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Abstract

This study aims at the valorization of Taxus baccata (L.) in corrosion inhibition. The effect of
the extract on corrosion inhibition of mild steel in 1.0 M HCI solution by weight loss
measurements, potentiodynamic polarization (PP) and electrochemical impedance
spectroscopy (EIS) showed that Taxus baccata (L.) leaves extract is a good corrosion inhibitor
with an inhibition efficiency of 98%, 96% and 95% at the concentration of 1.0 g/L respectively.
Polarisation curves indicated that the extract acted as a mixed type inhibitor. The adsorption on
the mild steel surface obeyed the Langmuir isotherm. The activation energy values AG%s (-
29.61 KJ.mol") confirmed the physical adsorption process of this inhibitor. The study of
adsorption kinetics showed a maximum inhibitory efficiency of 90.5 % after one hour of
immersion time. Scanning electron microscopy revealed the formation of a protective layer on
the steel surface. Analysis of the extract by gas chromatography revealed the dominance of
Diisooctyl phthalate (17.22%), Bicyclo [4.4.0] dec-2-ene-4-o0l,2-methyl-9-(prop-1-en-3-o0l-2-
yl) (16.43%), Methanesulfonic acid,4-oxoadamantan-2-yl ester (8.75%), Diethyl phthalate (8.
31 %), The structural and electronic properties of the main components of this extract were
calculated using DFT to better understand the adsorption behaviour and inhibition mechanism

of this plant.

Keywords: Taxus baccata (L.); GC/MS; corrosion inhibition; adsorption process; surface

morphology; DFT.



1. Introduction

The study of corrosion is one of the most important subjects in chemistry. Because of the direct
and indirect damage caused by this phenomenon. Economically, more than a quarter of the
world's steel production is damaged due to corrosion [1]. Mild steels in general are susceptible
to corrosion over time, which can be quite dangerous and reduce the life of the steels
themselves. The use of corrosion inhibitors as a means of protection is necessary in many
industrial cases: surface preparation, transport and storage of metals, cooling systems,
rehabilitation of reinforced concrete, painting and cathodic protection. The current trend is
towards synthetic inhibitors and green or environmentally friendly inhibitors [2,3]. Most of the
synthetic compounds have good anticorrosive action, but the majority of them are highly toxic
to humans and the environment. Indeed, these inhibitors can cause temporary or permanent
damage to certain organs such as the kidneys or liver and can even disrupt the enzyme system
in the body [4]. Therefore, due to the hazardous effects of synthetic inhibitors, plant extracts
are increasingly being considered as a source of highly effective and environmentally friendly
green corrosion inhibitors [S]. In recent years, more and more corrosion specialists have started
to investigate green organic corrosion inhibitors, such as Taxus baccata (L.), which is a needle-
leaved evergreen tree belonging to the Taxaceae family. It is a slow-growing, long-lived tree
[6]. Taxus baccata (L.) is little known in traditional medicine. However, due to other active
substances with very important physiological activities, this plant is well known in pharmacy
and medicine. Active substances in plants of the genus Taxus, such as lignans, steroids and
flavonoids and other phenolic components, have antibacterial and antifungal activity [7,8],
enzyme inhibitory and antioxidant activity [9], anticancer activity [10,11] and insecticidal
activity [12]. An anticancer substance extracted from the Taxus species, Taxol (Paclitaxel), has
been discovered in the bark of the Pacific yew (Taxus brevifolia Peattie) [13], It is often used

in chemotherapy for lung, ovarian and breast cancer [14].

The present work is devoted to the study of the chemical composition of Taxus baccata (L.)
extract and its ability as a corrosion inhibitor of mild steel in a molar hydrochloric acid medium
by applying different experimental techniques: weight loss, potentiodynamic polarization
curves and electrochemical impedance spectroscopy (EIS), The study of the morphology of
mild steel by scanning electron microscope coupled with EDX spectrometer. This study was
complemented by a complementary theoretical approach using density functional theory (DFT)

at B3. Density functional theory (DFT) at B3LYP/6-31G (d, p).



2. Materials and methods

2.1. Plant material

The plant material used in our study is the aerial part of Taxus baccata (L.) harvested in March
2019 in the IFRANE forest (Latitude: 31.7021700°, Longitude: -6.3494000°) in MOROCCO.
The plant was dried in a dry and ventilated place for 1 month, ground with an electric mill and
kept in the shade in closed jars. 50 g of plant powder was placed in a cartridge, then placed in
a siphon attached to a flask containing 250 mL of extraction solvent (methanol). The whole is
topped with a refrigerator. After 6 hours of extraction, the solvent was then evaporated using a

rotary evaporator, the extract obtained was considered to be the crude extract of our plant.

2.2. Gas chromatography/mass spectroscopy (GC/MS)

GC/MS analyses were performed using the Thermo Scientific ISQ Series quadrupole GC-MS
system. Equipped with a TG-1MS capillary column (30 m x 0.32 mm 1.d., film thickness 0.25
um). The carrier gas used was helium (He) with a flow rate of 1.5 ml/min and an EI source at
70 eV. The GC oven was maintained at a temperature of 40°C at the initial time and
programmed to 200°C at 4°C/min and up to 300°C at 30°C/min and maintained for 10 min. 1pul
of the diluted sample (in 1:100 cyclohexane, v/v) was injected at a constant temperature of
250°C through a split injector. The identification of chemical components was performed by
comparing the Chemical Abstract Service (Cas) registry number and matching their mass
spectrum value with the corresponding NIST database and mass spectrum literature (the

Reverse Match Factor RSI > 600) [15, 16].

2.3. Preparation of the materials

The steel used in the present work is mild steel consisting of Fe (99.21), C (0.21), Mn (0.05),
S1(0.38), S (0.05), P (0.09) and Al (0.01). The aggressive 1.0 M HCI solution was prepared by
diluting 37% analytical grade HCI] with distilled water. The concentration range of the studied
inhibitors was (0.25 g/L- 1.0 g/L).

2.4. Weight loss study

Weight loss experiments were carried out in a double-walled glass cell equipped with a
thermostatic cooling condenser, the samples were accurately weighed and immersed in beakers
containing 100 ml of acid solutions without and with inhibitor (the studied extract) at different

temperatures for 6 hours. The inhibitory efficiency was calculated according to the Eq. (1):
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where C'k represents the weight loss of mass in the absence of the inhibitor and Cr is the weight

loss of mass in the presence of the inhibitor

2.5. Electrochemical measurements

Electrochemical experiments were carried out using a Versa STAT 4 potentiostat, controlled
with versa studio software. A three-electrode cell with Pt as a counter electrode, Ag/ AgCl as
reference electrode and a carbon steel working electrode with a surface area of 1.0 cm? was
used for these measurements. To reach the steady-state, before each experiment, the potential
was stabilized at the free potential for 30 min. Polarization curves were performed with a scan
rate of 1.0 mV.S ! with a potential range of +250 mV at the open circuit potential (OCP). The

inhibition efficiency (npp%) was calculated from the corrosion current density values using Eq.

) [17].
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where i’corr represents the corrosion current density value in the absence of inhibitor and icorr iS
the corrosion current density value in the presence of inhibitor
The Electrochemical impedance spectroscopy (EIS) measurements were carried out using
alternating signals of amplitude 10 mV peak-to-peak at different conditions in the frequency
range from 100 kHz to 10 mHz. The inhibition efficiency was calculated using Eq. (3) [18].
R -R
n D= "t PR x100 3)

mp
p

where R, represents the polarization resistance of the mild steel electrode in the presence of
inhibitor and R, is the polarization resistance of the mild steel electrode in the absence of
inhibitor

2.6. Scanning electron microscope

The surface morphology of the steel samples was obtained after immersion in the studied
solutions (with or without inhibitor) using the JSM-IT 500 HR SEM technique connected to an
X-ray analysis system (EDX) using 8 KV electron acceleration to determine the elemental

composition of the surface of the samples.

2.7. Computational investigation



DFT method using B3LYP with 6-311G(d,p) was undertaken to investigate the electronic
structure of molecules. The FMOs and DFT descriptors were determined utilizing Gaussian 09
[19]. Four major molecules of the studied extract, namely, Bicyclo[4.4.0]dec-2-ene-4 -ol,2-
methyl-9-(prop-1-en-3-0l-2-yl) (A), Diisooctyl phthalate (B), Methanesulfonic acid,4-
oxoadamantan-2-yl ester (C) and Diethyl Phthalate (D) have been computationally investigated
in the aqueous phase. In this regard, the effect of solvents (water) was included in all DFT
computations employing the using integral equation formalism variant of the Polarizable
Continuum Model (IEFPCM) [20]. A variety of DFT descriptors (e.g., HOMO and LUMO
energies, gap energy (AE,), global softness (o), back donation energy (AEv.q), chemical
electronegativity (x) and the fraction of electrons transferred (AN) were evaluated using the

following equations [21, 22]:

4
AEgap =E; im0 —E pomo @)
1
n
1
n= E(EH()MO - ELUMO) (6)
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X = E(EHOMO + ELUMO) 7
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Fukui indices are important to recognize the reactive centers of electrophilic and nucleophilic

within the same molecule [23]. It’s calculated according to equations (9) and (10) [24,25].
fii =P (N+1)- P (N) for Nucleophilic attack )
fi=Ph (N) -PB, (N - 1) for Electrophilic attack (10)

Where Px (N) P« (N+ 1), Pk (N-1), are the neutral, anionic and cationic of the molecule,
respectively. The Mulliken Population Analysis (NPA) has been used to express Fukui

functions in the present study.
3. Results and discussion

3.1. Gas chromatography/mass spectroscopy (GC/MS)

The chromatogram corresponding to the extract of Taxus baccata (L.) is given in Fig. 1.
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Fig.1 Chromatogram of the methanolic extract of Taxus baccata (L.)

The chemical composition of the methanolic extract of Taxus baccata (L.) revealed major
compounds such as Diisooctyl phthalate (17.22 %), Bicyclo[4.4. O]dec-2-ene-4 -0l,2-methyl-9-
(prop-1-en-3-ol-2-yl) (16.43 %), Methanesulfonic acid,4-oxoadamantan-2-yl ester (8.75 %),
Diethyl phthalate (8.31 %), 2(3H)-Furanone, 5-hexyldihydro (6.2 %). The identification of the
chemical composition of Taxus baccata (L.) has been the subject of several studies over the
years [26,27].

The molecules found in the chromatogram are presented in Table below:

Table 1. Majority molecules of the methanolic extract of Taxus baccata (L.)

Constituants Formula RT Percentage
Toluene C7Hs 3.59 0.86
3,9-Epoxy-p-mentha-1,8(10)-diene CioH140 22.2 2.7
1,4-dihydroxy-p-menth-2-ene CioHis0,  22.347 1.29
2(3H)-Furanone,5-hexyldihydro- CioHisO,  27.6 6.2
Phenol, 3,5-dimethoxy CsH 003 28.45 5.43
Diethyl Phthalate CipH1404  31.08 8.31
Phenol,2,6-dimethoxy-4-(2-propenyl)- CuHi:0Os  31.38 1.55
5-Bromoadamantan-2-one CioH13BrO 34.13 2.52
Hexanedioic acid,mono(2-ethylhexyl)ester CisH2604  38.39 3.24
Cholestan-3-o0l,2-methylene-, (34,52)-m CysHa40 39.76 0.77
n-Hexadecanoic acid CieH320,  40.73 2.34

Hexadecanoic acid, ethyl ester CisH302  40.85 1.86



Heneicosane C1Hys 41.38 2.52

Doconexent C»oH»O,  41.85 1.08
Methanesulfonic acid,4-oxoadamantan-2-yl ester CiiHi604S  42.57 8.75
Methyl 4-(prop-1-en-2-yl)cyclohex-1-enecarboxylate CiiHi60,  42.67 3.8
1-Heptatriacotanol C37H760 43.49 1.1
Diisooctyl phthalate CuH3304  44.07 17.22
9,12,15-Octadecatrienoic acid, 2,3-dihydroxypropyl ester, C21H3604 44.41 1.25
(Z2,2,7)-

Bicyclo[4.4.0]dec-2-ene-4 -ol,2-methyl-9-(prop-1-en-3-0l-2-  CisHx40,  44.83 16.43

yD-

3.2. Concentration effect
The measurement of weight loss of mild steel in 1.0 M HCI in the absence and presence of
different inhibitor concentrations was determined after 6h immersion at 298 K. The calculated

values of Weorr and the inhibition efficiency (IEw.%) are given in Table 2.

Table 2. Corrosion rate and inhibition efficiency of mild steel exposed for 6h in 1.0 M HCI at

different concentrations of Taxus baccata (L.) extract at 298 K.

Concentration Weorr IEwL
Medium
(g.L) (mg.cm2.h1) (%)
1.0 M HCI 0.6705 -
0.25 0.0845 87
Taxus baccata (L.) 0.5 0.0445 93
extract 0.75 0.0238 96
1.0 0.0115 98

As can be seen in Table 2, the variation of the inhibition efficiency is in opposite trend to the
corrosion rate. Indeed, the increase in the inhibition efficiency is obtained from the addition of
fairly low concentrations of inhibitor and reaches the highest value at 98% at a concentration
of 1.0 g.L"!. The corrosion inhibition can be attributed to the adsorption of the molecules at the

steel/HCI solution interface [28].

3.3. Potentiodynamic polarization study
Figure 2 shows representative potentiodynamic polarization curves for mild steel in 1.0 M HCl
solution in the absence and presence of various concentrations of Taxus baccata (L.) leaves

extract. Using the Tafel linear extrapolation technique, values of the corrosion current density,



icorr, corrosion potential, Ecorr, and Tafel cathodic slope, B¢ are determined and reported in Table

3.
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Fig. 2 Measured polarization curve for mild steel in 1.0 M hydrochloric acid in the absence

and presence of different concentrations of Taxus baccata (L.) leaves extract

It can be seen from Fig. 9 that only the cathodic part displays a wide range of linearity, which
reveals that Tafel’s law is well verified in the cathodic part and the hydrogen reduction is
controlled by pure activation kinetics [29]. It is clear from Table 3 that the increase in inhibitor
concentration caused the anodic and cathodic branches to shift to lower current densities. This
indicates that Taxus baccata (L.) leaves extract acted as a mixed type inhibitor. The results
show that in the presence of Taxus baccata (L.) leaves extract, the cathodic Tafel slope
decreased non-significantly. In addition, the decrease in the cathodic surface area can be
explained by the reduction of hydrogen evolution without influencing the reaction mechanism

[30].

Table 3. Polarization parameters in the absence and presence of different concentrations of

Taxus baccata (L.) leaves extract

Medium Concentration -Ecorr icorr -Be nep
(g (mV/Ag/AgCl) (pAcem?)  (mV dec?) (%)

Blank -- 498 983 140 ---
0.25 408 138 158 85

Taxus baccata 0.5 398 53 125 95
(L.) extract 0.75 389 43 145 96

1.0 402 37 115 96
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3.4. Electrochemical impedance spectroscopy

Figure 3 shows representative Nyquist plots of mild steel in 1.0 M HCI solution in the absence

and presence of various concentrations of Taxus baccata (L.) leaves extract. As shown in Figure

3, it can be observed that the diameter of the capacitive loop in the pre-presence of the inhibitors

is larger than in the uninhibited solution and increases with increasing inhibitor concentration.

Thus, these capacitive loops are not complete half circles, which can be explained by the

frequency dispersion effect resulting from the inhomogeneity of the steel surface [31,32].
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Fig.3 Nyquist diagram for mild steel in 1.0 M HCl in the absence and presence of different

concentrations of the methanolic extract of Taxus baccata (L.)

The parameters associated with the diagram impedance such as charge transfer resistance R,

double layer capacitance Cq and inhibition efficiency are presented in Table 4, after a good

simulation by EC-Lab V10.02 software. From the impedance data (Table 4), it can be seen that

the value of R increases with increasing inhibitor concentration, which also indicates an

increase in corrosion inhibition efficiency, reaching a maximum value of 95% at the

concentration of 1.0 g/L. It can also be seen that the Cq; and Q values decrease with increasing

inhibition efficiency, which can be explained by the adsorption of the inhibitor on the steel

surface.

Table 4. Electrochemical impedance parameters in the absence and presence of different

concentrations of Taxus baccata (L.) leaves extract

Conc.

(8/l)

R;

Qcm?) (2cm?) (uF.cm?)

Re:

Cu

CPE4

Ra

Q
(uF.S™1)

Himp
(%)

Blank

1.76

33.2

89.10

0.784

312.7



Taxus 0.25 1.38 216.3 41.61 0.782 116.2 0.846 84

baccata (L.) 0.50 0.67 4717.8 40.26 0.794 90.5 0.930 93
extract 0.75 0.02 612.6 32.62 0.787 75.0 0.945 94
1.0 0.82 717.0 16.34 0.779 43.6 0.953 95

3.5. Adsorption isotherm

To find information on the adsorption mechanism of Taxus baccata (L.) leaves extract on the
surface of mild steel, it is necessary to examine the different isotherm models. For this reason,
the experimental results of impedance measurements were tested with different adsorption
isotherms: Langmuir, EI-Awady, Temkin and Freundlich. The data obtained from the Langmuir
isotherm are compatible with the examined inhibitor as they show a more appropriate value of
the regression coefficient compared to the other plotted models. The linear equations for the
different isotherms used are as follows (Egs. 11-14):

C 1

—h = — 4 Cinh
Langmuir: 6 K (11)

0
In| — |=yInK+yInC,
(1 QJ y y inh

El-Awady: - (12)
0= -1 In (K) L In(C,,)

Temkin: 2a 2a (13)

Freundlich: Inf=nK+zInC, (14)

The results obtained are presented in Fig. 4, to explore the type of adsorption of Taxus baccata

(L.) leaves extract on mild steel, we used the Eq. (15):
AG,, =—RTIn(1000x K, ) (15)

The calculated values of AG°.qs are inserted in Table 5.
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Fig. 4 Plots of Taxus baccata (L.) adsorption isotherm models for a mild steel surface in 1.0

M HCI at 298 K obtained from the EIS data

Generally, when AG°®.4s is about -20 Kj.mol‘l, or less negative, the interactions between the
charged mild steel surface and the charged extract compounds are electrostatic and the
adsorption is physical. Whereas, when the values of AG®,qs are close to -40 kJ-mol! or more
negative, in this case, there is electron transfer from the inhibitor molecules to the metal surface
and the adsorption is chemical [33,34]. According to the results obtained, the type of adsorption

of Taxus baccata (L.) leaves extract is physisorption.

Table S. Adsorption parameters deduced from different adsorption isotherms of Taxus baccata

(L.) leaves extract at 298 K

Kads AGO
Isotherms R? Parameter ads
(L.g") (KJ.mol")
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Langmuir 0.999 slope 1.046 154.08 -29.61
El-Awady 0.982 1y 2423 1.74 -18.50

Temkin 0.955 a -6.384 12.31 -23.35
Freundlich 0.952 a 0.087 0.96 -16.95

3.6. Immersion time

The evolution of the inhibition process as a function of immersion time provides interesting

information on the stability of the inhibitor film, and we carried out electrochemical impedance

spectroscopy measurements in a 1.0 M HCl solution in the absence and presence of the inhibitor

for immersion times of 1h to 12 h at 298K. The results are shown in Figure 5 and Table 6.
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Fig.5 Impedance spectra obtained after different immersion times in a 1.0 M HCI solution

without (a) and with (b) 1.0 g/LL Taxus baccata (L.) leaves extract

It is clear from these results that the charge transfer resistance R increases after 1 h of

immersion in the inhibitor and then it starts to decrease. On the other hand, the optimal value

of inhibition efficiency obtained after 1 h of immersion reaches 90% but after 12 hours the

percentage of efficiency decreases to a value of 85%. These results can be explained by the

formation of the tested extract molecules of a resistance film with time in 1h [35]. However,

after a longer immersion time, the protective film formed on the surface of the mild steel

dissolved [36].



Table 6. Impedance parameters of mild steel in the absence and presence of 1.0 g/L. Taxus

baccata (L.) leaves extract at different immersion periods

CPE4

Medium Time Rs 0 R.: IE

(h) (2.cm?) (uF.Sn')  (2.cm?) Ca (%)
ndl
(uF.cm-2)

1 0.358 -- 42.9 - 331 --

2 1.097 -- 41.9 - 333 --

Blank 4 356 -- 40.9 -- 348 -

6 0.359 -- 36.9 -- 408 -

12 0.364 - 30.6 -- 724 -
1 0.101 53 457.0 0.838 26 90.5
Taxus 2 0.17 63 423.1 0.826 29 90.0
baccata (L.) 4 0.149 106 321.7 0.81 48 87.2
extract 6 0.019 162 256.2 0.784 67 85.5
12 0.58 202 215.8 0.775 81 85.8

3.7. Temperature effect
To study the effect of temperature on the inhibition efficiency of Taxus baccata (L.) leaves
extract, experiments were conducted in the range of 298 to 328 K using weight loss

measurements at 2 h. The corrosion parameters obtained are presented in Table 7.

Table 7. Corrosion parameters obtained from weight loss for mild steel in 1.0 M HCI containing

1.0 g/L Taxus baccata (L.) leaves extract at different temperatures

Inhibitor Temperature (K) Cr (mg.cm2.h) IE %
398 0,8625 -
308 1,1512 -
Blank
318 1,4656 --
328 2,3318 --
398 0,0446 94
Taxus baccata(L.) 308 0,0943 92
extract 318 0,1540 89
328 0,3214 86

The results in Table 7 show a remarkable decrease in inhibition efficiency when increasing the
temperature in the presence of inhibitor. The thermodynamic activation parameters were

calculated from the effect of the temperature result obtained by polarization curves. The



LnCy

apparent activation energy E,, activation enthalpy AH" and activation entropy AS" were

extracted using the Arrhenius equations Egs. (16) and (17) [37].

- Al#) (16)
Lo =% e[AfJ e[_iHT*] (17)

Where A is the Arrhenius pre-exponential constant, E, is the apparent activation energy, R is
the gas constant, T is the absolute temperature, h is Plank's constant, N is the Avogadro number.
Arrhenius plots for the corrosion rate of mild steel are given in Figure 6. The values of E,, AH"

and AS" are given in Table 8.

Fig. 6 Arrhenius curves Ln Cr and Ln (Cr/T) vs. 1000/T in 1.0 M HCl with and without 1.0
g/L of Taxus baccata (L.)

It can be seen that the activation energy increases in the presence of an inhibitor. Generally, the
higher E. value indicates a strong inhibitory action by increasing the energy barrier for the
corrosion process, highlighting the electrostatic character of the inhibitor adsorption on the mild
steel surface [38]. Moreover, the value of E. which is around 40-80 KJ.mol-1 can be suggested
to obey the physical adsorption mechanism (physisorption). Furthermore, the value of AH* for
the dissolution reaction of mild steel in 1.0 M HCI solution in the presence of the inhibitor are
higher than in their absence, the positive sign of AH" shows that the dissolution reaction is
endothermic. In addition, it can be noted that the high negative value of AS” in the presence of
Taxus baccata (L.) extract indicates a decrease in disorder during the formation of the

metal/adsorbate complex compound [39].
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Table 8. Activation parameters E., AH™ and AS™ of the dissolution of mild steel in 1.0 M HCI

solution in the absence and presence of 1.0 g/l Taxus baccata (L.) leaves extract

Activation parameter Blank Taxus baccata (L.)
extract
Ea (kJ.mol ") 26.9 53.83
AH" (KJ.mol ™) 24.3 51.19
AS*(J.mol" . K™) -178.3 -113.98

3.8. Scanning electron microscopy (SEM)/EDX

The morphological characteristics of mild steel before and after immersion in 1.0 M
hydrochloric acid for 6 hours in the absence and presence of 1g/1 of Taxus baccata (L.) leaves
extract is presented in Figure 7. The composition of the mild steel before and after treatment is

shown in Figure 8 and Table 9.

Fig. 7 SEM image of the mild steel surface (a) before and (b) after 6 hours immersion in 1.0
M HCI solution in the absence of inhibitors and (c) after 6 hours immersion in 1.0 M HCI

solution in the presence of 1.0 g/l inhibitor.

It can be seen from this figure that the steel sample without inhibitor (b) is heavily corroded by
the appearance of grey clusters and some pitting due to the aggressive solution. In the presence
of inhibitor (c), the steel surface is almost free of corrosion. This is due to the formation of an
adsorbed layer of the extract on the surface. These observations show that the examined extract

prevents corrosion of mild steel by limiting the access of the electrolyte to the surface.
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Fig. 8. EDX spectra of mild steel before immersion (a), after 6 h immersion in 1.0 M HCI (b),

after immersion in 1.0 g/l Taxus baccata (L.) leaves extract

Figure 8 shows the general EDX spectrum made on the mild steel surface before immersion
(a), after 6 hours immersion in 1.0 M HCI at 25 °C (b) and after immersion in 1.0 M HCI+1.0
g/l Taxus baccata (L.) leaves extract (C). The comparison of the spectra (a) and (b) shows well
First, the atomic percentage of iron decreases from 98.52% to 85.74% (Table 9) and the increase
of carbon percentage after immersion in 1.0 M HCI1. Then the formation of iron oxide from the

corrosion of the steel, as shown by the appearance of the oxygen peak on the EDX spectrum



OPT-structure

(b) with an atomic percentage of (3.19 %). The presence of the silicon peak, indicating the
presence of this element on the surface, can also be seen after 3 hours of immersion. The
comparison of the two EDX spectra (a) and (b) with the EDX spectrum (c), clearly shows that
the silicon and oxygen peak decreases strongly on the EDX spectra of the extract. These
observations confirm that the extract seems to stop corrosion of the steel by forming a layer that
limits the access of the electrolyte to the surface [40]. Finally, these results confirmed the

inhibition efficiency obtained experimentally.

Table 9. The weight percentage of elements obtained from EDX spectra

Inhibitors Fe C Q) Si

Mild steel 98.52 1.48 ok ok
Mild steel+1.0 M HC1 85.74 4.96 3.19  6.12
Mild steel + Taxus baccata (L.) 88.67 8.46 234 0.52

3.9. Computational investigation

It was shown that the inhibitive activity of a molecule is influenced by its electronic structure
as well as by its molecular geometry. In this present work, the DFT method was utilized
with B3LYP-6-311G (d,p) basis set in the aqueous phase. Fig. 9 displays the optimized
molecular configurations, the electronic distribution of HOMO and LUMO molecular orbitals
as well as the electrostatic potential (ESP) of A, B, C and D in the aqueous medium. The
distribution of HOMO and LUMO orbitals in inhibitory molecules can be described as having
a significant role in the prediction of the potential to give and receive electrons from/to metal
surfaces, respectively. From Fig. 9, It was found that the HOMO electron density of A and B
are located on the methyl-propenol group and dimethyl phthalate ring. In addition, it was
distributed on almost the whole molecule for C and D molecules. For LUMO orbitals, it can be
observed that C and D are distributed almost over the molecular structures. This points out that
the exchange of electrons from HOMO to LUMO (from/to the vacant metal orbits of the steel

surface) with the formation of a bond between the investigated reactants is easy [41].
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Fig.9. Optimized structure, Frontiers orbitals (HOMO and LUMO) and ESP maps of major

molecules in Taxus baccata (L.)

Table 10. DFT descriptors for A, B, C and D in aqueous phase.

Quantum chemical descriptor A B C D
EnomoleV -6,429 -7,370 -6,907 7,392
Evrumo/eV 0,280 -1,781 -0,871 -1,770
AE./eV 6,710 5,589 6,036 5,621
Electronegativity y = (I +A)/2 3,074 4,575 3,889 4,581
Chemical softness S =1/x 0,298 0,357 0,331 0,355
AEback-donation=—1/4 -0,838 -0,698 -0,754 -0,702

Fraction of electron transferred
AN= 2 Xim,

2(Mp+ M) 0,260 0,0437 0,154 0,042

For Al ©®=4.82 eV, nai=0

Generally, a high Enomo values reflect a high tendency to donate electrons [42]. However, the

high electron acceptance capacity is linked with a small Erumo value [43]. From the collected



data in Table 10 of all considered molecules, it can be observed that the Egomo of B and D is
higher than that of A and C. This implies that these molecular species have a higher tendency
to donate their electrons to the steel surface. The same result has been found from the computed
gap energies, which reflect its maximum global reactivity compared to the A and C molecules.
The order of their energy gap values is B (5.589 eV) <D (5.621 eV) <C (6.036eV) < A (6.710
eV). In addition, it is seen from Table 10, that the high potential of B and D is confirmed by the
smaller values of the chemical softness (S), this order is effectively correlated with the previous
conclusions. Using Lukovits' investigation, which demonstrated that a positive value of the
transferred electron number AN <3.6, the ability to cede electrons to the metal surface enhances
the inhibition ability of a molecule [44,45]. In this work, all studied molecules have values of
AN inferior to 3.6, hence the inhibitor molecules act as electron donors. It can be indicated that
all determined descriptors can be involved in the inhibitor-metal interaction in terms of the

donor-acceptor process and have high chemical activity.

Nucleophilic and electrophilic attack is monitored by the maximum values of the condensed
Fukui functions which are an indication of the highest reactive center of a molecule [46]. Table

11 represent electrophilic/nucleophilic attacks of neutral major molecules in terms of atom-

condensed Fukui functions in aqueous medium. f," values represent the reactivity towards the

nucleophilic attack and f,” values represent the reactivity towards the electrophilic attack when

the molecule loses electrons. Based on Table 12. the favored sites for the nucleophilic attack in
the P1 inhibitor are the O11, O15, C2 and C12 atoms. While the favored sites for the
electrophilic agent are C3, C2, O11 and C12 atoms. For the molecule P2. the most reactive sites
for electrophilic attack are oxygen atoms. On the other hand. C6. C2. N3 and O9 are the most
susceptible sites for nucleophilic attacks. In addition. the results of Table 12 indicated that
heteroatoms such as oxygen and sulfur atoms in P3 molecules are suitable sites for both
nucleophilic and electrophilic attacks. Furthermore. the most reactive sites for electrophilic and

nucleophilic attacks are C3. C6. C7. O9 and O11.

Table 11 Fukui functions of P1, P2, P3 and P4 computed using B3LYP/6-31G(d,p) in aqueous

phase
Inhibitor Atomk  P(N-1) P(N) P(N+1) fi fr
015 8.879 8.779 8.776 0.099 0.00236
PI1 011 8.866 8.789 8.744 0.076 0.045

C2 6.049 5.975 5.733 0.074 0.241
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C12 6.484 6.420 6.379 0.064 0.040

C3 6.286 6.245 5.969 0.040 0.275

C13 6.051 6.015 5.994 0.036 0.021

Ceé 6.300 6.179 6.158 0.121 0.020

C2 6.243 6.130 6.124 0.112 0.006

C3 6.229 6.128 6.139 0.100 -0.010

09 8.735 8.643 8.549 0.091 0.094

P2 o11 8.633 8.563 8.311 0.070 0.251
010 8.531 8.503 8.344 0.028 0.159

012 8.603 8.574 8.483 0.029 0.091

C4 5.255 5.199 5.136 0.091 0.094

c9 5.591 5.371 5.381 0.219 -0.009

016 8.734 8.589 8.562 0.144 0.027

S2 13.849 13.743 13.736 0.106 0.006

P3 05 8.769 8.702 8.655 0.067 0.046
03 8.982 8.926 8.853 0.055 0.073

04 8.949 8.912 8.720 0.037 0.192

C13 6.401 6.401 6.283 0.0002 0.117

Cc7 6.328 6.186 6.066 0.142 0.120

C3 6.233 6.126 6.021 0.107 0.104

Co 6.293 6.189 6.080 0.103 0.109

P C2 6.221 6.121 6.025 0.100 0.096
o11 8.697 8.607 8.442 0.089 0.164

09 8.668 8.605 8.458 0.063 0.146

Conclusion

Corrosion inhibition performance of Taxus baccata (L.) leaves extract on mild steel was
investigated in 1.0 M HCI solution by using weight loss, potentiodynamic polarization (PP),
electrochemical impedance spectroscopy (EIS), scanning electron microscope (SEM) coupled
with EDX analysis. the weight loss study displays that a decrease in the corrosion rate with an
inhibitory efficiency is of the order of 98% at 1.0 g/l of Taxus baccata (L.) leaves extract.
Besides, the EIS measurements have better inhibitory efficiency of 95% for 1.0 g/l of Taxus
baccata (L.) leaves extract. The PP results indicated a mixed-type character of studied extract

as they adsorb on the steel surface following the Langmuir model. Further surface film
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formation is confirmed by SEM and EDX analysis. DFT calculations revealed that both

examined molecules could act as electron donor/acceptor to/from the steel surface.
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