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Abstract: This work presents the novel synthesis of silane-functionalized FesO. nanoparticles via
coprecipitation, enhancing their stability for anti-corrosion applications. It uniquely investigates their
effectiveness as inhibitors of mild steel in 0.5 M HCI, revealing concentration-dependent protection and
highlighting the significant impact of temperature on efficiency. These insights are crucial for
optimizing the use of functionalized nanoparticles in corrosion mitigation. A comprehensive
investigation of their morphology and physical characteristics was conducted using field-emission
scanning electron microscopy (FE-SEM) and Fourier Transform Infrared Spectroscopy (FTIR).
Furthermore, the study explores the potential application of these silane-functionalized FesO4
nanoparticles as an anti-corrosion solution for mild steel exposed to a corrosive environment,
represented by 0.5 M HCI. The findings indicate a direct correlation between inhibitor concentration
and the effectiveness of corrosion inhibition. Interestingly, the protective effect of these nanoparticles
diminishes as temperature rises, indicating the influence of temperature on their anti-corrosion activity.
This research sheds light on the promising use of these functionalized nanoparticles to mitigate
corrosion, underscoring the need for temperature-sensitive considerations in practical applications.
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1. Introduction

Applications for magnetic nanoparticles (MNPS) in a variety of fields, such as magnetic
fluids [1], combustion [2], bioscience [3], imaging (MRI) [4], data storage, and environmental
cleanup [5], are very appealing [6]. Although several effective techniques have been developed
for the manufacture of magnetic nanoparticles, the stability of the particles under various
conditions is crucial for successful application [7]. However, only magnetite (FesO4) and
maghemite (-Fe2O3) NPs are primarily considered among the several types of magnetic
nanoparticles (MNPs) due to their reduced toxicity for medicinal or environmental applications
compared to other magnetic materials (Co- and Ni-based nanoparticles) (NPs). With a magnetic
moment of 2.5 B/f.u. (formula units) for Y-Fe2O3 and 4.0 B/f.u. for Fe3Oa, respectively, both
iron oxides are ferrimagnetic [8,9].

In single-domain magnetic nanoparticles, superparamagnetism is observed below a
characteristic dimension (critical diameter ds) when the thermal energy exceeds the anisotropy
energy, allowing the magnetization vector to fluctuate easily between up and down states with
a time-averaged net moment of zero. The temperature at which a transition from the spin-flip-
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free state to the blocked state is observed is called the blocking temperature, and the time
required to change from the up to the down state is called the relaxation time. The blocking
temperature for a given system of NPs may vary depending on the technique, as the equipment
used to perform a measurement affects the time required to complete it. The superparamagnetic
state, which is typically used for the aforementioned applications, is characterized by a
coercivity of zero. Because of their greater magnetic moment and relatively straightforward
synthetic processes, FesOs NPs are currently favored over Y-Fe Oz ones. These NPs are
frequently employed as the foundation for complicated functionalization to achieve various
characteristics. Before the ultimate functionalization, a magnetic core and one or more
intermediary coatings comprise a typical "nano-architecture”[10,11].

Due to the large surface area of magnetite nanoparticles, several active sites could be
created. However, through the agglomeration, the creation of FesO4 nanoparticles was crucial
in reducing the active sites. When the core of functionalized "nano-architectures"” needs to be
protected from oxidation/corrosion processes or when hazardous or pollution problems come
from the core, polymer or inorganic coatings are typically used [12]. Moreover, the application
of inorganic coatings (silica, alumina, or titania) enhances the stability of magnetic NPs in
solution, limiting or preventing the formation of agglomerates due to magnetic dipole
interactions. However, this process is constantly time-consuming and fairly expensive [13].
For instance, toxic heavy metals or molecules originating from relatively large amounts of
wastewater could be captured using functionalized magnetic nanoparticles; in this case, it
would be highly advised to produce functionalized NPs quickly and cheaply.

So, the objective of the current study is to functionalize magnetite nanoparticles (NPs)
with an organo-silane molecule (OSM), namely 3-aminopropyltriethoxysilane (APTES). The
method involves using an intermediate silica coating with the silane derivative (FesO4s@SiO3)
and (3-aminopropyl)triethoxysilane (APTES) as a reagent to produce the desired
functionalization. The path is shown in the following equations (1) & (2):

Fe;0, + OSM — Fe;0,@0SM (1)
Fe;0, + APTES - Fe;0,@Si0, (2)

In order to verify the achieved functionalization and its efficiency, the different
characterizations have been analyzed by field emission scanning electron microscopy (FE-
SEM) and FTIR spectroscopy [8,15,16].

2. Materials and Methods

Ferric chloride hexahydrate (Merk, 98%), ferrous chloride tetrahydrate (Merk, 98%),
sodium hydroxide (Merk, 99.5%), aminopropyl triethoxysilane (APTES) (Merk, 98%), and
distilled water were used as the primary chemicals in this study.

2.1. Method for synthesis of Fe3O4 nanoparticles.

FesOs nanoparticles were created using the chemical coprecipitation technique.
FeCls*6H20, FeCl2*4H-0, and deionized water were combined to create a 0.1M ferric salt
solution and a ferrous salt solution in a cleaned standard flask. These two solutions were then
combined at room temperature in a 1:2 ratio. Distilled deionized water was then filled with the
combination. Sodium hydroxide solution was added dropwise to the mixture while it was
vigorously agitated at 500 rpm for about 30 minutes, or until a black precipitate began to form.
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To ensure the formation and growth of magnetic nanoparticles, the solution was subjected to
magnetic stirring for 60 minutes. To ensure that any remaining salts were removed, the
precipitate was rinsed with deionized water and filtered through the Whatman No. 41 filter
paper. The precipitate was then dried after further rinsing with ethanol to remove any residual
salts.

2.2. Method for preparation of silane functionalized FezO4 nanoparticles.

Silane-functionalized FesO4 nanoparticles were synthesized by using the same
procedure used for the synthesis of FesO4 nanoparticles. Then, it was added with 10 ml of
aminopropyl triethoxysilane. The mixture was stirred vigorously for about 30 minutes under a
magnetic stirrer. The precipitate was filtered and washed with ethanol. Finally, silane-
functionalized FesO4 nanoparticles were dried in the oven.

2.3. Methods for corrosion rate measurement.

2.3.1. Electrochemical impedance spectroscopy (EIS) measurements.

The electrochemical measurements were performed using an electrochemical
workstation, Gill Ac Serial No. 1864 (ACM instruments). The measurements were carried out
using a conventional three-electrode Pyrex glass cell with a saturated calomel electrode (SCE)
as the reference electrode, a platinum electrode as an auxiliary electrode, and a mild steel
coupon as the working electrode. The potentials were measured with respect to the reference
electrode. The working electrode was immersed in the test solution for 30 min to establish a
steady state open circuit potential (Eocp). Electrochemical measurements were performed after
measuring the Eocp. The impedance studies were conducted at the OCP by varying the
frequency between 100 kHz and 0.01 Hz. Impedance spectra were recorded at 10mV
amplitude, and data were analyzed using Nyquist plots. The charge transfer resistance, Rct, was
obtained from the diameter of the semicircle in the Nyquist plot. From the value of R, the
value of percentage inhibition efficiency (n) of the inhibitor was calculated using equation (3).

n(%) = R;;ff x 100 (3)

Where Rt and Rt are the charge transfer resistances in the presence and in the absence
of inhibitors [17].

2.3.2. Potentiodynamic polarization (PDP) measurements.

Potentiodynamic polarization measurements were carried out by using Gill AC
software in a Pyrex cell equipped with a conventional three-electrode assembly. The polished
specimen was exposed to the corrosion medium of different concentrations at different
temperatures (30°C — 50°C) and allowed to attain a steady open circuit potential. The
potentiodynamic curves were recorded by polarizing the specimen to -250 mV cathodically
and +250 mV anodically with respect to the open circuit potential (OCP) at a scan rate of 1 mV
s, Electrochemical polarization parameters were evaluated using the Tafel plots. The
percentage inhibition efficiency (1) was calculated using equation(4)

T](%) — i(:orr_-icorr(inh) % 100 (4)

Icorr

Where icorrinhy and icorr are the corrosion current densities with and without the
inhibitors.
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3. Results and Discussion

The characterization techniques used for this study are a Fourier transform infrared (FT-
IR) spectrometer, done using Thermo Fischer Nicolet IS5 (USA), Scanning electron
microscopy (SEM) done using FEI Nova Nano FESEM 450, and a corrosion inhibition study
was performed using an electrochemical work station Gill Ac Serial No. 1864 (ACM
instruments).

3.1. Characterization.

3.1.1. Scanning electronic microscopy (SEM).

Using SEM, the surface morphology of mild steel was studied. Figures 1a and 1b depict
the SEM images of the sample in the absence and presence of 1000 ppm of FesOs@APTES
nanoparticles after 3 hours of immersion in 0.5M HCI. Few surface pits are visible in the
absence of an inhibitor due to rapid corrosion in an acidic solution. The surface is free of pits
and cracks when FesO4s@APTES nanoparticles are present. The SEM image demonstrates the
spherical shape of the APTES functionalized Fe3O4 nanoparticles. Inhibitor molecules coat the
specimen, forming a protective layer that shields the surface from corrosion.

20 um EHT = 5.00 kV Signal A= InLens  Mag= 500X WD = 35mm 304 EHT = 10.00 KV Signal A = SE1 Date -2 Mar 2020
WD = 6.5 mm Mag= 500X Time :16:20:06

€Y (b)
Figure 1. (a) SEM micrographs of mild steel surface exposed to 0.5M HCI; (b) SEM micrographs of mild
steel surface exposed to 0.5M HCI and 1000 ppm silane functionalized Fe3O4 NPs.

3.1.2. Fourier transform infrared spectroscopic study.

Figure 2 displays the FT-IR spectra of APTES-functionalized Fe3O4 nanoparticles. The
peak at 3258.45 cm™ is related to the stretching vibrations of OH adsorbed on the surface of
the FesOs nanoparticles, while the strong adsorption at 631.36 cm™ is attributed to the
stretching of Fe-O. By appearing at 2849.49 cm™ and 2917.65 cm®, C-H stretching vibrations
proved the presence of the propyl group of APTES. The Si-O-Si group is present in the band
at 1096 cm™. Furthermore, N-H stretching can be seen in the peaks at 3258.45 cm™ and 3352.91
cm?,
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Figure 2. FT-IR spectrum of APTES functionalized Fe3O. nanoparticles.

3.2. Corrosion inhibition studies.
3.2.1. Potentiodynamic polarization (PDP) measurements.

Figure 3 displays the potentiodynamic polarisation curves for mild steel corrosion in 0.5 M HCI
with and without various concentrations of silane-functionalized magnetite nanoparticles at 30°C.
Curves with a similar shape were also found at other temperatures.
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Figure 3. Tafel plots for the corrosion of mild steel in 0.5M HCIl in the presence of different concentrations of
APTES functionalized FesO. nanoparticles at 30°C.

Table 1 lists the electrochemical characteristics from the plots, including corrosion
potential (Ecorr), corrosion potential density (icorr), and Tafel constants (Baand ).

Table 1. Results of potentiodynamic polarization studies on mild steel in 0.5M HCI containing different
concentrations of APTES functionalized FesO. nanoparticles at different temperatures.

Temp. Iif]?tt):ltg: icorr Ba Be Ecorr CR IE
(°C) (ppm) (mA/cm?) (mVvdec?) | (mVdec?) | (mV/SCE) | (mm/yr) (%)
Blank 1.53 138.81 161.59 -495.4 18.174
100 0.39 155.23 167.06 -505.3 4.619 74.58
30 250 0.33 122.46 149.58 -498.2 3.936 78.33
500 0.29 128.47 164.11 -505.7 3.492 80.78
1000 0.21 124.73 141.9 -510.6 2.566 85.87
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Temp. Ii?]?t():ltg: icorr Ba Be Ecorr CR IE
(°C) (bpm) (mA/cm?) | (mVdec?) | (mVdec?) | (mV/SCE) | (mmlyr) (%)
blank 1.62 125.63 144.52 -494.1 19.20
100 0.66 144.3 187.78 -504.3 7.809 59.32
35 250 0.52 132.22 150.12 -503.8 6.180 67.80
500 0.38 113.75 137.34 -502.9 4,538 76.36
1000 0.29 107.76 129.09 -498.0 3.450 82.03
blank 1.72 123.71 157.76 -485.3 20.363
100 0.76 145.36 176.56 -503.8 9.024 55.68
40 250 0.67 141.49 157.27 -501.8 7.925 61.07
500 0.55 126.98 136.81 -504.0 6.525 67.95
1000 0.49 120.74 136.21 -503.7 5.801 71.50
blank 1.95 99.85 142.07 -474.3 23.126
100 0.90 142.89 176.55 -500.5 10.685 53.79
45 250 0.83 149.09 184 -503.8 9.857 57.37
500 0.64 125.77 146.26 -500.0 7.648 66.92
1000 0.60 124.85 154.42 -498.5 7.127 69.18
blank 2.45 94.41 106.44 -469.1 28.427
100 1.15 131.25 127.05 -488.7 13.639 52.95
50 250 111 166.45 157.03 -437.6 12.868 54.73
500 0.99 154.29 194.3 -445.1 11.478 59.62
1000 0.76 129.7 148.48 -502.8 9.059 68.74

The percentage inhibition efficiency (IE %) was calculated from equation (5).

77(%) — icorr_-icorr(inh) X 100 (5)

Icorr

lcorr and lcorr(inh) are the corrosion current densities in the absence and in the presence
of an inhibitor, respectively. The corrosion rate is calculated using equation (6)

-1y — 3270xXMXicorr
) = e (g

Where 3270 is a constant that defines the unit of corrosion rate, Icorr = corrosion current
density in A cm, p = density of the corroding material, 8.23 g cm, M = Atomic mass of the
metal, and Z = number of electrons transferred per metal atom [18].

The Figure shows that by decreasing the corrosion current densities on both polarisation
curves, the addition of the investigated inhibitor inhibits both cathodic and anodic reactions
and, as a result, lowers the corrosion rate. The table shows that the shift in Ecorr Values lacks a
clear trend, indicating that the inhibitor acts as a mixed-type inhibitor.

With increasing inhibitor concentration, inhibition effectiveness increases. Both anodic
and cathodic reactions are affected, as evidenced by the changes in the anodic and cathodic
Tafel slopes observed after the addition of the inhibitor. Both the hydrogen evolution reaction
at the cathode and the anodic dissolution of metal are impacted by the addition of an inhibitor.
According to the parallel cathodic Tafel curves, the reduction mechanism is unaffected by the
presence of the inhibitors, and the hydrogen evolution is activation-regulated [19]. The Bc
values change with increasing inhibitor concentration, indicating the inhibitor's effect on
hydrogen evolution kinetics. The inhibitor molecules adsorbed to the steel surface may be
responsible for the change in the anodic Tafel slope Ba [20].

Inhibition efficiency increases with increasing inhibitor concentration. This indicates
that as the inhibitor concentration increases, a barrier film forms, preventing acid attack on the
metal surface.

Corrosion rate(mm y
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3.2.2. Effect of temperature.

The metal surface undergoes numerous changes due to temperature fluctuations,
including rapid etching and desorption of the inhibitor and the inhibitor itself, which, in some
cases, may undergo breakdown and/or rearrangement [21]. The calculation of numerous
thermodynamic functions for inhibition and/or adsorption processes, however, is made easier
and helps specify the type of adsorption for the investigated inhibitors. Corrosion potential
(Ecorr), anodic Tafel slope (Ba), and cathodic Tafel slope (Bc) results in this investigation are not
significantly impacted by an increase in solution temperature. This shows that a temperature
increase does not alter the way corrosion occurs. Yet, for both blank and inhibited solutions,
lcorr @and, consequently, the specimen’s rate of corrosion rise as temperature rises. As the
temperature rises, the inhibition effectiveness declines, indicating the desorption of inhibitor
molecules [22]. The apparent activation energy (E.) for the corrosion process in the presence
and absence of an inhibitor can be calculated using Arrhenius law using equation (7) [23].

In (CR)=B - (=) ()

When the corrosion rate is plotted against the reciprocal of absolute temperature, 1/T,
a straight line is produced with a slope of -Ea/R, which represents the activation energy for the
corrosion process. Figure 4 (a) displays the Arrhenius graphs for the mild steel specimen.
Figure 4 (b) displays the relationship between In(corrosion rate/T) and 1/T for mild steel
samples at varied inhibitor concentrations in 0.5 M hydrochloric acid.
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Figure 4. (a) Arrhenius plots for the dissolution of mild steel in 0.5 M hydrochloric acid
containing different concentrations of inhibitor; (b) In(CR)/T versus 1/T for aged mild steel in
0.5 M hydrochloric acid containing different concentrations of inhibitor.

The entropy and enthalpy of activation values for the dissolution of steel were
calculated from the transition state theory equation (8).
CR = (RT/Nh)exp (AS,/R)exp (—AH,/RT) (8)
where h is Plank’s constant, and N is Avagadro’s number. A plot of In(CR/T) versus
1/T gives straight line with slope = -AH,/R and intercept = In(R/Nh) -AS,/R.

The calculated values of an* and as#are given in Table 2.
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Table 2. Activation parameters for the corrosion of aged mild steel in 0.5 M hydrochloric acid containing
different concentrations of inhibitor.

Conc. of inhibitor Ea AH? AS?
(ppm) (kJ mol?) (kJ mol?) (I molt K1)
Blank 17.48 14.88 -172.18

100 40.47 37.87 -106.34
250 46.24 43.64 -88.99
500 47.18 44.58 -87.63
1000 52.96 50.35 -70.85

Chemically stable surface-active inhibitors raise the activation energy and reduce the
amount of corrosion-prone surface area [24]. In a 0.5 M hydrochloric acid solution with an
inhibitor, the activation energy (Ea) value is higher than it would be without an inhibitor. The
extent of the increase is proportional to the inhibitor concentration, suggesting that as the
inhibitor concentration rises, so does the energy barrier for the corrosion reaction. The rise in
activation energy Ea may be due to the physical adsorption of the inhibitor [25], which results
in the enhancement of surface coverage with the rise in the inhibitor concentration. An
appreciable decrease in the inhibitor's adsorption on the metal surface with an increase in
temperature. The reason for the inhibitor's lower inhibitory effectiveness may be a comparable
rise in corrosion rate brought on by more metal being exposed to the acid [26].

Entropy levels for activation are high and negative in both the absence and presence of
an inhibitor. This suggests that the activated complex in the rate-determining step represents
an association step rather than a dissociation step, thereby reducing randomness when
switching from reactants to activated complexes [27]. The entropy of activation values for
inhibited solutions is less negative than those for uninhibited solutions. This shows that as one
transitioned from reactants to the activated complex, unpredictability increased. This could be
caused by the adsorption of organic inhibitor molecules from the acidic solution, which could
be thought of as a quasi-substitution process between the organic substance in the aqueous
phase and water molecules at the electrode surface [28].

3.2.3. Adsorption studies.

Corrosion inhibitors have been shown to reduce metal dissolution by adhering to the
metal/corrosive medium interface and forming a barrier that prevents the metal surface from
contacting the corrosive medium. The adsorption pathway is typically thought of as a
substitution process between water molecules adsorbed at the metal surface, H.O (ads) and
the inhibitor in the agueous solution Inh(sol) described below by the equation (9) 9.

InhSol + xlnhSol < Inhads + xHZOSol (9)

Where x represents the number of water molecules replaced by one molecule of
adsorbed inhibitor, the linear relationship between surface coverage (h) value and Cinh must
be discovered in order to generate the isotherm. Many isotherms, including the Langmuir,
Temkin, Frumkin, and Flory-Huggins isotherms, were tried to fit the h values. By far, the
modified Langmuir adsorption isotherm produces the best fit. The following equation (10)10

can be used
1

Kads

Sh = C(inh) +

(10)
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Where Cinh is the concentration of inhibitor, K is the equilibrium constant for the
adsorption process, and 0 is the degree of the surface coverage, which is calculated using the
following equation (11).

_IE%

0= (11)
100
Where IE% is the percentage inhibition efficiency, the plot of Cinh/h versus Cinh gives
a straight line with intercept 1/K, as shown in Figure 5.
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Figure 5. Langmuir adsorption isotherm of APTES functionalized Fe3O. nanoparticles on mild steel in 0.5 M
HCI at different temperatures.

The standard free energy of adsorption (AG°ads) was obtained using equation (12).

0
Kads = 5z €XP (7 2%) (12)

Where the value 55.5 is the concentration of water in solution in M (mol/L), R is the
universal gas constant, and T is absolute temperature [29]. The slopes of straight lines and the
linear regression coefficients are approximately equal to one, indicating that the adsorbed
molecules interact little with one another and that the inhibitor adheres to Langmuir's
adsorption isotherm [30]. The examined inhibitor's high K values show a significant amount
of inhibitor adsorption on the alloy surface. Negative values of AGg, are the characteristic
property of strong spontaneous adsorption for the examined substance. Standard free energy
values of -20 kJ mol? or less negative are typically linked to an electrostatic interaction
between charged molecules and charged metal surfaces, leading to physisorption, and those of
-40 kJ mol™ or more negative involve charge sharing or transfer from the inhibitor molecules
to the metal surface to form a coordinate covalent bond, leading to chemisorption [31,32].

Table 3. Thermodynamic parameters for the adsorption of APTES functionalized FezO4 nanoparticles on mild
steel in 0.5M HCI at different temperatures.
Temp Kads AGPags

(°C) (moltL) (kJ mol) R

30 14393.07 -34.23 0.998
35 6711.27 -32.84 0.998
40 7612.26 -33.70 0.999
45 7008.42 -34.02 0.998
50 4868.96 -33.58 0.990
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In 0.5 M hydrochloric acid, theAG 2, values for the investigated inhibitor on the alloy
surface vary from -30 to -34 kJ/mol, as shown in the table 3, showing both physical and
chemical adsorptions [33].

3.2.4. Electrochemical impedance spectroscopy (EIS) measurements.

EIS is a potent approach for comprehending corrosion and inhibition mechanisms.
Temperatures of 30-50°C were used to record the impedance diagrams for mild steel in 0.5 M
HCI with and without varied concentrations of the silane-functionalized magnetite nanoparticle
inhibitor. Figure S6(a) shows the Nyquist plot that was produced at 30°C. The simplest
electrical equivalent circuit for explaining the electrochemical behavior of a metal in an acidic
solution is Randle's circuit, given in Figure 6 (b), which consists of solution resistance (Rs),
charge transfer resistance (Rct), and double-layer capacitance (Cdl). The charge transfer of the
corrosion process and the time constant of the electric double layer are responsible for the high-
frequency (HF) capacitive loop.

30
PR N
Fon N, |
TN \
204 /.’; , \‘
f’/r""\ \ 3 ‘
cdl

=)
|
-
-

Z" (ohm cm™)
=
o
£
P
-

=
1
b

204 R

(a) (b)
Figure 6. (a) EIS curve for the corrosion of mild steel at different concentrations of NP’s at 30°C; (b)
Equivalent circuit used to fit EIS data.

The presence of an inhibitor raises the impedance but does not affect the behavior's
other features. These findings confirm polarisation measurements that the inhibitor does not
alter the electrochemical reactions that cause corrosion. It inhibits corrosion primarily through
its adsorption on the metal surface [34]. An inductive loop is followed by a depressed capacitive
loop in the low-frequency (LF) region of the impedance plots, whose width increases with an
increase in inhibitor concentration. Surface roughness, the distribution of active materials, and
other factors may all contribute to the depressed capacitive loop with its center below the real
axis [35].

The real and imaginary components of the impedance are plotted along the X- and Y-
axes, respectively, in the Nyquist plot, which displays the results of the EIS analysis [29, 30].
The inhibitor’s effectiveness is calculated using the following equation (13):

N% = Ret(inh) “Ret 100 (13)

Ret(inh)
where Rctginn) and Rct stand for the charge transfer resistance with and without an
inhibitor, respectively. The results show that the charge transfer process mostly regulates the

https://materials.international/ 10 of 14


https://doi.org/10.33263/Materials72.015
https://materials.international/

https://doi.org/10.33263/Materials72.015

corrosion process as Rct values increase with the increase in inhibitor concentration, as shown
in Table 4.

Table 4. Electrochemical impedance data for the corrosion of mild steel in 0.5M HCI containing different
concentrations of APTES functionalized FesO4 nanoparticles carried out at different temperatures.

Temperature of Concentration of Ret Rs IE
medium (°C) inhibitor (ppm) (e cm?) (2 cm?) (%)
blank 10.22 3.29
100 44.65 418 77.11
30 250 46.65 1.88 78.09
500 60.29 3.63 83.04
1000 69.24 3.38 85.23
blank 10.04 2901
100 30.16 2.18 66.71
35 250 41.41 2.94 75.75
500 44.82 3.23 77.59
1000 47.06 2.98 78.66
blank 8.259 2.21
100 24.88 2.34 66.80
40 250 29.71 3.12 72.20
500 32.96 2.89 74.94
1000 3457 3.09 76.10
blank 7.904 2.39
100 19.11 2.53 58.63
45 250 28.22 1.87 71.99
500 30.20 2.87 73.82
1000 31.84 2.05 75.17
blank 5.864 2.96
100 13.12 7.01 55.30
50 250 15.56 6.77 62.31
500 19.91 2.30 70.54
1000 20.20 2.00 71.00

4. Conclusions

Silane-functionalized FesO4 nanoparticles were studied for their anti-corrosion activity
against mild steel in 0.5 M HCI. Ferric oxide nanoparticles and APTES-functionalized
magnetite nanoparticles were successfully synthesized via coprecipitation and characterized
using SEM and FT-IR. Silane-functionalized FesO4 nanoparticles act as an efficient inhibitor
of mild steel in 0.5 M HCI solution. Inhibition efficiency increases with increasing inhibitor
concentration and decreases with increasing temperature. Potentiodynamic polarization studies
revealed that the FesOs@APTES nanoparticles behave as mixed-type inhibitors. The
adsorption of functionalized nanoparticles on a mild steel surface follows the Langmuir
adsorption isotherm. Thermodynamic data indicate the presence of both physisorption and
chemisorption, with physisorption predominating.
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