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Abstract

Nanoscale metal oxides possess distinct physical and chemical characteristics that are being
increasingly utilized in various fields, such as industry, medicine, and agriculture. This study
investigates the use of nano selenium dioxide (SeO2-NPs) as a corrosion inhibitor for carbon
steel alloys. Carbon steel alloys were coated with different amounts of SeO.-NPs using the
electrochemical deposition method. Using a potentiostat device, polarization curves were
produced to determine important corrosion parameters, including corrosion potential (Ecorr) and
corrosion current density (icorr). The thermodynamic parameters AG (Gibbs free energy change),
AS (entropy change), and AH (enthalpy change) were assessed, together with kinetic parameters
such as activation energy (Ea) and the Arrhenius factor (A), throughout a temperature range of
198 K to 318 K. Significantly, applying a layer of SeO>-NPs to the alloy at a concentration of
0.03 M resulted in an outstanding 99% protection efficiency under certain temperature
circumstances. Microscopic imaging techniques, such as atomic force microscopy (AFM),
scanning electron microscopy (SEM), and energy-dispersive X-Ray spectroscopy (EDX), were
used to analyze the surface and composition before and after coating. The results highlighted
the substantial ability of nano selenium dioxide to suppress corrosion, supported by both
electrochemical and thermodynamic data. This study enhances corrosion protection measures
for carbon steel alloys by demonstrating the effectiveness of nanotechnology in improving the
durability and lifespan of materials in corrosive conditions. These developments show potential
for a range of industrial applications where preventing corrosion is extremely important, such
as in infrastructure, biomedical devices, and agricultural equipment.
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1. Introduction

The majority of naturally occurring metals exist in the form of their compounds, with the
exception of noble metals like gold and platinum [1]. This is because the metals in their
compound form are thermodynamically more stable than when they are in their elemental
condition. Since the majority of metals reside in the form of oxides, a significant amount of
energy is required to remove them and convert them into their elemental condition. This
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energy allows them to return to their original state when they come into contact with external
factors such as oxygen, moisture, and so on [1, 2].

Corrosion -
Metal < ~  Metal Oxides+ Energy
Metal Extraction

Corrosion refers to the deterioration of materials, typically metals, due to chemical
reactions with the surrounding environment [3]. This degradation ultimately leads to the
failure of the affected component [4]. Corrosion can also mean the irreversible chemical
processes that destroy a metal surface and convert pure metal into more chemically stable
compounds such as oxides, sulfides, and hydroxides [1]. which is influenced by temperature,
tension, erosion, and the concentration of the environment [5]. The corrosive environment
can appear in several states, including liquids, solids, or gasses [6].

Several methods have been suggested to mitigate corrosion in different settings.
However, the selection of preventive measures depends on several factors, including the
treatment’s cost, effectiveness, and the impacts of corrosion [7]. These methods include
coating, alloying, cathodic protection, anodic protection, and the recent use of laser
technology for surface treatment of metals. This surface treatment method is considered a
way to enhance metal properties such as roughness, hardness, and corrosion resistance [4, 8].

On the other hand, nanotechnology is currently seeing rapid growth as a field,
particularly in its applications for research [9]. Nanoparticles with sizes ranging from 1 to
100 nm have been utilized in various fields [10]. including industry [11], environment [12],
medicine [13], agriculture [14], and food [15] due to their exceptional physical and chemical
properties such as increased surface area, mechanical strength, optical activity, and chemical
reactivity [16]. Nanoparticles have a significant role in industry by providing specific
characteristics that effectively shield metals from corrosion in different environments [9].

Selenium dioxide nanoparticles (SeO,-NPs) are commonly utilized in nanotechnology
due to their significant function in various applications. For instance, selenium dioxide is
employed in the glass production industry as a colorant to give glass goods a red tint [17].
Additionally, selenium dioxide is utilized as an oxidizing agent in organic synthesis [18]. It
plays a role in the chemical analysis of alkaloids [19], moreover it is employed as an
antioxidant in lubricating oils. And is a catalyst in specific reactions [20]. Selenium dioxide
Is used in metal processing to provide corrosion protection for magnesium alloys [21]. This
study used selenium dioxide nanoparticles as a corrosion inhibitor for carbon steel alloy in
a 3.5% saline solution.
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2. Experimental Section

2.1.Materials and methods

The research utilized a medium carbon iron alloy, which is routinely employed in the
construction of diverse machinery and tools. Medium carbon steels are commonly utilized
in applications such as railway tracks, train wheels, crankshafts, gears, and machinery parts.
Table 1. shows the chemical components of the alloy.

Table 1. Chemical composition for carbon steel alloy.

Elements Fe C Si Mn Cr Mo Ni Al
Weight, % 99.3 0.102 0.005 0.389 0.0309 0.004 0.164 0.036
Elements Co Cu Nb Ti V w Pb Zr

Weight, %  0.002 0.034 0.003 0.001 0.002 0.025 0.015 0.003

2.2.Preparation of carbon alloys for coating

The working electrodes were fabricated in the form of circular discs with a surface area of
1 cm?. The sample underwent a polishing process to provide extremely smooth surface. This
was accomplished by using emery paper with different levels of coarseness (320, 500, 1000,
2400, and 4000), a spray containing diamond particles, a solution of ethanol mixed with
water, and diamond particles of varying sizes (1, 3, 6, and 9 mm). Finally, the sample was
rinsed with distilled water.

2.3.Preparation of (SeO,-NPs) coating solution

A solution containing suspended selenium dioxide nanoparticles (SeO,-NPs) was created by
adding varying weights (0.13, 0.2, 0.27 g) of SeO,-NPs to 60 ml of benzene as a solvent.
This resulted in a solution with three different concentrations (0.02, 0.03, 0.04 M). The
magnetic stirrer was employed to disseminate the fluid and inhibit the formation of
nanoparticle aggregates

2.4.Coating carbon steel alloy with SeO,-NPs by electrophoretic deposition (EPD)

Three different quantities of selenium dioxide nanoparticles were added to 60 ml of benzene
to obtain a suspended solution of different concentrations. Two carbon alloys were immersed
in the solutions, one of which was connected to the positive electrode (anode) and the other
to the negative electrode (cathode). A voltage ranging between 12 and 15 V was applied,
and after half an hour, almost selenium dioxide nanoparticles collected on the cathode
electrode; this is called electrochemical coating.

We have relied on the factors affecting the electrodeposition process to obtain an ideal
coating. These factors may be related to the suspended solution or the coating process itself.
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2.4.1. EPD parameters

1. Particles size [22]. Nanomaterials are characterized by their small particles, which
reach the nano level and thus provide uniform and ideal surface coverage.

2. Electrical conductivity [23]. 4—6 drops of concentrated sulfuric acid were added
to increase the conductivity of the solution.

3. Zeta potential [24], reduction of aggregations between particles.

2.4.2. Process parameters

1. Effect of deposition time [25], in this experiment, the best coating process took
place within a time range of 25—-30 minutes.

2. Applied voltage [26], it was found that the best voltage that can be applied to
obtain the best coating in this experiment ranges between 12 and 15 volts.

3. Concentration of the nanoparticles in suspension solution [23]. Three
concentrations were used (0.01, 0.02, and 0.03 M) to compare the results and
determine the most appropriate concentration for an ideal coating. It was found
that a concentration of 0.02 M gave the best results.

3. Results and Discussion

3.1.Corrosion test for uncoated alloy

Figure 1 shows the polarization curves of uncoated and coated metals in a sodium chloride
solution containing 3.5% NaCl, at temperatures ranging from 298 K to 318 K. The corrosion
Kinetics parameters, such as corrosion potential (Ecorr), corrosion current density (icor),
anodic Tafel slope (b,), cathodic Tafel slope (b.), weight loss (W.L), and penetration loss
(P.L), derived from the curves, are displayed in Table 3. The corrosion current densities (icorr)
and corrosion potentials (Ecor) Were calculated by extrapolating the linear logarithmic
portion of the cathodic and anodic Tafel lines to the point of intersection. The corrosion
current density in the uncoated carbon steel alloy exhibited a rise from 25.42 pA/cm? at a
temperature of 298 K to 105 uA/cm? at a temperature of 318 K. The increase in temperature
resulted in the Ecor shifting towards a higher potential in the active direction. The most
accurate approach for calculating the polarization resistance (Rp) is by use of the following
equation:

_d(AE) _ bb,
PTTdi 2.303(0, + b, iy, |

where E and Ecorr are in V, i in A-cm and Rp in Q-cm?. The measurement of polarization
resistance shares similar requirements with the measurement of complete polarization
curves. It is highly advantageous for promptly identifying corrosion problems and
implementing repair actions. The polarization resistance (R,) values of the uncoated
specimen have generally decreased as the temperature has increased from 298 to 318 K. The
maximum R, value were observed at a temperature of 298 K.

R 3.1)
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Table 2. Corrosion parameter of uncoated carbon steel (C.S) alloy in 3.5% NaCl at different temperatures.

Temp., K On?\F/) Eeorr, MV pAic-Ocr%—Z be, MV-dec™ th-)gI’ec—l g-r\r/1\{'2~Lo’II—1 mI:nLyl ?;-Xclr?lz
298 —544 -539.2 25.42 —-135.2 61 6.36 0.295 1.899
303 —561 —554.5 55.44 —135.78 75 13.9 0.643 1.3122
308 -571 -568.3 74.19 -139.61 79 18.5 0.861 1.065
313 —-589 -581.3 84.21 —-148.21 80 21.1 0.977 0.896
318 —598 —595 105 —150.35 84.1 26.3 1.22 0.789

The results suggest that there is a positive correlation between temperature and
corrosion current density (icor), meaning that when temperature rises, the values of icor
likewise increase. In addition, the corrosion potential (Ecor) becomes increasingly negative
as the temperature increases.

3.2. Thermodynamics and kinetics of corrosion

Corrosion rate refers to the velocity at which a certain metal undergoes degradation in a
defined environment. The rate of the process is influenced by both ambient factors and the
specific characteristics and state of the metal.

Figure 2 illustrates a graph showing the relationship between the corrosion current (icorr)
and the reciprocal of the absolute temperature (1/T) for the uncoated and coated C.S alloy.
The result illustrates a strong linear relationship between the corrosion rate (logicorr) and the
inverse of temperature (1/T), which may be expressed mathematically as

E,
2.303-RT"

where R is the perfect gas constant (R~8.314 J-K™*-mol?). Which is similar to the well-
known Arrhenius equation:

logi,,,, =log A— (3.2)

_ _Ea
r= Aexp( BT J (3.3)
E. is the energy necessary to commence the corrosion process, whereas A signifies the
constant coefficient in the rate equation prior to considering any additional parameters. The
values of activation energy (E,) are determined by calculating the gradient of the logarithm
of the corrosion current (logicn) versus the reciprocal of temperature (1/T) plot. The
Arrhenius factor values are determined by calculating the exponential function of the
intercept of the logarithmic plot of i vs. 1/T, and then multiplying it by the Avogadro
constant (6.0221x10% molt). In contrast, the Gibbs free energy (AG) change for the
corrosion of the C.S metal specimen at a particular temperature can be predicted using the
following equation:
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AG =-nFE,,, (3.4)

The number of electrons (n, equal to 2) that are engaged in the anodic process. The
corrosion process’s change in entropy (AS) could be calculated using the well-known
thermodynamic relation:

d(AG)

———~=AS 3.5

dT (35)
The plotted relation was shown in Figure 3. The enthalpy change (AH) for the corrosion

process can be estimated by using the values of AG and AS, according to the following

relation:

AG=AH -TAS (3.6)

3.3.Corrosion protectiveness study

The corrosion characteristics of the carbon alloy were examined following the application
of selenium dioxide nanomaterial. The electrodeposition approach was utilized as a coating
technique. The electrochemical method was used to determine the corrosion potentials
(Ecorr), corrosion current densities (icorr), and penetration rates (PR). The following section
will cover these measurements. The protection efficiency (PE%) of the coating is determined
by comparing it with the measurements of the uncoated surface of the alloy using the
formula:

PE% = (iCOFf)uncoated — (iCOW)coated %100 (3.7)

(iCOFr ) uncoated

3.4.Corrosion protection of C.S alloy by (0.02 M), (0.03 M) and (0.04 M) SeO,-NPs

The effectiveness of the SeO, nanoparticles coating applied to the alloy was evaluated at
various concentrations and temperatures in a sodium chloride solution (3.5% NaCl). Figure 4
illustrates the polarization curve for uncoated and coated C.S alloys. The protection
efficiency (PE%) reached 99% when coated with (0.03 M) at temperature 298 K and 303 K
as stated in Table 4.

With the rise in temperature, the corrosion potentials of C.S shifted towards more
reactive values. Figure 4 illustrates that the corrosion potentials moved towards more noble
values and the corrosion current densities reduced when alloys were covered with a different
concentration of SeO,-NPs, in comparison to uncoated alloy. The incorporation of SeO,-NPs
has increased their ability to resist corrosion.
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Figure 1. Polarization curves for uncoated and coated C.S by different concentrations
of SeO2-NPs in 3.5% NaCl.

3
log i(pAlcm?)

To ascertain the activation energy (Ei;) of the corrosion process and explore the
corrosion mechanism. Several experiments were carried out within a temperature range of
293 to 313 Kelvin. The relationship between the rate of corrosion and temperature can be
analytically expressed using the Arrhenius Equation 3.3. Figure 5 depict the Arrhenius plot,
which shows the corrosion of uncoated and coated carbon steel using SeO,-NPs at different
concentrations in a 3.5% sodium chloride solution. The Table 4 presents the acquired value
for the kinetic parameters (E,, A).
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Figure 2. Arrhenius plot for uncoated and coated C.S by different concentrations of SeO>-NPs
in 3.5% NacCl.
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Table 3. The thermodynamic and kinetic parameters at different temperatures for uncoated and coated C.S
by SeO>-NPs with different concentrations in 3.5% NaCl.

Aa

Conc.  T.K uAiC-O(::"n‘Z Gmalt komelt K imort Eekdmor “’é‘;’ﬁ%ﬁs' Fficlrﬁz PE%
208 539 2542 104049 263211 1.899
303 -554 5544  107.001  268.834 13122
Uncoated 308 568 7419  109.66 274167  —0.5341 51103722 170x10% 1065
313 581 8421 112173  279.346 0.896
318 595 105 11481  284.660 0.789
208 -223 317 43109  259.099 76261  87%
303 -244 498  47.046  266.66 7292 91%
002M 308 -262 566  50.616 273854  —0.7248  66.54806 521x10% 69.816  92%
313 -280 68 5407  280.932 66.924  92%
318 -299 873  57.717  288.204 59.172  91.7%
208 181 0265  34.927  254.941 17295  99%
303 -2016 0.689 38902  262.608 17021 99%
003M 308 -2198 14 42414 269811 07383 1041145 321x10% 12073  98%
313 —237.9 316 45907  276.995 713 96%
318 —2585 339  49.882  284.662 71676 97%
208 211 07155 40.678  293.024 82071  97%
303 -232 233 44788  301.369 64399  96%
004M 308 —254 386  49.091 300906  —08468  73.80266 524x10% 47156  95%
313 275 424 53124  318.173 37332 95%
318 -299 554  57.678  326.961 30281 95%

4. Characterization of Coated Surfaces

4.1.Microscopic images

Microscopic images are diagnostic images generated by magnifying small scanned objects
using a microscope. This process allows for the extraction of specific characteristics that
would otherwise be unavailable. Depending on the exact wavelengths of the microscopes
focused on the specimen, one can obtain microscopic images in various formats. The
following microscopic photos depict the alloy’s surface prior to and after being coated with
different concentrations of nanomaterials. It was observed that the coating layer completely
enveloped the whole surface, especially at (0.03 M), resulting in good protection against

corrosion.
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C D

Figure 4. Microscopic images of (A) uncoated CS alloy, and coated with (B) (0.02 M)
Se02-NPs; (C) (0.03 M) SeO2-NPs; (D) (0.04 M) SeO2-NPs.

4.2. Atomic Force Microscope (AFM) images

Atomic Force Microscopy (AFM) is a very efficient technique for analyzing the surface
morphology in the nanoscale to micrometer range, as well as precisely determining the
particle size distribution. Increased uniformity in the size of grains can lead to improved
protective effects. Figure 8 depicts the three-dimensional structure of carbon steel covered
with SeO; nanoparticles, together with the average diameter.
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Figure 5. AFM image of (A) uncoated carbon steel alloy and coated with (B) 0.02 M
Se02-NPs; (C) (0.03 M) SeO2-NPs; (D) 0.04 M SeO2-NPs.
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4.3.Scanning electron microscope (SEM) and energy-dispersive X-Ray (EDX) images

The surface morphology of C.S alloy and the particle distribution of SeO,-NPs on the metal
surfaces were analyzed using a scanning electron microscope (SEM). Scanning electron
microscopy (SEM) images offer a clearer depiction of the arrangement and dispersion of
particles on metal surfaces. The EDX analyses were performed to ascertain the comparative
concentrations of the metals and the thickness of the applied coating. Figures 9 and 10 depict
the scanning electron microscopy (SEM) images and energy-dispersive X-Ray (EDX)
spectra of the surface of uncoated and coated C.S alloys.

S.
1.

2.

Conclusions

Through the results mentioned above, nano selenium dioxide has an effective role when
used as a corrosion inhibitor.

The corrosion rate of the uncoated carbon steel increases with increasing temperature, as
well as for the alloys coated with SeO,-NPs in 3.5% NaCl medium.

. By raising the concentration from 0.02 M to 0.03 M, the corrosion rate lowers and the PE

reaches 99% at 0.03 M, which is the best inhibitory efficiency. However, even though the
concentration of 0.04 M provides high corrosion protection, it is less effective than 0.03 M
because of the agglomeration of SeO,-NPs, which reduces the metal’s ability to be
protected due to the weak physical forces known as the van der Waals forces and the
metal’s weak bond to the surface.

. Thermodynamics analysis reveals that as temperature rises, the coated carbon steel’s AG

values rise for all concentrations. The coated samples exhibit negative AS values at all
concentrations, suggesting a reduction in irregularity throughout the transition from
reactants to the activated complex. The AH values exhibit a similar behavior.

. The electrophoretic deposition technique is regarded as an effective, secure, and

reasonably priced way to apply SeO,-NPs to carbon steel surfaces.

. Activation energy refers to the least amount of energy needed to initiate a process, such

as a chemical reaction. An elevation in the activation energy is observed at all
concentrations in comparison to the uncoated alloy. This signifies a rise in the energy
needed for the metal to engage with the salt environment, indicating a greater level of
protective efficiency at concentration 0.02 M shows the lowest activation energy because
the coating layer is very thin.

. The existence of agglomeration in the SeO,-NPs was identified using scanning electron

microscopy (SEM) images and the composition of the surface was analyzed by energy-
dispersive X-Ray spectroscopy (EDX). Cracks in the coating layer were observed at a
concentration of 0.04 N as a result of agglomeration.
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Figure 6. SEM images and EDX spectra for (A) uncoated CS alloy, and coated with (B)
0.02 M SeO2-NPs; (C) 0.03 M SeO2-NPs; (D) 0.04 M SeO-NPs.
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