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Abstract

Mitigating mild steel (MS) deterioration within acidic environments is critical for minimizing
economic losses. CuO nanoparticles/arginine/tyrosine (CAT) was synthesized by modifying
CuO nanoparticles with a 10.0 % solution of each arginine and tyrosine, through the use of
ultrasonication. The characterization of CAT was conducted utilizing X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy, transmission electron microscopy and Brunauer-
Emmett-Teller analysis. To investigate MS corrosion in 1.0 M HCI, both potentiodynamic
polarization and electrochemical impedance spectroscopy techniques were employed. The
XRD results indicated the presence of distinct peaks, confirming the crystalline structure of
CAT, with an average crystallite size equal to 39.5 nm. The FTIR band observed within the
range of 580-610 cm™ is likely attributable to Cu-O stretching vibrations. TEM imaging
demonstrated that CAT comprises spherical and well-dispersed particles. Furthermore, the
surface area of CAT was determined to be 221 m? g™, with a pore diameter of 2.137 nm,
indicating its mesoporous nature. The variation in corrosion potential was below 85 mV,
indicating that CAT functioned as a mixed-type inhibitor. The charge transfer resistance rose
from 7.3 2 cm? without CAT to 226.8 2 cm? at 1000 ppm of CAT, demonstrating the
potential of CAT as an inhibitor for MS corrosion in HCl. CuO, arginine, and tyrosine exhibit
HOMO and LUMO properties that could play a significant role in corrosion inhibition.

Keywords
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functionalization

Introduction

Due to its accessibility, relatively low cost, and effectiveness, hydrochloric acid is frequently
utilized in various industrial applications, including acid pickling, cleaning, and descaling of mild
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steel. However, the corrosive properties of concentrated hydrochloric acid can lead to significant
deterioration of mild steel [1,2]. The corrosion of metals represents a critically significant issue that
has led to substantial economic losses across diverse industrial and construction sectors [3]. The use
of corrosion inhibitors has proven effective for corrosion mitigation in diverse media. The
application of corrosion inhibitors represents a potentially simple, rapid, cost-effective, environ-
mentally sustainable, and highly efficient approach to mitigate corrosion of metals and alloys in
numerous media [4,5]. They enhance the longevity of equipment in aggressive environments, allow
low-cost steel to be employed instead of expensive corrosion-resistant alloys, and reduce economic
and health hazards. Environmental regulatory bodies in various nations have enacted strict
regulations and rules pertaining to the use and expulsion of corrosion inhibitors, considering
toxicity, bioaccumulation, and biodegradability conditions, which provokes the search for novel
corrosion inhibitors with negligible or no toxicity. Some corrosion inhibitors are currently banned in
other countries due to their high toxicity. For instance, pigments containing chromium, such as
strontium chromate [6] and zinc chromate, have been comprehensively used for a long time as
anticorrosive pigments with excellent corrosion inhibitive performance. Sadly, chromium (VI) is
carcinogenic due to its high tendency to oxidize organic molecules, provoking its restriction [7,8]. In
addition to chromate, the high toxicity associated with phosphate and arsenic compounds has
prompted the establishment of stringent international regulations that limit their usage. This has
consequently heightened the demand for alternative inhibitors with comparable anticorrosive
qualities while addressing environmental and health issues [5]. The corrosion inhibitor market is
projected to expand from an estimated USD 7.9 billion in 2021 to USD 10.1 billion by 2026, reflecting
a compound annual growth rate of 4.9 % [5].

The corrosion inhibitory effect of plant extracts [9-13], nanomaterials [14-16], organic com-
pounds [17,18], and inorganic compounds [19,20] has been reported. The majority of inorganic
compounds employed as corrosion inhibitors are toxic and difficult to synthesize. The drawbacks of
using plant extracts as corrosion inhibitors include limited solubility in polar electrolytes (predo-
minantly at higher concentrations), wearisome biodegradability, difficult extraction protocols, and
the use of toxic solvents that affect the environment after their expulsion [16,21]. Due to the
intricate nature of synthesis procedures and elevated expenses, the application of organically
synthesized compounds, such as ionic liquids or drugs, for corrosion inhibition may prove to be
economically unfeasible [18].

Metal oxide nanoparticles (such as nanoparticles of ZnO, CuO, Fe;03 and NiO) are receiving
tremendous attention in corrosion inhibition due to their high surface-to-volume ratio and high
surface area compared to their bulk counterparts, along with their interesting mechanical,
electronic, structural, optical and thermal properties [22,23]. A nanomaterial is a material that has
its size or at least one dimension in the nanoscale range of 1 to 100 nm [23]. Nanoparticles are
known to block active sites on a metal surface, resulting in a considerable decrease in corrosion
rates [24]. However, metal oxide nanoparticles have some limitations arising from their tendency to
agglomerate. There are reports on synthesis of metal oxide nanoparticles for various applications.
However, there is a paucity of information on minimizing agglomeration of metal oxide
nanoparticles through functionalization for enhanced efficacy.

Aslam et al. [14] reported the synthesis of ZrO, nanoparticles functionalized with glycine as a
corrosion inhibitor for mild steel in acidic medium. The zirconium oxide nanoparticle/glycine
nanocomposite demonstrated good performance as a corrosion inhibitor for mild steel in acidic
medium. Compounds consisting of numerous heteroatoms such as nitrogen, oxygen and sulfur are
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known to be efficient corrosion inhibitors, especially in acidic media. To this end, metal oxide
nanoparticles functionalized with arginine and tyrosine could offer better protection against mild
steel corrosion. Findings from a comparative computational analysis of the inhibitory efficiency of
the 20 L-amino acids corroborate this notion [25]. Therefore, this study was designed to prepare
CuO nanoparticles/arginine/tyrosine (CAT) nanocomposite, followed by its characterization and
application as a corrosion inhibitor for mild steel in 1 M hydrochloric acid.

Experimental

Synthesis of CuO nanoparticles/arginine/tyrosine nanocomposite

Reagents employed in this study were purchased from commercial suppliers and used without
further purification. The procedure reported by Aslam et al. [14] was reformed and utilised for the
synthesis of CuO nanoparticles/arginine/tyrosine nanocomposite (CAT). One gram of CuO
nanoparticles was poured into 50 mL of distilled water and subjected to ultrasonication for 0.5 h.
100 mL of a 10 % solution of arginine was then infused into the resulting mixture of dispersion of
CuO nanoparticles in distilled water and stirred vigorously for 6 h at 40 °C, followed by
ultrasonication for 1 h. 100 mL of a 10 % solution of tyrosine (in H,0) was then infused into the
resulting mixture, followed by thorough stirring for 6 h at 40 °C and ultrasonication for 1 h. The
product was washed twice, centrifuged and dried in the oven at 45 °C overnight to obtain CAT.

Characterization

The crystalline structure, crystallite size (D), full width at half maximum (FWHM) and morpho-
logical index (Ml) of the synthesized CAT were determined from the X-ray diffraction studies using
a powder X-ray diffractometer (Rigaku miniflex 600 by Rigaku Corporation, Japan). 45 kV was the
operating voltage, while the current utilized was 40 mA. FTIR (Cary 630 by Agilent Technologies Inc)
was carried out in the range of 4000 to 400 cm™ to determine the functionalities present in CAT.
The shape and morphology of CAT were studied using transmission electron microscopy (TEM).
QUANTACHROME NOVA4200e, made in USA, Surface area analyser was used for BET analysis to
describe the physical adsorption of nitrogen gas (i.e. adsorbate) molecules on CAT (adsorbent). The
sample weight was 0.5 g and the outgas time was 3 h. Surface area and pore size distribution were
determined from the analysis. The surface area of CAT was determined using multi-point BET (by N2
adsorption), through parameters obtained from the BET plot [26]. Pore volume and pore size
diameter were determined using the Barret-Joyner-Halenda (BJH) approach.

Electrochemical measurements

Electrochemical analyses were performed in 1 M HCI (electrolyte). An electrochemical assembly,
consisting of mild steel (1 cm?) functioning as the working electrode, a platinum rod as the counter
electrode and a saturated calomel electrode (as reference electrode) was employed for electro-
chemical studies. The electrodes were connected to Autolab galvanostat/potentiostat electroche-
mical workstation, which in turn was connected to a computer. Mild steel of composition
98.835 wt.% Fe, 0.13 wt.% C, 0.18 wt.% Si, 0.39 wt.% Mn, 0.40 wt.% P; 0.04 wt.% S and 0.025 wt.%
Cu was utilized in this study. To prevent charging current and confirm system stability, open circuit
potential (OCP) was recorded for a duration of 30 minutes [27,28]. This is required for the metal to
dissolve at its equilibrium or free potential, which is achieved at a stable OCP. Electrochemical
impedance spectroscopic (EIS) measurements were performed between 100,000 and 0.01 Hz
frequency range. Resistance to charge transfer (Rct) values obtained from EIS were used to compute
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the inhibition efficiency (IE) of CAT [29]. Potentiodynamic polarization (PP) measurements were
determined in the interval of -250 and +250 mV, while the OCP scan rate (which is the pace at which
the potential of mild steel changes as it is scanned) was set at 0.001 V s.

Results and discussion

X-ray diffraction analysis
Peaks at 26=7.9506, 13.5028, 15.2489, 17.9563, 19.9401, 20.3818, 21.6858, 24.7543, 25.7513,
27.0314 and 28.5392° in the XRD diffraction pattern for CAT (Figure 1) may likely be due to crystal
planes in L-arginine and L-tyrosine [30,31]. The peaks at 26= 32.7304, 34.3223 and 38.1606° cor-
responds to the (110), (111) and (200) crystal planes in monoclinic CuO nanoparticles. Debye-
Scherrer equation presented in Equation (1) was adopted to calculate the crystallite size [16].
kA

D:ﬂcosé’ @

In Equation (1), D denotes crystallite size, A is the wavelength of X-ray (0.15406 nm), fis the XRD
peak full width at half maximum (FWHM) in radians, k is the shape factor or Scherer’s constant (0.9)
and @ is Bragg’s diffraction angle in radians [16]. The mean crystallite size was 39.5292 nm. In
Equation (2) Ml is the morphology index, FWHMA is the highest FWHM value determined from peaks
and FWHMp is the FWHM for a specific or particular peak for which Ml is determined. Ml is directly
proportional to D, as evident in Figure 2, suggesting uniformity and fineness of CAT.
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Figure 1. XRD pattern of CAT Figure 2. Crystallite size vs. morphological index

for CAT

Transmission electron microscopic analysis

Transmission electron microscopy (TEM) creates images by detecting transmitted electrons. The
TEM image of CAT presented in Figure 3 reveals semispherical-shaped nanoparticles with negligible
agglomeration compared to highly agglomerated CuO nanoparticles, as reported by other
researchers. The particle size ranges from 1.39 nm to 7.83 nm. The dispersed nature of CAT particles
could be attributed to functionalization with amino acids. The observed spherical shape of the
particles is consistent with other reports [32-34].
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Figure 3. TEM image for CAT

Surface area, pore volume and pore diameter

Multi-point BET (by N2 adsorption) was employed to determine the surface area of the CAT while
pore volume and pore size diameter were determined using the Barret-Joyner-Halenda (BJH)
approach. The quantity of gas adsorbed, 1/[W((P./P)-1)], versus relative pressure, P/P,, is defined
by Equation (3), and for CAT is presented in Figure 4. W is the weight of gas adsorbed, Wn is the
weight of adsorbate as a monolayer, P is the pressure of the gas, P, is the saturation vapour pressure
at a given temperature and C is the BET constant. Figure 4 reveals that gas adsorption occurred at
low relative pressure, suggesting that nitrogen gas molecules were principally adsorbed on small
pores.
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The multipoint BET surface area for CAT was 221 m? g1. The pore volume and diameter were
0.0842 cm?® gt and 2.137 nm, respectively. BJH studies revealed that CAT is mesoporous since the
nanocomposite comprises pores having diameters within the range of 2 to 50 nm [35,36]. A material
is classified as mesoporous when it contains pores between 2 and 50 nm in diameter.
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Figure 4. Multi-point BET plot for CAT
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Fourier transform infrared spectroscopy analysis

The FTIR spectrum of CAT is presented in Figure 5. Generally, metal oxides show absorption bands
between 600 and 400 cm™ [37]. A peak was observed in this region, which could be due to Cu-O
stretch. Peaks observed at 1561 cm™ and 1360 cm™ in the FTIR spectrum for CAT correspond to
aromatic C=C stretching and C-N-H symmetric bending, respectively. The broad band around
3300 cm? could be due to O-H. The peak for phenolic C-O stretch was observed at 1244 cm™, while
the C-O-H out-of-plane bending peak was observed at 875 cm™ [38]. The peak at 738 cm™ could be
attributed to the out-of-plane bending of aromatic C-H. Some of the peaks arise from L-tyrosine and
L-arginine [30,31,38]. The in-plane deformation of OH coupled to C-C bending vibration was
observed at about 1360 cm™tand is likely to arise from L-tyrosine [30].
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Figure 5. FTIR spectrum of CAT

Open circuit potential

Open circuit potential (OCP) analysis provides insight into the metallic corrosion inhibitory
process. The potential under conditions of no current flow and no applied external voltage is called
OCP. It is the potential developed between the mild steel surface (or any other metal surface) and
the environment, with regard to a reference electrode positioned in electrolyte near the mild steel
(which is a working electrode). Umoren et al. [39] defined OCP as the free corrosion potential (Ecorr)
when the system accomplishes an equilibrium, and zero-net electrical current flows through the
mild steel surface. OCP reaches a steady-state value, Ecorr, as the corrosion reaction approaches
equilibrium. Plot of OCP versus time is imperative to comprehend the interaction of the mild steel
surface in contact with its environment.

OCP vs. time plots for mild steel in blank 1 M HCl and with different concentrations of CAT are
presented in Figure 6. The OCP-time profile reveals that the systems reached a stable OCP before
the first 600 s after dipping in the corrosive medium. Thus, the 30-minute waiting period prior to
electrochemical perturbations to stabilize the OCP is appropriate [28]. The conspicuous difference
between the OCP values of the blank HCl and inhibited systems indicates that CAT has a reasonable
impact on the electrochemical process taking place in the corrosive solution.
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Figure 6. OCP vs. time plots for MS in HCl in the presence and absence of CAT

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis can offer a reasonable description of the
frequency response of a working electrode (mild steel in this case) in relation to electrochemical
interactions at the electrode/electrolyte interface. The EIS spectra for mild steel in blank 1 M HCI
and in the presence of CAT are presented in Figure 7, while the electrical equivalent circuit (EEC)
employed to analyze EIS data is shown in Figure 8. The EEC includes solution resistance (Rs),
resistance to charge transfer (R«t), and constant phase element (CPE) involved to account for double-
layer capacity effects. Rs denotes the resistance encountered by the electrolyte solution, whereas
Rc indicates the resistance to the specific electrochemical reaction occurring at the electrode
interface. Radial frequency (w = 2nf) dependence of CPE impedance, Zcee(w)=Yo (jw)™, involves two
frequency-independent parameters, Yo and n, where for n = 1, Yo becomes equal to pure double-
layer capacitance.
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Figure 7. Impedance plots for MS in 1 M HCl in the absence and presence of CAT

The impedance diagrams are comprised of semicircles that are depressed and imperfect, which
is typical of solid working electrodes, signifying frequency dispersions of interfacial impedance [40].
This very important attribute can be credited to adsorption of inhibitors, porous layer formation and
coarse working electrode surface.
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Solution

Figure 8. Electrical equivalent circuit used to fit EIS data

The marked similarities between the impedance spectra for mild steel recorded in blank 1 M HCI
and in the presence of CAT are a clear indication that CAT did not alter the corrosion mechanism of
mild steel in the aggressive medium [41]. The impedance plots revealed semicircles with increased
diameters in the presence of CAT compared to those obtained for blank 1 M HCI. The consistent
increase of semicircle diameters with an increase in concentration of CAT suggests an upsurge of Rt
values, and this could be due to an increased number of adsorbed inhibitor molecules (or surface
coverage, 1) on the mild steel surface [42].

Bode plots showing the effects of CAT concentration increase on mild steel corrosion in 1 M HCl
are presented in Figure 9. The plots revealed increased area under the curves in the presence of CAT
compared to that obtained in the absence of CAT [16]. This marked increase depends on the
concentration of CAT. Also, an increase in the concentration of CAT increased the impedance
modulus (at low frequencies) where R dominates. Increase of Rc: values could be due to an increase
in inhibitor molecules adsorbed on the mild steel surface, resulting in higher surface coverage [13].
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Figure 9. (a) Bode magnitude and (b) phase angle plots for MS in 1 M HCl in the presence and absence of CAT

The values of four impedance parameters (Rs, Rct, Yo and n) obtained by fitting EEC in Figure 8 to
measured impedance spectra are summarized in Table 1. Charge transfer resistance (Rc) values are
greater in the presence of CAT compared to the uninhibited 1 M HCI, as shown in Table 1. The
highest Rt (226.80 Q cm?), accompanied by the lowest Yo value, was obtained in the presence of
1000 ppm CAT. This observation is consistent with other reports in the literature [16].
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The R« values were employed to calculate inhibition efficiency using Equation (4). Generally, Rt
is a function of inhibition efficiency, since the increase in R values in the presence of the inhibitor
results in an increase in |E values.

_ Rct' R®

IE <t 100 (4)

ct

In Equation (4), R is charge transfer resistance in the presence of CAT, while R°: is charge
transfer resistance in the absence of the inhibitor.

Table 1. Impedance parameter values and %IE for MS in 1M HCl in the absence and presence of CAT

Inhibitor concentration, ppm Rs / Q cm? Rt/ Q cm? n Yo/ uQts"cm) IE, %
0 (blank) 1.01 7.30 0.91 196.30 -

100 1.04 105.10 0.88 177.40 93.10

500 1.13 154.60 0.86 173.90 95.30

1000 1.08 226.80 0.84 168.70 96.80

Potentiodynamic polarization

Polarization plot for mild steel in the absence and presence of different concentrations of CAT is
presented in Figure 10.

log (j/ Acm?)
e

-5 — Blank
e 100 ppm CAT
m— 500 ppm CAT
-6 = 1000 ppm CAT|
0.6 0.5 -0.4 -0.3
E/V vs. SCE

Figure 10. Polarization plots for MS in 1 M HCI without and with CAT

PP measurements disclosed that the presence of CAT diminishes current densities (jcorr) at the anodic
and cathodic sites [18]. This remarkable decrease in j.rr in the presence of the studied inhibitor
compared to the uninhibited system is a function of concentration and the greatest decrease in jcorr Was
recorded when 1000 ppm of CAT was introduced (Table 2). The consistent decrease in jeorr with the surge
in CAT dosage could be due to an increase in a number of adsorbed CAT molecules on the mild steel
surface. This finding corroborates results obtained from EIS measurements. It is important to note that
jeorr Values were used to calculate the inhibition efficiency with the aid of Equation (5).

0
IE = LeorJeor 109 (5)

;0

-I corr

where j°rr is corrosion current density in the absence of inhibitor, while jeorr is corrosion current
density in the presence of CAT.
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The corrosion potential (Ecorr), Tafel slopes (s, ), jeorr, and IE for CAT are presented in Table 2.
According to the literature, if the change of Ecorr is < 85 mV, the studied inhibitor is said to be a mixed-
type inhibitor, and if the Ecorr is > 85 mV, the inhibitor can be considered to behave as a cathodic or
anodic type. Therefore, since the shift of Ecorr is <85 mV, CAT demonstrated mixed type inhibitor pro-
pensity [43,44]. The corrosion potential is shifted to more positive values compared to the corrosion
potential obtained for an uninhibited acid solution. In other words, the corrosion potential shifted
towards the anode, suggesting that the introduction of CAT inhibits the anodic reaction more than the
cathodic reaction. Thus, CAT acts as a mixed-type inhibitor with the predominant anodic influence. It
is important to mention that the magnitude of decrease of current density in the presence of CAT is
greater than that observed in the presence of copper oxide nanoparticles in a study conducted by
Darweesh et al. [45]. Consequently, CAT exhibited higher inhibition efficiency compared to only
copper oxide nanoparticles, which could be due to the presence of functionalities from amino acids.

Table 2: Polarization parameters for MS in 1M HCl in the absence and presence of CAT

Concentration, ppm Sa/ mV dec? S/ mV dec? jeorr / MA cm?? Ecorr/V IE, %
0 (blank) 93.800 -78.100 492.600 -0.456 -
100 92.700 -79.200 68.100 -0.440 86.300
500 87.900 -80.400 52.200 -0.417 89.500
1000 90.300 -83.300 31.500 -0.405 93.700

Adsorption isotherm study

Experimental data generated from EIS and PP measurements were subjected to isotherm studies. This was
done to establish the adsorption mode of CAT on the surface of mild steel in the aggressive acid medium [45].
The Langmuir adsorption isotherm model (Figure 11) gave a good line of fit for the adsorption process (Table
3), suggesting that the adsorption of CAT on the MS surface obeys the Langmuir isotherm [46]. The expression
given by Equation (6) represents the isotherm model of Langmuir [46].

o+t (6)

where C signifies the concentration of the inhibitors, Kaqgs is the adsorption equilibrium constant and
I 'denotes the surface coverage.
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Figure 11. Langmuir isotherm for CAT
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Table 3. Linear regression parameters obtained for Langmuir isotherm plots in Fig. 11

Slope Intercept Kags / ppm?t SD R?
EIS 1.02802 6.76574 0.15000 4.76671 0.99997
PP 1.05545 17.66508 0.05700 16.21405 0.99971

Orbital considerations and proposed inhibition mechanism

Frontier molecular orbital theory is an important model that allows for the prediction of chemical
reactivity. The interactions between HOMO and LUMO are important in establishing how a molecule
will interact with another molecule [47]. HOMO connotes the electron-donating area while LUMO
represents the electron-accepting region within a molecule. Density functional theory (DFT) method
at the hybrid functional Becke 3 Lee Yang Par (B3LYP) level of theory with 6-31G(D) basis set by
Spartan 14 (version 1.2.0) program was employed to obtain HOMO and LUMO of tyrosine. The
optimized structure, highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) for tyrosine are presented in Figures 12a, 12b, and 12c respectively. The HOMO and
LUMO of tyrosine are both delocalized on -CsHs-OH end and not on the whole molecule. The
delocalization is more prominent in HOMO which suggest strong electrophilic tendency [13]. In CuO,
the HOMO is located in the oxygen region (just like in ZnO), while the LUMO is located in the metal
region [48].

Kaya et al. [49] reported their findings on quantum chemical and molecular dynamic simulation
investigation on arginine and some amino acids. In arginine, the electron density in the HOMO is
concentrated on the positively charged guanidine group, which is the key functional group
responsible for the molecule’s hydrogen bonding capabilities. The LUMO electron density is
principally localized on the carbonyl group of carboxylic acid, rendering it the most predisposed site
for accepting electrons in a chemical reaction. Theoretically, synergy between molecules with such
interesting attributes would likely produce a good corrosion inhibitor. A good corrosion inhibitor
should possess groups that would aid interaction between the metal and inhibitor molecules,
resulting in the formation of a protective inhibitor film on the metal surface [20].

(b)

¢

(c)
Figure 12. (a) The optimized structure of tyrosine, (b) the highest occupied molecular orbital (HOMO), (c) the
lowest unoccupied molecular orbital (LUMO)
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According to Chen et al. [50], in solutions of hydrochloric acid, introduced organic compounds
have the potential to create a thin film on the surface of metals, thereby considerably diminishing
the rate of corrosion. This phenomenon is understood as a substitution reaction occurring between
the inhibitor molecules and the water molecules at the interface between the metal and the solution
[50]. Given that L-tyrosine and L-arginine are both organic compounds classified as amino acids, it
is possible that the nanocomposite, CAT, could create a thin layer on the metal surface, thereby
markedly decreasing the corrosion rate. This reduction in corrosion rate may be facilitated by a
substitution reaction between the inhibitor molecules and water molecules at the interface of the
metal and the solution. Therefore, the retardation of mild steel deterioration in HCl by CAT may
occur through a substitution reaction between molecules of CAT and molecules of H,0O at the
metal/solution interface as presented in Equation (7) [16,50].

CAT(s0l) + aH20(ads) = CAT(ads) + aH20(s01) (7)

H20(ads) is adsorbed H,O molecules on the metal surface, H,Oso)) signifies H,0 in solution, and a
is the size ratio which indicates the number of H,O molecules displaced by 1 molecule of CAT. CAT s
and CAT(ags) represent dissolved CAT in solution and molecules of adsorbed CAT on the surface of
the metal, respectively [16].

In the presence of CAT, the mechanism of inhibition of anodic dissolution can be presented as
shown in Equations (8) to (14).

Fe + H20 <> FeH20(ads) (8)
FeH20(ads) + CAT <> FeOH (ads) + H" + CAT (9)
FeH20(ads) + CAT — Fe-CAT (ads) + H20 (10)
FeOH(ags) > FEOH*(ags) + € (11)
Fe-CAT (ads) = Fe-CAT *(ads) + € (12)
FeOH(ads) + Fe-CAT *(ads) <> Fe-CAT (ads) + FEOH* (13)
(FEOH)* + H* — Fe*™ + H,0 (14)

As evident in Equations (8) to (14), the corrosion of Fe in the aggressive acid solution rests on the
adsorbed intermediate species. The lessening of the quantity of FeOH"(ags) generated by Equation (9)
owing to the replacement of H,O by CAT in Equation 10 (leading to intermediate FeCAT (ads)
formation) slows the rate-determining step (RDS), which is described by Equation (11). The
retardation of the RDS retards corrosion of Fe [11,48].

Conclusions

The synthesized CuO nanoparticles/arginine/tyrosine nanocomposite tremendously suppressed
the deterioration of mild steel in hydrochloric acid. The nanocomposite operated as a mixed-type
inhibitor and caused a surge in charge transfer resistance. Inhibition efficiency increased with the
increase in inhibitor dosage. The adsorption of the inhibitor on the mild steel surface obeyed the
Langmuir isotherm model. CuO, arginine and tyrosine, characterized by their distinct chemical
compositions, exhibit specific HOMO and LUMO properties that could play a significant role in
corrosion inhibition. The presence of heteroatoms such as oxygen and nitrogen, coupled with the
m-electrons associated with the aromatic ring in tyrosine, facilitates their interaction with metallic
surfaces and thereby augments their capacity to inhibit corrosion. The mesoporous CuO
nanoparticles/arginine/tyrosine exhibited reduced agglomeration, high surface area, and showed
good potential as a mixed corrosion inhibitor for mild steel in hydrochloric acid.
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