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ARTICLE INFO ABSTRACT

Keywords: This work aims to explore the efficiency of ZnO nanoparticles synthesized via the non-thermal
X60 API 5L carbon steel gliding arc discharge-assisted plasma (NT-GAD) technique for inhibiting the corrosion of X60
Electrochemical impedance spectroscopy API 5L steel in a 1M HCI environment. The XRD pattern revealed that the ZnO nanoparticles

Corrosion inhibitor
ZnO nanoparticles
Atomic force microscopy

exhibit hexagonal wurtzite structure with average particle size of ~24 nm. UV-visible spectros-
copy analysis revealed an absorption peak centering at 365 nm, corresponding to an energy band
gap of 3.29 eV. SEM and TEM analysis revealed that the nanoparticles exhibit an agglomerated
and irregular morphology. The corrosion inhibition of ZnO NPs was investigated via the elec-
trochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests (PDP), while
varying both concentration and temperature. The results revealed that the increase in inhibitor
concentration resulted in a higher activity at ambient temperature, with an optimal efficiency of
93 % at a concentration of 100 mg/L. However, the increase in temperature remarkably reduced
the inhibition efficiency, suggesting a physisorption behavior of ZnO NPs onto the steel surface.
AFM and FE-SEM analysis confirmed the formation of a protective layer on the X60 API 5L steel
surface. This study emphasizes the significant potential of ZnO NPs synthesized via the NT-GAD
assisted plasma technique as corrosion inhibitor for X60 API 5L carbon steel in 1M HCI corrosive
media.

1. Introduction

The transportation of oil and natural gas using pipelines plays an essential role in the energy industry. It enables the movement of
these economical resources from extraction sites at drill stations to treatment centers, through pumping stations, compressor stations,
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Table 1
The chemical composition of the X60 API5L substrate.

Elements C P S Cr Mn Ni Al Cu Sn \% Mo Si Ti Co w Fe

Value % ( x 107%) 1800 10.2 3.1 82.4 1200 98.2 18.3 18.6 3.1 57 93 36.4 <1 13 15 rest

and storage tanks. This ensures easy transportation from hydrocarbon treatment facilities to national and international markets [1].
The construction of oil and gas pipelines, along with treatment facilities and storage equipment, mostly relies on the utilization of
carbon steel and its variants. This preference is attributed to their great mechanical properties, low cost, and widespread availability,
rendering them suitable for deployment in both soil and underwater environments [2]. Consequently, within the oil and gas industry,
ensuring the safety of these pipelines, equipment, and facilities emerges as a vital concern, aiming to extend their operational lifespan
and enhance durability. Despite regular maintenance, these materials remain vulnerable to wear and damage over time, primarily due
to corrosion. In order to retard and mitigate corrosion and prolong the lifespan of this equipment’s and pipelines, the use of corrosion
inhibitors becomes inevitable. Corrosion inhibitors work by changing the metallic surface through the adsorption of inhibitor mole-
cules, creating a barrier between the metal and corrosive agents These molecules attach to the metal surface in a manner specific to
their nature. Metal oxide inhibitors are commonly tested at concentrations ranging from 50 to 200 ppm in an electrolyte. The steel
usually gets tested in the presence of HCI to establish the link between the Cl™ concentration in the electrolyte and the appropriate
inhibitor concentration required to prevent steel corrosion [3].

Lately, research has been directed toward the use of sustainable materials for corrosion mitigation. For this reason, metal oxide
nanoparticles have grabbed attention owing to their potential for wide application across various fields, such as energy [4], photo-
catalysis [5], biomedicine [6], agriculture [7], and corrosion inhibition [8]. Numerous researchers have reported a variety of studies
showing good results regarding the use of ZnO NPs as a protective method against corrosion [9,10]. However, the investigation of ZnO
NPs fabricated via the non-thermal plasma technique and annealed at 773 K for the purpose of inhibiting X60 API 5L steel has not been
reported so far.

In the last few decades, various techniques have been reported for the synthesis of ZnO NPs, each showing different yields and
scalability [11-14]. These techniques include the sol-gel [15], energy ball milling [16], gas-phase conversion [17], ultrasound-assisted
[18], chemical vapor deposition [19], electrodeposition [20], and green synthesis method [21]. However, majority of these techniques
have certain limitations, such as low product yield, time-consuming procedures, the presence of toxic impurities due to the utilization
of chemical reagents during the synthesis process, and high production costs. To overcome these challenges, a novel synthesis
approach has been developed, offering advantages that surpass those associated with the previously mentioned techniques. This
method utilizes non-thermal plasma (NTP), particularly the Gliding Arc Discharge-assisted (GAD) technique, for the synthesis of ZnO
nanoparticles.

The primary aim of this research is to synthesize ZnO NPs using non-thermal plasma technique to mitigate corrosion in X60 API 5L
carbon steel exposed to a 1M HCl medium. To confirm the success of the synthesis protocol, the optical, morphological, and structural
properties of the NPs were explored through UV-visible (UV-vis), Fourier Transform Infrared (FT-IR), X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray Spectroscopy (EDX), Transmission Electron Microscopy (TEM) and
X-ray Photoelectron Spectroscopy (XPS) techniques. Furthermore, the inhibition efficiency of ZnO NPs for X60 AP ISL carbon steel in
the 1M HCI solution was assessed through electrochemical studies, varying two key parameters: i.e., concentration and temperature.
Additionally, Atomic Force Microscopy (AFM) and Field Emission Scanning Electron Microscopy (FE-SEM) were employed to analyze
the substrate’s surface morphology and the adsorption mechanism of the ZnO NPs film on X60 API 5L steel. This study confirms that
ZnO NPs can serve as an effective corrosion inhibitor for X60 API 5L in the 1M HCl medium.

2. Experimental section
2.1. Materials and chemicals

Zinc acetate dihydrate (Zn (CH302)2-2H50) and 37 % analytical grade HCl were purchased from Sigma Aldrich Chemicals (Mis-
souri, USA), and the products were used without further purification. The aggressive stock solution of 1 M HCl medium was prepared
by dilution with distilled water, and the working solutions were prepared by dissolving ZnO NPs in a known volume of the medium to
obtain concentrations of 0, 20, 40, 60, 80, and 100 mg/L.

2.2. Substrate preparation

X60 API 5L steel was used as the working electrode for the corrosion inhibition tests. The chemical composition of the substrate is
mentioned in Table 1 [22,23]. The substrate had dimensions of 1 x 1 cm? and was cut using a machine equipped with a cooling fluid
system to minimize mechanical damage during the cutting procedure. Afterward, it was connected to a copper wire before being
covered with resin to leave a 1 cm? surface of the substrate exposed to the acidic medium. The substrate surface was polished using a
series of SiC papers of different grades (400-2000), then finished with diamond paste in order to obtain a mirror surface, rinsed with
distilled water, and then washed with ethanol and degreased using 70 % acetone. Finally, it was rinsed again with distilled water and
dried under a flow of air for the final preparation prior to each test.
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Fig. 1. (a) XRD pattern, (b) UV-vis absorption spectrum, and (c) Tauc’s plot of ZnO NPs synthesized via the nonthermal plasma technique and
annealed at 773K.

2.3. Synthesis of ZnO nanoparticles

The GAD reactor used for the synthesis of ZnO NPs comprise of symmetric pair of 304L SS electrodes connected to a high-voltage
transformer that delivered a 9 KV current, along with a compressor that supplied 16 L/min of humid air saturated with water as the
feeding gas [24,25]. This synthesis method was chosen for its ability to yield nanoparticles with high purity and its efficiency in
preventing the generation of harmful byproducts. Approximately, 2g of zinc acetate dehydrate was taken as a precursor for nano-
particle synthesis due to its stability and high-water solubility. The precursor was placed in 100 ml of distilled water and stirred for 10
min at room temperature until complete dissolution was achieved. The feeding gas nozzle and the GAD reactor electrodes were
positioned at 5 cm above the designated solution while continuously stirred under atmospheric pressure for 15 min exposure to the
plasma discharge. Afterward, the GAD discharge was turned off, and the resulting cloudy solution was dried on a hotplate at 100 °C
(373.15 K), and then annealed at 500 °C (773.15 K) for 4 h. This process was repeated multiple times, and the resulting ZnO NPs were
then ground into fine powder.

2.4. Characterization

Several methods were employed to characterize the structure, chemical composition, size, optical properties, and crystallography
of the as-prepared ZnO nanoparticles. The crystalline nature and phase of ZnO NPs were examined using the X-ray Bruker Diffrac-
tometer Bruker D8 Advance target, alongside copper Kal and a monochromator (A = 1.5405 A) at 40 kV and 40 mA. The NPs were
prepared and analyzed according to earlier study. The UV-vis absorption spectrum of the prepared ZnO NPs in a 1 M HCl solvent was
taken in a 1 cm thick quartz cell through a UNICAM UV 300 spectrophotometer (Made in USA). Electronic spectra were plotted in the
wavelength range between 250 and 800 nm. The morphology of the ZnO NPs was studied with scanning electron microscopy (SEM)
using a ZEISS EVO 15 microscope Germany, coupled with an X-ray spectrometer energy dispersive (EDX) using a 6490 LA detector.
The EDX analysis included both EDS mapping and EDX spectrum along with the atomic% and weight% composition of Zn and O
elements in the ZnO NPs. The elemental chemical states of the ZnO NPs were investigated via the XPS (thermos-ESCALAB-250XI, USA)
equipment. Adventitious carbon contamination with binding energy of 284.4 eV was used as a charge reference for the measurement of
XPS spectra. The surface morphology of API 5L X60 was examined using field emission scanning electron microscopy (FE-SEM) using
the SEM-TM1000 Hitachi Model and atomic force microscopy (AFM) with Bruker’s Dimension Icon. The investigation aimed to
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Fig. 2. (a, b) SEM micrographs, and (c, d) TEM images of ZnO NPs.

observe the film formation and to understand the surface behavior of the substrate after immersion in 1M HCI, for both uninhibited and
inhibited with an effective concentration of 100 mg/L of ZnO NPs. The immersion times for evaluation were 24 h and 5 h in the
aggressive media, respectively. The substrates were prepared following the protocol outlined in the substrate preparation section.

2.5. Electrochemical measurements

The inhibitory effects of ZnO nanoparticles on the corrosion of API 5L X60 carbon steel in 1M HCl medium were evaluated using an
electrochemical Pyrex cell with a volume of 50 cm®, which had a three-electrode setup. An Ag/AgCl saturated KCl served as a reference
electrode, a 2 cm? platinum plate as a counter electrode, and a 1 x 1 em? square shaped plate of API 5L X60 steel surface covered with
resin as the working electrode. The electrochemical analysis and polarization corrosion tests were assessed under 1 M HCI solution,
with two crucial parameters being varied: (i) the inhibitor’s concentration and (ii) the temperature.

(i) Concentration effect of ZnO NPs inhibitor was investigated by immersing them in solutions with concentrations ranging from
0 to 100 mg/L at room temperature for a duration of 60 min.

(i) Temperature effect was investigated at various temperatures (i.e., 298, 303, 313, 323, and 333 K) using a water bath with a
thermostat. The experiments were conducted using the optimal concentration of 100 mg/L of ZnO NPs.

The experiments were conducted using an Interface Volta Lab PGZ301, France, piloted with Volta master 4 analysis software. A
potential scan rate for polarization corrosion tests (PDP) was 1 mV/s and an impedance frequency for electrochemical impedance
spectra (EIS) ranged from 100 kHz to 10 mHz, and a signal amplitude perturbation of 10 mV, to determine the corrosion rate and
inhibition efficiency.

3. Results and discussion
3.1. Structural characterization and chemical composition

X-ray diffraction analysis was performed to explore the characteristic diffraction peaks of ZnO NPs synthesized via the non-thermal
plasma technique. Fig. 1a reveals distinct peaks at 26 values of 31.86°, 34.54°, and 36.36°, indicating hexagonal wurtzite structure of

the as-prepared ZnO NPs. Additionally, other peaks are observed at 260 values of 47.66°, 56.71°, 62.99°, 66.48°, 68.08°, 69.22°, 72.72°,
and 77.09°, corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) crystallographic planes
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Fig. 3. (a—c) EDS elemental mapping, and (d) Energy Dispersive X-ray spectrum of ZnO NPs.
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Fig. 4. (a) XPS survey spectrum, (b) high resolution Zn2p XPS, and (c) high resolution O1s XPS of ZnO NPs annealed at 773K.

of ZnO NPs, respectively. This confirms the polycrystalline nature of the sample [26]. These values are in good agreement with the data
recorded in the JCPDS file 01-075-0576. The crystallite size (D) was determined through the Debye-Scherer equation [27]. In this
equation, “\” represents the wavelength (1.54060 A), “K” represents the Debye-Scherer’s constant (K ~ 0.91), “0” is the Bragg’s angle
at which the (101) peak was observed, “#” is the peak full width at half maximum (in radians), and “D” is the average crystallite size.
From XRD pattern, the crystallite size of ZnO NPs was calculated to be 24.41 nm. Consequently, the decrease in crystallite size
indirectly results in an increase in the specific surface area, which holds great potential in corrosion mitigation application [28].
Furthermore, the presence of intense and sharp peak shapes, along with the absence of any impurity peaks confirms that the
as-prepared ZnO NPs are of fine grade and high purity [29]. This observation can be attributed to the exclusion of any chemical solvent
during the synthesis process.

Fig. 1b depicts the UV-visible absorption spectrum of the as-prepared ZnO NPs recorded in the wavelength range of 250-800 nm.
The ZnO NPs shows an absorption peak centering at 365 nm, corresponding to the energy band gap of 3.29 eV, according to the widely
accepted energy band gap equation: E; = 1240/A. The optical band gap energy of the as-synthesized ZnO NPs was further confirmed by
extrapolating the linear portion of the Tauc plot of (ahv)? versus (hv) according to the Tauc equation (equation (1)) as follows [30]:

(¢hv)® =D (ho - Ep) )

In the above equation, “E,” is the optical band gap of the sample, “hv” is the incident photon energy, “D” is a constant, and “a” is the
absorption coefficient constant.

Fig. 1cillustrates the Tauc plot of ZnO NPs. As obvious, the NPs exhibit an energy band gap of 3.29 eV. This value suggests that ZnO
NPs possess a relatively wide band gap, reflecting their good optical and electronic properties. The observed band gap falls within the
reported band gap range of 3.10-3.37 eV for bulk ZnO [31]. The obtained value of the band gap for ZnO NPs can be attributed to
multiple factors, such as particle size, the presence of vacancies, and the crystalline structure [32].

Fig. 2a, b illustrates the SEM micrographs of the as-prepared ZnO NPs. It can be seen clearly that the ZnO NPs display a spherical
morphology with average particles size in the range of 20-30 nm. Notably, the nanocrystalline particles are agglomerated. Further-
more, these nanoparticles exhibit notable porosity [33]. The morphological structure of ZnO NPs was further investigated via the
Transmission Electron Microscopy (TEM) technique. The TEM images of ZnO NPs (Fig. 2¢ and d) reveal polymorphic nature. Further,
the nanoparticles tend to agglomerate, showing various sizes and shapes. The nanoparticles reveal different morphologies appearing in
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Fig. 5. Tafel plots of API 5L X60 in an uninhibited 1M HCI solution and inhibited with various concentrations of ZnO NPs.

Table 2

Polarization parameters for X60 API 5L in an uninhibited 1M HCI solution and when inhibited with various concentrations of ZnO NPs.
C(mg/L) E o icor (mA.cm~?) Ba (mV-dec™ 1) —PBe (mV-dec™ ) 0 EI%
Blank 436.1 2.40 82.2 87.7 / /
20 418.4 0.42 93.4 98.7 0.8232 82.32
40 424.2 0.36 58.1 92.9 0.8472 84.72
60 485.4 0.26 76.2 86.6 0.8914 89.14
80 447.4 0.21 83.5 110.7 0.9124 91.24
100 432.7 0.15 99.7 89.6 0.9350 93.50

near-spheroids, elongated rods, hexagonal prisms, and polyhedral forms. This variation in the shape and size of ZnO nanoparticles is
attributed to the used synthesis method [34]. The gradual release of highly reactive hydroxyl radical ("OH) during the plasma reaction
and their interaction with the target solution is found to promote the aggregation of the ZnO NPs [35].

Fig. 3a—c reveals the EDS elemental mappings of the ZnO NPs. As obvious, the Zn and O elements are uniformly distributed in the
ZnO NPs. Furthermore, the EDX spectrum of ZnO NPs (Fig. 3d) clearly indicate that the weight percentage of oxygen (O) and zinc (Zn)
in the as-prepared ZnO NPs is 27.29 and 72.71 %, respectively. As obvious, no impurity peaks can be observed in the EDX spectrum of
ZnO NPs, further validating its high purity [36].

Fig. 4(a—c) present the XPS spectra of ZnO NPs synthesized via nonthermal plasma technique. The XPS survey spectrum of ZnO NPs
(Fig. 4a) confirms the presence of only zinc and oxygen elements. Fig. 4b reveals two distinct and symmetric peaks within the Zn 2p
spectrum, at binding energies of 1044.34 eV (Zn 2p;/3) and 1021.2 eV (Zn 2p3,»), indicating the 2+ oxidation state of Zn in the ZnO
NPs [37]. Fig. 4c reveals the deconvoluted O 1s spectrum with two Gaussian components at 530.07 and 531.27 eV, which can be
attributed to chemisorbed oxygen species and lattice oxygen within the wurtzite structure of hexagonal ZnO, respectively [38]. These
findings demonstrate that the chemical structure of ZnO NPs is predominantly comprised of zinc in the (+2) oxidation state and oxygen
in the form of O?~. This confirms the high quality and purity of the ZnO NPs, and validating that the nonthermal plasma synthesis
technique is a promising method for producing ZnO NPs with minimal impurities and defects.

3.2. Corrosion kinetics study

3.2.1. Polarization of concentration effect

Fig. 5 depicts the polarization plots obtained for X60 API-5L steel in an uninhibited 1M HCI solution and inhibited with various
concentrations of ZnO NPs, which were tested at 298K (24.85 °C). The corrosion measurement parameters, including corrosion po-
tential (E.r), cathodic and anodic Tafel slopes (f. and fa), recovery rate (), inhibition efficiency (EI %), and corrosion current
densities (i) are summarized in Table 2.

The recovery rate and inhibition efficiency were determined for different concentrations of ZnO NPs in 1M HCI as expressed by
equation (2) [39,40] and equation (3) [12]:

0= (icorr - icorr (inh)/ icorr) (2)
EI (%) =6 x 100 3

In equation (2), i,,rrand ig,rr (inn) represents the values of the substrate corrosion current density obtained by analyzing the Tafel plots in
an uninhibited 1M HCI solution and inhibited with different concentrations of ZnO NPs, respectively.
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Fig. 6. EIS Nyquist curves for X60 API 5L steel uninhibited 1M HCI and inhibited with various concentration of ZnO NPs at 298K, (insert: Electrical
Circuit used to Model the Impedance Diagram).

Table 3

EIS parameters data X60 API 5L steel uninhibited 1M HCI and inhibited with ZnO NPs in various concentrations at 298K.
C (mg/L) Rs (Q-cm™?) Ret (Q-cm™2) Cq (mF-cm™2) 0 EI (%)
Blank 0.88 10.48 1.51 / /
20 0.62 60.63 0.23 0.8271 82.71
40 0.55 74.56 0.24 0.8594 85.94
60 0.39 100.6 0.18 0.8958 89.58
80 0.24 121.0 0.16 0.9133 91.33
100 0.19 165.3 0.06 0.9366 93.66

As obvious, the addition of ZnO NPs had an impact on the two partial corrosion reactions, resulting in a decrease in both the
cathodic and anodic current densities. Additionally, there was a slight displacement of the E. . These findings suggest that the in-
hibition process occurs through the adsorption of ZnO NPs on the steel surface, indicating that ZnO NPs influence the kinetics of
hydrogen reduction and metal dissolution.

Table 2 illustrates that the introduction of ZnO NPs results in irregular changes in the anodic (fa) and cathodic (fc) Tafel slopes.
Both fa and fc exhibit similar patterns of change, which suggests that ZnO NPs function as an effective mixed-type inhibitor, influ-
encing both anodic and cathodic reactions. Additionally, the corrosion current densities (i) for the inhibited solutions are signifi-
cantly lower compared to the uninhibited solution. This reduction in i..rr indicates a higher surface coverage (), achieved by the ZnO
NPs blocking the active sites on the carbon steel surface, thereby reducing the overall corrosion rate. These observations indicate that
the inhibitor displays an increasing inhibitory efficiency (EI%) at higher concentrations, reaching an optimum value of 93.50 % with a
concentration of 100 mg/L. Consequently, these findings confirm the efficiency of ZnO NPs in inhibiting the corrosion of X60 API 5L
steel in a 1M HCl solution.

3.2.2. EIS study of concentration effect

Fig. 6 depicts the EIS response of X60 API 5L steel in 1M HCI, both uninhibited and inhibited with varying concentrations of ZnO
NPs. Analysis of the EIS Nyquist plots reveals a semi-circular shape that increases in diameter as the concentration of ZnO NPs in-
creases. This phenomenon can be attributed to the accelerated inhibition rate on the carbon steel surface, effectively retarding the
corrosion process. Moreover, adding ZnO NPs at varying concentrations does not alter the shape of the impedance curves, indicating
that the mechanism by which ZnO NPs inhibit corrosion remains consistent across different concentrations. The imperfect semi-circles
are often associated with frequency dispersion caused by the rigidity or irregularity of the metal surface. The observed plots are
represented in the real part (Z') and imaginary part (Z") of the EIS Nyquist plot [41].

Table 3 shows the corrosion parameters such as the capacity of the double layer (Cq4) and the charge transfer resistance (R,
determined at low and high frequencies, and the inhibition efficacy was calculated using equation (4) as follows [42]:

EI (%) = (Retinn — Retplank)/Retinn x 100 4

Where, Reipiank) and Rercinny are the values of X60 API 5L charge transfer resistance for the uninhibited 1M HCI solution and inhibited
with ZnO NPs, respectively. The Cq values were calculated using equation (5) as follows [43]:

Cai = 1/[2nf(-Zmax)] x Ret 5)

Where, f is the frequency on the EIS Nyquist plot when the imaginary value reaches its maximum. Several kinetic models of equivalent
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Fig. 7. (a) Bode diagram, and (b) phase angle curves of corrosion of X60 APISL steel in 1M HCI with different concentration of the ZnO NPs at
298 K.

electrical circuits were tested in order to determine the most relevant to simulate the behavior of the interface of the studied systems.
Most of the results obtained were unsatisfactory. After several attempts, the best fits have a correlation coefficient y? = 0.95211 using
the equivalent electrical circuit.

Fig. 7a, b shows the Bode diagram and the phase angle, respectively. Fig. 7a indicates the presence of an equivalent circuit that
contains a single-phase element constant between the metal and solution interface for X60 API 5L steel in 1M HCL, in case of the both
uninhibited and inhibited states, with different concentration of ZnO NPs. The Bode diagrams demonstrate an increase in the absolute
impedance at low frequencies, confirming that the mitigation of corrosion is better at higher concentration of ZnO NPs. On the other
hand, Fig. 7b illustrates a single-phase curve in the central frequency range. This indicates the presence of a unique constant, which is
associated with the electrical double layer [44].

Table 3 presents the EIS data for X60 API 5L steel in a 1M HCI corrosive solution for both uninhibited and inhibited ZnO NPs with
various concentrations at 298K. The measurements of Cq revealed a decrease in values as the concentration of ZnO NPs increased. This
decrease can be attributed to the displacement of water molecules due to NP adsorption, which leads to the formation of a protective
barrier film. Consequently, inhibition efficiency is enhanced, which results in a slowdown of the corrosion process. These findings align
with the results of polarization tests, which demonstrated a parallel increase in inhibition effectiveness with increasing ZnO NPs
concentration, reaching an optimum efficiency of 93.66 % at a concentration of 100 mg/L.

Several studies have explored the use of ZnO NPs as corrosion inhibitors for protecting carbon steel. For instance, Yong et al.
investigated ZnO as a corrosion inhibitor in magnesium ammonium phosphate cement (MAPC) coatings. Their study aimed to enhance
the anticorrosive performance of MAPC coatings by incorporating varying amounts of ZnO and applying this modified coating to Q235
steel, which was then immersed in a 3.5 % NaCl solution for 28 days. They reported a significantly higher polarization resistance for
the ZnO-modified coating, which was 78 % greater efficiency compared to the unmodified coating [45]. In another study, Al-Senani
et al. reported the synthesis of ZnO nanoparticles using an extract from Convolvulus arvensis leaves and utilized in corrosion inhibition
of carbon steel in a 1 M HCl solution. They evaluated the efficiency using the weight loss method, which revealed an increase with ZnO
nanoparticle concentration, peaking at approximately 91 % for 120 mg/L and 90 % for 90 ppm [46]. Similarly, Al-Dahiri et al.
investigated the use of Myrrh and ZNO nanoparticles with an average diameter of 75 nm, as corrosion inhibitors for carbon steel in the
same 1.0 M HCI solution. The ZnO NPs demonstrated higher inhibition efficiency compared to the Myrrh, achieving up to 89.88 %
based on PDP and 92.25 % based on the EIS measurements at 200 mg/L. At a concentration of 100 mg/L, consistent with our study,
ZnO NPs exhibited inhibition efficiency of 79.75 % based on the PDP and 87.20 % based on the EIS measurements [47].

Other studies explored the use of both inorganic and organic substances as corrosion inhibitors. For instance, Zhang et al. explored
the use of Sb quantum dots (SQDs) containing Sb204, Sb20O3, Sb, and carbon as water-soluble corrosion inhibitors for protecting Q235
steel surfaces in a 0.5 M HySO4 acidic medium. Using electrochemical methods, they observed a corrosion inhibition efficiency of 89.2
% for DPP tests at a concentration of 200 mg/L [48]. This concentration is double than the dose used in the current study, which
exhibited lower inhibition efficiency. Most of these concentrations are higher than those used in our study but revealed lower effi-
ciency compared to the results obtained using ZnO nanoparticles synthesized via the NTP, i.e., 93 % efficiency at 100 mg/L. This
difference can likely be attributed to the high purity and crystallinity of the ZnO NPs produced via the NTP method, which resulted in
small crystallite size and enhanced surface reactivity, and favored superior corrosion protection and inhibition properties [49].

3.2.3. Polarization at 298K-333K

Temperature is an important factor that can simultaneously modify the behavior of inhibitors and substrates in aggressive envi-
ronments, particularly at high temperatures. As the temperature increases, the inhibitory desorption and rapid dissolution of the
formed complexes become more favorable, resulting in a weakening of the corrosion resistance of carbon steel [50,51]. Given this
importance, the present study also aims to explore the effect of temperature on the inhibition effectiveness of ZnO NPs for the pro-
tection of X60 API 5L steel in a 1M HCI solution. The tests were conducted with a 60 min immersion time using polarization tests and
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Fig. 8. Polarization curves of X60 API 5L steel uninhibited HCI solution (a) and inhibited with ZnO NPs (b) at varying range of temperatures.

Table 4
Tafel Plots parameters of X60 API-5L steel in 1M HCI uninhibited and containing 100 mg/L ZnO NPs at various temperatures.
C (mg/L) Temperature (K) —Ecorr (V) icorr (mA~cm’2) Pa (mV) —f. (mV) EI %
Blank 298 436.0 2.4091 82.2 87.7 /
303 449 0.9 3.6705 98.8 197.2 /
313 447.6 7.6244 102.2 221.4 /
323 448.1 11.589 106.6 183.9 /
333 446.1 26.299 196.6 231.3 /
100 mg/L 298 432.7 0.1564 99.7 89.6 93.50
303 452.7 0.3675 100.4 118.2 89.98
313 477.9 1.0698 213.5 106.3 85.96
323 463.5 3.0232 148.3 83.6 73.91
333 448.9 9.9482 209.9 108.1 62.17
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Fig. 9. EIS Nyquist plots for X60 API 5L steel in 1 M HCI uninhibited (a), and containing 100 mg/L ZnO NPs (b) at various temperatures.

impedance analysis. Both tests were performed without and with the addition of the optimum concentration of 100 mg/L ZnO NPs at
temperatures ranging from 298K to 333K. Fig. 8a, b demonstrates that the anodic and cathodic plots exhibit a similar mechanism
regarding proton reduction and carbon steel dissolution. The corrosion potential shows a negative shift with increasing temperature in
the absence of inhibitors, suggesting an inclination towards accelerated corrosion rates and higher metal dissolution rates at elevated
temperatures. However, the presence of ZnO NPs in the HCI solution induces a notable shift towards positive values, even with the rise
in temperature, suggesting that the addition of ZnO NPs influences the corrosion potential of X60 API 5L steel.

Table 4 reveals the corrosion behavior of X60 API-5L steel in uninhibited 1M HCI environment and the effect of the inhibitor [52].
The corrosion current density shows an increase in the uninhibited medium, indicating a higher corrosion rate. While, after the
addition of 100 mg/L ZnO NPs, a significant decrease in corrosion current density is observed even at higher temperatures. This
suggests that ZnO NPs effectively inhibit corrosion. Furthermore, the Tafel slopes in the absence of the inhibitor indicate lower
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Table 5
EIS characteristics of X60 API 5L steel in 1M HCI uninhibited and containing 100 mg/L ZnO NPs at various temperatures.
C (mg/L) Temperature (K) Rs (ohm-cm™2) Rct (ohm-cm™2) Cdl (mF-cm™2) EI (%)
Blank 298 0.887 10.48 1517 /
303 0.793 7.019 0.2856 /
313 0.764 4.114 0.3867 /
323 0.6607 1.9113 0.2102 /
333 0.2182 1.13 0.1822 /
100 mg/L 298 0.1957 165.3 0.0684 93.66
303 0.7465 76.02 0.3233 90.76
313 0.551 30.91 0.4548 86.69
323 0.3114 7.56 0.5651 74.71
333 0.2324 3.01 0.6144 62.45
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Fig. 10. (a) Arrhenius diagrams of X60 API 5L steel in 1M HCI uninhibited and containing 100 mg/L ZnO NPs at various temperatures (b) Plots of
transition states of X60 API 5L steel in 1M HCI uninhibited and containing 100 mg/L ZnO NPs at various temperatures.

polarization resistance, suggesting faster corrosion kinetics. However, after incorporating ZnO NPs, a significant improvement in the
corrosion protection is observed. Although the inhibition efficiency of ZnO NPs shows a minor decrease with increasing temperature,
these results highlight the effectiveness of ZnO NPs in protecting X60 API 5L steel in 1M HCI acidic environments at elevated tem-
peratures [53].

3.2.4. EIS at 298k—333K

Fig. 9a, b depicts the EIS Nyquist plots for X60 API 5L after immersion in 1M blank HCI solution and an inhibited solution with 100
mg/L ZnO NPs for 60 min of immersion time, at temperatures varying between 298 and 333K. The EIS characteristics for the corrosion
of X60 API 5L steel in 1M HCI, both in the uninhibited solution and containing 100 mg/L ZnO NPs at different temperatures are
summarized in Table 5. It is clear that the charge transfer resistance decreases with the rise in temperature for the blank solution,
suggesting higher corrosion susceptibility. However, R increases after the addition of ZnO NPs, while the Cy decreases for each
temperature. Additionally, it is observed that R, decreases as a function of temperature, consequently leading to a slower rate of
inhibition. This can be explained by the desorption of the inhibitor’s molecules from the X60 API 5L steel surface. In conclusion, the
addition of ZnO NPs provided effective corrosion protection at elevated temperatures, demonstrating their potential as a corrosion
inhibitor for X60 API 5L steel in 1M HCI acidic media. These findings align with those found previously by potentiodynamic
polarization.

3.2.5. Activation energy

The activation energy was examined to assess the impact of temperature on the corrosion of X60 API 5L steel in a blank 1M HCI
medium and inhibited with ZnO NPs. The corrosion rate demonstrated a significant dependence on temperature, following an
Arrhenius-type behavior of first-order kinetics. These findings were utilized to compute the activation energy via equation (6) [54]:

Eq = -(RT/2.303) x In (icorr/k) (6)

Where, R is the gas constant (8.314 J mol 'K, T represents the absolute temperature in Kelvin (0 °C = 273K), i o is the corrosion
current density (A. cm~2), K is the pre-exponential factor of the Arrhenius type, and Ea is the apparent activation energy (J.mol ). The
slopes of the Arrhenius equation were used to determine the thermodynamic parameters for X60 API 5L steel in a blank 1M HCl
solution and inhibited with ZnO NPs. An alternative formulation known as the equation of transition state was employed to calculate
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Table 6
Thermodynamic behavior of X60 API 5L steel in 1M HCI uninhibited and containing 100 mg/L ZnO NPs at various temperatures.
Ea (KJ.mol ™) AH, (KJ.mol™ 1) ASa (J.mol ™. K ™)
Blank 47.94 45.63 —83.05
Inhibited 84.23 81.92 -32.25

AHa and ASa following equation (7) [54]:
Icorr = (RT /Nxh) x Exp (-AHa /RT) x Exp (ASa/R) )

Where ASa and AHa represent the activation entropy and enthalpy, respectively. N represents the number of Avogadro, and h represents
the plank constant. Fig. 10 depicts the Arrhenius curves at different temperatures (298-333K). The thermodynamic parameters were
calculated by extrapolating Kags and Ea from Fig. 10b and regrouped in Table 6.

Table 6 presents the thermodynamic behavior of X60 API 5L steel in a 1M HCI blank solution and an inhibited solution. The results
revealed that the addition of 100 mg/L ZnO NPs significantly increased the activation energy Ea. from 47.94 to 84.23 kJ mol ™,
suggesting that the energy barrier of API 5L X60 steel corrosion reaction increased after adding the inhibitor. This augmentation in the
corrosion rate without influencing the inhibition rate process can be attributed to the relative physisorption behavior through elec-
trostatic interactions between the adsorbed ZnO NPs inhibitor and the X60 API 5L steel surface. The higher activation energy values
can also be ascribed to the augmentation of double layer thickness [55]. The positive value of the activation enthalpy AHa (81.92 k J
mol’l) is greater than that found in the uninhibited solution (45.63 k J mol’l), reflecting the spontaneous and endothermic nature of
the X60 API 5L steel dissolution processes. The negative activation entropy ASa values (—83.05 and —32.25 J mol~! K1) indicate a
decrease in disorder or heterogeneity during the corrosion process with the presence of ZnO NPs, potentially reducing the degree of
disorder due to the substitution of the water molecules desorbed from the metal surface by the inhibitor molecules [56,57]. These
results confirm that ZnO NPs are efficient corrosion inhibitors for X60 API 5L steel in a 1M HCI environment.

3.3. Adsorption isotherm

The interaction between X60 API 5L steel and ZnO NPs molecules can be effectively examined using adsorption isotherms. Various
adsorption isotherm models, such as Langmuir, Freundlich, Temkin, and Frumkin, were examined at a temperature of 298K to
investigate the adsorption mechanism of ZnO NPs on the carbon steel surface.

The Langmuir isotherm assumes monolayer adsorption of inhibitor molecules onto specific sites on the metal surface. Where each
site can hold only one inhibitor molecule without interactions between adsorbed molecules. The Langmuir equation (equation (8)) can
be expressed as follow [58]:

0/(1-0)=Kc (8)
Where “K” is the Langmuir adsorption constant, “C” is the inhibitor concentration in the bulk aggressive media, and “6” is the fraction

of the surface covered by the inhibitor, and “m” is the slope of the Cj,,/6 Vs C. The Langmuir equation can be explained in linear form
using equation (9) as follows [58]:

Cn /0= 1/K +me ©
On the other hand, the Freundlich isotherm describes multilayer adsorption of the tested inhibitor onto the steel surface, and it can
be expressed by equation (10) as follows [59]:
1
0=K;. Cypn (10)

Where K; represents the Freundlich equilibrium constant, C is the inhibitor concentration, 6 is the surface coverage, and 1/n reflects
surface heterogeneity. The Freundlich equation can be explained on linear form using equation (11) as follows [60]:

log0=1og Ky + 1 /n (log Cin) (11)

The Temkin isotherm considers the enthalpy change due to inhibitor interactions. Where all molecules in the layer decrease linearly

with coverage due to inhibitor-inhibitor interactions, and can be explained by equation (12) as follows [61]:

Where ¢ is the surface coverage, b is the adsorption potential, R is the gas constant, T is the Temperature, and K is the equilibrium
constant. The Temkin equation can be explained on linear form using equation (13) as follows [61]:

RT RT

B In(K) +? In(Cip) (13)

The Frumkin isotherm includes an interaction parameter to account for attractions or repulsions between adsorbed inhibitor

0=

11
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Fig. 11. Adsorption isotherms (a) Langmuir, (b) Freundlish, (¢) Temkin, and (d) Frumkin for X60 API 5L steel in 1M HCI inhibited with 100 mg/L
ZnO NPs at 298K.

molecules. This can be expressed by equation (14) as follows [62]:

Where Cjp, is the inhibitor concentration, 6 is the surface coverage, Kqq; is the equilibrium constant, and a is the interaction parameter.
The Frumkin equation can be explained on linear form using equation (15) as follows [62]:

0
In (1 — 9) =1In(Kygs) + 2a0 (15)

Testing these isotherms is crucial for understanding the adsorption mechanisms, the interaction between the inhibitor and the
metal surface, and identifying the most appropriate model. All the tested isotherms (i.e., Langmuir, Freundlish, Temkin, and Frumkin)
were plotted, as shown in Fig. 11a—d respectively, and fitted to determine the most suitable isotherm for X60 API 5L steel inhibition in
1M HCI at 298K. The Langmuir adsorption model was found to be the most suitable for the optimum concentration of 100 mg/L,
exhibiting a high linear regression coefficient (R? = 0.99). The Langmuir adsorption isotherm was constructed using (Cinn/6) as a
function of Cinn. The recovery rates (¢) were obtained from polarization curves, which were determined for various concentrations of
ZnO NPs in the aggressive 1M HCl medium at a temperature of 298K as expressed by equation (9) [58].

The thermodynamic parameters were plotted using the Langmuir adsorption isotherm (Ci,n/0) as a function of Ci,, to extrapolate
the value of Kqgs, which was determined to be 1.64 x 10* M-1. This value is directly related to the AGgygs adsorption standard free
enthalpy, expressed by equation (16) as follows [58]:

AGugs = — RT In (Kags Crzo) (16)

Where, AGags represents the standard free energy of adsorption. R (8.314 J mol K1) is denoted as the value of the universal gas
constant, T is the room temperature in Kelvin (298K), and Cyyo represents the concentration of solvent in this case water (Cpzo =
55.55 mol 1’1) in the solution [62].

The calculated AGags value of —33.99 kJ/mol obtained for the interaction between X60 API 5L steel and ZnO NPs molecules in a
corrosive medium of 1M HCl indicates a favorable adsorption process. The negative value suggests that the adsorption is spontaneous
and thermodynamically favorable. This finding implies that the ZnO NPs molecules have a strong affinity for the surface of X60 API 5L
steel in an acidic environment. This affinity leads to the creation of a protective barrier film on the carbon steel surface, effectively

12
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Fig. 12. FE-SEM morphologies of X60 API 5L steel after immersing in 1M HCI (a) nude surface, (b) uninhibited and (b) inhibited with ZnO NPs at
298 K.

retarding corrosion and inhibiting metal dissolution. These observations suggest that the adsorption of ZnO NPs on the steel surface is
primarily of a physical nature.

3.4. Surface characterization using FE-SEM and AFM analysis

Field emission scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM) were employed to examine the surface
characteristics of the X60 API 5L steel. Their purpose was to provide visual representations of the film formed on the metal surface and
the topological changes resulting from exposure to corrosive environments, as well as the subsequent formation of a protective film.
The objective was to observe the alterations in the corrosion process by comparing the polished steel, uninhibited and inhibited carbon
steel specimens treated with the optimum concentration of ZnO NPs with FE-SEM and AFM. Fig. 12a—c presents the FE-SEM surface
morphology of X60 API 5L steel in both nude and immersed conditions for 24 h in a 1M HCl solution, with and without 100 mg/L ZnO
NPs corrosion inhibitor. The polished substrate surface exhibited scratch lines that occurred during the polishing process, while the
uninhibited corrosive solution resulted in an irregular, pitted, and severely corroded surface. In the case of the inhibited aggressive
solution, the surface displayed a more homogenous, smooth surface with fewer pits owing to the formation of a protective layer of the
inhibitor on the substrate surface [63,64]. AFM analysis including 3D and 2D topographies confirmed these observations, showing an
average surface roughness of 153.01 nm for the polished specimen (Fig. 13a and b), increasing to 341.19 nm in the untreated corrosive
solution of 1M HCI, exhibiting an irregular and pronouncedly corroded surface (Fig. 13c and d) due to rapid metal dissolution in the
corrosive solution, and reducing to 186.32 nm in the inhibited solution (Fig. 13e and f) due to the formed protective layer of ZnO NPs
[65]. This significant reduction in root Mean Square roughness (RMS) from 341.19 nm to 186.32 nm confirms that ZnO NP is an
efficient corrosion inhibitor for X60 API 5L steel in a 1M HCI corrosive medium.

These findings, supported by FE-SEM, AFM, and electrochemical studies, highlight the potential usage of ZnO NPs for corrosion
inhibition of X60 API 5L steel in a 1M HCl environment. The corrosion mitigation mechanism is attributed to the adsorption of these
nanoparticles onto the steel surface, which forms a protective barrier. Where, the primary mechanism involves the physical adsorption
of ZnO NPs onto the steel surface, as indicated by the negative values of AG44s, Which suggest a spontaneous and thermodynamically
favorable adsorption process. This adsorption creates a film that hinders the active sites on the steel surface, effectively blocking these
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Fig. 13. AFM topographies of X60 API 5L steel after immersing in 1M HCl (a, b) nude surface, (c, d) uninhibited and (e, f) inhibited with ZnO NPs at
298 K.

sites from corrosive species such as H* and Cl ions, thereby reducing both anodic metal dissolution and cathodic hydrogen evolution
reactions [66]. Additionally, ZnO NPs act as a mixed-type inhibitor, impacting both anodic and cathodic reactions. Anodic inhibition
occurs as ZnO NPs block anodic sites, reducing the dissolution rate of iron (Fe) into ferrous ions (Fe?*). Cathodic inhibition is achieved
by impeding hydrogen ion (H*) access to the steel surface, thereby slowing down hydrogen evolution [67]. The increase in the diameter
of the Nyquist plots in the EIS analysis with higher ZnO NPs concentrations further supports the formation of a stable and effective
protective layer that enhances resistance to corrosion. This protective film mitigates corrosive attack by forming a physical barrier that
retards the mass transport of corrosive species to the metal surface, leading to a significant reduction in corrosion current density and
an improvement in surface coverage and inhibition efficiency. The ability of ZnO NPs to form a consistent and adherent film on the
steel surface, as evidenced by FE-SEM and AFM analyses, further validates their role as a highly effective corrosion inhibitor for X60
API 5L carbon steel in a 1M HCI aggressive solution.

4. Conclusion

The assessment of the inhibitory properties of ZnO nanoparticles synthesized using NTP-GAD on an X60 5L API in a corrosive 1M
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HCI environment using various characterization techniques. XRD revealed the hexagonal wurtzite structure and a particle size of
24.41 nm, EDX spectra verified the formation of ZnO NPs, with element weight percentages of oxygen and zinc in the as-prepared ZnO
NPs of 27.29 and 72.71 %, and XPS analysis confirmed that zinc is predominantly in the Zn?" oxidation state and oxygen is in the form
of the oxide 0?~. ZnO NPs demonstrated excellent optical and electronic properties, with a wide band gap of 3.29 eV, as shown in the
Tauc plot. Electrochemical impedance spectroscopy revealed a significant corrosion inhibition efficiency of 93.66 % at 100 mg/L,
indicating a strong physical adsorption of ZnO NPs onto the steel surface, validated by a negative AGygs value (—33.99 kJ/mol) and the
increased activation energy (Ea) in the presence of ZnO NPs. Furthermore, the study of the carbon steel surface morphology in a 1M
HCl uninhibited solution and inhibited with 100 mg/L of ZnO NPs using FE-SEM and AFM analysis confirms the formation of a uniform
protective layer on the X60 API 5L surface. These findings demonstrated that ZnO NPs synthesized through the NTP-GAD method is a
strong corrosion inhibitor for X60 API 5L steel in a 1M HCI environment.
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