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The present paper reveals the corrosion inhibition estimation of Cannabis sativa (CS) extract on N80
steel in 15% HCI. EIS results suggests that charge transfer resistance (Rct) increases as the CS extract
increases concentration. PDP result suggests that CS extract acts as mixed type inhibitor. The result of
weight loss reveals the maximum inhibition efficiency value of 97.53% at g/L. The adsorption of CS
extract obeys Langmuir isotherm model. Scanning electron microscope (SEM) suggests smooth
surface of N80 steel with the addition of CS extract. Density functional theory (DFT) suggests that
protonated form of CS has more adsorption ability than neutral form. The Molecular dynamic
simulation (MD) results suggest the higher value of adsorption energy for protonated form as
compared to neutral form.
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1. INTRODUCTION

The production of the crude oil from the reservoir is not a continuous process due to the
depletion of the oil well. Thus, suitable techniques are used which can enhance the oil recovery from
the depleted well. The most commonly used technique in this regard is the oil well stimulation or
acidization. The purpose of the acidization technique is to improve the oil flow from the depleted well
by opening the new channels or making more porous the already existing channels presenting in the
rock formation [1]. The acidizing process required commonly hydrochloric acid (HCI) in the range of
5-28% concentration for the carbonate reservoir [2]. The commonly occurring reaction of HCI with the
carbonate rock is as follows:

2HCI+CaC0O3—CaCl>+C0O2+H.0

4HCI+CaMgCl,—CaCl>+MgCl2+CO2+H20
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In petroleum industry, commonly used carbon alloy is N80 steel because of the economic value
and easy availability [3, 4]. During the acidizing process commonly a solution of 15% HCI has been
inserted via N80 tubular steel. However, this leads to encounter in the deterioration of N80 steel that
leads to enormous financial loss [5-7].

The most practical way to overcome from the corrosion during acidizing process is the
application of corrosion inhibitors [8-14]. The most commonly used corrosion inhibitors are the
organic compounds. The efficient organic compounds contains certain nucleophilic regions like
conjugated double, triple bond and electronegative groups. These regions helps the inhibitor to bind
strongly onto the metal surface through n-interactions [15]. In addition, the further enhancement of
adsorption of inhibitor molecules takes place by the presence of aromatic rings along with nitrogen,
sulfur, phosphorus, and oxygen [16-20]. The surface area covered by the inhibitor molecules and
planarity also contribute a major part during the adsorption process, and enhancing the effectiveness of
the inhibitor molecules [21].

It is important to note that application of some chemicals as corrosion inhibitors causes harmful
impacts over the environment due to their toxicity, unable to biologically degrade. However, addition
of plant extracts that contains electron rich phytochemicals as corrosion inhibitors can overcome these
issues [22, 23, 24]. Literature analysis suggests numerous natural based corrosion inhibitors has been
developed [25, 22, 23, 26, 27].

The theme of this research is to explore the corrosion inhibition properties of C. sativa (CS)
leave extract for N80 steel in 15% HCI. The methodology of investigation applied is weight loss,
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP). The
morphological inspection of metal was done using Scanning electron microscope (SEM). The
computational study of major constituent was done using density functional theory (DFT) and
molecular dynamic simulation (MD).

2. EXPERIMENTAL DETAILS

2.1. Preparation of leaves extracts

The leaves of Cannabis sativa (CS) were dried in oven at 45 °C, and grinded to powder. Ten
gram of the powder was added to 2.5 L of 15% HCI solution, and refluxed for 1 h. Thereafter, the
mixture was cooled and filtered. The precipitate was dried and weighed. The extract was concentrated
by evaporating the solvent and maintained its concentration to 10000 g/L. Leaves extract test solutions
were prepared at concentrations of 0.1, 0.2, 0.3 and0.5 g L.The leaves of C. sativa (CS) contain various
water  soluble  chemical constituents  tetrahydrocannabinol,  cannabidiol,  cannabinol,
tetrahydrocannabivarin and cannabigerol but tetrahydrocannabinol (Fig. 1) is most abundant
biologically active constituents [28, 29].
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Figure 1. Structure of tetrahydrocannabinol

2.2. Metal sample and corrosive solution preparation

The N8O steel has composition of (wt.%) that includes C= 0.31%, Si= 0.19% Mn= 0.92%, P=
0.01%, S= 0.008%, Cr= 0.2% and remaining Fe. The metal samples have a dimension of 2.5 cm x 2.0
cm x 0.5 cm for weight loss experiments. The metal sample was abraded using emery papers of
different grades from 120-2000. For electrochemical experiments samples of an area of 1 cm? were
used. All the samples were washed using distilled water and acetone, and dried before the experiments.
The aggressive medium of 15% HCI was made using analytical grade HCI (37%).

2.3. Inhibition evaluation methods

2.3.1. Weight loss method

The weight loss experiments were carried out at 308 K temperature without and with different
concentrations of CS using ASTM standard [30] for 6h immersion time. The equations (1 and 2) were
used for the calculation of corrosion rate (Cr) and inhibition efficiency (n%):

8.76x10* x Am
Cp = 1)
Sxtxp
C, —C.
n%zRC—R(')me )

R
where Cg,Cr(), Am, p, s and t corresponds to corrosion rate (mm/y) without CS and with CS,
metal loss, density, exposed area and immersion time in g, g cm=, cm? and respectively.

2.3.2. Electrochemical methods

The tested methods used in electrochemical study include electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PDP) using Gamry Potentiostat (reference 300)
at 308 K temperature. The data fitting was done using Echem Analyst 6.0 software. The cell assembly
used for the experiments includes N8O steel as working electrode, saturated calomel electrode (SCE) as
reference and graphite rod as counter electrode.
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The experiments of EIS were carried at OCP by applying the frequency range of 100 kHz to
0.1 Hz at amplitude of 10 mV. In PDP experiments a potential range of £ 250 mV with respect to the
OCP at the scan rate of 1 mV/s was used. The calculation of inhibition efficiency (% IE) results of EIS
and PDP were achieved using below equations (3,4):

RP —R?
Mersos =— P £x100 3)
Rct
2 —iP
__ _corr corr
Meppos = %100 4)
ICOI’I’
RP RE i 2 - . .
where et | et | feorr gnd eorr gre the charge transfer resistance and corrosion current density

with inhibitor and devoid of inhibitor respectively.

2.3.3. Scanning electron microscope (SEM)

The surface morphological investigation using SEM was done by immersing the N80 steel
samples (without and with optimum concentration CS) in 15% HCI at 308 K for 6. The operating
condition for SEM was at accelerating voltage of 5 kV and 5KX magnification.

2.4. Computational analysis

The molecular structure of active constituent (tetrahydrocannabinol) in the CS extract was
analyzed at 6-31 G (d, p) basis set and B3LYP correlation functions using Density Functional Theory
(DFT). The Gaussian 09W software program was used to perform the calculation [31]. Some
important atomic-level parameters that consist of highest occupied molecular orbital energy (Exomo),
lowest unoccupied molecular orbital energy (ELumo), and energy gap (AE) was explored. To make the
computational calculation more closely to experimental conditions, we performed the calculation in
aqueous state using the help of Polarized continuum model (PCM).

2.5. Molecular Dynamics Simulation

The stimulation of neutral and protonated forms of CS active constituent
(tetrahydrocannabinol) interaction with iron surface was achieved using Materials Studio software
(Accelrys, Inc.). The inhibitor optimization was done by Forcite module [32]. The iron unit cell used
was imported from Materials Studio. The iron cell was cleaved in hkl (110) fashion and enlargedinto
10 x 10 supercell. Over the Fe (110) plane 30 A° thicknesses vacuum slab was built. The corrosive
solution was simulated using 491 water, 9 HCI, and 1 inhibitor molecules respectively. The metal and
inhibitor interaction was simulated in the box 25 x 25 x 79.91A. The adsorption energy (Eads) was

estimated using below equation:
Eass = Evoa — (Equrt + Ei) (5)
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Where Erota IS energy of metal surface and adsorbed CS molecule, Esurs is energy of metal
surface without CS, and Einn is energy of CS molecule.

3. RESULTS AND DISCUSSION

3.1. Weight loss study

The inhibition efficiency (1 %) and corrosion rate (Cr) variation with the addition of different
concentration of CS extract over N80 steel corrosion inhibition at 308 K are depicted in Fig. 2.
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Figure 2. Variation of inhibition efficiency (y %) and Corrosion rate (Cr) of CS extract on corrosion
inhibition of N80 steel in 15% HCI at 308 K temperature

The investigation of figure reveals that the values of 7 % and Cr increase and decreases with
increasing CS extract concentration. This suggests that as CS concentration increase more number of
CS extracts constituents molecules adsorbed over the metal surface and that provides more surface
coverage of metals surface. The values of n % and Cr at optimum concentration (0.4 g/L) are 97.53%
and 1.024 mm/y respectively. It is noteworthy that an increase in further CS concentration gives no
significant impact over the values of n % and Cr. Therefore we have selected 0.4 g/L as the optimum
concentration. The interaction of mains constituents can be explained on the fact that all of them
consists of phenyl ring and —OH as the functional groups. The n-electrons and lone pair of electrons
residing over the phenyl rings and oxygen atoms can donate electrons to the empty iron orbitals and
thus creates an inhibitor film barrier that prevents the insertion of acidic solution and finally protect the
N8O steel from corrosion [33-35].
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3.2. Adsorption isotherm

The adsorptive nature of CS molecules adsorption over the metal surface was investigated with
the surface coverage (0) values using suitable adsorption isotherm models like Langmuir, Temkin,
Flory-Huggins and Frumkin at 308 K temperature. Although, out of these isotherm model only
Langmuir showed the best fitting values of R? and slope close to 1. Langmuir adsorption isotherm
model can represented using below mathematical equation [36]:

ﬂ = i + Cinh (6)
0 Kads

Where Cinn represents CS concentration (g/L) and Kags represents equilibrium adsorption
constant. The display of Langmuir, Temkin, Flory-Huggins and Frumkin isotherm models are
pictorially shown in Fig. 3.
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Figure 3. Langmuir isotherm for the adsorption of CS extract over N80 steel surface in 15% HCI

The value of Kags was calculated using the intercept of Cinn and (Cinn/6) plot. The value of free
energy change of adsorption AGads was estimated using the values of Kags with the application of below
equation:

AG,,, =—2.303RT log(1000K ) (7)

Where R, T and 1000 shows the values of universal gas constant, absolute temperature and
concentration of water molecules. The Kags and AGags values are 24.3 L/g and -25.87 kJ/mol
respectively. The calculated value of Kags is high that suggest the strong interaction among the CS
extract molecules and N8O steel surface. The spontaneous adsorption nature of CS extract is due to the
obtained negative value of AGags [37]. Additionally, the calculated values of AGagsare coming in the
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range of physical and chemical adsorption that reveals towards the mixed mode of inhibition
adsorption action [38].

3.3. Electrochemical studies

3.3.1. Electrochemical Impedance (EIS)

Fig. 4a corresponds to the fitted Nyquist plots in 15% HCI solution at 308 K temperature
without and with different concentrations of CS extract. The examination of figure suggests the
presence of depressed semi-circle that is because of surface inhomogeneity.
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Figure 4. (a) Nyquist plots (b) Equivalent circuit used (c) Phase angle plots of N80 steel in 15% HCI
without and with different concentrations of CS extract at 308 K.
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The semi-circle appearance further corresponds towards the capacitive behavior of N8O steel.
Additionally, with increasing CS extract concentration the diameter of semi-circle increased that
suggests the increase in the charge transfer resistance (Rct) of N8O steel. The exporting of data from the
Nyquist was achieved using the equivalent circuit (Fig. 4b). The constricting elements of this circuit
are constant phase element (CPE), charge transfer resistance (Rct), and solution resistance (Rs). The
calculation of double-layer capacitance (Cq)) was done using the equation (7):

Ca = (Y R )1’“ (8)

o ‘ct
The data of some important impedance parameters are tabulated in Table 1.

Table 1. Electrochemical impedance parameters of N8O steel corrosion in 15% HCI at 308 K

Cinh Rs Ret Yo n Cal i
(g/L) (Qcm?) | (Qcm?) | (Q1s"/cm?) uF/cm? | (%)
Blank 0.79 --
5.694 332.2 0.761 | 3553.0
0.1 1.16
27.71 217.4 0.794 | 2080.2 79.4
0.2
1.05 63.04 173.4 0.825 | 1246.6 90.9
0.3
12.9 141.73 112.4 0.867 495.9 95.9
0.4
1.23 319.71 82.5 0.887 301.7 98.2

As per table, the increasing concentration of CS extract the values of R¢t and Cqi were increased
and decreased respectively. The obtained value of R¢t at optimum concentration (0.4 g/L) is 319.71 Q
cm?. The increasing values of Ret with increasing CS extract concentration reveals the adsorption of CS
extract molecules over the N80 steel surface [39]. Additionally, with the increasing concentration of
CS extract the values of inhibition efficiency also increased and achieved the value of 98.2% at 0.4
g/L. In the plots of Phase angle (Fig. 4c) the values of phase angles increased with the increasing CS
extracts concentration with respect to the blank (-37.39). This increase is due to the adsorption CS
extract molecules onto the N80 steel surface that reduces the metal dissolution. The maximum value of
phase angle at an intermediate frequency is -63.86 at 0.4 g/L CS extract.

3.3.2. Potentiodynamic polarization (PDP) analysis

The curve of PDP without and with different concentration of CS extract is represented in Fig.
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Figure 5. PDP curves of N80 steel in 15% HCI without and with different concentrations of CS extract

at 308 K.

The electrochemical reactions parameters are obtained by the extrapolation of Tafel curves and
are given in Table 2.

Table 2. Potentiodynamic polarization parameters of N80 steel in 15% HCI at different concentration
of extracts at 308 K

Cinh Ecorr icorr n
(g/L) (mV/SCE (nAlcm?) (%)
Blank -0.473 247.8 -
0.1 -0.481 59.4 76.0
0.2 -0.470 325 86.8
0.3 -0.476 22.8 90.7
0.4 -0.472 5.0 97.9

The results of Table suggests the as the CS extract concentration increases the corrosion current
density values decreased that eventually increased the inhibition efficiency. The maximum increase in
inhibition efficiency and corrosion current density values is 97.9% and 5.0uA/cm? respectively. The
shifts in the Ecorr Values with addition of CS extract are in both negative and positive direction with
respect to blank. Therefore, in the present investigation the CS extract is classified as mixed type
inhibitor. The increasing concentration of CS extract affects both anodic and cathodic Tafel slopes
values that suggest the modification in the corrosion reaction kinetics. The changes in the values of B¢
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as compared to blank (without CS extract) causes change the reaction kinetics of hydrogen evolution
and this is because of the diffusion or barrier effect [40]. In the same way, Pa values change is due to
the initial adsorption of CS extract molecules over the N80 steel surface that blocks the anodic
reactions without changing the mechanism of anodic reactions [41].

3.4. Scanning Electron microcopy (SEM)

The surface modifications of metal surfaces without and with addition of CS extracts are shown
in Fig. 6a, b.

Figure 6. SEM images of N80 steel in 15% HCI at 308 K (a) without CS extracts (b) with optimum
concentration (0.4 g/L) of CS extract without and with different concentrations of CS

The image of metal without the CS extract addition represents the severally damaged surface
due to the corrosive attack of 15% HCI (Fig. 6a). However, addition of CS extract into the corrosive
medium (15% HCI) causes to decrease the destructive attack of corrosive medium over the N80 steel
surface that results in the smoother N8O steel surface (Fig. 6b).

3.5. Quantum chemical calculation

The reactivity of inhibitor molecules can defined on the basis of frontier molecular orbitals
energies (FMOs) that consists of highest occupied molecular orbital (EnHomo), lowest unoccupied
molecular orbital (ELumo) and energy gap (AE). HOMO and LUMO energies correspond to the
donation and acceptance of electrons respectively. The orbital distributions of FMOs for both neutral
and protonated forms of active constituents of CS like tetrahydrocannabinol are shown in Fig. 7.
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Figure 7. Optimized, HOMO and LUMO images of active constituent of CS (tetrahydrocannabinol)

using DFT

In both neutral and protonated forms HOMO and LUMO are distributed over the pyran, phenyl
rings and OH groups. The energy comparison of HOMO and LUMO orbitals suggests that neutral
form of Enowmo has higher energy as compared to protonated form. However, ELumo of protonated form

is lower than neutral form (Table 3).

Table 3. Quantum chemical calculation using DFT methods

Inhibitor Ernomo ELumo AE
CS neutral -5.310 0.106 5.416
CS protonated -9.297 -4.482 | 4.815

This revels that neutral form has more electron donation than protonated form [42]. However,
the values of energy gap (AE) of protonated form are lower as compared to neutral form. This
observation suggests that protonated form has more adsorption ability than neutral form [43].
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3.6. Molecular dynamic simulation (MD)

The equilibrium adsorption configurations of both neutral and protonated forms of active
constituents of CS including tetrahydrocannabinol over Fe (110) surface are shown in Fig. 8.

Side view Top view

Figure 8. Side and top views of the final adsorption of neutral and protonated forms of active
constituents of CS (tetrahydrocannabinol) on Fe(110) surface in solution

In protonated form the inhibitor molecules adsorbed in parallel manner over the iron surface.
However, in neutral form inhibitor adsorption is not in parallel as compared to protonated form. These
molecular adsorption configuration of inhibitor molecule provide the higher value of adsorption energy
(Eads) (-7554.5 kcal/mol) for protonated form as compared to the neutral form (-7435.5 kcal/mol).
Although, the values of adsorption energy (Eags) in both neutral and protonated forms are very high
that results in stronger of CS extract over the iron surface [44-46]. Thus, the MD result supports both
the results of experimental and quantum chemical calculations.
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4. CONCLUSIONS

Following conclusion has been drawn on the basis of experimental and computational
investigation:

1. The leaves extract of CS is efficient environmentally friendly corrosion inhibitor for N80
steel in 15% HCI.

2. The value of inhibition efficiency increases as the CS concentration increases and maximum
efficiency is 97.53% at optimum concentration (0.4 g/ L).

3. The CS adsorption takes place through the Langmuir adsorption isotherm model.

4. The result of EIS suggests the increase in the charge transfer resistance.

5. The result of PDP reveals mixed-type of CS extract adsorption over the N80 steel surface.

6. The DFT results suggest that protonated form of CS has more adsorption ability than neutral
form.

7. The MD results suggest the higher value of adsorption energy for protonated form as
compared to neutral form.
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