 0.08 cm. The samples were abraded with different
grades of emery paper from 600 to 1000 grit, degreased in ethanol, dried
in acetone, and stored in a moisture free desiccator. The corrosive me-
dium was 1.0 M HySO4 prepared with analytical grade reagents supplied
by Sigma — Aldrich. Distilled water was used for the preparation of all
the reagents. All weighing was done with AEADAMPGW253e digital
analytical balance [14,15].

Sample characterization

Aspirin was characterized by Fourier-transform infrared spectros-
copy (FTIR) within the wavelength range of 400-4000 cm ™! using a
IS50 FT-IR, Thermo Scientific, Waltham, MA, USA. The 1H NMR spec-
trum was recorded using a Bruker Avance III 600 MHz spectrometer
(Bruker). The mild steel surface morphology and chemical composition
were analyzed using XL30 type ESEM SEM coupled to EDX.

Preparation of stock solution of Aspirin

Aspirin tablets were ground to powder; 400 mg of the powder was
weighed and dissolved in 500 mL of the blank solution (1 M H3SO4) to
get 800 mg/L concentration. The stock solution of 800 mg/L was serially
diluted to get 50 mg/L, 100 mg/L, 200 mg/L, and 400 mg/L. These
solutions were then used for the corrosion test at temperatures of 303 K,
313 K, 323 K and 333 K using the gasometric assembly.

Gasometric method

The reaction flask was filled with 100 mL blank solution of the cor-
rodent connected to a burette through a delivery tube. A weighed mild
steel coupon was dropped into the solution in the air tight flask, and the
reaction vessel was quickly closed to avoid any escape of hydrogen gas.
The volume of the hydrogen gas evolved from the reaction was moni-
tored by the depression in the level of paraffin oil in the burette. This
depression in the paraffin oil level was recorded every minute for 30 min
at 303 K, 313 K, 323 K and 333 K. The same experiment was repeated in
the presence of the Aspirin at concentrations of 50 mg/L, 100 mg/L, 200
mg/L, 400 mg/L and 800 mg/L. The rate for the hydrogen evolution was
obtained from the slope of the trend line of the graph of volume of
hydrogen evolved against time [16].

Computational details

Geometry optimization of Aspirin was performed using density
functional theory with the Yang- Parr non local feature vector (B3LYP)
and 6-31 + G(d,p) basis set. Complete molecular structure simulation
together with the vibrational analysis of Aspirin was carried out using
the Gaussian 09 software Kkit. Frontier molecular orbital (HOMO or
LUMO) analysis were carried out from which important quantum pa-
rameters were calculated such as ionization potential (I), electron af-
finity (A), absolute electronegativity (X), absolute Hardness (1), and
Softness (c). The adsorption of Aspirin on the mild steel was simulated
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using the Material Studio software’s adsorption locator module where
COMPASS is used for force field approximations.

Results and discussion
Structure confirmation of Aspirin

Fourier transform-Infrared (FT-IR) analysis

FT-IR spectrum of Aspirin was obtained theoretically and experi-
mentally to confirm its identity. The theoretical and experimental FT-IR
spectrums of Aspirin are shown in Fig. 2a and b, respectively. Peaks were
observed for different functional groups which correspond to [-OH,
C—H and C—O] which confirmed the presence of these functional
groups in Aspirin. The theoretical and experimental values of FT-IR are
shown in Table 1. The characteristic region for the aromatic rings is
between 3300 and 3000 cm ! [49]. Aspirin C—H stretching vibration
were observed at 3187.7 cm™! experimentally and calculated to be
3193.2 cm™! theoretically which is consistent with values reported
elsewhere in the literatures [50]. It is observed from the potential energy
distribution (PED) analysis that the entire vibrational mode mentioned
are pure C—H stretching because of the PED percent which is 99 %. The
rings O—H stretching vibration generally appear in the spectrum as a
sharp peak between 3650 and 3600 cm™!. This band appears in com-
bination with the hydrogen bonded O—H peak when the alcohol is
dissolved in a solvent. Aspirin O—H stretching vibration are calculated
to be 3649.5 cm ™! experimentally and 3634.4 cm ™! theoretically which
corresponds to values elsewhere in literature [49-54]. It is observed
from the PED analysis that the entire vibrational mode mentioned are
pure C—H stretching because of the PED percent which is 100 %. Aspirin
gives stretching bands in the region 1300-1000 cm ™. Aspirin O—H
stretching vibration are calculated to be 1286.4 cm ™' experimentally
and 1281.5 ecm ™! theoretically which corresponds to other theoretical
values from literature. It is observed from the PED analysis that the
entire vibrational mode mentioned are pure C—H stretching because of
the PED percent which is 61 % [52,53].

Nuclear magnetic resonance (NMR) analysis

'H NMR is an important spectroscopic technique for the identifica-
tion of molecular structure and presence of different proton environ-
ment. The 1H spectra of aspirin were recorded using deuterated
methanol as solvent and TMS as internal standard reference. The
experimental and theoretical 1H NMR spectra are shown in Fig. 3 and
the chemical shifts are shown in Table 2. The 1H NMR spectrum shows
six distinct proton signals which indicates that the Aspirin compound
has six different proton environments. The proton signal at § 2.39 is

Results in Chemistry 4 (2022) 100543

Table 1
Theoretical and experimental values of FT-IR wavenumbers of Aspirin.

Experimental (cm’l) Theoretical (cm’l) Assignment with PED (%)

3187.7 3193.2 VCH(99)
3649.5 3634.4 vOH(100)
1286.4 1281.5 vOC(61)

attributed to CHs protons of Aspirin moiety. The next four signals in the
downfield region at 5 7.65, 5 7.85, 5§ 7.90, § 8.15 are due to the C5, C3, C4
and C6 benzene ring protons. The last signal further downfield at 9.20 &
is attributed to OH hydroxyl protons of Aspirin. The deviation between
experimental and theoretical chemical shift observations is low sug-
gesting the close conformity of experiments with theory [15].

Corrosion inhibition Evaluation: Hydrogen evolution experiment

The acid corrosion of mild steel is characterized by evolution of
hydrogen and the rate of hydrogen evolved is directly proportional to
the corrosion rate [16,17]. The volume of hydrogen evolved during the
corrosion of mild steel in 1 M HySO4 solution in the presence and
absence of Aspirin at 303 K, 313 K, 323 K and 333 K, was measured as a
function of time. The results obtained are depicted in Figs. 3-6. The
volume of hydrogen evolved was observed to decrease in the presence of
Aspirin compared to that of the blank solution. The corrosion rate was
obtained from the slope of the trend line of the graph of hydrogen per
unit area versus time. From the values of the corrosion rate, the surface
coverage and inhibition efficiency were then calculated using equation
(1) and (2). The calculated corrosion rate, surface coverage and inhi-
bition efficiency are presented in Table 3.

CR(inn)

0=1——""7— (@D)]
CR(Blank)

IE = 9 x 100 (2)

where Cp is the corrosion rate, 0 is the surface coverage, IE (%) is the
inhibition efficiency, CR¢nn) and CRplank) are the rates of hydrogen
evolution in the presence and absence of Aspirin, respectively.

Effect of concentration of Aspirin on corrosion of mild steel

The effect of Aspirin concentration on the corrosion of mild steel in
acidic media was studied by varying the concentration from 0 mg/L
(blank) to 800 mg/L. The volume of hydrogen evolved with time for the
corrosion of mild steel in 1 M HySO4 in the presence and absence of
inhibitor of different concentration blank, 50 mg/L, 100 mg/L, 200 mg/
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Fig. 2. IR spectrum of Aspirin (a) Experimental (b) Theoretical.
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Fig. 3. NMR spectrum of Aspirin (a) Experimental (b) Theoretical.

Table 2
1H NMR Experimental and theoretical values of chemical shifts (5) of
Aspirin.

S/N Experimental (ppm) Theoretical (ppm) Assignment

1 2.40 2.39 CHj3 methyl protons
2 7.85 7.91 C3 benzene ring protons
3 7.90 7.99 C4 benzene ring protons
4 7.65 7.90 C5 benzene ring protons
5 8.15 8.24 C6 benzene ring protons
6 9.20 12.04 OH hydroxyl proton

L, 400 mg/L and 800 mg/L of Aspirin at a temperature of range 303 K —
333 K which are shown in Figs. 4-7. The calculated corrosion rate,
surface coverage and inhibition efficiency are presented in Table 3. It is
observed that on addition of Aspirin, the corrosion rate decreased
compared to that of the free solution (blank). This indicates that the
presence of Aspirin lowers the corrosion rate of mild steel in acidic
media. The volume of hydrogen evolved and the corrosion rate is seen to
decrease with increase in the concentration of the Aspirin across 303 K —
333 K (Figs. 4-7 and Table 3). The surface coverage and percentage
inhibition efficiency increases with increase in Aspirin concentration
which is consistent with the general observation for typical corrosion
inhibitors [19-25]. This trend of the effect of concentration of Aspirin on
the corrosion of mild steel was similar across the temperatures studied.
The maximum inhibition efficiency were all obtained at 303 K for 50
mg/L, 100 mg/L, 200 mg/L, 400 mg/L and 800 mg/L of Aspirin; 26.9 %,
53.6 %, 64.1, 71.2 % and 79.2 %, respectively. This increase in inhibi-
tion efficiency with concentration is attributed to the increase in the
fractional surface coverage, 0 (i.e. the fraction of the metal surface

25

]| —=—Blank 303 K

—e— 50 mg/L

204 | —~—100 mg/L
—v— 200 mg/L
—0— 400 mg/L
154 —€—800 mg/L

Volume of H, per surface area (cm)
=
1

0 5 10 15 20 25 30
Time (minutes)

Fig. 4. Variation of volume of hydrogen evolved (Vy) with time for the mild
steel coupons in 1 M H,SO4 solutions containing Aspirin at 303 K.

covered by the aspirin molecules). It is widely reported with experi-
mental evidence that the inhibitory action of inhibitor molecules is
predominantly by adsorption of the molecules on the metal surface
thereby creating a protective barrier film on the metal surface, hence
reducing the corrosion rate of the substrate [19-25].
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Fig. 5. Variation of volume of hydrogen evolved (Vy) with time for the mild
steel coupons in 1 M H,SO4 solutions containing Aspirin at 313 K.
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Fig. 6. Variation of volume of hydrogen evolved (Vi) with time for the mild
steel coupons in 1 M H,SOj4 solutions containing Aspirin at 323 K.

Effect of temperature on corrosion mild steel in the absence and presence of
Aspirin

The effect of temperature on corrosion inhibition of Aspirin on mild
steel in 1 M H2SO4 was monitored in the absence and presence of Aspirin
across the temperature range 303 K — 333 K. The effect of temperature
on the rate of corrosion of mild steel can be seen from Table 3. The

Table 3

Results in Chemistry 4 (2022) 100543

corrosion rate is observed to increase with an increase in temperature;
this probably can be due to the expected increase in chemical dissolution
of mild steel with rise in temperature [17,18]. The surface coverage and
inhibition efficiency is seen to decrease with a rise in temperature,
suggests a decrease in the potency of Aspirin to inhibit mild steel
corrosion at elevated temperatures. This suggests a physical interaction
between the Aspirin molecules and the mild steel surface. Probably
physisorption of Aspirin may likely be the predominant phenomena at
the metal surface, this is speculated because of possible desorption of
adsorbed Aspirin from the metal surface at elevated temperatures due to
increased agitation of solution which is capable of shaking off weakly
adsorbed Aspirin molecules. The maximum inhibition efficiency at ob-
tained at 303 K, 313 K, 323 K and 333 K are 79.2 %, 62.9 %, 55.1 % and
46.1 %, respectively at 800 mg/L of Aspirin. The In order to determine
the nature of the interaction of Aspirin and the mild steel surface, the
experimental data were further subjected to further thermodynamic
analysis and tested further using different adsorption isotherms.

Morphological changes in the mild steel surface before and after treatment
with Aspirin

Figurrre 8a-c show the SEM surface morphologies of mild steel sheets
before and after exposure to 1 M HySO4 solution in the presence and
absence of 800 mg/L Aspirin after 1 h at 303 K. Fig. 8a is the SEM image
of the polished mild steel surface which shows a smooth and clean
surface. Fig. 8b is the mild steel surfaces in 1 M HySO4 the absence of
Aspirin, the image shows a roughly damaged surface indicating the
rapid degradation of mild steel. Fig. 8c is the mild steel surface in the
presence of 800 mg/L in 1 M HySO4, the image shows a relatively uni-
form surface with an insignificant corrosion activity. Fig. 8a-c indicates
that the addition of Aspirin greatly retards the corrosion rate of mild

E 55
© 50+
S 457
g 40-
S 35-
'% 30-
= 254
g ; —a— Blank

~ 20'_ —e— 50 mg/L
. 154 —4A— 100 mg/L
Y
o 1 —¥— 200 mg/L
o 1 0-. —— 400 mg/L
S 5] —<¢—800 mg/L
S 0;

0 5 10 15 20 25 30

Time (minutes)

Fig. 7. Variation of volume of hydrogen evolved (Vy) with time for the mild
steel coupons in 1 M HSOy4 solutions containing Aspirin at 333 K.

Calculated corrosion rate, surface coverage and inhibition efficiency of mild steel in 1 M H,SO4 in the presence and absence of Aspirin.

Corrosion rate (cm/min)

Surface coverage (0)

Inhibitor efficiency (%IE)

Conc. 303K 313K 323K 333K 303K 313K 323K 333K 303K 313K 323K 333K
Blank 0.0423 0.0736 0.1193 0.1667

50 mg/L 0.0309 0.0584 0.1072 0.1681 0.2695 0.2065 0.1014 —0.008 26.9 20.7 10.1 -0.8
100 mg/L 0.0196 0.0547 0.0953 0.153 0.5366 0.2567 0.2012 0.0822 53.6 25.7 20.1 8.2
200 mg/L 0.0152 0.0536 0.0873 0.159 0.6406 0.2717 0.2682 0.0462 64.1 27.2 26.8 4.6
400 mg/L 0.0122 0.0306 0.0751 0.1418 0.7115 0.5842 0.3705 0.1494 71.2 58.4 37.1 14.9
800 mg/L 0.0088 0.0273 0.0536 0.0899 0.7919 0.6290 0.5507 0.4607 79.2 62.9 55.1 46.1
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Fig. 8. SEM images and EDS spectra for mild steel surfaces: (a) & (d) polished surface, (b) & (e) without aspirin (c) & (f) with 800 mg/L Aspirin extract in 1 M H>SO4

solution for 1 h at 303 K.

steel in HoSO4 solutions.

Fig. 8 d-f shows the EDX spectra and corresponding percentage
weight contents of the constituent elements. Fig. 8d is the EDX spectrum
of polished mild steel which indicates characteristic peaks of Fe (97.74
wt%). Fig. 8e is the EDX spectrum of mild steel after exposure to 1.0 M
H3SO4 in the absence of Aspirin; which indicates a drop in wt% of Fe to
90.72 wt% accompanied with peaks for O (4.45 wt%), Cl (3.32 wt%) and
minor element Mo (1.51 wt%). This suggests the formation of a corro-
sion layer which is responsible for the decrease in the intensity of the Fe
peak and the pronouncement of O and Cl. Fig. 8f shows the mild steel
surface after exposure to 1.0 M HoSO4 in the presence of 800 mg/L. The
Fe content is seen to drop drastically to 18.89 wt% while the O content
increased to 24.84 wt% with the appearance of a pronounced carbon
signal of 46.21 wt% alongside Cl (9.96 wt%). This indicates the for-
mation of a barrier layer of corrosion film which is believed to be
composed of adsorbed molecules of Aspirin. Fig. 8 indicates that the
presence of Aspirin inhibits the corrosion of mild steel in 1 M H3SO4.

Thermodynamic parameters

Thermodynamic parameters such as the activation energy (E,),
enthalpy (AH°) and entropy of activation (AS°) were calculated from the
temperature-dependent corrosion rate so as to gain more insights into
the nature of interaction of Aspirin with the mild steel surface. The
activation energy was calculated using the Arrhenius equation (equation
(3)) while the transition state equation (equation (4)) was used to
calculate the enthalpy (AH,gs), and entropy (ASags) [19-21].

E,
InCg = InA — RT 3
CR K AS AH
(T) =yt Rt TR @

where Cp is the rate of corrosion, E, is the apparent activation energy, R
is the universal gas constant, T is the absolute temperature, and A is the
frequency factor.

The Arrhenius plot of the corrosion of mild steel in the absence and
presence of Aspirin is shown in Fig. 9. The activation energy was
calculated from the slope (-Eo/2.303R) of the trend line of the Arrhenius
plot and the values obtained are listed in Table 4. The transition state

plot of the corrosion of mild steel in the absence and presence of Aspirin
is shown in Fig. 10. The enthalpy of activation (AH®) and the entropy of
activation (AS°) for the corrosion of mild steel in 1 M H,SO,4 were
calculated from the slope and intercept transition state equation,
respectively and the values are listed in Table 4. The calculated values of
E, were higher in the presence of the inhibitors (47.5 kJ/mol-73.3 kJ/
mol) compared to the blank solution (32.0 kJ/mol). This suggests that
the Aspirin molecules are physically adsorbed on the mild steel surface.
Physical adsorption occurs due to the electrostatic force between the
metal surface and Aspirin molecules [16,17]. The values of the standard
entropy of activation (AS®) in the absence and presence of Aspirin were
all positive. This can be interpreted to mean that the activated complex
in the rate determining step represents dissociation rather than associ-
ation step, implying that during the adsorption process, an increase in
the degree of orderliness takes place when moving to the activated
complex from the reactants. The positive values of entropy also indicate

-1.5
-2.0 1
-2.51
-3.01
5 ]
£ '3'5'. B Blank
® 50 mg/L
-4.04 | A 100 mglL
1 V¥ 200 mg/L
-454 | ¢ 400 mg/L
]l | < 800mg/L
‘50 T N T . T v T
3.0x10° 3.1x10° 3.2x10° 3.3x10°
T'(K")

Fig. 9. Arrhenius plot for the corrosion of mild steel in 1 M H,SO, solution in
the presence and absence of Aspirin.
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Table 4
Thermodynamic parameters for the corrosion of mild steel in the presence and
absence of inhibitor.

Conc. (mg/L) AH (kJ/mol) AS (kJ/mol) E, (kJ/mol)

Blank 35.6 1148.4 38.2
50 70.7 150.8 73.3
100 66.7 1242.5 69.3
200 61.7 1227.4 64.3
400 44.8 117.2 47.5
800 40.9 1158.7 24.5
-7.54
-8.04
-8.51
=
o -9.04
o ]
B Blank
c 2 -
- 9.5 ® 50 mg/L
1 A 100 mg/L
-10.04 | v 200 mgiL
{ | & 400mg/L
-10.5- <4 800 mg/L <
T v T T T T T
3.0x10° 3.1x10° 3.2x10° 3.3x10°
T'(K")

Fig. 10. Transition state plots for mild steel in 1 M H,SO4 solution in the
presence and absence of Aspirin.

that the process is spontaneous [16].The values of the enthalpy of
activation (AH®) in the presence and absence of inhibitor are all positive.
The positive sign of AH° is associated with an endothermic nature of the
corrosion process. The greater values in the presence of the inhibitor
suggest that more energy needs to be supplied to the system to drive the
corrosion process; this is in line with the notion that a protective barrier
has been formed on the mild steel surface.

Adsorption consideration

The experimental data was further tested with three different
adsorption isotherms in order to acquire more information on the nature
of interaction between Aspirin and the mild steel surface. The isotherms
tested are Langmuir, Freundlich and Temkin adsorption isotherms. The
linear regression coefficient (R?) was used to adjudge the model that
best fit the experimental values. The experimental data was tested for its
consistency with Langmuir theory which is represented by equation (5)
[6,7].

- Te %)

where c is the Aspirin concentration, 6 is the degree of surface coverage
and K5 is the adsorption — desorption equilibrium constant. The values
of K,q4s were calculated and presented in Table 5. The value of Kyqs de-
notes the strength between the adsorbate and adsorbent, large values of
Kads imply more efficient adsorption and hence better inhibition effi-
ciency [17]. Table 5 indicates that the K,4s values decrease with tem-
perature rise suggesting that the interaction between the inhibitor
molecules and the mild steel surface becomes weaker with temperature
rise. This indicates that the inhibitor molecules are physically adsorbed
onto the mild steel surface. The values for the free energy of adsorption
AG,qs were calculated from equation (6) [5-7].
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Table 5

Equilibrium constant (K,4s), Adsorption free energy (AGyy) and Correlation
factor (R?) deduced from Langmuir, Temkin and Freundlich isotherms for the
corrosion of mild steel in 1 M H,SO4 inhibitors at different temperature.

Isotherm Temp (K) Kags AG,gs (KJ /mol) R?
Langmuir 303 0.2216 —-6.3 0.8825
313 0.0035 —4.2 0.9016
323 0.0013 —6.9 0.7715
333 0.0004 -10.4 0.6161
Temkin 303 13.7 -16.7 0.7543
313 12.6 -17 0.8578
323 11.9 -17.4 0.5782
333 12.9 -18.2 0.5558
Freundlich 303 0.56 -8.7 0.4179
313 1.77 -11.9 0.2003
323 1.19 -11.2 0.0184
333 3.93 —14.9 0.5133
AGuys = —RTIn(K 45 X 55.5) 6)

where AG,qs is the free energy of adsorption, K,gs is the adsorp-
tion—desorption equilibrium constant, R the universal gas constant and T
the temperature. The calculated results of AG,qs are presented in
Table 5. The negative values of AG,qs indicate spontaneity and stability
of the adsorption layer [23,24]. The experimental data were also tested
using Temkin and Freundlich isotherms which are expressed in equa-
tions (7) and (8), respectively. The parameters deduced from Langmuir,
Fruendlich and Temkin isotherms are presented in Table 5.

RT RT
H:TInK+Tlnc (2]
1
logd = logK; + ;logc ®

where R is the universal gas constant, ¢ is the surface coverage, c is the
concentration of inhibitor, b Temkin constant, Ky adsorp-
tion—desorption equilibrium constant, f is the heterogeneous factor and
T is the temperature. From Table 5, the RZ values obtained from the plots
at different temperature are generally seen to deviate from unity. The
values R2 obtained from Langmuir isotherm showed the least deviation
from unity. The deviation of the correlation factor from unity shows that
the Langmuir isotherm is more suitable compared to the Temkin and
Fruendlich isotherms for describing the adsorption behavior of Aspirin
on the mild steel surface.

The Gibbs free energy of adsorption AGy4 was calculated from
equation (6) and the values obtained are listed in Tables 5. The AGogs
values ranged from —4.2 to —18.2kJ mol ™. These values of AGys are >
-20 kJ mol~! and indicate that the acetylsalicylic molecules are physi-
cally adsorbed as a result of electrostatic forces of attraction [17]. On the
other hand, values of AG4s < -20 kJ mol ™" or less is considered to be as
result of chemical adsorption which involves the transfer or sharing of
charge from the inhibitor to the surface of metal to form a kind of co-
ordinate bond [22].

The adsorption—desorption equilibrium constant Ky4; obtained from
the Langmuir isotherms decreased from 0.2216 to 0.0004 with the in-
crease in temperature from 303 K to 313 K. This indicates that the
acetylsalicylic moles are getting more weakly adsorbed with rise in
temperature which is consistent the proposed physisorption mechanism.

Kinetics of the corrosion process: Rate constant and half — Life

The corrosion reaction is a heterogeneous reaction which is
composed of anodic and cathodic reactions at the same or different rate.
The experimental data was tested for its consistency with the integrated
first and second order reaction kinetics equation given by equation (9)
and (10).
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2.303
k= ?log(V/Vw) (C)]

1 \ 4
R N 4o

where V is the volume of Hy evolved (cm3), Voo is the volume of
hydrogen evolved at the end of the corrosion test k; is the first order rate
constant in (min), ko is the second order rate constant and t is the im-
mersion time in [12,13]. The rate constant at different temperature and
concentration of blank, 400 mg/L and 800 mg/L are tabulated in
Table 6. The consistency of the experimental data with the first and
second order reaction kinetics were adjudged from the value of the rate
constant which is expected not to vary significantly irrespective of
concentration at a particular temperature (The values of k should be
approximately equal across the concentrations tested). The blank solu-
tion, 400 mg/L and 800 mg/L of Aspirin were used for the kinetic
evaluation of the corrosion rate. The experimental data were found to be
consistent with the first order reaction kinetics at lower temperatures
(303 K and 313 K) and thereafter transit to second order rate kinetics at
higher temperature (323 K and 333 K). The values of k; were found to be
approximately equal across the concentrations tested including the
blank solution. It is also observed that half-life of mild steel increased
with Aspirin concentration.

Computational details

Optimization and quantum chemical parameters

The computational details and quantum chemical calculation were
to obtain more information on the molecular properties of Aspirin and
the probable adsorption mode in the mild steel surface. The computa-
tional parameters of Aspirin was studied by B3LYP method / 6-31 + G
(d,p) basis sets in the gaseous phase. Quantum calculations were used to
obtain the energy values of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) from which the ioni-
zation energy (IP) and electronic affinity (EA), chemical hardness (X),
band gap (AE), softness (c) and electronegativity (1) were calculated
using equation 11-16 [49-56].

IP = —Euomo an
EA = —ELumo 12)
X - IP — EA 13)
2
IP + EA
= 14
3 14)
Table 6

Kinetic parameters of the corrosion of mild steel in the presence of Aspirin: rate
constant.

Temp (K) Conc. (mg/L) Rate constant
Blank 0.058
303 400 0.063
800 0.062
Blank 0.067
313 400 0.059
800 0.072
323 Blank 0.762
400 0.791
800 0.733
333 Blank 1.681
400 1.647

800 1.850
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6= (15)

1
n
AE = LUMO —HOMO (16)

The distribution of electron density structure in the frontier molec-
ular orbitals (FMO) i.e. HOMO and LUMO of Aspirin is shown in Fig. 11.
The HOMO distribution of electrons over the Aspirin molecule shows the
potential participation of molecule in the possible donation of the
electron to the vacant Fe orbital of the metal surface which results in the
adsorption of Aspirin on the metal by the formation of a coordinate bond
through the lone pairs on the Aspirin molecule. On the other hand,
LUMO distribution of electrons over the inhibitor molecule shows that it
can also accept the electron from the Fe orbital of metal and hence shows
possible donor-acceptor behavior relationship with the metal surface
metal surface [57,58].

The calculated values for Egomo, ELumo, AE, |, IP, EA are —7.33 eV,
—2.06 eV, 5.27 eV, 5.79 eV, 7.33 eV and 2.06 eV, respectively. The
higher the value of Egomo, the higher electron donation tendency
whereas the lower the value of Ejymo the higher electron receptor
tendency. The reactivity of Aspirin was determined by the AE(Engomo —
ELumo), high value of AE represent high reactivity of the molecule with
metal that results in the observed inhibitory effect [59]. Dipole moment
is also another important structural index, it is widely reported that
small value of dipole moment favor the accumulation of inhibitor mol-
ecules on the surface of steel, thereby enhancing the inhibition effi-
ciency of the inhibitor molecules on the surface of the metal. In the
presence of acids as in the present case, the Aspirin molecule is pro-
tonated which facilitates its adsorption on the steel surface. The frontier
molecular orbital energies are used as reactivity indices. The calculated
values of the Egomo and Epymo, dipole moment, ionization energy and
electron affinity are within the range of values reported for effective
corrosion inhibitors elsewhere [39,56-59].

Fukui functions

The analysis of Fukui indices provides useful data about the local
reactivity of a compound. By using the information obtained from Fukui
functions, we can determine the atoms in a molecule with a higher
tendency to accept and loose electrons [39]. The Fukui functions ob-
tained for Aspirin are shown in Table S1 of the supplementary materials.
The nucleophilic sites fi, electrophilic sites fi and the dual descriptor
Af(x) were calculated using the Milliken population analysis (equation
17-19).

f=aq(N + 1) = —¢(N) a7
fo = q(N) — —q(N-1) (18)
fw=f"—f (19)

where q is the atomic charge in its neutral (N), cationic (N-1) or anionic
(N + 1) state. The outcome Fukui data for Aspirin are shown in Table S1.

The atom that possesses the highest value of (f ) is the oxygen (15)O
atom attached directly to the aromatic ring with value of 0.1058, this
indicates its high ability to donate electron to the mild steel surface. The
carbon atom C(1) of aromatic moiety also possesses high value of (f)
(0.1111) and participates in the donating process. Using the dual
descriptor (A f()), we can obtain two indications; for donor sites A f) <
0 and acceptor sites A f(y > 0. Our data indicate that for the donor sites,
the oxygen atom (15)O is the best with value of —0.0470 for Aspirin. On
the other hand, (11)C is the best acceptor sites for Aspirin with a value of
0.0836 [39,55-59].

Natural bonding orbital’s (NBO)
The natural bond orbital (NBO) analysis transforms molecular orbital
wave function into one center (lone pair) and two center bond repre-
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Fig. 11. Optimized structure, HUMO and LUMO of Aspirin molecule.

sentation. This kind of categorization gives an appealing chemical rep-
resentation since it highlights the individual bonds and lone pairs that
play a role in the chemical process. The diagonal elements of the Fock
matrix in an NBO analysis represent the energies of localized bonds ¢*
and lone pair of electrons, while the off — diagonal elements represent
bond -6* and normally small 6* to ¢ interactions. The larger the E@
values the more intensive is the interaction between electron donor to
electron acceptor and the greater the extent of conjugation of the whole
system. Delocalization of electron density between occupied Lewis-
typed (bond or lone pair) NBO orbital’s and formally unoccupied
(antibond or Rydberg) non-Lewis NBO orbital’s corresponds to a stabi-
lizing donor — acceptor interactions for each donor NBO (i) and acceptor
NBO (j), the stabilization energy E@ associated with electron delocal-
ization between donor and acceptor is estimated using equation (20).

E® =g, Fy (20)
j—E;

where q; is the donor orbital occupancy, E; E; are diagonal elements
(orbital energies) and Fj; is the off-diagonal NBO Fock matrix element
[47,48]. The results of second order perturbation analysis of the Fock
matrix at B3LYP/6-31 + G (d,p) basic set, level of theory are presented
in Table S2 of supplementary material. NBO analysis revealed that the &
(C5-C6) to n* (C3- C4) interaction give the strongest stabilization to the
system with a stabilization energy of 23.57 kcal/mol.

Molecular dynamics simulation studies

Molecular dynamic simulations were carried out and the experi-
mental conditions were imposed on the system to obtain the equilibrium
adsorption of Aspirin on Fe (110) surface at 303 K, 313 K, 323 K and
333 K. Fig. 12 shows the top and side view of various adsorption
configuration at the temperature and energy variation obtained from
molecular dynamic simulation for inhibitor at 303-333 K. Results
showed that the inhibitor molecules which were adsorbed on the metal
surface assumed a flat configuration which obviously enhanced the
surface coverage of Aspirin molecules over the metal surface which
leads to inhibition of corrosion. The binding energies obtained from the
molecular dynamic simulation are represented in Table 7. A high
negative Epinding Shows the greater binding of inhibitor with metal and
leads to a higher value of Epjnding which results in greater inhibition
efficiency. The computed interaction energies at different temperature
are shown in Table 7 and the maximum was at 323 K with a value of
—119.11 kcal/mol. Fig. 13 shows the schematic representation of
corrosion mechanism depicting the mode of adsorption of aspirin mol-
ecules on the mild steel substrate through the oxygen hetero atoms.

Comparative studies of the studied inhibitor with previous drug based
inhibitors

Table 8 present the comparison of the inhibitory performance of
aspirin with previously studied drugs. The maximum inhibition

Fig. 12. Side and top view of the equilibrium adsorption configuration of the
inhibitor on the Fe (110) surface at different temperatures.

Table 7
Total binding energies of Aspirin on mild steel at
different temperatures.

T/K Ebinding/ (kcal/mol)
303 K —119.071
313K —119.110
323K —117.147
333K —119.069

efficiency recorded at different electrolyte/ inhibitor combinations for
Losartan, Dexamethasone, Rosuvastatin, Dapsone, Lidocaine, Amodia-
quine, Ketoconazole, Pyridil, and Neomycin are 80 %, 92 %, 90 %, 95 %,
76 %, 44 %, 46 %, 71 %, and 76 %, respectively. It is seen the corrosion
inhibition performance of aspirin with an efficiency of 79 % compared
competitively with other drugs in the literatures given the aggressive
1.0 M H,SO4 medium used.
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Aspirin molecule

Fig. 13. Schematic representation of corrosion mechanism depicting the mode
of adsorption of Aspirin molecules on the mild steel substrate.

Table 8

Comparative studies of Aspirin with other similar drug-based inhibitors.
Drug Electrolyte Max Conc. (mg/L) 1E (%) Ref
Losartan 2.0 M HCl 400 80 [60]
Dexamethasone 1.0 M HCI 1963 92 [61]
Rosuvastatin 0.5 M H,SO4 600 90 [62]
Dapsone 0.5 M H,SO4 496 95 [63]
Lidocaine 1.0 M HCI 300 76 [64]
Amodiaquine 0.1 M HCl 2135 44 [65]
Ketoconazole 0.1 M H,SO4 50 46 [66]
2,21 -Pyridil 0.5 M HCl 106 71 [671
Neomycin 1.0 M HSO4 553 76 [68]
Aspirin 1.0 M HySO4 800 79 This paper

The present report indicate that aspirin is a possible alternative to the
widely applied toxic corrosion inhibitors in the industry, however, there
is need for the expansion of the scope of this current study to capture the
nature and properties of the adsorbed aspirin molecules on the metal
surface in order to gain a complete understanding of its corrosion in-
hibition mechanism. Specially, an additional advantage of aspirin over
other drugs its cost effectiveness and facile synthetic route making its
application on an industrial scale more practicable.

Conclusion

The corrosion inhibition potential of Aspirin has been evaluated
using a combined theoretical and experimental approach. The results
show that Aspirin inhibits the corrosion of mild steel in HySO4 solution.
The inhibition efficiency of the drug increased with increase in con-
centration and decreased with the rise in temperature. The optimum
condition for the inhibition efficiency of 79.1 % was at 800 mg/L at 333
K. The inhibitive action of Aspirin is as a result of physical adsorption of
its molecules on the surface of mild steel. The presence of Aspirin in-
creases the corrosion activation energy. Kinetics studies revealed that
the corrosion follows a first order reaction kinetics at lower tempera-
tures and second order kinetics at higher temperatures. Thermodynamic
considerations revealed that the activation energy is increases in the
presence of Aspirin when compared with that of the free solution, the
enthalpy of activation indicate that the corrosion process predominantly
endothermic, the entropy of activation shows that the process is spon-
taneous. DFT and quantum chemical calculation revealed a very strong
interaction between the Aspirin molecules and the mild steel surface and
the stable adsorption configurations were obtained through molecular
dynamics stimulation. The present report indicate that aspirin is a
possible alternative to the widely applied toxic corrosion inhibitors in
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the industry, however, there is need for the expansion of the scope of this
current study to capture the nature and properties of the adsorbed
aspirin molecules on the metal surface in order to gain a complete un-
derstanding of its corrosion inhibition mechanism.
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