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Abstract

The inhibitive effect of spironolactone drug (SPR) on C38 carbon steel corrosion in 10% hydrochloric acid solution was
investigated using weight loss and two electrochemical techniques, namely electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization (PDP), in the temperature range between 30 and 60 °C. Spironolactone was found to
act as an inhibitor for the acid corrosion of C38 carbon steel. Inhibition efficiency of the drug increased with an increase
in concentration of SPR but decreased with increase in temperature. The maximum inhibition efficiencies obtained with
7.2% 107> M SPR at 30 °C were 98.1%, 95.0% and 95.8% for weight loss, EIS and PDP technique, respectively. Anodic and
cathodic polarization curves reveal that SPR is a mixed-type inhibitor. Impedance data show that charge transfer process
controlled the mechanism of corrosion. The adsorption of SPR on the C38 steel surface was found to be spontaneous and
obeyed Langmuir isotherm at all studied temperatures. The adsorption is a mixed adsorption involving both chemisorption
and physisorption. The carbon steel surface was assessed using scanning electron microscopy (SEM), which also revealed
the protective ability of the drug for C38 carbon steel in 10% HCI solution. Quantum chemical calculations in the framework
of the density functional theory were undertaken to theoretically describe the adsorption and inhibition action of SPR on
the C38 steel surface.
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1 Introduction

Protection of carbon steel from corrosion is very critical
due to their application in many industry particularly the
power plants and petroleum industry [1]. Certain industrial
activities like descaling, pickling, including oil well acidiz-
ing brings carbon steel in contact with hydrochloric acid
solution, extensively used as a cleaning mixture in most
industries. These activities get the metal severely corroded.
Several methods have been employed to protect metals from
these corrosive agents. Strategies like coating, anodic pro-
tection, cathodic protection and the use of corrosion inhibi-
tors have been studied and recommended as good methods
to combat metal corrosion. The use of corrosion inhibitors
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have always been the most economical and effective method
in reducing the undesirable carbon steel dissolution [2, 3].
Most well-known corrosion inhibitors, both natural and syn-
thetic, are organic compounds possessing sulfur, nitrogen
or oxygen atoms. The inhibitors act by adsorption on the
surface of the metal, creating barriers between the corrosive
solution and metal surface and reducing the metal dissolu-
tion [4, 5].

Recent years have seen scientists utilizing pharmaceuti-
cal agents as corrosion inhibitors for metals and its alloys in
aqueous solutions [6-9]. Drugs represent a group of poten-
tial inhibitors of metal corrosion based on their structure
which possesses aromatic rings and heteroatoms active cent-
ers for easy adsorption [9]. Some antibiotic drugs such as
cefepime, cephapirin, moxifloxacin and cefdinir have been
investigated by researchers as corrosion inhibitors for steel
in acidic medium [8, 10—12]. Others like antihypertensive,
anti-diabetic and antifungal drugs [13—15] have also been
utilized. The inhibitory action of these drugs was due to
their ability to form insoluble complexes which block the
steel surface and prevent the metal from further dissolution.
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The investigated drug, spironolactone (SPR), is a medica-
tion used primarily in the treatment of fluid build-up due to
heart failure, kidney disease or liver scarring [16]. It is also
used as a potassium-sparing diuretic for the treatment of
high blood pressure. It has a molecular formula C,,H;,0,S
with a molecular weight 416.574 g mol™! and the IUPAC
nomenclature of the drug is 7a-acetylthio-17a-hydroxyl-
3-oxopregn-4-ene-21-carboxylic acid y-lactone. The use
of spironolactone as corrosion inhibitor, to the best of our
knowledge, has not been previously investigated. In the pre-
sent work, the adsorption and inhibitive effect of spirono-
lactone drug on C38 carbon steel corrosion in hydrochlo-
ric acid environment have been studied using weight loss,
electrochemical impedance spectroscopy, potentiodynamic
polarization and scanning electron microscopy. The choice
of studying corrosion inhibition property of SPR is based
on its size, functionalities and geometry of the molecule.
The chemical structure and the 3D optimized structure of
the spironolactone drug are shown in Fig. 1. A comparison
of the inhibition efficiency of the reported SPR drug with
different investigated drugs on steel in various acidic media
is presented in Table 1.

2 Experimental Methods
2.1 Metal Preparation and Solutions

Specimens of C38 carbon steel with dimensions
2x2x0.3 cm were used for weight loss, electrochemical and
surface studies. The chemical composition of the C38 steel
specimen (in weight %) is 0.36 C, 0.27 Si, 0.66 Mn, 0.020
P,0.016 S, 0.21 Cr, 0.02 Ni, 0.02 Mo, 0.22 Cu, 0.060 Al and
the rest Fe. The steel specimens were polished with different
emery paper grades (600-1200), washed with distilled water,
rinsed with acetone, finally dried and stored in a desiccator
after taking the accurate weight. For electrochemical tests,
1 cm? of the steel surface area was exposed to corrosive
medium and the rest were covered with epoxy resin. The
10% HCI corrosive solution was prepared by dilution of AR
grade 37% HCI with distilled water.

2.2 Inhibitor

The spironolactone drug was purchased from Naiviv Phar-
maceuticals, Port Harcourt, Nigeria and used as obtained.

(a)

Fig. 1 Chemical structure (a) and 3D optimized structure (b) of the Spironolactone drug

Table 1 Comparison of

JOEE ‘ Drug inhibitor Medium (temperature) Optimum concentration Inhibition Reference

mhlblﬁon efficiency of . efficiency, %

spironolactone (SPR) with other

drug corrosion inhibitors on Spironolactone 10% HCI (30 °C) 72x10° M 98.1 This work

steel in acidic medium Hydrochlorothiazide 2 M HCI (30 °C) 15x10°5 M 81.8 (6]
Captopril 2 M HCI (30 °C) 15x10° M 77.9 [6]
Guaifenesin 2 M HCI (30 °C) 1510 M 714 [6]
Ambroxol 1 M H,SO, (30 °C) 9% viv 95.5 [7]
Cefepime 1 M HCI (30 °C) 10 mM 96.4 [8]
Moxifloxacin 1 M HCI (25 °C) 300 ppm 94.1 [11]
Cefdinir 1 M HCI (30 °C) 6.02x10*M 97.9 [12]
Glimepiride 1 M HCI (30 °C) 0.5 mM 95.8 [14]
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Stock solution of 0.5 M SPR was prepared by dissolving
weighed amount of SPR in ethanol and stored at 5 °C in the
dark. Required concentration of the drug was prepared daily
by dilution in dark polyethene bottles just before use. The
stock solution was properly protected from light while the
experiments proceed to prevent the drug from degradation
before use. The concentration range of investigated drug was
2.4%107~7.2x 107 M in 10% HCL.

2.3 Weight Loss Measurements

The C38 steel specimens which have been previously
weighed were immersed in stagnant 100 mL of the test
solution in uncovered 250 mL beakers. The weight loss
experiments were performed according to the ASTM prac-
tice standard G-31 [17]. The specimens were retrieved from
the various test solutions after 6 h, washed, dried, and re-
weighed. Triplicate experiments were performed and the
average weight loss values were recorded. The corrosion

rates (R.,,) were calculated using the following equation:
2, - w
Rcorr(gm 2h 1) = § (1)

where W is the average weight loss, § is the C38 steel total
area and t is immersion time. From the deduced corrosion
rates, the surface coverage () and inhibition efficiency (Ey,
%) were calculated as follows:

0 i

9 — corr 5 corr (2)

corr

0

corr

0
corr

Eyw % = == x 100, 3)

where R® and R’_ | respectively, represents the corrosion
corr corr
rates in the absence and presence of inhibitor.

2.4 Electrochemical Measurements

The electrochemical tests were performed on the stable open
circuit potential (OCP) using Gamry (model 300) Potentio-
stat/Galvanostat three-electrode glass cell and Gamry E-Chem
software for data analysis. The cell consists of C38 steel as
working electrode, platinum foil as counter electrode and satu-
rated calomel electrode (SCE) as reference electrode immersed
in 100 mL of aggressive electrolyte and maintained at 30 °C.
To stabilize the corrosion potential, a time interval of 30 min
was allowed for each experiment. The same cell was used for
impendence measurements and potentiodynamic polarization.
Impedance measurements were performed utilizing AC signals
of 10 mV amplitude at OCP in the frequency range of 1072 to
10° Hz. The potentiodynamic polarization curves were made

in a potential range of — 1500 mV to 100 mV with a sweep
rate of 1 mV s~'. Each experiment was run in triplicate and
the average values were recorded to verify the reproducibility
of the experiments.

2.5 Surface Examination

The C38 steel specimens used for surface morphological stud-
ies were immersed in 10% HCl in the absence and presence
of 7.2 10~ M of the examined spironolactone drug at 30 °C
for a period of 6 h. At the expiration of the immersion time,
the specimens were dried and analyzed using JEOL JSM-5500
model of scanning electron microscope.

2.6 Quantum Chemical Calculations

Quantum chemical calculations were performed on the studied
drug in order to provide a theoretical explanation of the inhibi-
tion action of SPR on the C38 steel surface. The calculations
were performed using the density functional theory (DFT)
electronic structure programs as contained in the Spartan 14.0
software. Molecule optimization was done by utilizing the
6-31G (d, p) basis sets, and the hybrid B3LYP functional was
used to treat the exchange—correlation. The quantum chemical
parameters of the most stable ground state geometries were
used in all cases to provide theoretical explanations for the
corrosion inhibition properties of the studied drug. Differ-
ent parameters such as lowest unoccupied molecular orbital
energy (Ey ymo)» highest occupied molecular orbital energy
(Epomo) and dipole moment (i) were generated and recorded.
Other parameters like energy bandgap (AE), absolute electron-
egativity (y) of the inhibitor molecule, global hardness (1),
global softness () and fraction of electron transferred from
the inhibitor molecule to the Fe surface (AN) were calculated
using the following equations [18, 19]:

AE = E;yvo + Enomo “)
x= %(ELUMO + Epomo) (%)
_ Erumo ;EHOMO ©)
o=1 (7
n
AN = AFe ~ Xinh

2(’7Fe + ninh) , (8)

where yp. and y;,, represent the electronegativity values
of Fe and inhibitor, respectively, while g, and #;,,, are the
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hardness values of Fe and inhibitor, respectively. For bulk
Fe, Pearson’s electronegativity scale assigns a value of 7 eV
for yp. and 0 eV for g, [20].

3 Results and Discussion
3.1 Weight Loss Measurements
3.1.1 Effect of Inhibitor Concentration and Temperature

The values of corrosion rate (R,,,) and inhibition efficiency
(Ey, %) obtained from weight loss studies in the absence and
presence of different concentrations of SPR in 10% HCI at
30, 40, 50 and 60 °C are summarized in Fig. 2 and Table 2.
The results clearly show that the corrosion rates and inhibi-
tion efficiency of SPR are dependent on the inhibitor concen-
tration. Figure 2a indicates that the corrosion rate decreases
as the inhibitor concentration increases at all studied tem-
peratures. Again, Fig. 2b reveals that gradually increasing
the concentration of SPR from 2.4 x 107 to 7.2x 10> M
increases the inhibition efficiency of the drug at all studied
temperatures. The observed increase in Ey, % with increas-
ing inhibitor concentration is ascribed to the adsorption
of the molecules of SPR on the C38 steel surface and thus
increases the surface coverage of the metal [21, 22]. How-
ever, Table 2 shows that the corrosion rate increases while
the inhibition efficiency decreases on increasing the solution
temperature from 30 to 60 °C. This could be attributed to
diminishing coverage of the metal surface by the inhibitor
due to desorption.

100
@) —=-30°C
80 —e—40°C
—A—50°C
. —v—60°C
w604
<
£
Ez 40
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20 +
04
T T T T T T
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Fig.2 Variation of SPR concentration with a corrosion rate (R
tures

corr
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Table 2 Effect of temperature on corrosion rate (R.,,) and inhibi-
tion efficiency (Ey %) for C38 steel in 10% HCl without and with
7.2x10 M SPR

T (°C) Blank SPR
Rcorr (g m72 h_l) EW (% ) Rcorr (g m72 h_l) EW (% )
30 16.452 - 0.317 98.1
40 31.519 - 1.882 94.0
50 59.351 - 4.845 91.8
60 90.210 - 11.869 86.8

3.1.2 Kinetic and Thermodynamic Consideration

Making use of the corrosion rates (R.,,) from weight loss
measurement, the activation energy (E,) at various concen-
trations of SPR in 10% HCl is deduced from the Arrhenius
equation (Eq. 9) and the thermodynamic parameters such as
the enthalpy of activation (AH") and the entropy of activa-
tion (AS") were calculated from the transition-state equation
expressed in Eq. (10).

logR,,, = logA — ©)

corr

a
2.303RT

o @_lo R\, _AS | _ _AH
ST #\N,n) T 2303R| ~ 2303RT’

where R is the gas constant, A the Arrhenius pre-exponen-

tial factor, T the absolute temperature, N is the Avogadro’s

(10)
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number and h the Planck’s constant. The values of E, listed
in Table 3 were calculated from the slopes of the straight line
graphs obtained by plotting log R, vs. 1/T (Fig. 3a). The
linear regression coefficients (R%) of the graphs are close to
1, suggesting that C38 steel corrosion in 10% HCI can be
explained using the kinetic model. A plot of log (R,./T) vs.
1/T gave a straight (Fig. 3b) with a slope of (—AH*/2.303R)
and an intercept of [log(R/NAh) + AS*/2.303R)] from
which AH" and AS” values were computed and are listed in
Table 2. It is clearly revealed from Table 3 that E, and AH"
values increased with increasing concentration of SPR. The
increase in E, could be due to appreciable increase in des-
orption of SPR molecules from the C38 steel surface with
temperature rise. The positive values of AH" indicate the
endothermic nature of the corrosion process, meaning that
the dissolution of C38 steel does not occur readily [23, 24].
The negative values of AS™ in the blank and the presence of
SPR drug indicate that the corrosion process is accompanied
by a decrease in entropy [25].

Table 3 Activation energy (E,), entropy change (AS") and enthalpy
change (AH") for the corrosion of C38 steel in 10% HCI with and
without various concentrations of SPR

SPR Conc. X 1 (Mmol™")  AH*(kJ mol™")

Blank 39.52 3371 197.62
24 4291 35.05 196.14
3.6 45.08 36.99 194.25
4.8 46.83 39.23 195.11
6.0 48.32 4231 193.52
7.2 5127 45.79 192.83
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o

c 104
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7.2x10° M; R? = 0.9655
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3.2 Electrochemical Measurements
3.2.1 Electrochemical Impedance Spectroscopy

The Nyquist plots of C38 steel in 10% HCl solution without
and with different concentrations of SPR are depicted in
Fig. 4a. It is observed from Fig. 4a that the nature of the
impedance of C38 steel changed significantly when SPR
was introduced but the common features of the Nyquist
plots were not affected. This clearly shows that the pres-
ence of SPR inhibited C38 steel corrosion without induc-
ing any change in the corrosion mechanism [26, 27]. The
Nyquist plots displayed a depressed semicircular capacitive
loop and the semicircle diameter increases with increasing
concentration of SPR. The semicircles suggest that C38 steel
corrosion in the HCl medium is controlled by a charge trans-
fer process and increasing diameter of the semicircle with
increase in SPR concentration is attributed to the forma-
tion of dense protective layer by molecules of the inhibitors
on the metal surface [13, 28-30]. The impedance spectra
were fitted to the equivalent circuit model consisting of the
charge transfer resistance (R,,) in parallel connection with
the constant phase element (CPE) connected in series with
the solution resistance (R;). The equivalent circuit is shown
in Fig. 4b. The CPE is used in the equivalent circuit in place

—AS*(Tmol™ K™'bf a double-layer capacitor (C,) to give a more accurate fit

[31]. The impedance of the CPE (Zpg) is deduced by the
following expression:

Zepe = Yy ' ()", (11)

where Y|, is a proportionality factor representing the CPE
magnitude, j is the imaginary unit, @ is the angular fre-
quency in Rad s™!(w=2xf, fis the frequency in Hz), and n
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304 ¢ 6.0x10°M;R*=0.9861
7.2x10° M; R?=0.9635

3.2)0 3.2)5 3.10 3.I15 3.I20 3.I25 3.;30
1000/T (K")

Fig.3 a Arrhenius plot and b transition-state plots for C38 steel in 10% HCI with and without different concentrations of SPR
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Fig.4 a Nyquist plots for C38 steel uninhibited and inhibited with SPR in 10% HCl, b Equivalent circuit used to fit the EIS data for SPR in 10%

HCl1

is the phase shift used to obtain information about the degree
of surface inhomogeneity. The ideal capacitance (Cy,) values
were derived using the expression [32, 33]:

Ca = Yo(@pa)" ™, (12)

where w,,,, is the angular frequency at which the impedance
imaginary part of the has a maximum. The obtained R, val-
ues were used to compute the inhibition efficiency (Egg %)
according to the following equation:

0
.

R[

ct

Ep % = x 100, (13)

where Rg[ and Ri . are the charge transfer resistances in the
absence and presence of SPR, respectively. The EIS param-
eters for SPR deduced from the Nyquist plots and Egg %
values are listed in Table 4. From Table 3, the R, and E;q %
values are seen to increase while the Cy values diminish
with increase in SPR concentration, suggesting protective
film formation on C38 steel surface. The high values of R,

are usually associated with slower metal dissolution pro-
cess [33-35]. The decrease in the Cy may be attributed to a
decrease in the local dielectric constant or from the increase
of thickness of the electrical double layer [36]. Moreover,
addition of SPR and increase in its concentration increases
the values of 7 and these values are close to unity, indicating
that the CPE relates with the capacitance [35].

3.2.2 Potentiodynamic Polarization

Polarization plots have been recorded for C38 steel in 10%
HCI solution in the absence and presence of different concen-
trations of SPR inhibitor at 30 °C as depicted in Fig. 5. The
associated polarization parameters, such as corrosion current
density (I,,), corrosion potential (E.,,) and Tafel slopes (,,
B.), obtained by extrapolation of the Tafel lines are listed in
Table 5. From the polarization curves (Fig. 5), the presence of
SPR as expected considerably reduced the current densities
at both cathodic and anodic sites. This result indicates that
the addition of SPR decreased the rate of corrosion by reduc-
ing anodic dissolution and also retarding hydrogen evolution.

Table 4 EIS parameters for C38 2 2 1 on =2 -2 4
C M) R (Q R.(Q Y (nQ C F 2 E %
steel in 10% HCI without and onc M) R, (Qem?) Ry (Qem?) ¥ (u som a (REem™) 2 (X107 Epis (%)
with different concentrations of gy 1.24 352 329.5 245.1 0.873 0.12 -
SPR at 30 °C 3
2.4x10 1.59 109.6 287.0 183.7 0.889 0.19 67.9
3.6x107°  1.82 178.3 251.8 132.5 0.893 0.11 80.3
48x107° 1.74 234.9 231.4 107.6 0.908 0.29 85.0
6.0x1072 2.03 391.4 219.2 73.0 0911 0.31 91.0
72%x107°  2.18 698.7 183.7 39.2 0.920 0.33 95.0
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Fig.5 Polarization curves for
C38 steel in 10% HCI without = o
and containing various concen-
trations of SPR T
k> o
T
I,
<
- _5
(@]
9 .
-6 —&— 10% HCI
] —e—24x10°M SPR
74 1 ® 36x10°M SPR
| ] —A—48x10°M SPR
§ ——6.0x 10°M SPR
o —¥—7.2x10°M SPR
T T T T T T
-1000 -800 -600 -400 -200
E (mV vs SCE)
Table 5 Potentiodynamic C tration M)  E._(mV/SCE) I (uAcm™) mV dec)) —B.(mVdec™)  Ip (%)
polarization parameters for N8O oncentration corr W corr W3 €T Pa (mV dec P (mV dec POP 7
steel corrosion in 10% HCI in Blank — 623 4372 137.6 1175 _
the absence and presence of 24%10° — 581 141.9 82.5 121.9 67.5
various concentrations of SPR
3.6x107 - 594 94.6 75.9 102.1 78.4
4.8x1073 — 585 52.7 1134 121.7 87.9
6.0x107° - 602 39.0 98.3 124.8 91.1
7.2x1073 - 593 18.5 94.6 99.0 95.8

Table 5 clearly reveals that the /. values continually decrease
by increasing SPR concentration, suggesting that SPR is a
good corrosion inhibitor and it decreases C38 steel dissolu-
tion after addition of the drug in the corrosive acid solution.
The inhibition efficiency (Eppp %) was calculated using the
expression:

1
Epopp % = <1 - %) x 100, (14)

corr

where Igm and /., represent the corrosion current density in
the absence and presence of SPR, respectively. The values of
Eppp are also listed in Table 4 and the inhibition efficiency
is found to increase with increasing SPR concentration.
Maximum inhibition efficiency of 95.8% was obtained at
7.2x 107> M concentration. Furthermore, the displacement
in E_,,. with SPR addition with regard to the E__ . without
inhibitor is less than 85 mV as revealed in Table 5. Litera-

ture has reported that displacement in E_,, > 85 mV implies

that the inhibitor is either anodic or cathodic type, while
displacement in E_,. < 85 means the inhibitor is mixed type
[37, 38]. The range of the shift in E_ . values (21 mV to
42 mV) in the present study suggests that SPR acted as a
mixed-type inhibitor [39, 40]. More so, the results from
Table 5 reveal that the presence of different concentrations
of SPR changed the values of 8, and , as compared to the
values in blank acid solution. However, the shifts in values
of B, were slightly more pronounced as compared to shift
in P, values suggesting that SPR acts more like an anodic
type inhibitor.

3.3 SEM Morphology

Scanning electron microscopy (SEM) analyses were per-
formed to establish the formation of protective film by adsorp-
tion of SPR molecules on the C38 steel surface. The SEM
micrographs of the steel after 6 h immersion in 10% HCI
solutions without and with optimum concentration of SPR
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(7.2x 107 M) at 30 °C are depicted in Fig. 6a, b. The image
in Fig. 6a is that of the steel surface after 6 h immersion in 10%
HCl solution without SPR inhibitor. The image clearly reveals
that the C38 steel surface was severe damage due to metal dis-
solution by the corrosive acid. Several cracks were noticed in
the image which indicated direct acid attack. Figure 6b shows
the C38 steel surface after SPR addition. The image showed
reduced surface damage compared to that without the inhibitor
except traces of emery paper polish. This observation indicates
effective corrosion inhibition due to protective film formation
on the C38 steel surface.

3.4 Adsorption Isotherm

The values of the degree of surface coverage () obtained from
weight loss measurement for different concentrations of SPR
were fitted to various adsorption isotherms in order to estab-
lish the mode of adsorption. Langmuir, Temkin, Freundlich
and El-Awady’s kinetic/thermodynamic model of adsorption
isotherms were studied according to the following equations:

.. C 1
Langmuir;— = C + 15
0 Kads ( )

. —2.303 2.303

Temkin; 0 = " log K4, — e logC (16)
Freundlich; log 6 = log K, 4 + 2.303nlog C (17)

0
El — Awady; log (ﬁ) =logK +ylogC, (18)

-

By

f
{
A

15kV- image
BSD full

—_ mag ™
50 pm 1000 x

21/01/2020 1:09:47 PM
10% HC1

where C is the SPR concentration, K, is the adsorption
equilibrium constant, a is the attractive parameter and n is
the interaction parameter. For El-Awady’s kinetic/thermo-
dynamic model, K = {/m or K,y = K'/ and y represents
the number molecules of the inhibitor occupying a given
active site. Figure 7a—d shows the plots of various adsorption
isotherms for SPR drug on the C38 steel surface. The data
deduced from these plots are presented in Table 6. From the
results, the linear regression coefficients (R%) for Langmuir
isotherm at all studied temperature are the closest to unity,
indicating that Langmuir isotherm is the best fit and suggest-
ing that SPR molecules were adsorbed on C38 steel surface
according to Langmuir adsorption isotherm [41]. However,
the slopes of the Langmuir isotherm deviated from unity,
which indicates that the isotherm is not rigidly accurate,
hence the need to consider other isotherms. It is seen from
Temkin isotherm that in all cases the attractive parameter
(a) values is negative, suggesting that repulsion exists in the
adsorption layer [42, 43]. Freundlich isotherm shows that the
values of 1/n are within the range; 0 < 1/n < 1 with confirms
the ease of adsorption of SPR on the steel surface. From
El-Awady’s model (Table 6), the values of 1/y are less than
unity indicating that the inhibitor occupied more than one
active site. Table 6 also reveals that K, values for all stud-
ied isotherms decrease with rise in temperature suggesting
that SPR adsorption on the C38 steel surface was diminished
at higher temperatures [44].

The relationship between the standard free energy of
adsorption (AGS 1) and the adsorption equilibrium con-
stant (K,4,) for the various adsorption isotherm models is
expressed as follows:

.

21/01/2020 3:10:05 PM
7.2 mM SPR

15kV- image
50 pm BSD full

Fig.6 SEM micrographs of C38 steel after 6 h immersion in a 10% HCIl without SPR, b 10% HCI with 7.2x 10~ M SPR
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Fig.7 Adsorption Isotherms plots of SPR for C38 steel in 10% HCI at different temperatures: a Langmuir, b Temkin, ¢ Freundlich and d El-
Awady’s kinetic/thermodynamic model

Table 6 Adsorption isotherm
parameters from various models
for SPR adsorption on C38
steel in 10% HCI at different
temperatures

Isotherm  Temp (K) R? Slope Intercept a Un 1y K, (M‘l ) AG:ds(kJ mo]‘l)
Langmuir 303 0.9999 0.8087 0.0015 - - - 667 —26.50
313 0.9996 0.8458 0.0016 - - - 625 —27.20
323 0.9938 0.8729 0.0017 - - - 588 —-2791
333 0.9039 0.8902 0.0020 - - - 500 —28.33
Temkin 303 0.9950 0.6028 2.2830 -191 - - 6128 - 32.09
313 0.9967 0.5751 2.1750 —-2.00 - - 6052 —33.11
323 0.9832 0.5533 2.0896 —-2.08 - - 5978 —34.15
333 0.9936 0.5744 2.0914 —-2.00 - - 4375 —34.33
Freundlich 303 0.9866 0.3142 0.6728 - 0.14 - 4.71 —13.73
313 0.9891 0.3148 0.6523 - 0.14 - 4.49 — 14.36
323 0.9835 0.3141 0.6321 - 0.14 - 4.29 —14.70
333 0.9825 0.3492 0.6268 - 0.15 - 4.23 —15.11
El-Awady 303 0.9339 2.7979 7.7420 - - 0.36 613 —26.29
313 0.9688 1.8144 5.0018 - - 0.55 564 —26.94
323 0.9273 1.5283 4.2109 - - 0.65 545 —-27.71
333 0.9644 1.3261 3.6023 - - 0.75 503 —27.49
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K =555\ ~rr ) (19)
where R is the gas constant (R=8.314 J K™! mol™!), T is the
absolute temperature and 55.5 is the molar concentration
of H,O in solution. The calculated values of AGS 4 from
Eq. (14) are presented in Table 6. The AGg 1 values for the
various isotherm models were negative and range from
— 13.73 to — 34.33 kJ mol~". These negative values make
certain the spontaneity of the adsorption of SPR on the C38
steel surface. From the range of values of AGg ;- itis shown
that SPR adsorption is a mixed type involving physisorption
and chemisorption [45, 46].

3.5 Density Functional Theory Calculations

The ground state geometry of the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the neutral (SPR) and protonated (SPR-H™)
spironolactone is depicted in Fig. 8. As shown in Fig. 8, the
HOMO of SPR and SPR-H* comprises essentially w-orbitals

-~

SPR HOMO

SPR-H* HOMO

and few o-type orbitals and delocalized mainly in the rings
contained in the molecules and the nearby O atoms. This
indicates that the compounds can interact with a metal atom
by donating its HOMO z- or c-orbital electrons to the vacant
d-orbitals of Fe. The LUMO distribution of SPR and SPR-
H™ is similar, and it shows that the S-atom does not con-
tribution to the LUMO. Based on this observation, and in
agreement with the calculated Eygyo and E; (5 in Table 7,
it is suggested that the neutral (SPR) and protonated (SPR-
H™) species may exist in equilibrium. This situation implies
that the HOMO of SPR-H* donates electrons to the surface
of Fe, while the LUMO of SPR accepts feedback donations
from the Fe surface [18].

The calculated DFT electronic parameters of the two
species, SPR and SPR-H™, such as Eyomo. ELumos dipole
moment (u), AE, global electronegativity (y), chemical
hardness (7), chemical softness () and number of trans-
ferred electrons (AN) are listed in Table 7. The HOMO
gives information about the inhibitor molecular orbit-
als which may interact with the metal atomic orbitals
through charge donation to the appropriate partially filled
or vacant metallic orbitals. Generally, higher values of

>

SPR LUMO

SPR-H* LUMO

Fig.8 The frontier molecular orbital density distribution of SPR and SPR-H*

Table 7 Calculated quantum chemical parameters for SPR and SPR-H*

Inhibitor  Eyoyo (€V)  Epgmo (€V)  AEg, (V)  IP(eV)  EA(V) (V) n(eV) o(eV') AN  u(Debye)
SPR -6.01 - 138 4.63 6.01 1.38 3.70 2.32 0.43 071 575
SPR-H*  —585 - 132 4.53 5.85 1.32 3.59 2.27 0.44 075  6.87
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Fig.9 Sketch of possible inter-
action mode in the adsorption
of SPR on C38 steel surface in
10% HCI solution

Eyowmo facilitate adsorption due to the increased tendency
of the inhibitor molecule to donate electrons to acceptor
molecule, and therefore enhance the inhibition efficiency.
The LUMO values predict the electron accepting ability
of the inhibitor. The lower the E| ;o value, the greater
the tendency for the molecule to accept electrons [47, 48].
The energy bandgap (AE) shows the reactivity and inhibi-
tion efficiency of the compound with smaller value of AE
indicating greater efficiency [47]. When comparing inhibi-
tors with similar molecular structures, the compound with
a higher Eyopo, @ lower Ej o and a lower AE usually
exhibits higher inhibition efficiency [18]. Table 7 clearly
shows that SPR exhibits lower Eyqyo and higher energy
gap, while SPR-H" presents higher E, ;o and lower
energy gap. The results indicate that SPR has a higher
tendency to accept electrons donated from the metal (Fe)
orbital, while SPR-H* has a higher tendency to donate
electron to the Fe surface. The lower energy gap of SPR-
H*, which indicates high reactivity, allows it to easily get
adsorbed onto the mild steel surface leading to increase in
its inhibition efficiency when compared to SPR. However,
the values of E; ;o listed in Table 7 do not agree with the
observed order of inhibition efficiency. The higher value
of dipole moment (1), which is also associated with good
inhibition performance, also favors SPR-H* molecule [49].
An inhibitor with low hardness (1) value is expected to be
stronger compared to another inhibitor with higher value,
which also favors SPR-H* molecule [50]. The higher value
of global softness (o) supports the fact that SPR-H* will
have higher chances of donating electrons to the Fe surface
[51]. However, the higher value of global electronegativity
() displayed by SPR shows the strong attracting ability of
SPR molecule to accept the electrons from the Fe surface,
indicating better interaction with Fe surface [52]. Table 7
also shows that the AN values of SPR and SPR-H" are
all greater than zero (AN > 0), which indicates that the

F€2+

inhibitor may donate electrons onto the Fe surface through
the formation of a coordinate covalent bond.

3.6 Inhibition Mechanism

The general believe is that inhibitor adsorption on the sur-
face of metals is the vital step in the explanation of inhibition
mechanism. The number of adsorption sites, mode of inhibitor
interaction with metal surface and molecular size are the bases
on which the inhibition efficiency of SPR against C38 steel
corrosion in 10% HCI can be explained [46]. Both protonated
and molecular species can adsorb on the surface of the steel.
The adsorption of SPR molecules on the positive steel surface
(Fez+) can occur through the lone pairs (O=C, O=C-S—, -0-)
in its structure as demonstrated in Fig. 9, decreasing the anodic
dissolution of C38 steel [38]. The protonated species (Eq. 15)
which the compound assumes in acidic solution get adsorbed
on the cathodic sites of the C38 steel and decrease hydrogen
evolution.

C,,Hy,0,S + xH' — [Cy,H;, 0, (20)

These protonated C,,H;,0,S (SPR) could have been
attached to the surface of the C38 steel by electrostatic inter-
action between the protonated specie and the chloride ion (C17)
as the steel surface is positively charged in the HCl medium
[43]. The adsorption of SPR inhibitor molecules on the surface
of the C38 steel can also be on the basis of donor—acceptor
interactions between the vacant d-orbitals of surface Fe and
the aromatic ring n-electrons.
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4 Conclusions

From the results of the study on insight into the adsorption
and inhibitive effect of spironolactone drug on C38 carbon
steel corrosion in hydrochloric acid environment, the follow-
ing conclusions can be drawn:

1. The spironolactone (SPR) drug exhibits a good perfor-
mance as an inhibitor for C38 steel corrosion in 10%
HCI solution and the inhibition efficiency increases with
increase in SPR concentration but decreases with tem-
perature rise.

2. Potentiodynamic polarization (PDP) curves revealed that
SPR behaves as mixed-type inhibitor.

3. These negative values of AGZ 1 make certain the sponta-
neity of the adsorption of SPR on the C38 steel surface.

4. Adsorption isotherm study revealed that Langmuir iso-
therm is the best fit which suggests that SPR molecules
were adsorbed on C38 steel surface according to Lang-
muir adsorption isotherm and the adsorption is a mixed
type involving physisorption and chemisorption

5. Scanning electron microscopy (SEM) analyses show
effective corrosion inhibition due to protective film for-
mation on the C38 steel surface.

6. The inhibition efficiencies obtained from the three meth-
ods, PDP, weight loss and EIS, are reasonably in good
agreement.
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