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Tis study explores Daucus crinitus extracts (DCE) and zinc oxide nanoparticles (ZnO-NPs) synthesized using the extracts as
corrosion inhibitors for carbon steel (CS) in HCl medium. Te synthesized ZnO-NPs were characterized via UV-vis spectroscopy,
exhibiting a peak at approximately 375 nm. Te study employed weight loss (WL) and electrochemical measurements, alongside
spectrophotometric evaluation of corrosion products. Surface morphology was assessed via scanning electron microscopy coupled
with energy dispersive spectroscopy (SEM-EDS).Termodynamic analysis revealed the physical adsorption of DCE on CS according
to the Freundlich adsorption isotherm. Potentiodynamic polarization (PP) measurements indicated DCE as a mixed-type corrosion
inhibitor. Electrochemical impedance spectroscopy (EIS) exhibited increased charge transfer resistance and reduced double-layer
capacitance with inhibitory addition. Te most efective inhibition was observed with butanol extract (BE) and improved more with
its corresponding nanoparticles (BENPs), exhibiting inhibitory efciencies of 80.20% and 91.20%, respectively, at 298K with
a concentration of 800 ppm. Te evaluation of corrosion products using colorimetry revealed that the concentration of polyphenols
decreased after the inhibitory process. Furthermore, the intensity of ferrous ions (Fe2+) decreased as the inhibitory concentration
increased. In addition, SEM-EDS analysis confrmed the presence of ZnO-NPs, which enhanced the surface morphology and
established a protective layer formed by the adsorbed inhibitors. Te SEM-EDS analysis confrmed the presence of ZnO-NPs, the
enhancement of surface morphology, and the establishment of a protective layer formed by the adsorbed inhibitors.

1. Introduction

Renowned for its outstanding quality, mechanical charac-
teristics, and cost-efectiveness, carbon steel is an important
alloy that fnds enormous use in manufacturing as a building

material for reactors, storage, heat exchangers, and boilers,
in addition to oil and gas transportation pipes [1]. However,
this wide use makes it exposed to corrosion damage. To solve
this problem, protection against this phenomenon is crucial
and has acquired remarkable academic and industrial
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attention [2–6]. It is to highlight that, among many methods
used to fght against corrosion, the addition of inhibitors is
often employed. Usually, organic products suggest good
properties as inhibitors contained in their structure π bonds
and heteroatoms in particular N, O, and S as constituent
elements, and their inhibitory ability is attributed to their
adsorption onto metal surfaces, forming a protective layer.
Among these inhibitors, synthetic ones have good inhibitory
efciency [7–10], but they are limited due to their dangerous
implications for the environment. Terefore, natural
products were investigated due to their biodegradability,
nontoxic properties, and absence of heavy metals [3, 11].

Recently, plants have become an important source of
corrosion inhibitors for metal protection in acidic media as
an alternative to synthetic chemicals frequently used [12].
Many papers reported the use of diferent parts of plants
such as leaves (Psidium guajava Linn) [13], fowers (Cytisus
multiforus) [14], fruits (Garcinia cambogia) [15], seeds
(Azadirachta indica) [16], aerial parts (Equisetum arvense,
Taxus baccata, Echium italicum L.) [17–19], or even roots
(Solanum tuberosum) [20] as eco-friendly inhibitors. Tese
inhibitory properties are related to polyphenols, terpenoids,
alkaloids, and so on [21]. Nanotechnology was introduced to
enhance the inhibitory efciency of these products [22, 23].
Recently, the research aims to develop biosynthesized
nanoparticles using various plant extracts, as they contain
molecules with electron-rich atoms that are able to form
metallic nanoparticles with better corrosion inhibitory
properties [24, 25]. According to the literature, ZnO-NPs
showed remarkable biological properties, were environ-
mentally harmless, and had low expenses [26, 27]. To the
author’s knowledge,Daucus crinitus has not previously been
used for corrosion-inhibitive studies. It should be noted that
previous studies on this species report the evaluation of the
antioxidative properties of the phenolic extracts from its
aerial parts [28], and antibacterial and the antifungal powers
of its volatile oils [29–31].

Tis study aims to investigate the efectiveness ofDaucus
crinitus extracts as corrosion inhibitors and synthesize zinc
oxide nanoparticles (ZnO-NPs) for testing their efciency as
inhibitors for carbon steel in an acidic environment. Te
investigation employs a combination of gravimetric and
electrochemical techniques to assess corrosion inhibitory
efcacy. Additionally, SEM-EDS analysis is conducted to
characterize the surface morphology of the steel. To support
the obtained results and better visualize them, a comparison
of the solution composition (phenolic content and generated
ferrous ion) before and after immersion in the carbon steel
was carried out.

2. Materials and Methods

2.1. Plant Collection and Extraction. Te aerial parts of
Daucus crinitus were collected from the Algerian North East
(Setif ) during the fowering period. Te plant material was
identifed by Dr. H. Laouer from the Laboratory for the
Valorization of Natural Biological Resources at Ferhat Abbas
University in Setif, Algeria. Te plant material was dried in
the shade and then submerged in a 70% methyl alcohol

aqueous solution at room temperature for 24 hours. Te
mixture was fltered, and the remaining liquid was evapo-
rated under reduced pressure. Te obtained residue was
dissolved in boiled water to remove chlorophyll and stored
for 24 hours. After fltration, the solution was subjected to
liquid-liquid extraction using three diferent solvents:
methyl dichloride, ethyl acetate, and n-butanol. Tis process
separates the components of the solution based on their
polarity and solubility in diferent solvents, resulting in three
diferent extracts: methylene dichloride extract (MDE), ethyl
acetate extract (EAE), and n-butanol extract (BE) [32, 33].

2.2. Green Synthesis of Zinc Oxide Nanoparticles (ZnO-NPs)
and UV-Vis Characterization. ZnO-NPs were synthesized
using DCE following the literature description [34]. Spe-
cifcally, 2 g of zinc nitrates Zn(NO3)2·6H2O was solubilized
in 50mL of each extract solution (at a concentration of
1200 ppm) and subjected to constant stirring. Once com-
plete dissolution was achieved, the mixture was heated to
a temperature range of 60°C to 80°C until a yellowish
precipitate formed. Subsequently, the solution underwent
fltration, and the resulting solid was dried. Te residue was
calcinated at 400°C for one hour, resulting in the production
of a white powder comprising ZnO-NPs. Te UV-visible
absorption spectra of the ZnO nanoparticles prepared using
the three diferent extracts were recorded at room tem-
perature within the range of 250–800 nm wavelength on
a UV-vis spectrophotometer (Hitachi, U-3010).

2.3.MaterialPreparation. TeCS used in this study, namely,
API 5L-X60, possesses the following composition: carbon
(0.26 wt%), manganese (1.35 wt%), phosphorus (0.03 wt%),
and sulfur (0.03 wt%), with the remainder being iron. For
weight loss tests, samples of CS are 1 cm3, but for electro-
chemical measurements, a single facet of 1 cm2 is used as
a working electrode, covering the rest with epoxy resin.
Before each test, substrates were sanded with emery paper
(grades 400, 600, 800, 1200, 1500, and 2000), washed with
distilled water, cleaned with acetone, then rinsed again with
distilled water, and dried. Te corrosive solution was
hydrochloric acid (1M) diluted from 37% HCl (Merck) with
bidistilled water. Diferent MDE, EAE, and BE concentra-
tions ranging from 0 to 1200 ppm with an increment of
100 ppm were utilized as inhibitors.

2.4. Total Phenolic Content (TPC). TPC estimation was
employed using the Folin–Ciocalteu reagent following the
Legwalia procedure [35]. Gallic acid was used as a reference
for the calibration curve, and TPC values were expressed in
gallic acid equivalents (µg GAE mg/mg extract).

2.5. Phenanthroline Method for Fe (II) Determination.
Tismethod [36] determines the dissolved ferrous ion (Fe2+)
concentration. In a 50mL fask containing 3mL of test
solution, 1mL of hydroxylamine hydrochloride solution
(100 g/L) was added to reduce the existing Fe3+ to Fe2+,
followed by 4mL of 1,10-phenanthroline (1 g/L) and 5mL of
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sodium acetate bufer (1.2M at pH� 3.5), then completed
with distilled water. After 10min, the solution turned red,
and subsequently, the absorbance was recorded at 510 nm.
Te employed iron standard solution was ferrous ammo-
nium sulfate hexahydrate (Fe(NH4)2(SO4)2·6H2O). Te
formed complex follows the equation:

Fe2+
+ 3 o-Phen⟶ Fe(o-Phen)3

2+
. (1)

Te phenanthroline method was employed to quantify
Fe2+ in the residual test solutions at optimal concentrations
of DCE and NPs. A standard iron solution of ferrous am-
monium sulfate hexahydrate was employed for calibration.

2.6. Weight Loss Measurements. In a 50mL beaker con-
taining 30mL of the test solution (1M HCl and DCE with
various ratios), CS cubes were immersed at diferent tem-
peratures (283K, 293K, 303K, and 313K) in a thermostatic
bath. Te substrates were weighed beforehand. After 2 hours
of immersion, the CS samples were removed from the so-
lutions; washed with distilled water, then with acetone;
dried; and fnally reweighed. Experiments were performed in
triplicate for more accuracy to calculate corrosion rates
(equation (2) and inhibitory efciencies (equation (3)) as
follows [37]:

CR �
w

At

, (2)

IE% �
CR0 − CR

CR0
· 100, (3)

where CR0 and CR are the corrosion rates when DCE is
absent and present, respectively;At is the total surface area of
CS samples; w is the mean weight loss; and t is the duration
of immersion.

2.7. Electrochemical Measurements. A VoltaLab 40 dynamic
potentiostat (PGZ 301) was employed for electrochemical
measurements. Tests were performed at 293K in a ther-
mostatic cell of three electrodes, with a substrate as working
electrode, a counter electrode (platinum rod), and a refer-
ence electrode (Hg/Hg2Cl2/KCl (SCE)). Before each mea-
surement, at open circuit potential (OCP), the working
electrode was submerged for one hour in the test solution,
and the potential values were taken at stability. For PP, the
range of potentials was from −250mV to +250mV against
the OCP value, with a scan rate of 1mV·s−1. Te following
equation gives the inhibitory efciency percentage (IE%)
[18]:

IE% �
i0 corr − i corr

i0 corr
· 100, (4)

where i0 corr and i corr are the densities of corrosion current
when DCE is absent and present, respectively.

EIS measurements were accomplished versus OCP with
a short amplitude of 10mV through a frequency range of
100 kHz to 10mHz. Te inhibitory efciency percentage
(IE%) was defned as [19]:

IE% �
Rct − R0 ct

Rct
· 100, (5)

where Rct and R0 ct represent the polarization resistance with
and without DCE addition, respectively.

2.8. Surface Examination (SEM/EDS). Te characteristics of
CS sample surface morphology were assessed after soaking
for two hours in a 1M HCl solution, with and without the
optimal concentrations of DCE and their NPs using
a TESCAN VEGA 3 scanning electron microscope coupled
with a BRUKER energy dispersive spectrometer (SEM/EDS).

3. Results and Discussion

3.1. Potentiodynamic Polarization Measurement.
Potentiodynamic polarization curves of CS in 1M HCl
solution without and with the addition of diferent con-
centrations of DCE and their NPs’ optimum concentrations
are shown in Figures 1 and 2.Tese fgures demonstrate that
the addition of DCE suppresses both cathodic and anodic
reactions, and their NPs. Te resultant electrochemical
parameters including corrosion potential (Ecorr), corrosion
current densities (icorr), inhibitory efciency percentage
(IE%), and the anodic (βa) and cathodic (βc) Tafel slopes
(obtained by exploitation of polarization curves) are gath-
ered in Tables 1 and 2. Te presence of the studied DCE and
their NPs afects the values of both cathodic βc (hydrogen
development) and anodic βa (metal dissolution) reactions,
suggesting a mixed type of inhibition. Nevertheless, the
cathodic part of Tafel slopes seemed to be more afected,
which indicates that DCE and their NPs have acted like more
cathodic inhibitors [38]. Moreover, the diference in Ecorr
values between the blank and the tested inhibitors is lower
than 85mV, suggesting that the inhibitors exhibit a mixed
mode of action [39]. Te values of βc and βa did not increase
or decrease in a regular manner, confrming the mixed mode
of inhibition.

Te icorr values decreased with the augmentation of
inhibitory concentrations, whereas IE% values increased,
denoting that DCE and their NPs have remarkable corrosion
inhibitory abilities. It might be due to the adsorption of their
organic compounds, thus blocking active sites on the CS
surface and consequently slowing down the corrosion
process [40].

As shown in Table 2, the maximum inhibitive potency
values reached 80.20% with BE at 800 ppm, 72.46% with
MDE at 900 ppm, and 58.42% with EAE at 600 ppm. It is to
underline that using NPs revealed a better inhibitory
efect. Tey had remarkably increased the inhibitory ef-
fciency (up to 91.20% for the BENPs at 800 ppm, 83.03%
for the MDENPs at 900 ppm, and 65.13% for the EAENPs
at 600 ppm). Furthermore, it can be observed that the
addition of both MDE and their NPs has not caused any
change in the anodic and cathodic Tafel slopes, leading to
the fact that the inhibitor is frst adsorbed onto the steel
surface and therefore impedes by simply blocking the
reaction sites of the surface.
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Figure 1: Potentiodynamic polarization curves for CS in 1M HCl solution without and with diferent concentrations of (a) MDE, (b) EAE,
and (c) BE.
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Figure 2: Potentiodynamic polarization curves for CS in 1MHCl solution without and with optimal concentrations of (a)MDE and its NPs,
(b) EAE and its NPs, and (c) BE and its NPs.

Table 1: Polarization parameters and IE% values for CS with various concentrations of DCE at 293 K in a 1M HCl medium.

Extract C (ppm) −Ecorr (mV/SCE) icorr (mA·cm−2) βa (mV·Dec−1) −βc (mV·Dec−1) IE (%)

Blank 0 470.4± 1.51 0.0955± 1.11 84.1 123.3 —

MDE

100 486.0± 0.98 0.0693± 1.20 53.7 184.5 27.43
300 473.1± 1.01 0.0563± 2.08 38.2 285.6 41.04
500 509.0± 2.21 0.0356± 2.75 95.1 207.6 62.27
700 495.2± 1.34 0.0311± 1.96 63.1 277.9 67.43
900 495.8± 1.51 0.0263± 1.37 114.8 271.8 72.46

EAE
200 489.4± 1.76 0.0685± 2.11 35.8 232.7 28.27
400 469.4± 2.57 0.0511± 1.58 34.2 192.3 46.49
600 450.7± 2.23 0.0397± 1.25 64.6 157.3 58.42

BE

200 495.7± 1.76 0.0699± 1.89 37.5 240.2 26.80
400 487.6± 2.65 0.0536± 2.41 35.9 258.1 43.87
600 494.0± 1.87 0.0344± 2.12 31.0 178.8 63.97
800 501.9± 2.11 0.0189± 1.92 55.0 165.1 80.20
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3.2. Electrochemical Impedance Spectroscopy. Charge
transfer resistance (Rct), CPE parameters (Y0 and n), double-
layer capacitance (Cdl), and inhibitory efciency values are
assembled in Tables 3 and 4.

All investigated inhibitors presented a high-frequency
capacitive loop with a nonideal semicircle shape due to the
metal surface inhomogeneity, which generates a frequency
dispersion, and the decomposition of CS is controlled only
by charge transfer [41, 42]. Te radius of these semicircles
gradually augmented, maintaining the same shape along
with the concentration increment of DCE and their NPs,
indicating the gradual formation of a protective flm with the
inhibitory molecules [42].

Figures 3 and 4 represent the Nyquist plots for CS in 1M
HCl solution without and with diferent concentrations of
DCE, and their NPs at optimal concentrations at 298K,
respectively.

Te experimental EIS data of the DCE and their NPs
were ftted to the corresponding equivalent circuit model
(ECM), as shown in Figure 5. Rs is the solution resistance,
Rct is the charge transfer resistance, and the double-layer
capacitance is replaced by a constant phase element (CPE).
Te following formula expresses CPE impedance [43]:

ZCPE � Y
−1
0 jωmax( 􏼁

−n
, (6)

where Y0 is the CPE magnitude, ωmax is the angular fre-
quency (ωmax � 2πfmax), fmax is the frequency at which the
imaginary component of the impedance reaches its maxi-
mum values, j is the imaginary root, and n is a deviation
parameter of the CPE (−1≤ n≤ + 1). CPE behaves as a re-
sistor, an inductor, and a capacitor when n � 0, −1, and +1,
respectively [44]. Te double-layer capacitance (Cdl) was
obtained by the following formula [43]:

Cdl � Y0 jωmax( 􏼁
n−1

. (7)

From Tables 3 and 4, the obtained values of Cdl de-
creased conversely with the inhibitory concentrations,
which denotes that the inhibitors’ adsorption on the metal
surface has enhanced, and this may be ascribed to the
electrical double-layer growth [45]. Rct values were in-
creased with the inhibitory concentration, and the reg-
istered IE% values were 78.97% with BE at 800 ppm,
70.79% with MDE at 900 ppm, and 60.27% with EAE at
600 ppm. Moreover, in the case of using NPs, efciency
values remarkably rose to 89.22% for BENPs at 800 ppm,
78.98% at 900 ppm for MDENPs, and 68.38% at 600 ppm
for EAENPs, which confrms the reliability of the obtained
PP measurements.

3.3. Weight Loss Measurements. Tis procedure was
employed to evaluate the inhibitory efect of diferent DCE
concentrations on CS samples in 1M HCl for 2 hours at
diferent temperatures (283, 293, 303, and 313K). Te ob-
tained values of corrosion rates (CR) and inhibitory ef-
ciency percentage (IE%) are listed in Table 5. Te
examination of Figure 6 shows that the CR decreased with
the increase in DCE concentrations and ascended along with
temperature elevation, which implies a decrease in IE% as
exhibited in Figure 7. At 293K, the BE has the higher IE%
value of 80.38% at 800 ppm, while the MDE and EAE values
are 72.23% and 52.33% at 900 ppm and 600 ppm, re-
spectively. Te inhibitive efect of DCE against the disso-
lution of CS is possibly a result of their molecules being
present in the medium, which use adsorption phenomena to
form a barrier of protection on the surface of CS [19, 46].

3.4. Adsorption Isotherm. For a better understanding of the
inhibitory mechanism on the CS surface, adsorption iso-
therm models such as Freundlich, Temkin, Langmuir, and
Frumkin were tested. Te results are summarized in Table 6.
Te choice of adsorption isotherm was based on the
closeness of correlation coefcient (r2) values to 1 at all
tested temperatures (283–313K), and the Freundlich model
provided the best ft.

Te Freundlich adsorption isotherm was calculated
using the following equation [47]:

log θ � logKAds + n logC, (8)

where C is the inhibitory concentration, θ is the surface
coverage, and K is the adsorption constant. Figure 8 shows
the straight lines of log θ/logC for DCE at diferent
temperatures.

KAds values reported in Table 7 are determined from the
intercepts of the curves from Figure 8. As the temperature
increased, KAds values decreased, probably owing to the
desorption of DCE components previously adsorbed on the
surface of metal [48].

3.5. Termodynamic Parameters. Te standard adsorption-
free enthalpy ΔG°

ads can be calculated as follows [49]:

ΔG°
ads � −RTln CH2O · Kads􏼐 􏼑, (9)

where R is the gas constant, T is the absolute temperature,
and CH2O is the concentration of water expressed in mg·L−1

with an estimated value of 106.

Table 2: Polarization parameters and IE% values for diferent NPs versus DCE at optimal concentrations at 293K in a 1M HCl medium.

C (ppm) Inhibitor −Ecorr (mV/SCE) icorr (mA·cm−2) βa (mV·Dec−1) −βc (mV·Dec−1) IE (%)

900 MDE 495.8± 1.54 0.0263± 1.37 114.8 271.8 72.46
MDENPS 455.4± 0.94 0.0162± 1.67 35.5 138.4 83.03

600 EAE 450.7± 2.23 0.0397± 1.25 64.6 157.3 58.42
EAENPS 463.9± 1.46 0.0333± 1.11 43.8 126.7 65.13

800 BE 501.9± 2.23 0.0189± 1.92 55.0 165.1 80.20
BENPS 471.0± 1.36 0.0085± 1.38 38.1 142.4 91.20
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Table 3: Impedance parameters and IE% values for CS with various concentrations of DCE at 293K in a 1M HCl medium.

Extract C (ppm) Rct (Ω·cm2) Y0.10−6(Sn·Ω−1·cm−2) n Cdl (μF·cm−2) IE (%)

Blank 0 251.4± 1.02 81.28± 1.10 0.68± 2.00 63.30 —

MDE

100 348.7± 0.84 22.77± 1.00 0.40± 1.32 144.2 27.90
300 390.8± 0.53 20.87± 0.82 0.85± 1.81 101.8 35.67
500 568.2± 1.30 37.05± 2.01 0.51± 1.99 44.25 55.75
700 735.8± 1.90 16.18± 1.72 0.34± 1.52 27.25 65.83
900 860.7± 0.74 21.02± 1.54 0.39± 1.38 23.29 70.79

EAE
200 349.3± 0.67 35.34± 1.52 0.53± 0.82 45.55 28.02
400 447.8± 1.22 49.56± 1.61 0.63± 1.05 28.17 43.85
600 632.6± 1.09 25.07± 1.38 0.45± 1.43 14.21 60.27

BE

200 361.0± 1.93 10.81± 1.90 0.27± 1.18 139.2 30.51
400 574.5± 1.01 13.70± 1.43 0.31± 1.65 87.53 56.20
600 729.8± 0.83 21.04± 1.24 0.39± 1.28 54.51 65.52
800 1188.0± 0.10 31.66± 1.81 0.47± 1.11 26.78 78.87

Table 4: Impedance parameters and IE% values for CS in 1MHCl solution containing diferent NPs versus DCE at optimal concentrations
at 293K.

C (ppm) Inhibitor Rct (Ω·cm2) Y0.10−6(Sn·Ω−1·cm−2) n Cdl (μF·cm−2) IE (%)

900 MDE 860.7± 0.74 21.02± 1.54 0.39± 1.38 23.29 70.79
MDENPS 1196.2± 0.74 40.97± 1.02 0.54± 1.02 16.75 78.98

600 EAE 632.6± 1.09 25.07± 1.38 0.45± 1.43 14.21 60.27
EAENPS 777.9± 2.02 65.04± 1.02 0.72± 1.02 5.11 68.38

800 BE 1188.0± 0.10 31.66± 1.81 0.47± 1.11 26.78 78.87
BENPS 2329.1± 0.10 38.85± 1.02 0.53± 1.02 18.68 89.22
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Figure 3: Fitted Nyquist representation for 1M HCl with and without (a) MDE, (b) EAE, and (c) BE.
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Figure 4: Fitted Nyquist representation for 1MHCl with and without (a) MDENPs, (b) EAENPs, and (c) BENPs at optimal concentrations.
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Te standard adsorption enthalpy (ΔH°
ads) can be cal-

culated using the Van ’t Hof equation as follows [50]:
δ lnKads

δT
�
ΔH°

ads

RT
2 . (10)

Te equation is rewritten as follows:

lnKads �
−ΔH°

ads
RT

+ I, (11)

where I is the integration constant.
Figure 9 demonstrates the linear regression of lnKads

against 1/T.

CPE

Rct

Rs

Figure 5: ECM used for the simulation of impedance data for both DCE and NPs.

Table 5: CR and IE% values from WL tests using diferent concentrations of DCE for CS in HCl (1M) solution at various temperatures.

C (ppm)
283K 293K 303K 313K

CR (mg·cm−2·h−1) IE (%) CR (mg·cm−2·h−1) IE (%) CR (mg·cm−2·h−1) IE (%) CR (mg·cm−2·h−1) IE (%)

MDE

Blank 0.1498± 0.02 — 0.1790± 0.02 — 0.2060± 0.02 — 0.2306± 0.03 —
100 0.0914± 0.03 22.71 0.1165± 0.02 21.24 0.1483± 0.01 18.98 0.1718± 0.03 17.24
300 0.0796± 0.03 32.69 0.1019± 0.01 31.06 0.1326± 0.03 27.58 0.1560± 0.02 24.84
500 0.0622± 0.01 47.34 0.0799± 0.03 45.97 0.1098± 0.02 39.99 0.1398± 0.02 32.62
700 0.0483± 0.02 59.11 0.0639± 0.03 56.80 0.0879± 0.03 50.88 0.1129± 0.03 47.04
900 0.0299± 0.01 74.69 0.0410± 0.02 72.23 0.0616± 0.02 66.35 0.0821± 0.02 60.43

EAE
200 0.0874± 0.02 36.96 0.1155± 0.01 28.57 0.1534± 0.02 23.92 0.2221± 0.03 19.91
400 0.0733± 0.03 47.10 0.0938± 0.02 41.58 0.1304± 0.03 34.9 0.1925± 0.02 30.60
600 0.0550± 0.04 60.30 0.0771± 0.03 52.33 0.1086± 0.03 45.78 0.1687± 0.01 39.18

BE

200 0.1013± 0.02 50.01 0.1427± 0.03 41.80 0.1930± 0.02 38.98 0.2740± 0.03 26.03
400 0.0872± 0.02 56.97 0.1173± 0.03 47.84 0.1654± 0.03 44.45 0.2421± 0.02 34.63
600 0.0639± 0.01 68.46 0.0969± 0.02 62.67 0.1321± 0.02 58.25 0.2039± 0.02 44.95
800 0.0460± 0.02 81.85 0.0713± 0.02 80.38 0.1121± 0.02 71.02 0.1727± 0.02 53.37
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Figure 6: Corrosion rate and concentration variation relationship of CS for: (a) MDE, (b) EAE, and (c) BE in a 1M HCl solution.
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Figure 7: Temperature and concentrations impact on IE% of CS for: (a) MDE, (b) EAE, and (c) BE in HCl (1M) solution.

Table 6: Correlation coefcients of the diferent adsorption isotherms.

Extract Temperature (K)
Correlation coefcient (r2)

Freundlich Temkin Langmuir Frumkin

MDE

283 0.9287 0.9012 0.8287 0.9178
293 0.9355 0.8355 0.9201 0.8901
303 0.9298 0.9298 0.9086 0.8086
313 0.8999 0.8365 0.9049 0.9384

EAE

283 0.9948 0.8556 0.9341 0.9341
293 0.9998 0.8927 0.9383 0.9383
303 0.9969 0.8478 0.9597 0.8897
313 0.9999 0.7493 0.8307 0.8307

BE

283 0.9637 0.8724 0.9334 0.8453
293 0.9920 0.9076 0.9440 0.9092
303 0.9911 0.9201 0.9242 0.9245
313 0.9877 0.9241 0.9162 0.9112
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Figure 8: Freundlich isotherm adsorption at various temperatures for: (a) MDE, (b) EAE, and (c) BE.
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ΔH°
ads value was calculated from the slope (−ΔH°

ads/R)

and listed in Table 7. From the obtained results of ΔG°
ads and

ΔH°
ads, the standard adsorption entropy (ΔS°ads) is de-

termined by the Gibbs–Helmholtz relation [51]:

ΔS°ads �
ΔH°

ads − ΔG°
ads

T
. (12)

From the above table, the spontaneity of the adsorption
process was pointed out by the negative values of ΔG°

ads. Te
calculated values of the adsorption-free enthalpy are less than
−20 kJmol−1, which indicates a physical adsorptionmechanism
[52]. Te negative values of ΔH°

ads show that inhibitory ad-
sorption is an exothermic process [53]. Additionally, the
negative sign of ΔS°ads suggests that the decrease in disorder is
due to the adsorption process, attributable to the adsorption of
the inhibitor on the surface of steel [54].

3.6. Activation Parameters for Corrosion Reaction. Te
corrosion reaction can be regarded as an Arrhenius-type
process, allowing for the calculation of activation parameters
using the following equation [55]:

lnCR � −
Ea

RT
+ lnDs, (13)

where Ea is the apparent activation energy of the CS cor-
rosion, R is the universal gas constant, T is the absolute
temperature, and Ds is the Arrhenius pre-exponential factor.

Te activation energies (Ea) listed in Table 8 were de-
rived by analyzing the slopes of the lnCR versus 1/T plots
(Figure 9).

Te examination of Table 8 shows that in the presence of
the DCE, the Ea values were higher than those in their
absence, indicating that the adsorption process on the
substrates follows a physisorption mode [19, 56, 57].

Te determination of the activation entropy and en-
thalpy (∆Sa and ∆Ha) can be obtained by the Arrhenius
transition state equation (55):

ln
CR

T
� ln

R

hNa

+
∆Sa

R
􏼢 􏼣 −

∆Ha

RT
, (14)

where h is Planck’s constant and Na is Avogadro’s number.
Te values of ∆Ha and ∆Sa listed in Table 8 were extracted

from the straight line given by the plot of lnCR/T vs. 1/T
(Figure 10), with −∆Ha/R as a slope and ln R/hNa +∆Sa/R as
an intercept. Arrhenius plots of ln (CR/T) versus 1/T for CS
corrosion in a 1M HCl of the extracts are provided in Fig-
ure 11.Te positive∆Ha values suggest that the decomposition
process of CS was endothermic [58].Te negative values of∆Sa

suggest that the activated complex primarily involves associ-
ation instead of dissociation, which implies that an augmen-
tation in randomness was observed during the association of
reactants to an activated complex [19, 59, 60].

3.7. Colorimetric Evaluation of Corrosion Products. Te
optical evaluation of corrosive solutions was accomplished
using UV-vis spectroscopy. Te tracking of ferrous iron ions
and phenolic contents was made for the blank and optimal
concentrations before and after corrosion tests.

3.7.1. Phenolic Content Evolution. Te quantitative eval-
uation of corrosion test solutions showed that the
phenolic content decreased after 2 hours of immersion

Table 7: Standard thermodynamic parameters of the adsorption of MDE, EAE, and BE in a 1M HCl solution.

Extract T (K) kads (L mg−1) ΔG°
ads(kJmol−1) ΔH°

ads(kJmol−1) ΔS°ads(Jmol−1K−1)

MDE

283 0.084922 −26.70

−22.22

−15.83
293 0.065223 −27.00 −16.31
303 0.040417 −26.72 −14.85
313 0.036523 −27.33 −16.32

EAE

283 0.041697 −25.03

−4.68

−55.30
293 0.015487 −23.50 −58.63
303 0.010646 −23.35 −57.19
313 0.007595 −23.25 −55.68

BE

283 0.032259 −24.42

−15.51

−31.48
293 0.021909 −24.34 −30.13
303 0.020830 −25.05 −31.48
313 0.016301 −25.23 −31.05
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Figure 9: Straight lines of lnKads versus 1/T of MDE, EAE, and BE
at diferent temperatures.
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in the aggressive solution (Table 9), proving the con-
sumption of phenolics through adsorption on the steel
surface, which confrms the results mentioned above. Te

measurements are taken according to the calibration
curve prepared from gallic acid (y � 0.0034x + 0.1044,
R2 � 0.997).

Table 8: Activation parameters of diferent DCE concentrations for CS in a 1M HCl.

Extract C (ppm) Ea (kJ·mol−1) ∆Ha (kJ·mol−1) 10−1∆Sa (J·mol−1·K−1)

Blank 0 10.59 8.11 −231.46

MDE

100 15.75 13.28 −217.32
300 16.82 14.35 −214.71
500 20.20 17.73 −204.98
700 21.08 18.61 −203.93
900 25.28 22.81 −193.14

EAE
200 22.63 20.15 −193.72
400 23.64 21.17 −191.97
600 27.18 24.71 −181.49

BE

200 19.84 17.36 −201.85
400 22.18 19.71 −195.13
600 27.88 25.71 −177.56
800 32.55 30.08 −163.87
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Figure 10: Arrhenius plots of lnCR versus 1/T for the CS corrosion in a 1M HCl of: (a) MDE, (b) EAE, and (c) BE.
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Figure 11: Arrhenius plots of ln (CR/T) versus 1/T for CS corrosion in a 1M HCl of: (a) MDE, (b) EAE, and (c) BE.
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3.7.2. Ferrous Ion Determination. According to the cali-
bration curve made from iron solution (y� 16.415x+ 0.0906,
R2 � 0.999), the iron ion amounts in test solutions con-
taining DCE decreased compared with the blank, confrming
the corrosion inhibition. However, and remarkably, these
quantities decreased much more in the presence of their
NPs. It is to highlight that the inhibitory efciency increased
with a decrease in Fe2+ concentration when adding DCE and
increased even more when their NPs were added (Table 10),
which is confrmed by the solution color change. It is worth
noting that BE was the most efective inhibitor, followed by
MDE and EAE, respectively. Nevertheless, the use of NPs
showed an extra decrease of 104 ppm for MDENPs,
79.104 ppm for EAENPs, and 112 ppm for BENPs. Tere is
a harmony between the decrease in iron quantities, the DCE
inhibitory power, and their NPs against corrosion.

3.7.3. UV-Visible Spectral Analysis. Te UV-visible spec-
troscopic assessment was employed to validate the ZnO-NPs
generation. Figure 12 depicts the absorption plots of
ZnO-NPs eco-friendly prepared from extracts of Daucus
crinitus. It is widely recognized that UV-vis plots are fre-
quently utilized to assess the size and shape of nanoparticles
in a water-based suspension [61, 62]. Zinc oxide nano-
particles usually exhibit a prominent UV absorption peak in
their UV-vis spectra, with a maximum observed at ap-
proximately 370–380 nm as a result of the bandgap ab-
sorption of the nanoparticles. As seen in Figure 12, all
formed ZnO-NPs (MDENPs, EAENPs, and BENPs)
exhibited strong UV absorption spectra with characteristic
absorption peak at about 375 nm.TeUV-vis spectra of ZnO
nanoparticles usually indicate characteristic peak at 375 nm
[63]. It is also evident that signifcant sharp absorption of
ZnO indicates the monodispersed nature of the nanoparticle
distribution. Te absorption peak centered at about 378 nm
is the characteristic peak for hexagonal wurtzite ZnO
nanoparticles.

3.8. Surface Examination (SEM-EDS). To examine the CS
surface morphology, the samples were immersed for 2 hours
at 298K in a 1MHCl solution with and without the addition
of the optimal concentration of DCE and their NPs. Te
inspection of Figure 13 shows that the treated surface with
1M HCl was deeply cracked and pitted compared with the
solutions containing inhibitors (Figures 14–19), which is
smoother thanks to the organic molecules provided by the
inhibitors adsorbed on the CS surface, creating a protective
layer. In the presence of 600 ppm of EAE, the surface had
fewer holes and ravines, as seen in Figure 14. However, from
Figure 13, the presence of 900 ppm of MDE reduces the CS

surface damage, and better results with 800 ppm of BE are
observed in Figure 15. Additionally, the results with NPs
were better in terms of surface homogeneity and efciencies
in the same order as DCE. Amazingly, the best surface
morphologies were observed in the presence of 800 ppm of
BENPs, followed by 900 ppm of MDENPs, and then
600 ppm of EAENPs, as shown in Figures 17–19, re-
spectively. It is intended to highlight that the spherical shape
of NPs confrms their successful synthesis. Te EDS analysis
revealed the presence of Fe, C, O, Cl, and Zn (Figures 13–19
and Table 11). Te uninhibited sample surface composition
showed the wt% of Fe (93.14%), C (2.03%), O (1.61%), and Cl
(3.22%). It should be noted that the decrease in the Fe
percentage in SEM/EDS analysis when inhibitors are present
compared to their absence is due to the adsorption behavior
of inhibitory molecules on the Fe surface. When inhibitors
are present, they interact with Fe atoms, forming a protective
layer that inhibits corrosion. Tis interaction reduces the
exposure of Fe atoms to corrosive agents, resulting in a lower
Fe percentage detected through SEM/EDS analysis [64–67].
Moreover, the oxygen wt% increased for BE (5.83%)-
BENPs (5.95%), MDE (3.86%)-MDENPs (4.33%), and
EAE (2.61%)-EAENPs (3.52%), suggesting a diference in
oxygen atoms in the inhibitor’s composition. It is also to

Table 9: Total phenolic content (μg·GAE/mg) of corrosion test
solutions before and after immersion.

Extracts Before After
MDE 128.51± 3.86 64.23± 1.62
EAE 44.12± 2.99 28.65± 2.11
BE 142.91± 1.54 85.13± 1.94

Table 10: Concentrations of generated Fe2+ in test solutions
without and with DCE and their NPs.

Solution CFe + .104 (ppm)

HCl 939± 2.86
HCl +MDE 676± 1.63
HCl +MDENPs 572± 2.91
HCl + EAE 479± 1.12
HCl + EAENPs 400± 2.06
HCl + BE 416± 0.98
HCl + BENPs 304± 1.74
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Figure 12: UV-vis spectra of ZnO-NPs biosynthesized using
Daucus crinitus extracts.
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highlight that a new peak of the Zn atom appeared in the
spectra of the samples covered with nanoparticles because
of the zinc oxide agglomeration with the organic mole-
cules. Additionally, the carbon %wt increased for all
extracts when the inhibitors were added, whereas this
quantity decreased in the nanoparticles due to the cov-
ering of the organic molecules by the ZnO, which is
confrmed by the SEM images. Once more, when the

inhibitors are added, the Cl wt% decreases, denoting that
the studied inhibitors prevent further attacks of the
corrosive chloride ions [64]. Moreover, and remarkably,
an extra reduction in chloride amounts was observed in
the case of using NPs, accompanied by an enhancement
of surface homogeneity, thus indicating their ability to
cover more areas and provide more protection from the
corrosive medium.
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Figure 13: SEM image and EDS analysis of X60 after immersion in a 1M HCl.
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Figure 14: SEM image and EDS analysis of X60 CS immersed in a 1M HCl with 900 ppm of MDE.
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Figure 15: SEM image and EDS analysis of X60 CS immersed in a 1M HCl with 600 ppm of EAE.

Journal of Chemistry 13



2.2

2.0

cp
s (

eV
)

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
2 4 6

keV
8 10 12

Figure 16: SEM image and EDS analysis of X60 CS immersed in a 1M HCl with 800 ppm of BE.
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Figure 17: SEM image and EDS analysis of X60 CS immersed in a 1M HCl with 900 ppm of MDENPs.
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Figure 18: SEM image and EDS analysis of X60 CS immersed in a 1M HCl with 600 ppm of EAENPs.
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Figure 19: SEM image and EDS analysis of X60 CS immersed in a 1M HCl with 800 ppm of BENPs.
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Table 11: EDS parameters of the X60 CS surface without and with the addition of DCE and their NPs.

Medium Element Series Norm. C
(wt.%)

Atom. C
(at.%) Error (wt.%)

HCl

Fe K 93.14 72.45 2.31
C K 2.03 13.91 1.22
O K 1.61 3.78 0.49
Cl K 3.22 9.86 1.10

Total: 100 100

HCl +MDE

Fe K 89.17 67.21 2.09
C K 6.08 21.33 1.53
O K 3.86 9.42 0.57
Cl K 0.89 2.04 0.34

Total: 100 100

HCl + EAE

Fe K 90.34 70.05 2.17
C K 6.04 20.16 1.33
O K 2.61 7.15 0.51
Cl K 1.01 2.64 0.50

Total: 100 100

HCl + BE

Fe K 86.64 63.92 2.25
C K 6.78 22.25 0.97
O K 5.83 11.86 1.19
Cl K 0.75 1.97 0.44

Total: 100 100

HCL+MDENPs

Fe K 88.78 70.05 2.38
C K 5.84 19.16 1.19
O K 4.33 8.13 0.56
Cl K 0.76 1.84 0.42
Zn K 0.29 0.82 0.03

Total: 100 100

HCl + EAENPs

Fe K 90.03 70.16 2.23
C K 5.30 19.56 1.15
O K 3.52 7.28 0.47
Cl K 0.93 2.24 0.15
Zn K 0.22 0.76 0.08

Total: 100 100

HCl + BENPs

Fe K 86.16 65.74 2.27
C K 6.91 22.86 1.30
O K 5.95 8.89 0.60
Cl K 0.67 1.66 0.34
Zn K 0.31 0.85 0.12

Total: 100 100

Table 12: Corrosion inhibitory efciency of some plant extracts.

Plant extract Inhibition efciency (%) Concentration (ppm) Reference
Daucus crinitus 91.20 800 Present work
Tunbergia fragrans 81.00 500 [6]
Lamium fexuosum 83.50 900 [7]
Taxus baccata 82.00 800 [5]
Uncaria gambir 95.00 1000 [8]
Dacryodes edulis 79.00 800 [9]
Hibiscus sabdarifa 91.00 500 [10]
Rosa canina 86.00 800 [11]
Solanum melongena 70.00 500 [12]
Lawsonia inermis 92.60 1200 [68]
Dendrocalamus sinicus 79.20 200 [69]
Jasmine nudiforum 93.10 1000 [70]
Salvia ofcinalis 72.50 500 [71]
Strictosamide from Uncaria laevigata 92.00 160 [72]
Punica granatum 86.90 1000 [73]
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Tere has been a growing interest in recent years to
explore plant extracts as eco-friendly corrosion inhibitors,
owing to their abundant availability and low environmental
impact. Te table below provides the inhibitory efciency
derived from various studies that have investigated the use of
plant extracts to inhibit corrosion. Notably, the results found
in the current study compared to the results of corrosion
inhibition by other plant extracts as shown in Table 12
indicate that DCE exhibits particularly promising in-
hibitory efciency, which reached 80.20% in the presence of
800 ppm. Furthermore, this efciency was improved when
ZnO-NPs were synthesized using DCE as an inhibitor,
reaching an efciency of 91.20%.

4. Conclusion

Te study investigates the use of Daucus crinitus extracts
(DCE) and eco-friendly synthesized ZnO nanoparticles
(NPs) to inhibit the corrosion of API 5L-X60 carbon steel
in a 1M HCl corrosive environment. Trough a compre-
hensive analysis utilizing techniques such as WL, EIS, and
PP measurements, coupled with spectroscopic and surface
(SEM-EDS) characterization, several signifcant fndings
were elucidated. Notably, the successful synthesis of zinc
oxide nanoparticles using DCE via a green approach was
confrmed. Te investigation revealed that both DCE and
their NPs exhibit notable inhibitory efects on carbon steel
in 1M HCl medium. Particularly, the introduction of
DCE-derived NPs signifcantly enhanced the inhibitory
efciency percentage (IE%) from 80.20% to 91.20% at
298 K with 800 ppm of DCE. Increasing the inhibitory
concentration resulted in higher inhibitory efciencies,
while increasing temperature lowered it. Physical ad-
sorption of inhibitors onto the carbon steel surface was
observed, following the Freundlich adsorption isotherm.
PP measurements indicated that the studied extracts
function as mixed-type inhibitors. SEM-EDS analysis
further demonstrated enhanced surface homogeneity
upon inhibitory introduction, particularly with NP addi-
tion, showcasing decreased Fe and Cl weight percentages
alongside increased oxygen and carbon, suggesting the
formation of a protective barrier by inhibitory molecules
on the carbon steel surface. Spectrophotometric analysis
revealed reduced polyphenol levels in corrosion products,
while the intensity of Fe2+ decreased with increasing in-
hibitory concentrations, illustrating the corrosion-inhibitive
action of the studied extracts.
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