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308, 318, and 328 K. Kinetic parameters including activation energy (E.), activation
enthalpy (AH*), Gibbs free energy of activation (AG*) and activation entropy (AS*) were
evaluated. Kinetic and thermodynamic parameters were used to calculate E, in the presence
or absence of each inhibitor to determine the physical adsorption mode on the surface of
carbon steel. Results showed that the adsorption modes obeyed the Langmuir method of
adsorption according to their R? value, which approached unity.

1. Introduction

Carbon steels have many applications as structural components and industrial pipes [1]. However, alloys
and metals deteriorate through corrosion because of their reaction with their environment through
chemical or electrochemical changes. Corrosion occurs in a cell system, which includes an anode, a
cathode, an electrical circuit, and an electrolyte solution [2], and entails high maintenance costs because
it can destroy and shorten the lifespan of metal equipment [3].

The corrosion of metals and alloys can be prevented or minimized through different techniques, such as
using corrosion inhibitors, which are chemicals that reduce or prevent corrosion when they are added at
a sufficient concentration. Corrosion inhibitors can be classified into inorganic and organic types based
on their chemical structures. Organic inhibitors are widely used because they have one or more
heteroatoms, such as O, N, S, and P. Thus, these molecules have a high basicity because of their electron
density caused by the presence of these heteroatoms.

Different corrosion inhibitors have been used against the corrosion of carbon steel in acid media. The
performance of an organic inhibitor is related to its chemical structure and physicochemical properties,
such as electron density, functional groups, and electronic structure [4-7].

The adsorption of an inhibitor at a metal/solution interface is due to the formation of covalent bonding
or electrostatic interactions between the metal surface of carbon steel and an inhibitor [8]. Graphene
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oxide (GO) is an excellent material composed of single or multiple flat layers of carbon atoms packed
into a 2D honeycomb lattice with sp?-bonded carbon. GO has been widely explored for its
physicochemical properties and possible applications in many fields [9, 10].

GO is a layer of graphene that is heavily decorated with oxygen functionalities, such as hydroxyl (OH),
carbonyl (C=0), and alkoxy (C—O—C) groups. GO has been extensively investigated because of its low
cost, easy access, and its widespread ability to convert into graphene. The scalability of GO is also a
desired feature that has been considerably researched because of its large surface area, high intrinsic
mobility, high Young’s modulus, high thermal conductivity, and high optical transmittance. The
functionalization of GO (FGO), where GO is dispersed in an organic solvent, enhances its
physicochemical properties and improves its thermal, mechanical, and electric properties [11-16].

Our study aimed to enhance the ability of GO as a corrosion inhibitor for carbon steel alloy by grafting
it with polar functional groups. A microwave method was used to initially functionalize GO with urea
and subsequently with thiourea. GO and its derivatives were used as corrosion inhibitors for carbon steel
alloy against 0.1 M HCI. The corrosion of carbon steel alloy in a certain acidic medium was evaluated
using the Tafel method.

2. Material and Methods
2.1. Chemicals

In the present work, chemicals were purchased from different sources as follows: graphite powder
(99%), sodium nitrate (99.9%), and hydrogen peroxide (30%; Fluka); sulphuric acid (99.9%; Sigma
Aldrich); hydrochloric acid (37%), potassium permanganate (99%), and ethanol (99%; BDH); urea
(99%), thiourea (99%), and N,N-dimethyl formamide (DMF; 99%; Merck).

2.2. Synthesis of graphene oxide (GO)

GO was prepared using the modified Hummer’s method. Approximately 1 g of graphite powder, 23 mL
of H.SO4 and 0.5 g of sodium nitrate were mixed in a flask and stirred in an ice bath for 30 min.
Approximately 3 g of KMnOs was added gradually into the mixture for 3 h. A certain amount of
hydrogen peroxide was added to the mixture to stop the reaction. The suspension was dried, exfoliated
through sonication and repeatedly washed with 5% HCI and deionized H>O. Afterwards, the product
was dried in a furnace at 343-353 K for 4 h to obtain the solid GO [17-19].

2.3. Synthesis of GO-amine (GOA) and GOB

In a 100 mL beaker, 0.5 g of GO was dispersed in 50 mL of DMF through ultra-sonication for 30 min.
Afterwards, 0.6 g of 10 mM urea was added to the mixture and dispersed by ultra-sonication for 30 min.
The resulting suspension was heated in a microwave for 30 min at 20% power (140 W). The obtained
suspension was repeatedly washed with 300 mL of anhydrous ethanol at different times in 1 day to
remove any residual amount. The resulting suspension was then repeatedly washed with distilled water
and ethanol to ensure the purity of the product. The final product GOA was dried at 70 °C for 6 h as
black powder. Similarly, GO was grafted with 0.76 g of 10 mM thiourea to synthesize GOB [20]. The
chemical reactions of GO, GOA, and GOB synthesis are shown in Schemes 1-3.

2.4. Characterization of GO and its derivatives

The synthesized compounds were characterized through Raman, field emission scanning electron
microscopy (FESEM), energy-dispersive x-ray spectroscopy (EDX) and x-ray diffraction (XRD).
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Scheme3: The general chemical reaction of synthesis GOB compound.

Raman spectroscopy is a good technique to characterize the structure and quality of carbon products and
crystal structure, particularly to describe the defective, disordered, and ordered structures. Carbon
products are represented as carbon—carbon double (-C=C-) and conjugated bonds that lead to high
Raman intensities. The electronic structures of compounds are highly sensitive, as shown by the Raman
spectrum [12, 21-23]. Figure 1 reveals the Raman spectra of GO, GOA, and GOB. GO has two prominent
bands, namely, D and G. The first band (D) at 1359.57 cm™ is assigned to the disordered band
(disordered structures of the sp?). The second band (G) at 1602.48 cm™ is assigned to the first-order
scattering of the in-phase vibration of the E>g phonon and the vibration mode of carbon atoms (sp?) [12,
23, 24]. The Raman spectra of GOA and GOB derivatives depict that the two peaks of D and G bands
in GOA exhibit a change in their behavior, in which the intensity of D in GOA is higher than that in GO
and blue shifted compared with that in GO. The intensity of the G band of GOA is also higher than that
in GO but has the same value as in GO. The intensities of D and G bands of GOB are higher than those
of the same bands in GO but red shifted compared with those in GO. GOA and GOB have new 2D bands
at approximately 2915.83 and 2935.05 cm, respectively, compared with those of GO; thus, GO is
grafted with urea in GOA and with thiourea in GOB because this band is not present in GO [25]. The
Raman spectra of GO, GOA and GOB (Figure 1) depict that the intensities of ID/IG change because of
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the electronic conjugation state of GO through modification. This increase in ID/IG is due to the
increasing amount of urea and thiourea for GOA and GOB during preparation; that is, the intensities of
ID/1G of GO, GOA, and GOB are 0.9, 0.96, and 1.13, respectively. This increase in ID/IG is also a result
of the reduction of GO and amine grafting with GO during modification with urea and thiourea [26].
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Figure 1: Raman spectra of GO, GOA, and GOB.

The morphological surface characteristics and properties of GO and its derivatives were studied through
FESEM. As shown in Figure 2a, the FESEM image of GO has a smooth, thin, and flat sheet with kinked
areas and numerous wrinkled edges. The surface of GO is light grey and composed of several layers [27,
28]. The FESEM images of GOA and GOB in (Figures 2b and 2c, respectively) reveal that GOA has
multiple light grey layers and a dark grey part with sharp edges. Images also show wrinkled and stacked
layers between them and one on top of the other. GOB also consists of many light grey layers and few
dark grey layers. The outer surface is rough, and the parts and edges are folded. Small granules of light
colored, corrugated, and wrinkled areas are also observed. The variability and difference in GOA and
GOB compared with those of GO are good indications of the separate FGO by urea and thiourea,
respectively. The average particle sizes were determined using the Image-J program. The average
particle sizes of the compounds are listed in (Table 1), as revealed through FESEM, correspond to the
results at scales of 500 and 400 nm in some compounds [27-29].

Figure 2: Field emission scanning electron microscopy (FESEM) images of the prepared a: GO, b: GOA, and c: GOB.
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Table 1: Average nanoparticle size of GO, GOA, and GOB.

No Com Particle size (nm) Average
1 GO 52,40,52,27.5,48,41.8 43.55
2 GOA 29.18, 46.57,31.46 35.74
3 GOB 66,8,55.55 61.18

GO, GOA, and GOB were characterized through EDX analysis with SEM. EDX was employed to
analyze the elemental composition and chemical characteristics of compounds [30]. As shown in the
EDX spectrum of GO in Figure 3 and Table 2, the two peaks related to C and O atoms have 0.277 and
0.525 KeV of energy with 71.45 wt.% and 28.55 wt.% for GO, and 76.83 wt.%, and 23.17 wt.% for
GOA, respectively. This result indicates successful GO synthesis and agrees with published studies on
GO synthesis [31]. The EDX spectra and data of GOA and GOB indicate a new change, as shown in
Figures 4 and 5 and Tables 3 and 4, respectively. A new peak at 0.392 KeV for N is found in GOA,
whereas two new peaks at 0.392 and 2.307 KeV for N and S are observed in GOB, respectively. This
finding confirms that GO is separately functionalized by urea and thiourea. The weight percentages of
GOA and GOB are as follows: 65.79 wt.% (C), 29.63 wt.% (O), 4.58 wt.% (N), 72.55 wt.% (C), 13.71
wt.% (O), 9.22 wt.% (S), and 4.52 wt.% (N). The atomic percentages of GOA and GOB are as follows:
71.57 at% (C), 24.16 at% (O), 4.27 at% (N), 80.46 at% (C), 11.41 at% (O), 3.83 at% (S), and 4.30 at%
(N). Thus, these results evidently show the appearance of N and S for successful GO functionalization
with amine (urea and thiourea) [10, 32, 33]. EDX elemental mapping was performed to understand the
distribution of N in GOA and N and S in GOB on GO. The elemental mapping indicates the uniform
distribution of N and S over the GO surface and shows homogeneous distribution of N and S over the
measured area of GO in GOB [28, 34], as shown in Figures 6a, 6b, and 6c.

cps/eV

o

L I — e B e B e e e B L s B e o e R e NN R s
2 4 6 8 10 12 14 16 18 20
keVv

Figure 3: EDX spectra of GO.

Table 2: EDX spectral analysis of GO.

Element AN. Series Kev [norm.wt. %] [norm.at. %]
C 6 K-series 0.277 71.45 76.83
) 8 K-series 0.525 28.55 23.17
Sum: 100 100
Table 3: EDX spectral analysis of GOA.
Element AN. Series Kev [norm.wt. %] [norm.at. %]
C 6 K-series 0.277 65.79 71.57
) 8 K-series 0.525 29.63 24.16
N 7 K-series 0.392 4.52 4.27
Si 14 K-series 1.85 0 0
Sum: 100 100
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Figure 4: EDX spectra of GOA.
Table 4: EDX spectral analysis of GOB.

Element AN. Series Kev [norm.wt. %] [norm.at. %]
C 6 K-series 0.277 72.55 80.46
@) 8 K-series 0.525 13.71 11.41
S 16 K-series 2.307 9.22 3.83
N 7 K-series 0.392 4,52 4.30

Sum: 100 100
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Figure 6: EDX elemental distribution mapping of the prepared a: GO, b: GOA, and c: GOB.
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XRD was also conducted to identify GO and its derivatives. As shown in Figure 7, the spectra of GO,
GOA, and GOB provide good information that can help determine the change in the GO structure
compared with those of GOA and GOB. GO has a characteristic sharp peak at 260 = 11.15° corresponding
to d-spacing = 8.0 A°. GO is produced from the oxidation of graphite powder. Graphite has a reflection
002 peak at 26.6° corresponding to d-spacing = 3.3 A°. In GO, the peak of graphite disappears, and a
new reflection 002 peak appears at 11.15°. The interlayer spacing is increased to 8 A° because of the
presence of oxygen-rich groups containing functional groups on both sides of GO. This finding confirms
the successful oxidation of graphite into GO [16, 25, 26, 35, 36]. The comparison of the XRD of GOA
and GOB spectra with that of GO spectra reveals that 26 of GO increases from 11.15° to 12.85° (GOA)
after GO is functionalized by urea. This change indicates that the interlayer spacing decreases to 6.9
(GOA) [37]. By contrast, 20 of GOB decreases to 9.21° compared with that of GO. When GOB is
functionalized by thiourea, the interlayer spacing increases to 9.6 (GOB). The decrease and increase in
GOA and GOB in the interlayer spacing compared with those of GO imply that amino groups
successfully attach onto the GO surface [26, 32].
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Figure 7: XRD spectra of GO, GOA, and GOB.

The new peaks at 25.10 and 24.43 (Figure 7) correspond to GOA and GOB, respectively, leading to the
formation of a disordered stacking structure in GO functionalized with urea and thiourea. The crystallite
size of GO, GOA, and GOB can be calculated using the XRD data and the Scherrer equation as follows
[38]:

where D is the crystallite size (hm), 4 is the x-ray wavelength (0.15406 nm for Cu Ka), K is the Scherrer
constant (0.9) that depends on the shape of a crystal, B is the full width at half maximum of intensity,
and 0 is the Bragg angle. Table 5 depicts that the crystallite sizes of GO and its functionalized compounds
are 7.28, 2.77, and 0.48 of GO, GOA, and GOB, respectively. The crystallite size of GO is higher than
those of GOA and GOB because the GO surface is separately grafted with urea and thiourea.
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Table 5: Structural parameters of the prepared compounds as derived from the XRD pattern.

No Samples | 2Theta degree Distance(d002) (A) FWHM degree | CrystalliteSize (nm)
1 GO 11.15¢ 8 1.097 7.28
2 GOA 12.85¢ 6.9 2.891 2.77
3 GOB 9.21- 9.6 16.728 0.48
3. Corrosion study
3.1. Experimental
3.1.1. Composition of carbon steel alloy
A C1025 type of carbon steel alloy was used (Table 6).
Table 6: Composition of carbon steel (C1025).
Alloy Composition % w/w
Carbon steel | C S P Mn Si other Fe
(C1025) 0.27 | 0002 | 0.003 |0.69 |02 |0.3499 | Balance

3.2. Preparation of working electrode

The carbon steel alloy (C1025) was cut into strips with length, width, and thickness of 2, 2.55, and 0.35
cm, respectively. The total strip area immersed in a corrosive medium was 12.4925 cm?. The alloy was
ground and polished using silicon carbide paper with different smoothness grades (80, 120, 200, 400,
and 600 grades). Thereafter, the strip was degreased with acetone, washed with distilled water and
ethanol, dried, and placed in desiccators containing silica gel to protect the specimens against moisture
through an interval between polarization measurements and alloy polishing.

3.3. Electrochemical cells, potentiodynamic method (Tafel plot), and solution preparation

In this study, the electrochemical cell in the corrosion test consisted of a 100 mL vessel connected to
three electrodes: platinum electrode, carbon steel specimen, and saturated calomel electrode as counter,
working, and reference electrodes, respectively. GO, GOA, and GOB were used separately to prepare
several concentrations (10, 30, 50, 70, and 100 ppm) at 298 K to evaluate their activity as corrosion
inhibitors. The effect of temperature on the corrosion reaction in the presence and absence of optimal
GOA and GOB concentrations was studied at 298, 308, 318, and 328K in 0.1 M HCI as a corrosive agent.
Potentiodynamic and polarization measurement is a commonly used technique to measure corrosion
resistance and various functions and determine the current density versus the electric potential through
a setup of open circuit potential (OCP) for 20 min. The polarization curve can then be acquired by
scanning the potential range between —2.5 mV and +2.5 mV (vs. OCP) by using a computer for
potentiostat/galvanostat at a scanning rate of 10 mV S,

3. Results and discussion

As shown in Table 7 and Figure 8, the corrosion current density and corrosion rate (CR) of the carbon
steel alloy is generally reduced in the presence of the inhibitor regardless of type (GO, GOA, or GOB)
because the certain inhibitor tends to form a protective film on the carbon steel alloy. Consequently, the
corrosion reaction is reduced by removing water molecules and hydrochloric acid solute from the alloy
surface. Thus, the charge-transfer resistance is enhanced by the presence of the certain inhibitor. Ecorr
(Table 7) of the corrosion cell in the presence of certain inhibitors is almost not lesser or greater than +9
mv compared with that of the blank (absence of inhibitor). This result indicates that the behavior of each
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inhibitor is mixed [39]. Furthermore, the Tafel constant values, that is, the anodic and cathodic Tafel
constants, increase in the case of GO, GOA, and GOB compared with those in the blank. These data
suggest that the anodic dissolution of the metal and the evolution of hydrogen at the cathode are
controlled by the presence of each inhibitor. This finding suggests that the inhibitors initially become
adsorbed on the metal surface and subsequently impede the passage of metal ions from the oxide-free
metal surface to the solution by blocking the reaction sites of the metal surface. Consequently, the anodic
reaction mechanism is affected. This finding also demonstrates that our inhibitors are of mixed type [40,
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Figure 8: Tafel Plot in the absence and presence of inhibitors: a: GO, b: GOA, and ¢: GOB at 298 K.
Table7: Corrosion parameters in the absence and presence of GO, GOA, and GOB at 298 K.
Conc EcCorr lcorr CR Ba BC Rp
comp | (ppm) | (MV) (LA.Cm?) | (mpy) mV mV (Q.cm?) % IE 0
HCl | Blank | - 611 1092 505.54 214.94 | -240.19 16.488 - -
10 - 605 412.1 190.82 335.45 | -367.41 43.682 62.3 0.623
30 - 617 391.5 181.28 214.02 | -394.33 45.982 64.2 0.642
50 - 605 394.2 182.52 366.64 | -411.11 45.668 63.9 0.639
GO 70 - 609 309.7 143.41 161.77 | -377.31 58.124 717 0.717
100 - 603 246.7 114.24 443.65 | -458.22 72.963 77.4 0.774
10 - 685 227.3 105.25 379.61 | -13375 79.196 79.2 0.792
30 -672 188.3 87.171 488.97 | -1363.8 95.621 82.8 0.828
GOA | 50 - 683 155.1 71.794 358.65 | -962.12 116.1 85.8 0.858
70 - 630 221.2 102.42 345,76 | - 381.52 81.387 79.8 0.798
100 - 647 90.42 41.87 219.9 - 872,54 199.08 91.7 0.917
10 - 680 172.9 80.051 307.09 | -952.98 104.13 84.2 0.842
30 - 667 181 83.818 272,97 | -321.24 99.446 83.4 0.834
GOB | 50 - 652 195.8 90.628 292.13 | - 265.54 91.974 82.1 0.821
70 - 682 237.2 109.83 290.07 | -417.41 75.892 78.3 0.783
100 - 661 141.8 65.659 262.32 | -317.41 126.95 87 0.870
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The inhibition efficiency increases from 62.3% to 77.4% in GO and from 79.2% to 91.7% in GOA as
their concentrations increase from 10 ppm to 100 ppm (optimal concentration), respectively, (Table 7)
because the number of the adsorbed molecule, as a protective film, increases as the concentration
increases. The corrosion reaction is also reduced. When the concentrations of GO and GOA reach 50
and 70 ppm, respectively, their efficiencies decrease to 63.9% and 79.8%, respectively, because the
protective film starts to breakdown because of the loss in ability to thicken [42]. Although the efficiency
of GOB decreases from 84.2% at 10 ppm to 78.3% at 70 ppm because of the same reasons, the efficiency
enhances by 87.0% (Table 7) as its concentration reaches 100 ppm. This finding may be attributed to the
increase in the number of GOB molecules in the corrosive medium that provides a simple blocking site
for the reaction. The polarization resistance (Rp) significantly increases when the inhibitor is used. By
contrast, CR decreases in the presence of the inhibitor [43].

3.5. Effect of temperature on corrosion reaction

The effect of temperature on the corrosion reaction of the carbon steel alloy was studied in the presence
of the optimal concentrations of GO, GOA, and GOB and compared with that in the blank. Table 8 and
Figure 9 represent the Tafel data and plots produced from the electrochemical measurement of the carbon
steel alloy surface, respectively. Generally, Table 8 shows that the efficiencies of GO, GOA, and GOB
are reduced as temperature increased from 298 K to 328 K. The corrosion current density and CR
increase, and the Rp of the alloy surface decreases. This result is expected because this effect increases
the Kkinetic energy of the inhibitory particles and reduces both the efficiency of adsorption and surface
coverage area covered by the inhibitor molecules as temperature increases [43, 44]. In addition, these
inhibitors are physically adsorbed on the carbon steel alloy [45], that is, the protective film of the certain
inhibitor tends to form electrostatic attraction forces with the alloy rather than a covalent bond.
Conversely, the first force is weaker than the second one. Figure 10 shows the relation between CR and
temperature.
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Figure 9: Tafel Plot in the presence of optimal concentrations of GO, GOA, and GOB at different temperatures.

3.6. Kinetic study of the corrosion reaction of carbon steel alloy

In the present work, kinetic parameters, including activation energy (Ea), activation enthalpy (AH*),
activation entropy (AS*), and Gibbs free energy of activation (AG*), were calculated for the corrosion
reaction of carbon steel alloy in the presence of the inhibitors, and their values were independently
compared with those in the absence of the inhibitors in accordance with the electrochemical data shown
in Table 8 at 298, 303, 308, and 313 K.
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Figure 10: Effect of temperature on the corrosion rate in the absence and presence of GO, GOA, and GOB.

Table 8: Effect of temperature on the corrosion rate in the absence and presence of GO, GOA, and GOB.

Comp | Temp Ecorr lcorr CR pa Be Rp % IE 0
(°C) | (mV) | (MACmM?) | (mpy) | (mV) (mV) (Q.cm’)
25 -611 1092 505.54 214.94 -240.19 | 16.488 | - -
35 - 620 1196 553.53 249.49 -248.25 | 15.059 | - -
HCI 45 - 599 1327 614.18 231 -259.9 13571 | - -
55 -614 1359 629.03 242.06 - 366.58 13.251 | - -
25 - 603 246.7 114.24 443.65 -458.22 | 72963 | 77.4 | 0.774
GO 35 - 619 405.1 187.58 236.52 -437.9 44436 | 66.1 | 0.661
45 - 631 488.4 226.16 293.22 -287.56 | 36.856 | 63.2 | 0.632
55 -614 803.4 372.03 313.81 -423.78 | 22.405 | 40.9 | 0.409
25 - 647 904.2 41.87 219.9 -87254 |199.08 | 91.7 | 0.917
35 - 617 379.4 175.66 274.18 -44571 | 47452 | 68.3 | 0.683
GOA 45 - 595 588.6 272.53 395.39 -434.27 | 30.585 | 55.6 | 0.556
55 - 501 757.4 350.72 188.27 -225.08 | 23.767 | 443 | 0.443
25 - 661 141.8 65.659 262.32 -317.41 | 126.95 | 87 0.87
35 -614 524.2 242.72 247.01 -26159 | 34341 |56.2 | 0.562
GOB 45 - 607 693.7 321.22 268.75 -261.56 | 25.949 | 47.7 | 0.477
55 - 616 816.8 378.2 318.65 -325.47 | 22.04 39.9 | 0.399

These Kkinetic parameters were calculated for the presence of the optimal concentration of a certain
inhibitor. Ea was calculated on the basis of the Arrhenius relationship as in Equation 1:

INCR =INA — =5, e, 1
T

Where CR is the corrosion rate (mpy), Ea is the activation energy of the corrosion reaction (kJ-mol?), A
is the Arrhenius pre-exponential constant, T is the absolute temperature (K) and R is the universal gas
constant (8.3143 J-K1-mol ™). Ea can be calculated by plotting In CR versus 1/T, where the slope is equal
to (—Ea/R). Thus, Ea of the corrosion reaction of carbon steel alloy was calculated in the absence and
presence of the optimal concentrations of GO, GOA and GOB. Results are acquired by plotting Equation
1 in Figure 11, and the data are summarized in Table 9. E, of corrosion increases when GO, GOA, or
GOB inhibitor is added to the corrosive medium, which corresponds to a decrease in CR of the alloy in
the presence of any of the inhibitors. Ea in the presence of GOA or GOB is greater than that in the
presence of GO. This finding is a good indication that GO functionalized by either urea (GOA) or
thiourea (GOB) enhances the inhibitory ability of GO against the corrosive effect of HCI. The range of
E. in the absence and presence of the inhibitor from 6.29 kJ-mol™ to 55.84 kJ-mol™ is lower than the
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threshold of 80 kJ-mol* required for chemisorption. This result indicates the physical adsorption of GO
and GOA onto the surface [46-50].

Other kinetic parameters, such as AH*, AS*, and AG*, for the corrosion reaction of carbon steel alloy
were calculated using Equations 2 and 3:

R (A;) - (i’;) .................................. 2
AG* = AH* — TAS™,.. oo oo 3

Where N is Avogadro’s number (6.022 x 102 mol™), and h is Plank’s constant (6.62 x 102* J.s). Thus,
AH* and AS* were calculated by plotting In CR/T versus 1/T, as shown in Figure 9. AG* was calculated
by using Equation 3 to obtain the slope and intercept equal to (—AH*/R) and (In R/ Nh + AS™/R),
respectively. AH*, AG*, and AS* are summarized in Table 9.

Table 9 shows that the corrosion reaction on the surface of carbon steel alloy is endothermic even in the
presence or absence of any of the synthesized inhibitors. However, the endothermic behaviour increases
in the presence of each of the inhibitors. This condition indicates that the corrosion reaction increases
as temperature increases and implies that the dissolution of carbon steel is slow in the presence of
inhibitors. Each inhibitor is physically adsorbed on the alloy surface [45]. These calculated data
revealed that AS* for dissolution reaction of carbon steel in 0.1 M HCI in the presence inhibitors is
higher than that in the absence of inhibitors. Large and negative values of AS* show that the activated
complex in the rate-determining step represents an association than a dissociation step. This finding
means that a decrease in disorder takes place to change reactants to the activated complex. This behavior
may be explained as a result of the replacement process of water molecules through adsorption of GO
derivatives on steel [51,52]. AG* (Table 9) reveals that corrosion reaction becomes more
nonspontaneous in the presence of the inhibitor.

Tables 8 and 9 show the corrosion current density and CRs of GO, GOA, and GOB. These values
decrease in the presence of the inhibitor, whereas the charge-transfer resistance of the alloy increases.
The best inhibitor decreases in the order GOA>GOB>GO because of the inhibition efficiency. The Ea
of the corrosion reaction increases in the same order as above compared with that in the absence of an
inhibitor. This result indicates that GO is preferably functionalized with urea rather than with thiourea.

Table 9: Kinetic parameters in the absence and presence of optimum inhibitor concentrations.

Comp | Optimum AG* ( KJ.mol?)

conc Ea AH* AS*

(ppm) (KJ.mol?) | (KJ.molY)| Jk-1.mol?) | 298K | 308K | 318K | 328K
HCI 0 6.29 3.62 - 180.95 57.55 59.36 | 61.17 | 62.98
GO 70 30.30 27.8 -112.18 61.23 62.35 | 63.47 | 64.6
GOA 70 55.84 53.38 -32.22 62.99 63.30 | 63.63 | 63.95
GOB 100 45.51 42.97 -63.43 61.88 62.51 | 63.15 | 63.78

3.7. Adsorption ability of the inhibitors on the alloy

The surface coverage area on the alloy by the inhibitor 6 was calculated at optimal concentrations of GO
and its derivatives in the last range of temperatures. The data are listed in Table 7. The degree of the
surface coverage is reduced with increased temperature from 298 K to 328 K at optimal concentrations.
In the present study, 0 is calculated using Equation (4).
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CRunhib—CRinhib
0= ettt ettt e e et e e e e eaariaaaaaa 4
CR unhib

Where CR unhib and CRinnib are CR in the absence and presence of the inhibitors, respectively.

7 -

6 - ¢ —&

5 -

4 & HCl
InCR y = -756.32x + 8.7672 swwwiip HCI GO

3 S y = -3644.4x + 16.982 sl GO

GOA
v = -6715.7x + 26.57 "wmi» GOA
2 - > GOR
y = -5473.5x + 22.854 s> GOB
1 .
0 T T T 1
0.003 0.0031 0.0032 0.0033 0.0034
1/TK?
Figure 11: Calculation of Ea in the absence and presence of GO, GOA, and GOB.
25 - y=-434.68x+1.9974 sl HCI
5 y=-3339.7x + 10.268* GO
y=-6419.7x + 19.885 ﬂGOA
15 y = -5167.4x + 16.132 swwmiiy GOB
-1 - ¢ HCl
InCR/T EGO
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0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
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Figure 12: Calculation of AH* and AS* in the presence and absence of GO, GOA, and GOB.

In the present work, some isotherms, such as Timken, Langmuir, Frumkin, and Freundlich, are used.
The best-fitted model among them for GO and its derivatives is Langmuir isotherm because it provides
R? that is close to one, as shown in Figure 13. The Langmuir isotherm is dependent on the assumption
that all adsorption process sites are equivalent. This isotherm can be calculated using Equation 5:

Cinhi.

1
0 = E"‘ Cinhib PP 5

Where 0 is the surface coverage, C is the concentration of the inhibitor in parts per million, and K is the
equilibrium constant of adsorption. K is determined from the Langmuir isotherm in Equation 5 for the
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optimal concentration at different temperatures, as shown in Figure 13 [49, 50]. The Langmuir isotherms
at optimal concentrations and different temperatures of organic compounds in 0.1 M HCI are plotted, as
shown in Figure 13 and Table 10.

160 -
y = 1.25x + 8.5752
140 - R? = 0.9872 > GO
V= 1.1002x + 3.5723
120 | R?=0.9874  ¢i» GOA
y=1.171x + 1.73
100 - GOB
R? = 0.9924
LR . *GO
mGOA
60 1 GOB
40 -
20 -
O T T T T T 1
0 20 40 60 80 100 120
C

Figure 13: Langmuir adsorption isotherm plots of GO, GOA, and GOB.

Table 10: Langmuir adsorption isotherm of the synthesized compounds at 298 K.

Comp | Conc. (mg.L?) 0 C/0 R?

10 0.623 | 16.06

30 0.642 | 46.73
GO | 50 0.639 | 78.25 0.9872

70 0.717 | 97.63

100 0.774 | 129.2

10 0792 | 12.63

30 0.828 | 36.24

50 0.858 58.28 0.9874
GOA | 70 0798 | 87.72

100 0.917 | 109.05

10 0.842 | 11.88

30 0.834 | 35.98 0.9924
GOB | 50 0.821 | 60.90

70 0.783 | 89.40

100 0.870 | 114.95

4. Conclusion

GO, GOA, and GOB were synthesized and evaluated as corrosion inhibitors of carbon steel alloy in 0.1
N HCI. The corrosion inhibition efficiency increased as the concentration increased at 25 °C at an
optimal concentration of 100 ppm for GO, GOA, and GOB. All inhibitors were physically adsorbed on
the surface of the carbon steel alloy to reduce corrosion that occurs in an acidic corrosive medium. This
finding shows the effect of temperature on corrosion and the adsorption ability of the inhibitors on the
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surface alloy. The inhibition efficiency of GOA was greater than that of other inhibitors, and this
parameter showed the following order: GOA>GOB> GO. This order indicates that urea and thiourea
were uniformly functionalized on the GO surface, and they enhanced the inhibition efficiency of GO.
However, the degree of functionalization of urea was greater than that of thiourea. Therefore, the
efficiency of GOA and GOB at 100 ppm was 91.7% and 84.2%, respectively. These inhibitors behaved
as mixed inhibitors. The adsorption of the inhibitors follows Langmuir’s adsorption isotherm because of
R?, which is close to unity.
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