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Abstract

In this work, graphene oxide was modified first by a reaction with sulfanilic acid and second,
by a reaction with sulfamic acid. The prepared compounds were characterized by XRD,
Raman shift, FESEM and EDS techniques. GO functionalized sulfanilic acid (GOC) and GO
functionalized sulfamic acid (GOD) were evaluated as anticorrosion inhibitors for carbon steel
alloy (C1025) in acidic 0.1 M HCI environment at 298 K by the electrochemical method
(Tafel plot method). The data reveals that the efficiencies of GO, GOC and GOD are 77.4%,
90.2% and 92% respectively at optimal concentrations of 100, 50 and 70 ppm, respectively.
The effect of temperature on the corrosion reaction was studied and the results show that
increasing the temperature in the range of 298, 308, 318 and 328 K decreased the efficiency.
Furthermore, the thermodynamic and kinetic parameters such as the activation energy (E,),
enthalpy of activation (AH*), Gibbs free energy of activation (AG*) and entropy of activation
(AS*) were studied. The results indicate that the prepared inhibitors obey the Langmuir
adsorption isotherm with R? near unity. The equilibrium constant K,g, Gibbs free energy of
adsorption (AGZ?,), enthalpy of adsorption (AH?, ) and entropy of adsorption (AS®.) were
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1. Introduction

Since the discovery of graphene by Andre Geim and Konstantin Novoselov in 2004,
graphene has attracted attention in several fields: it has excellent mechanical, thermal and
electrical properties, high chemical stability, large specific surface area, high tensile
strength and high Young’s modulus due to hexagonal structure, 2D and arranged sp*
bonded carbon material network. Graphite is the raw material for graphene derivatives,
such as graphene oxide (GO). GO is produced by oxidation of graphite with sonication to
give GO [1-3].

GO has heavily oxygenated groups to which functional groups like carbonyl,
hydroxyl, carboxylic and epoxide can be attached. Through these groups, GO allows novel
compounds to be synthesized [4, 5]. This study includes the synthesis of novel compounds
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from graphene oxide by microwave irradiation. The compounds produced may be used as
anti-corrosion agents due to the presence of functional groups. The use of microwave
irradiation in natural science has been investigated broadly in the recent decade.
Microwave irradiation has a number of advantages such as: the reaction times decreased,
the yields of compounds increased and work up in green chemistry is easier [6].

Corrosion is characterized as the weakening of a material, usually a metal or alloy,
due to response to its conditions, which requires the nearness of a cathode, an anode,
electrolyte and electrical circuit [7]. Corrosion is a major problem in industry where it
causes a high upkeep cost and consumption of a metal or alloy. Corrosion of carbon steel is
viewed as of considerable liability, both in economical and environmental respects,
attributable to the tremendous utilizations of carbon steel by many industries. The
mechanism of corrosion prevention for metals is of fundamental significance for increasing
their lifespan in corrosive environments, as the corrosion of metals or alloys in acidic
medium causes considerable losses [8—10].

Acid solutions are commonly used in industries for removal of undesirable scale in
processes such as cleaning, pickling, and descaling. To reduce the rate of corrosion or
control it for metals and alloys, inhibitors were used for the protection of metals or alloys
from corrosion in acidic medium. Excellent inhibitors exist among organic compounds
containing heteroatoms such as N, S and O, where the inhibition efficiency of compounds
should increase in the order O<N<S [11-13]. In the present study, we have synthesized
two compounds, i.e., sulfanilic acid and sulfamic acid based functionalized graphene oxide
(GOC and GOD) respectively, and evaluated their anti-corrosion effect in acid media for
carbon steel alloy corrosion in 0.1 M HCI at different temperatures using measurements by
electrochemical methods, including the Tafel plots, and also calculated the thermodynamic
and kinetic functions of adsorption on the metal surface. The positive outcomes
demonstrate the significance of this work.

2. Experimental

2.1. Materials

The carbon steel alloy employed in this study was C1025 type. The alloy composition is
shown in Table 1 below.

The materials used in this study were different materials from different companies,
including: graphite powder, hydrogen peroxide, sodium nitrate, sulphuric acid,
hydrochloric acid, potassium permanganate, ethanol, sulfanilic acid, sulfamic acid and
N,N-dimethylformamide (DMF).
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Table 1. Carbon steel composition (C1025).

Alloy Composition % w/w
Carbon C S P Mn Si Cr Ni Cu As other Fe
steel

(C1025) 0.27 0.002 0.003 0.69 0.2 0.029 0.008 0.038 0.15 0.1249 Balance

2.2. Synthesis of GO

Graphene oxide was synthesized using the modified Hummer’s method. In a round bottom
flask, 1 g of graphite powder, 0.5 g of sodium nitrate and 23 mL of H,SO, were mixed
together with stirring for 30 min in an ice bath. After that, 3 g of KMnO, was added very
slowly to the suspension over a period of 3 h. After it was finished, an amount of hydrogen
peroxide was added to the mixture until the reaction ceased. The mixture was dried and
exfoliated by sonication to get the GO solids that were repeatedly washed with 5% HCI
and DI H,0. After that, the product was dried in a furnace at a temperature of 70—80°C for
4 h to obtain graphene oxide [14—16].

2.3. Synthesis of GOC and GOD compounds

Graphene oxide was functionalized with sulfanilic acid (GOC) and sulfamic acid (GOD)
using a microwave, where the two products were obtained by the same procedure by just
different molecular weight to prepare GOC. 0.5 g of GO was dispersed in 50 ml DMF by
using ultra sonication for 30 min in a beaker, afterward 1.73 g and 10 mmole of sulfanilic
acid was added to the mixture and also dispersed by ultra sonication for 30 min. The
suspension was heated in a microwave for 30 min, 20% power (140 W). After that, the
suspension was washed several times with 300 ml anhydrous ethanol, then washed several
times with distilled water and ethanol. The GOC thus obtained was dried at 70°C for 6 h to
collect the black powder product (GOC). The synthesis of GOD was performed using same
procedure, but with different weight of sulfamic acid (0.97 g) [17]. The general chemical
reactions are shown below in Schemes 1-3.

COOHQO COOH cooH

H2504 , NaNO3
Ty HO
KMnO4

HOOC  COOHOH

graphene oxide

Schemel. The general chemical reaction of GO synthesis.
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COOHQ COOH cooH

1-sonication for 30 min__
2- MW (120 W) for 30 min

HOOC  COOHOH

1-sonication for 30 min
+ H,N-SO4H 2- MW (120 W) for 30 min

Scheme 3. The general chemical reaction of GOD synthesis.

2.4. Preparation of working electrodes

Strips of carbon steel alloy (C1025) with the following dimensions were used: length 2 cm,
width 2.55 cm, and thickness 0.35 cm. The total area of the strips was 12.4925 cm® The
strips were immersed in solution, then ground with increasing grades of Silicon carbide
paper to different smoothness (80, 120, 200, 400, 600). Afterward they were washed with
distilled water, ethanol, acetone and dried, then stored in a dry place at room temperature
and placed in desiccators containing silica gel for protection from moisture.

2.5. Electrochemical cells

The electrochemical cell for the corrosion test was used in the present study. The cell
consists of a 100 ml vessel connected with three electrodes arranged as follows: 1 — a
platinum electrode was used as the counter electrode; 2 — carbon steel specimen used as
the working electrode; 3 — a saturated calomel electrode (SCE) was used as reference
electrode.
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2.6. Potentiodynamic studies (Tafel plots)

This technique is commonly employed for measuring corrosion resistance and a wide
variety of functions, to measure current density vs. electric potential, through setting up the
open circuit potential (OCP) for 20 min. The polarization curve can be acquired by
scanning in the potential range between —2.5 to +2.5 mV (vs. OCP) using a computer to
control a potentiostat/galvanostat at a scanning rate of 10 mV' s *.

2.7. Preparation of solutions

The prepared compounds were individually synthesized at different concentrations (10, 30,
50, 70 and 100 ppm) at 298 K and at different temperatures (308, 318 and 328 K) for
finding the optimal concentration, with 0.1 M HCI as the corrosive medium.

2.8. Instruments

The prepared compounds were characterized using different techniques such as Field
Emission Scanning Electron Microscopy (FESEM) FEI NOVA nanosem450, Nano NOVA
FE-SEM at an accelerating voltage of 15 kV with magnification range from 20X to 5000X,
Energy Dispersive Spectroscopy (EDS) Bruker x Flash6i 10 performed between 0 and 20
kV, Raman shift Spectroscopy (Renishaw, England), and backscattering geometry with a
CCD detector. A Nd-YAG laser 532 nm with a 50 magnification objective was used for the
measurements. Laser excitation, XRD (X-ray Diffraction) spectroscopy XRD — Philips-X,
at Tehran university Rigaku diffractometer using Ni-filtered Cu Ka radiation (A =
0.15406 nm) operating under a current of 40 mA and a voltage of 40 kV.

3. Results and discussion

3.1. Characterization by Raman spectroscopy of prepared compounds

Raman spectroscopy is an excellent technique to characterize the structure, and carbon
products and crystal structure, where the GO spectrum shows two small bands, where D
band at 1359.57 cm* which indicates a band of disordered sp? structures, while the G band
at 1602.48 cm ™ is attributed to first order scattering for in-phase vibration of the E,g
phonon, also the vibration mode of carbon atoms (sp®), while the small band (2D) at
2935.05 cm™ is attributed to dispersive bands observed in derived graphite carbon
materials as shown in Figure 1 below. While GOC and GOD compounds derived from GO
show two clear peaks at D and G bands, where the D bands are at 1330.75, 1349.96 cm™*
while the G bands are at 1575.03, 1592 cm™’ for GOC and GOD, respectively.
Interpretation of the Raman spectrum for GO derivatives indicates that the D bands of
GOC and GOD with the above wave numbers were slightly shifted to lower wave number
values compared with the D band of GO. This confirms the presence of new group in the
GO structure upon modification; that evidence the introduction of nitrogen atom into the
carbon layers in GO. On the other hand, the intensity values of GO, GOC and GOD as
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shown in Figure 1. Note there is a change in ID/IG intensity ratio due to electronic
conjugation state of GO upon modification and the ID/IG intensity ratio (0.9, 1.94) for GO,
GOC and GOD respectively. An increase in ID/IG intensity indicates an increase in
disorder in GO lattice after modification and this indicates a decrease in the average size of
the sp? carbon atoms in GO derivatives. This confirms the suggestions for GO modification
with other compounds [18-24].
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Figure 1. Raman spectrums for GO, GOC and GOD.

3.2. Morphological surface characterization by FESEM of prepared compounds

The surface morphology of the prepared compounds GO, GOC and GOD was examined by
(FESEM) Field Emission Scanning Electron Microscopy technical analysis [5]. From the
FESEM image one can calculate the average particle size of the synthesized compounds
using the Image-J program. The FESEM images and particle sizes of compounds shown in
Figure 2 and Table 2 indicate that these compounds have nanoparticle characters. The
FESEM images of graphene oxide (GO) show in Figure 2 below has a smooth and flat
sheet with low thickness and also has kinked areas and a lot of wrinkled edges, where the
surface of GO has light gray color and consists of several layers, and also includes some
cavities, crumpled flakes and stacks associated with each other [19, 25, 26]. The FESEM
images of GOC and GOD are shown in Figure 2. In GOC there are multiple layers, part of
which are dark gray indicating many layers, while a few layers are light colored indicating
re-stacked layers. The layers are crumpled and rippled and have sharp edges. In GOD, the
appearance of the layers is light gray and they have wrinkled and kinked areas. The dark
gray colored layers were folded with each other. This difference of GOC and GOD from
GO are indicative of sulfanilic acid and sulfamic acid grafting with the graphene oxide
(GO).
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Figure 2. FESEM Images of prepared compounds a: GO, b: GOC and c: GOD.

Table 2. Average nanoparticle size in GO, GOC and GOD.

No. Com Particle size (nm) Average
GO 52,40, 52, 27.5, 48, 41.8 43.55
GOC 31,30.2,33.2,26.1,50.3 34.16
GOD 59.90, 52.11 56

10 GOl 177,199.7, 145.3, 341.3 215.83

3.3. Analysis of elemental composition of prepared compounds by EDS

(EDX) Energy Dispersive X-ray spectroscopy analysis is performed along with FESEM.
EDX was used as an analytical technique for analysis of the elemental composition and
chemical characterization of compounds [24]. The spectra and EDX data analysis are
shown in Figures 3-5 and Tables 3—5. The EDX spectrum of GO shown in Figure 3
reveals two peaks related to C and O at 0.277 and 0.525 keV energy, respectively, with
71.45, 28.55 weight% and 76.83 , 23.17 atomic% of C and O, respectively. This indicates
that GO prepared is in good agreement with the published studies on graphene oxide
synthesis [26].

The EDX spectra of GOC and GOD shown in Figures 4 and 5 reveal that new peaks
appear for N and S at 0.392 and 2.307 keV for GOC and GOD, respectively. This is due to
amino functionalization of GO for both sulfanilic acid and sulfamic acid, which leads to
grafting on the GO surface. In GOC another element was present as impurities on the
surface of GOC with a new peak at 2.71 keV attributed to Cl atom, but this peak was very
weak and corresponded to 0.0012(Cl) wit% and 0.01(Cl) at%. The following weight
percentages were found in GOC and GOD, respectively: 58.87 wt% (C), 35.80 wt% (O),
3.25 wit% (S), 2.04 wt% (N); 60.31 wt% (C), 30.97 wit% (O), 5.11 wt% (S), 3.61 wt% (N).
The atomic percentages in GOC and GOD are as follows: 66.38 at% (C), 30.28 at% (O),
1.37 at% (S), 1.96 at%(N), 68.15 at% (C), 26.20 at% (O), 2.15 at% (S), 3.5 at% (N),
respectively. Loading of N and S from sulfanilic acid and sulfamic acid on GO leads to a
change in the elemental composition of C and O compared with GO. This indicates that the
compounds were successfully prepared in the present study.
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Figure 3. EDX spectra of GO.

Table 3. EDX spectra analysis for GO.

T
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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
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Figure 4/ EDX spectra of GOC.

Table 4. EDX spectra for GOC.

Element AN. Series keV  [norm.wt. %] [norm.at. %]
C 6 K-series 0.277 58.87 66.38
0] 8 K-series 0.525 35.80 30.28
S 16 K-series 2.307 3.25 1.37
N 7 K-series 0.392 2.04 1.96
Cl 17 K-series 2.71 0.04 0.01
Sum: 100 100
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Figure 5. EDX spectra of GOD.

Table 5. EDX spectra analysis for GOD.

Element AN. Series keV [norm.wt. %] [norm.at. %0]
C 6 K-series 0.277 60.31 68.15
O 8 K-series 0.525 30.97 26.20
S 16 K-series 2.307 511 2.15
N 7 K-series 0.392 3.61 35
Sum: 100 100

3.4. Characterization of prepared compounds by X-ray Diffraction (XRD)

X-Ray diffraction (XRD) is a broadly employed technique for characterization of
crystalline materials. It is used to measure the average dispersings between the layers and
to determine the orientation of grains or single crystals [22]. The XRD patterns of GO,
GOC and GOD are shown in Figure 6. The pattern of GO showed a sharp peak at (20 =
11.15°) with dspacing =8 A. This is due to the oxidation process of graphite. According to the
published research, graphite has a peak at 26.6° with dgpacing =3.3 A. This means that upon
oxidation, GO acquires a new peak at 11.15° with a decrease in the interlayer spacing [20,
23, 27]. Compared with GO, GOC and GOD will have different peak values and interlayer
spacing. It was found that the peak of GOC (10.91°) was lower than that of GO (11.15°)
with some increase in the interlayer spacing (8.1 A). It was also found that the GOC
spectrum had many peaks due to the presence of some impurities during GOC synthesis, as
shown in Figure 6. GOD showed a peak at 13.66° which was higher than that of GO
(11.15°) with an interlayer spacing decrease (6.5 A). This indicates that the amino groups
of sulfanilic acid and sulfamic acid were successfully attached to the GO surface during the
modification. Generally, incorporation of amino groups does not significantly change the
crystalline structure of GO [4, 20, 28, 29].



Int. J. Corros. Scale Inhib., 2019, 8, no. 4, 974—997 983

340 L
320 - St g DY, U
2004 7 ~GOD
280
260 f
240 ‘
220 ‘
> 200 ‘ |
2 leo: I
[e5] 7 1 “J‘HM / )
= 140 I\ ‘\n‘ MV IYYW AN AN .
— 120 4 At e o GOC
100
80
60
40 ] -~ A /\\
21 ~ — GO
v T v T Y T v T v T
0 20 40 60 80 100

2Theta (Degree)

Figure 6. XRD spectrums of GO, GOC and GOD.

3.5. Polarization studies (Tafel plot)

Table 6 and Figure 7 below show the electrochemical data obtained from Tafel plots at
several concentration of prepared inhibitors GO, GOC and GOD as anticorrosion agents
for carbon steel alloy (C1025) in 0.1 M HCI. Generally, an increase in the concentration of
the prepared inhibitors significantly changed the electrochemical factors obtained from the
Tafel plots. It was noted that the corrosion current density (l.) significantly decreased in
the presence of the inhibitors compared with the non-inhibited solution, which is due to the
adsorbed layer of inhibitor on the surface of the alloy.

This generates a high resistance between the surface of the alloy and the solution,
which either increases or decreases I, thus leading to changes in the corrosion rates. On
the other hand, the corrosion potential (E.,) value is affected by increasing the
concentration of inhibitors compared to the non-inhibited solution. Notice there is little a
displacement between the E.,, in the presence of inhibitor and its absence, dependent on
the difference between E,, values in the presence and absence of an inhibitor where if E,\,
value was greater than the (—85 mV) this indicates that the inhibitor type is either anodic or
cathodic, while if Eg,, value was less than (—85 mV) this implies that the inhibitor is of
mixed type. In the present study the maximum displacement in E,, values was 6, 45 and
48 mV for GO, GOC and GOD respectively, that means that the prepared inhibitors were
of mixed type [30].

The Tafel constant values (B, and ) are shown in Table 6 and Figure 7 below. It can
be noticed that the values of [, varied differently in the presence of various inhibitor
concentrations, which indicates changes in the mechanism of inhibition. This means that
the prepared inhibitors affect the mechanism of cathodic reaction represented by the
oxygen reduction and hydrogen evolution reactions. It shows that the prepared inhibitors
act by simple blockage of the surface by adsorption, i.e., this indicates an increase in the
number of adsorbed inhibitor molecules on the alloy surface with an increase in inhibitor
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concentration. The B, values change with addition of inhibitors, which is attributed to that
the prepared inhibitors are first adsorbed on the alloy surface and impede the passage of
metal ions from the oxide-free metal surface into the solution by blocking the reaction sites
on the metal surface affecting the anodic reaction mechanism. This indicates that the
inhibitors prepared in this study are mixed types inhibitors [31, 32].

Furthermore, the polarization resistance (R,) values shown in the tables below
significantly increase in the presence of an inhibitor compared to the non-inhibited
solution, i.e., the greater the concentration of the inhibitor, the more resistant the alloy
surface. If R, increases or decreases, the corrosion rates change. The R, value in the
absence of inhibitor was 16.488 Q-cm’, whereas the R, values at the optimal concentration
of inhibitors were 72.96, 167.09 and 206.09 at concentrations 70, 50 and 70 ppm,
respectively.

On the other hand, the corrosion rate values (CR) decrease significantly at different
concentrations of prepared inhibitors compared to the non-inhibited solution. Note that the
CR value in the absence of an inhibitor was high (505.54 mpy), while CR values in the
presence of inhibitors at the optimal concentrations were very low, namely, 114.24, 49.887
and 40.446 at GO, GOC, and GOD concentrations of 100, 50 and 70 ppm, respectively. It
follows from the above data that the CR value decreases in the presence of an inhibitor.
The values of inhibition efficiency (IE%) and surface coverage (0) depend on the corrosion
rate. Increasing the concentration of the inhibitors increases inhibition efficiency. Note that
the values of (IE%) and (0) at the optimal concentration of prepared inhibitors were (77.4,
0.774), (90.2, 0.902), (92, 0.92) for GO, GOC and GOD at concentrations of 100, 50 and
70 ppm, respectively.

Table 7, Figures 8 and 9 demonstrate the effect of temperature change on the
corrosion rate (CR) at the optimal concentrations of the prepared inhibitors at different
temperatures (298-328 K). Both (l,ry) and (CR) increase as the temperature increases,
while (R;) and (IE%) decrease due to the effect of temperature change on the inhibition
efficiency of alloy based on two principles: if the inhibition efficiency decreases with a
temperature increase, this is attributed to physical adsorption, while if the inhibition
efficiency increases with a temperature increase, this is attributed to chemical adsorption.
The inhibitors prepared in this present study were of physical absorption type.

The increase in the corrosion rate and the decrease both in inhibition efficiency and
degree of adsorption with increasing temperature agrees with many researchers who
studied corrosion, where a temperature increase led to an increase in kinetic energy of the
inhibitory particles and decreased both the efficiency of adsorption and surface coverage
by inhibitor molecules [33].
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Table 6. Corrosion parameters in the absence and presence of GO, GOC and GOD inhibitors at 298 K.

Comp. NS A e v v @y BIE 0
HCI Blank —-611 1092 50554 21494 -240.19 16.488 — —
10 —605 412.1 190.82 33545 -367.41 43.682 62.3 0.623
30 617 391.5 181.28 214.02 —-394.33 45.982 64.2 0.642
GO 50 —605 394.2 18252 366.64 —411.11 45.668 63.9 0.639
70 —609 309.7 14341 161.77 -377.31 58.124 71.7 0.717
100 —603 246.7 114.24 443.65 —458.22 72.963 77.4 0.774
10 —-628 330.8 153.17 190.85 -346.78 54.419 69.7 0.697
30 —628 268.9 12451 268.5 -535.06 66.947 75.4 0.754
GOC 50 —656 107.8 49887 255.01 -509.18 167.09 90.2 0.902
70 —627 234.5 108.51 262.05 -450.5 76.817 78.6 0.786
100 —608 209.2 96.848 193.33 —-367.89 86.067 80.9 0.809
10 —636 216.4 100.19 439.13 -485.71 83.197 80.2 0.802
30 —653 136.7 63.279 24497 -870.47 131.72 875 0.875
GOD 50 —659 132.4 61.298 24395 —787.37 135.98 87.9 0.879
70 —638 875 40446 21484 67657 206.09 92 0.92
100 —642 109.8 50.83 260.14 —734.72 163.99 90 0.90
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Figure 7. Tafel plots in the absence and presence of inhibitors. a:
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Figure 9. Effect of temperature on the corrosion rate in the absence and presence of GO, GOC
and GOD inhibitors.

Table 7. Effect of temperature on the corrosion rate in the absence and presence of GO, GOC and GOD
inhibitors.

Comp- Y ) Ay ey ) v @od B0
25 -611 1092 505.54 21494  -240.19 16.488 - -
35 —620 1196 553.53 249.49  -248.25 15.059 — —
Hcl 45 -599 1327 614.18 231 -259.9 13.571 - —
55 —614 1359 629.03 242.06 -366.58  13.251 — —
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Temp Ecorr lcorr CR Ba Bc Rp

COMP-ocy  (mV) @Aem?)  (mpy) (mv)  (mv) (@cm) °E 0
25 —603 246.7 114.24 443.65 —-458.22 72.963 77.4 0.774
35 —-619 405.1 187.58 236.52 -437.9 44.436 66.1 0.661
0 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 —656 107.8 49.887 255.01 -509.18 167.09 90.2 0.902
35 —615 341 157.87 411.48 —-393.46 52.8 71.5 0.715
coc 45 —609 495.2 229.31 306.83 —-346.72 33.277 62.7 0.627
55 —-613 704 325.98 440.4 -430.26 25.57 48.2 0.482
25 —638 87.35 40.446 214.84 —676.57 206.09 92 0.92
35 —-612 339 156.94 194.25 -416.98 53.111 71.7 0.717
GOD 45 —604 626.3 290 391.23 —421.23 28.742 52.8 0.528
55 —588 967 447,77 178.43 —249.03 18.616 28.8 0.288

3.6. Kinetics Studies of prepared inhibitors

The present study includes the calculation of thermodynamic parameters such as activation
energy (E,), enthalpy of activation (AH*), entropy of activation (AS*) and Gibbs free
energy of activation (AG*). To calculate and study the effect of temperature on E, values at
an optimal concentration in the absence and presence of the inhibitor, the Arrhenius
equation for the rate can be used:

CR= Aexp{—i} (1)

RT

Where CR is corrosion rate, A is the Arrhenius pre-exponential constant, E, is the
activation energy of the corrosion process, T is the absolute temperature (K) and R is the
universal gas constant (8.3143 J-K *-mol™). E, can be obtained from the slope of the plot
of In CR versus 1/T as shown in Figure 10 below, where the slope is equal to (—E./R) from
Eqg. (1). Notice that E, values at optimal concentration in different temperatures of the
prepared inhibitors were determined by linear regression between In CR versus 1/T. Note
that the E, values in presence of the prepared inhibitors were higher than in their absence,
which means that the corrosion reaction of carbon steel alloy in the absence inhibitors is
very fast, while the presence of an inhibitor will make E;, higher. The range of E, values of
the inhibitors (from 6.29 kJ/mol to 76.32 kJ/mol) is lower than the threshold value of 80
kJ/mol required for chemisorption. It is thus concluded that physical adsorption of the
inhibitors occurs. This increase in E, values in the presence of inhibitors is attributed to an
appreciable decrease in the adsorption process of the inhibitors on the alloy surface with
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increasing temperature. The corresponding increase in the corrosion rate is also attributed
to the greater area of the metal exposed to the corrosive environment, namely, the acid
solution [12, 34-38].

The other thermodynamic parameters (AH* and AS*) can be calculated from an
alternative formulation of the Arrhenius equation:

CR _RT, (AS") [AH™

InT_NhIn[R](RTJ @
Where CR is the corrosion rate, N is Avogadro’s number (6.022x10%° mol™), T is the
absolute temperature (K), h is Plank’s constant (6.62x10>* J-s), AH* is the enthalpy of
activation, AS* is the entropy of activation and R is the universal gas constant. AH* and
AS* values can be obtained from the slope and intercept of the plot of In CR/T versus 1/T
as shown in Figure 11 below where the slope is equal to (—AH*/R) and the intercept is
equal to (In R/Nh + AS/R) from Eq. (2). The data shown in Table 8 and Figure 11 below
revealed that AH* and AS* values for the dissolution reaction of the alloy in the presence
of inhibitors were higher than in their absence. The positive sign of AH* refers to the
endothermic nature of the dissolution process which implies that the dissolution of steel is
difficult in the presence of inhibitors. On the other hand, the negative values of AS* show
that the activated complex in the rate determining step represents an association rather than
a dissociation step, meaning that a decrease in disorder take place on passage from the
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 the alloy
surface. Furthermore, the AG* values were calculated by the following equation:

AG =AH"-TAS" (3)

Where AG™* is the free energy of activation, AH* is the enthalpy, AS* is the entropy and T
is the absolute temperature (K). AG* values were obtained from Eq. (3) at different
temperatures as shown in Table 8, which implies that the AG* values in the presence of an
inhibitor were higher than in its absence. Moreover, the AG* values were positive in the
presence and in the absence of an inhibitor, which means that the corrosion process of the
alloy is non-spontaneous [39, 40].

Table 8. Kinetic parameters for optimum concentrations in the absence and in the presence of inhibitors.

Optimum e AH* AS* AG* (kJ-mol™)
Comp. Conc. (kJ-rr?oI'l) 1 4
(ppm) (kJ-mol™)  (J-K™-mol™) 298K 308K 318K 328K
HClI 0 6.29 3.62 ~180.95  57.55 59.36 61.17 62.98
GO 70 30.30 28.22 ~112.18  61.65 62.78 6390 65.01
GOC 50 49.23 46.61 ~54.26 62.78 6333 63.87 64.41

GOD 70 76.30 61.49 -5.96 63.27 63.33 63.39 63.45
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Figure 10. Calculation of the activation of energy in the absence and presence of GO, GOC

and GOD inhibitors.
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3.7. Adsorption isotherm

An adsorption isotherm describes the adsorption process of a corrosion inhibitor that is
very important as it gives information on the nature of interaction between a metal surface
of an alloy and an inhibitor molecule. The adsorption of organic compounds at a
metal/solution interface is due to either formation of electrostatic forces or formation of
covalent bonding between the electrons of a heterocyclic inhibitor and the vacant orbitals
of the metal surface. The Langmuir isotherm was used to describe the adsorption process
of the prepared inhibitors GO, GOC and GOD. The most fitting isotherm of GO
derivatives should give correlation coefficient values (R?) close to one, as shown in
Figure 12 below, based on the following equation:

Cinnio _ 1

0 K +Ciohib (4)

Where 0 is the surface coverage at optimal concentrations that can be calculated from
Equation 5 below, where CRmin and CRjnhip are corrosion rates in the absence and presence
of an inhibitor respectively at optimal concentrations and 0 values listed in Table 9, C is
the concentration of the inhibitor in ppm and K is the equilibrium constant determined
from the intercept of the Langmuir isotherm plot Eq. (5) between C/6 inverse that presents
linear behavior of the prepared inhibitors studied as shown in Figure 12 [31, 37].

_ CRunhib — CRinhib

6= ()
CRunhib

However there is a relationship between the equilibrium constant (K) with the standard free
energy of adsorption (AG.,.), as shown in the equation below:
AG?, =-RT In(55.5)K 4 (6)

ads —

where R is the universal gas constant, T is absolute temperature (K), K is the equilibrium
constant, AG?,. is the free energy of adsorption and 55.5 is the constant equal to the molar

ads
concentration of water in solution. Furthermore, from the Gibbs—Helmholtz Equation 7,
one can calculate yet another thermodynamic function of the adsorption of prepared
inhibitors at optimal concentration for different temperatures, namely AH?

ads *
AGY.  AH?

ads _ ads
T = )

0
Where AH, is the standard adsorption enthalpy. The variation of & versus _% gives a

straight line; according to Eq. (7), the slope of the plot is equal to AH?, , as Figure 13

ads !

shows. The standard adsorption entropy AS?  can be calculated from Eq. (8) [41]. The

ads

values of the thermodynamic parameters of the prepared inhibitors are shown in Table 10.
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Table 9. Langmuir adsorption of prepared compounds at 298 K.

Comp. Conc. ( ppm) 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 0.697 14.348
30 0.754 39.79
GOC 50 0.902 55.44 0.9924
70 0.786 89.40
100 0.809 114.95
10 0.802 12.47
30 0.875 34.29
GOD 50 0.879 56.89 0.9993
70 0.92 76.09
100 0.90 111.11
160 1 y=1.25x+8.5752 k GO
140 R? = 0.9872

y=1.2187x + 1.0749

120 - R® = 0.9923 GOC
y = 1.0883x + 1.5774
100 - R? = 0.9993 L’ GOD

&GO

C/B 80 - FS
mGOC
60 - GOD
40 -
20 -
O T T T T T 1
0 20 40 60 80 100 120

Figure 12. Langmuir adsorption isotherm plots of GO, GOC and GOD inhibitors.
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Table 10. Thermodynamic parameters for prepared compounds.

ads

for GO, GOC and GOD inhibitors.

Comp. Temperature AG’ AH? AS? (3/mol-K)
K (kJ/mol-K) (kJ/mol-K)
298 -4.63
308 -4.79
GO -0.116 15.15
318 -4.,94
328 -5.1
298 -9.8
308 -10.1
GOC 0.115 33.3
318 -10.43
328 -10.8
298 -8.83
308 -9.12
GOD 0.280 30.6
318 -9.42

328

—9.75
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0 _ 0
Asa?ds — AHads_l_ AGads (8)

Table 10 shows that the AG2, values of the prepared inhibitors were negative, which

indicates that the adsorption process of the compounds is spontaneous, where the negative
sign refers to the stability of the adsorbed layer on the alloy surface. On the other hand, the
AG?,  values of the compounds prepared in this study increase with increasing

ads

temperature, that is, the values become less negative that lead to exothermic adsorption
process. Generally when AG?_ values are less than —20 kJ/mol, this shows that the

ads
compounds prepared in this study are physically adsorbed [40, 42]. On the other hand, the
AH? values of the compounds have both positive and negative values, where the AH?

ads ads

values for GOC and GOD were negative while the AH?_  value of GO was positive.

ads

Negative AH?_ values imply that adsorption of inhibitors is an exothermic process.

ads

Generally exothermic adsorption suggests either physical type or chemical type adsorption,
while an endothermic process is attributed to chemical type adsorption. In an exothermic
process, physical is compared to chemical type by considering the absolute AH?, value

ads
generally, AH?, value up to 41.86 kJ/mol is related to electrostatic interactions between

charged molecules and charged metal surface (physical type) while a AH?,_ value around

ads

100 kJ/mol or higher is attributed to chemical type. This means that negative AH?,_ values

ads

are physical type adsorption because AH?,_ values are up to 41.86 kJ/mol. While positive

ads
AH2 value of inhibitors (GOC and GOD) were very little, these compounds can be

adsorbed by a simple endothermic process, indicating physical adsorption but its centers
are chemically adsorbed. On the other hand, AS?, values of the prepared compounds are

ads

large and positive, this means that an increase in disordering on going from a reactant to
the metal adsorbed reaction complex [37, 41].

4. Conclusions

The prepared inhibitors are good inhibitors for carbon steel alloy in acid environment
(0.1 M HCI) with inhibition efficiencies of 77.4%, 90.2% and 92% at optimum
concentration of 100 ppm, 50 ppm and 70 ppm for GO, GOC and GOD, respectively. This
indicates that the inhibition efficiency increases at optimum inhibitor concentration.
Polarization curves (Tafel plots) demonstrate that the prepared compounds behave as
mixed type inhibitors. The inhibition efficiency decreases with increasing temperatures,
which implies that the prepared inhibitors are of physical adsorption type. Potentiodynamic
measurements indicate that both the corrosion current density and corrosion rate values
significantly decrease in the presence of the inhibitors compared with its absence. The
prepared compounds inhibit by inhibitor adsorption on the alloy surface, simply blocking
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the active sites. The adsorption of the compounds on the carbon steel alloy surface obeys
the Langmuir adsorption isotherm since the R? value is close to (1) between 10—100 ppm
concentration. The free energy (AG?,.) of adsorption is negative, which indicates that the

ads

process is spontaneous and physical adsorption on the steel surface occurs.
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