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Abstract

Interdisciplinary research groups are interested in corrosion because it combines materials
science, chemistry, physics, metallurgy, and chemical engineering. Corrosion is caused by the
chemical and electrochemical action of an environment on metals and alloys. The consequences
are severe in a variety of fields, particularly industry: production halts, replacement of corroded
parts, accidents, and pollution risks are all common occurrences with potentially severe
economic consequences. One of the most effective strategies for ensuring the protection of these
metal materials in environments characterized by contact with aggressive acid media is the use
of plant extracts as inhibitors. Rumex ethanolic extract is a novel green corrosion inhibitor for
C38 steel in an acidic medium that is both inexpensive and environmentally friendly. Rumex
extracted inhibitor (RNVLE) was used to overcome two major challenges for corrosion
inhibitors: poor performance at high temperatures and low biodegradability. The extraction
process by maceration produced a yield of 16%. Open circuit potential (OCP), electrochemical
impedance spectroscopy (EIS), and polarization techniques were used to assess RNVLE’s
inhibition performance. It was shown that the inhibition efficiency increased with increasing
inhibitor concentration and decreased slightly with temperature increase. The RNVLE
adsorption process on the C38 steel surface was found to be spontaneous and obeyed to
Langmuir isotherm at all studied temperatures. The associated adsorption thermodynamic
parameters led to suggest the occurrence of physical adsorption of the RNVLE compounds on
the C38 steel surface.
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1. Introduction

The problem of the corrosion phenomenon on an industrial scale is basically linked to the
damage caused to metallic installations, which inevitably leads to economic losses regarding
reparation, replacement and loss of products [1-3]. In terms of corrosion control of metals
In aggressive environments, the use of inhibitors is a more effective, economical and
practical method of implementation [4—6]. The effectiveness of inhibitors is often associated
with physical or chemical adsorption [7, 8]. This is mainly related to the presence of
heteroatoms (P, N, O and S), the multiple bonds, aromatic rings, the size of the molecules,
the bond strength to the metal/alloy, the length of the carbon chain, and the nature of the
metal surface, etc. [5, 9, 10].

Besides, the temperature effect is an important and considerable factor that affects the
metallic behavior in acidic mediums, thereby affecting the interaction between the metallic
surface and the inhibitor molecules. Regarding the interest of this factor in corrosion process,
it is of great importance to understand and assess the corrosion behavior as a function of
temperature [12—-14].

Several studies have investigated the effect of temperature on the inhibition of steel
corrosion in acidic mediums containing green inhibitors, for example Bouhlal et al. have
revealed that the temperature declines the inhibition power of the hydro-alcoholic extract of
used coffee grounds of C38 steel in 1 M HCI [2]. M.A. Deyab has studied the Seaweed
extract as an inhibitor of mild carbon steel corrosion in saline water. The study showed that
the seaweed extract inhibition power increases with concentration and deceases with the
temperature rise [12, 13]. The study of Umoren et al. focused on the exploration of the
agueous extract from date palm leaves as a carbon steel corrosion inhibitor. The findings
indicate that aqueous extract from date palm leaves has a great inhibition power. The
inhibition efficiency has been found to rise with the concentration and decline with
temperature [16]. Aqueous extract of Henna leaves has been studied as an inhibitor of carbon
steel in 1 M HCI medium. The inhibition efficiency was found to increase with extract
concentration and to decrease with temperature [12].

Rumex Nervosus Vahl (RNV) is a perennial herb in the Rumex genus, which is part of
the Polygonaceae family. It grows in Yemen, Saudi Arabia, Ethiopia, Somalia, Kenya, and
Tanzania, among other places. It’s been used to treat a variety of inflammatory diseases in
the past, including diarrhea, burns, typhus, rabies, and skin conditions [17]. It is known in
Yemen as Al-Athrab (Rumex Nervosus) and is grown on a wide range of mountains and
plains, particularly in the western and central regions, including Ibb, Taiz, Dhamar, Sana’a,
and Al Mahwit [18].

The purpose of this study is to evaluate the inhibitory efficiency of ethanolic extract of
Rumex Nervosus Vahl leaves on C38 steel corrosion in 1 M HCI solution at varying
temperatures and different concentrations of our extract (RNVLE).
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2. Experimental procedure

2.1. Plant extract preparation

The Rumex leaves (RNVL) were collected from IBB in central Yemen, dried at room
temperature, and ground by hand. For 24 h, 50 g of powder was soaked in 100 mL of 99%
ethanol solution. The final extract was filtered and evaporated in a rotary evaporator using
filter paper. The extract was kept at 4°C in the refrigerator. The extraction yield was
calculated using Equation 1 [8]:

Y = (M /Megre) -100 (1)

sample

where Y is the yield of extraction in %, mey IS the mass of the extract after solvent evaporation
IN g, Msampie the dray mass of the specimen before extraction in g.

2.2. Electrode and solutions

The working electrode investigated in this study is a C38 steel with the following chemical
composition (wt.%): C=0.37; S=0.016; Cr=0.077; Mn =0.68; Si =0.23; Co =0.009;
Cu=0.16; Ni=0.059; Ti=0.011 and the rest is iron (Fe). The working electrode was
polished with a series of (SiC) emery papers (120, 400, 600, 1000, and 1200 grade), then
soaked in distilled water and ultrasonically degreased in ethanol before each test. To make
the 1 M HCI solution, a 37% HCI solution was diluted with bidistilled water (corrosive
medium).

2.3. Electrochemical tests protocol

The electrochemical tests were performed using an VMP3 potentiostat associated with an
EC-Lab software, the three-electrode cell was comprised of C38 steel specimen as working
electrode (WE), a platinum wire as the counter electrode (CE) and a saturated calomel
electrode (SCE) as a reference electrode (RE). Before each investigation, the open circuit
potential (OCP) evolution was assessed for 30 min in order to reach a quasi-stationary value
for the OCP. All assays were carried as function of extract concentration and at temperature
ranging from 30 to 60°C. The voltage supplied to the specimens was continuously changed
at a scan rate of (0.5 mV/sec) for Potentiodynamic polarization (PDP). All of the tests were
carried out at ambient temperature. The inhibition effectiveness IE% is expressed by the
(Equation 2), [14, 19]:

IE% = o “limn 1099 (2)

ICOI’I’

where icorr and iiny are the C38 steel corrosion current density derived by extrapolating Tafel
lines with and, without the inhibitor, respectively.
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Electrochemical impedance spectroscopy plots were registered by swapping
frequencies from 100 kHz to 10 mHz, the inhibitor’s inhibition efficiency was calculated
based on the charge transfer resistance values (Equation 3) [5, 10]:

|E%=@.1oo (3)

ct

where Rginn and R are respectively the values of the charge transfer resistances of the C38
steel in 1 M HCI with and without the different concentrations of RNVLE.

3. Results and Discussion

3.1. Extraction yield

One of the important factors that allow an overview of the economic feasibility is the yield
percentage obtained from an extraction process. The extraction of Rumex leaves yielded a
percentage of 16% in this study (Table 1), which is higher than other reported extract’s
yields.

Table 1. The yield obtained from extracting Rumex leaves and other plant extracts.

Vegetal material Extraction method Solvent Yield (%) Reference
Albizia lebbeck Maceration Ethanol 3.3 [20]
Aloe perryi Maceration Ethanol 12.6 [20]

Rumex leaves Maceration Ethanol 16 This work

3.2. Trace of open circuit potential

Based on the literature, the OCP stability, before each polarization or impedance
measurement, acquired special importance [21]. Furthermore, the OCP evolution as function
of time provides important information about the corrosion domains, complete or partial
inhibition, and about inhibitor concentrations [6, 22].

At all the studied temperatures, the OCP progresses towards steady values, this is true
for all the investigated extract concentrations [23]. A steady state of OCP evolution has been
quickly reached before 30 min. Similar behavior has been previously reported in the
literature. As can be observed from Figure 1, there is no correlation between the OCP
evolution and the extract concentration. This kind of comportment may be due to a mixed-
type inhibition of corrosion. We can also see in the graph that there is a correlation slight
between temperature rise and the development of Eocp [24].
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Figure 1. Eocp as a function of immersion time, and temperature 30—60°C.

3.3. Potentiodynamic polarization investigation (PDP)

The polarization curves method was used to evaluate the temperature effect on the RNVLE’s
inhibition action on C38 steel corrosion [21]. The tests were carried out at various
temperatures (30—-60°C) in 1 M HCI without and with varying concentrations of RNVLE.
As according to Figure 2, the presence of the RNVLE inhibitor inhibits both anodic and
cathodic reactions. This lends credence to the fact that the RNVLE prevents C38 steel
corrosion by controlling both anodic and cathodic reactions (mixed type inhibitor) [23].
Examining Figure 2, we can see that the inhibitory effect was more visible in the cathodic
part, whereas it appears in the anodic part that after —0.3 mV, the inhibitory effect begins to
fade, as there is a clear increase in the curves of increasing concentrations, and this is due to
the fact that the adsorption process is parallel to the absorption process. This process
becomes clearer with increasing temperature which is evident in that change [8]. Table 2
clearly shows the electrochemical kinetic parameters corrosion potential (Ecorr), corrosion
current density (lcorr), and cathodic Tafel slopes (Bc, Pa) determined by extrapolation from
these experiments. I Values are used to calculate inhibition efficiencies, IE%. The surface
coverage was [13] calculated by using the Equation below:

0= (i((:)orr - iégtlr)/ic?orr (4)
where i2,, and i are the corrosion uninhibited and inhibited current density, respectively.

ICOIT
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An increase in temperature will increase hydrogen production at the cathode, which
increases the conversion of iron atoms at the anode and their transformation into ions
dissolved in the solution [25], resulting in an increase in the current passing through the
electrolysis cell, which is reflected on the inhibition efficiency according to Equation 1, as
shown in Figure 2 and Table 2.
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Figure 2. Tafel plots for C38 in 1 M HCI without and with 0.5—-2 g/L RNVLE at 30—60°C.

Table 2. Tafel Parameters and inhibitory efficiency of C38 corrosion in 1 M HCI solution with different
concentrations of the RNVLE at various temperatures (30 to 60°C).

Temperature  Concentration —Ecorr lcorr PBa —Bc IEPDP 0
(°C) (g/L) (MV/ISCE)  (nA/cm?) (mV) (mV) (%)
Blank 433.3 974.6 99.4 130.6 - -
0.5 467.8 122.1 71.9 119.5 875 0.875
30 1 467.8 102.3 66.0 101.0 89.5 0.895
15 497.9 80.4 69.7 111.8 91.7  0.917
2 453.5 45.5 58.9 101.7 953  0.953
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Temperature  Concentration —Ecorr lcorr Ba —Bc IEPDP

(°C) (g/L) (MVISCE)  (uA/em?  (mV)  (mV) (%)  °
Blank 464.8 10254 1115 1215 - -
05 495.7 152.9 949 1391 851  0.851
40 1 495.3 124.2 799 1197 879 0879
15 496.5 100.1 682 1168 902  0.902
2 470.8 68.8 69.8 795 933  0.933
Blank 483.6 16454 1269 1358 - _
05 486.0 280.9 1058 1724 829  0.829
50 1 464.3 205.3 958 1200 875 0.875
15 495.7 165.3 667 1067 899  0.899
2 471.1 148.6 853 1123 909  0.909
Blank 4405 20208 1131 1430 - -
05 498.7 4549 1117 1549 776 0776
60 1 4745 353.7 921 1355 826  0.826
15 485.9 280.3 832 1104 862  0.862
2 470.8 205.2 828 1225 899  0.899

Table 2 shows that, for both uninhibited and inhibited solutions, the inhibition
efficiency of RNVLE increases with increasing concentration and decreases slightly with
increasing temperature within the studied experimental limits. The aggressiveness of the
corrosive medium is expected to increase as the temperature rises [1, 13]. Accordingly, the
inhibition efficiency decreases. This could be a sign of RNVLE’s physical adsorption
mechanism on a metal surface. On the other hand, RNVLE may continue to adsorb strongly
and act as a corrosion inhibitor for C38 steel. At a temperature of 60°C, IE% was maintained
at 90.9% with 2 g/L RNVLE. The increase in current passing through the corrosion cell is
clearly influenced by the increase in temperature in the blank solution, and adding Rumex
extract concentrations causes it to decrease, confirming Rumex extract’s effectiveness.
Figure 3 depicts the changes that occurred as concentration and temperature increased.

3.4. Electrochemical Impedance Spectroscopy (EIS) study

EIS was used to investigate the corrosion behavior of C38 steel in 1 M HCI solution in the
presence of various concentrations of RVNL extract in the temperature range of 30-60°C.
Figures 3 and 4 show the impedance plots (Nyquist and Bode) of a C38 steel electrode in a
1 M HCI solution with different concentrations of RNVLE at 30—60°C [26, 27]. The shape
of the Nyquist plots indicate that charge transfer primarily controls the corrosion process.
The presence of RNVLE increased the size of the impedance plots, implying that the organic
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compounds in the RNVLE formed a protective film on the C38 surface. The capacitive loop
increased with increasing inhibitor concentration as more inhibitor molecules adsorbed on
the steel surface, indicating that the inhibitor film gradually compacted and, as a result,
provided better protection [21, 28, 29]. Furthermore, as the temperature increases, the size
of the capacitive loop decrease, implying that high temperatures accelerated corrosion.
Despite this, the addition of RNVLE significantly increased the size of the spectra in
comparison to the blank solution, demonstrating RNVLE’s high inhibitive ability at
temperatures under study 30—60°C [12]. These findings revealed the formation of an
inhibitor-adsorption film on the steel surface, as well as its contribution to the improved anti-
corrosive quality [30].

The overall shape of the Bode diagrams (Figure 4) is similar in both cases (absence and
presence of the inhibitor), it is the same for all concentrations and temperatures studied. This
indicates that the addition of the inhibitor has no effect on the corrosion mechanism [31].
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Figure 4. Bod plots for C38 in 1 M HCI blank and with (0.5-2g/L) of RNVLE at 30—60°C.

All of the spectra were well modeled by adjusting the experimental points by an
equivalent circuit shown in Figure 5. Tables 3 and 4 compile the electrical parameters
determined by adjusting the experimental data. Table 3 displays the electrochemical
parameters along with the inhibitory efficiency, demonstrating clearly that our inhibitor
works well at the temperatures studied, with a slight decrease as the temperature is increased.
Also, Table 3 displays the value a, which indicates the surface inhomogeneity resulting from
surface metal roughening and/or formation of corrosion products on the surface, X? is a
coefficient of validating this model.

Figure 5. Equivalent circuits used to fit the EIS data.
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The solution resistance is R, R is the charge-transfer resistance, and Q; is the constant
phase element that represents the capacitance of the double layer at the metal/solution
interface in this circuit. Between “Q” and “pure capacitance”, there is usually a phase shift
[21]. As a result, by replacing the capacitor C with a constant phase element, impedance
spectra can be simulated (CPE). The CPE’s impedance is described by the equation below
[32]:

Zepe =Q7(joo)" (5)

where Q (in Q! S" cm™), j2=—1 (in rad s), wand n are the CPE constant, imaginary
number, angular frequency, and CPE exponent that can be used to determine the surface
heterogeneity or roughness.

Table 3. EIS parameters and inhibitory efficiency of C38 steel corrosion in a 1 M HCI solution blank and
with various concentrations of the Rumex extract.

T Concentration Rs Rct

(°C) QL)  (©Ohmcmy) QEFOm?) @ gpemyy X 1E%
Blank 2.8+0.4 0.5+(0.3-10°% 0.83+0.6 16.32+05 6.8:10°3 -
0.5 2.8+0.8  0.2+(14.1-10°% 0.83+0.5 129.2+06 6.1:10°° 874
30 1 2.7+0.3 0.2+(4.7-107%) 0.86+0.5 194.9+06 1.2:1072 916
1.5 3.7+0.3 0.1£(2.2:10°% 0.87+05 240.6+0.5 23:102 93.2
2 3.4+0.3 0.1£(2.8:10°% 0.85+0.5 304.5+0.5 3.0:102 946
Blank 3.2+0.4 0.4+(0.3-107%) 0.81+0.7 13.8+0.5 8.6-10°° —
0.5 47403  02+(12.1:10%) 0.83+05 108.0+0.6 1.0-102 87.2
40 1 3.9+0.4 0.2+(0.5-107%) 0.83+0.5 116.4+06 3.7-1072 88.1
15 3.5+0.3 0.2+(7.2-107%) 0.81+05 151.4+0.5 1.3-1072 90.9
2 3.8+0.3 0.2+(4.7-107%)  0.86+0.5 211.5+£05 3.6:1072 935
50 Blank 3.3+0.3 0.5+(0.3-10% 0.82+0.6 12.4+05 82:10°3 —
0.5 47403  02+(12.7-10°% 0.85+05 86.8+0.5 15102 857
1 32403  02+(14.1:10% 08105 96.7+0.6 19102 87.2
1.5 3.4+0.4 0.1+(4.7-107%) 0.87+0.5 130.4+0.6 1.2:1072 90.4
2 4.3+0.4 0.2+(6.8-10%) 0.86+0.5 156.5+0.6 4.1-1072 921
60 Blank 3.6+0.5 0.6+(0.3-10°% 0.83+05 9.2+05  7.6-10°2 -
0.5 43+04  0.2+(459-10°% 0.83+0.6 47.5£05 4.810% 806
1 32403  02+(20.1:10% 0.83+05 67.7+05 7.510°% 86.3
1.5 3.8+0.3  0.2+(22.1-10°% 0.82+05 86.6£0.6 2.1-1072 89.4
2 4.7+0.3  0.2+(12.8-10°% 0.85+05 110.0+0.6 4.1-1072 91.6




Int. J. Corros. Scale Inhib., 2022, 11, no. 1, 382—-401 392

Table 4. Bode parameters for C38 in 1 M HCI containing (0.5—2 g/L) of RNVLE at 30—60°C.

T (°C) Concentration (g/L) Omax (deg) Jreqmax) (Hz) Slope
Blank 37.2 2.3 0.39

0.5 59.9 2.1 0.68

30 1 60.1 1.8 0.74
15 61.2 2.3 0.67

2 64.9 2.1 0.69

Blank 35.3 2.3 0.24

0.5 57.3 2.1 0.59

40 1 57.7 2.1 0.62
1.5 58.3 2.3 0.62

2 60.4 19 0.56

Blank 31.6 2.3 0.31

0.5 54.5 2.1 0.63

50 1 57.1 2.1 0.59
15 58.3 2.3 0.65

2 60.2 2.2 0.68

Blank 23.5 24 0.33

0.5 44.9 2.1 0.46

60 1 52.8 19 0.54
15 55.2 2.1 0.62

2 57.2 2.2 0.59

From Figure 4 one time constant was observed for all concentrations and temperatures.
Additionally, it can be clearly seen that the maximum phase the angle increases with the rise
of RNVLE concentration, which may be due to the inhibitor’s adsorption on the steel surface.
A linear relationship between log|Z| versus log(Freq) has also been noted. Table 4 shows
the values of the slopes of the Bode plots at intermediate frequencies, the maximum phase
angles (Omax) and the corresponding frequencies (Freqmax) for C38 steel in 1 M HCI solution
containing different concentrations of RNVLE at different temperatures [28, 33].

3.5 Adsorption isotherm and thermodynamic calculation

Adsorption isotherms can be used to describe the mechanism of adsorption and interaction
between RNVLE and the C38 surface. When the corrosion rate is reduced in the presence of
the inhibitor, quasi-equilibrium adsorption occurs, which can be studied using adsorption
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isotherms [34]. Langmuir is the isotherm that has the best agreement with our experimental
data and can be expressed using Equation 6 [35]:
Cinh 1

0 K

+C,. (6)
ads

where C, 0 and K,y are the RNVLE concentration, surface coverage, and adsorption
equilibrium constant, which can be determined by plotting C/6 versus C at different
temperatures (Figure 6). Equation 7 can be used to calculate the standard Gibbs free energy
change of adsorption (AG2,.)[22, 36].

ads

AG?, =-2.303RT log(55.5K ) ©)

ads —

where T is the temperature, R is 8.314 J-mol*-K, and 55.5 is the number of moles of water
in one liter. Table 4 shows the Kas and AGJ,, values for RNVLE adsorption on the C38
surface.
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Figure 6. Langmuir isotherms for C38 in 1 M HCI in the presence of RNVLE at 30—60°C.

Table 4. Thermodynamic parameters for the adsorption of RNVLE on C38 surface in 1 M HCI.

Temperature (°C) Slope Kags (mol-1) AG2,. (KJ/mol) R2
30 1.02002 12.4 -16.2 0.998
40 1.03872 11.8 -16.1 0.998
50 1.0917 9.4 -155 0.999
60 1.02728 7.4 -14.9 0.999

As shown in Table 4, the Kygs values decrease with temperature, implying that corrosion
Is intensifying and thus limiting the RNVLE’s ability to adsorb on the C38 steel surface.



Int. J. Corros. Scale Inhib., 2022, 11, no. 1, 382—-401 394

Negative values of the standard free adsorption energy, as shown in Table 4 indicate
spontaneous adsorption of extract compounds on the C38 steel surface. The absolute values
of AGY, listed are less than 20 KJ mol !, indicating that RNVLE adsorption on the C38
surface occurred primarily through a physical adsorption mechanism [8]. This type of
adsorption involves an electrostatic interaction between a charged molecule and a charged
metal, which is highly sensitive to thermal agitation and breaks easily as the latter rises [11].

Thermodynamically, (AG?, ) is linked to the standard enthalpy and entropy of the

ads
adsorption process, AH?, and AS?, respectively, via Equation 8:

ads ads

AGa?ds =AH a?ds _TAS;)ds (8)

The evolution of AG?, as a function of temperature (°C) is linear, denoting that the

thermodynamic parameters are well correlated (Figure 7). Table displays the thermodynamic
data obtained for RNVLE.
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Figure 7. The evolution of AG,,, as a function of temperature.

Table 5. AH), and AS?, values obtained from the linear relationship between free energy and temperature.

Temperature (°C) AG2,. (kJ-mol) AH? (kJ-mol) ASy,. (J-molt-K)
30 -16.2
40 -16.1
-45.0 -177.2
50 -15.5

60 -14.9
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Furthermore, the value (AH2,.) provides important information about the inhibitor’s

adsorption mechanism. Endothermic adsorption (AHZ, >0) is explicitly attributed to
chemisorption [34], whereas exothermic adsorption (AHZ, <0) may involve physisorption

and/or chemisorption. In the literature, absolute values of AH2, less than 40 kJ-mol™*

indicate physisorption, while absolute values of AHY, greater than (100 kJ-mol™?) indicate

chemisorption [37, 38]. In our case, the absolute value of AH?, discovered is in the order of
(~45.0 kJ-mol~1), which is both close to the absolute value of AH?,. involving physisorption
and much lower than the absolute value of AHZ, involving chemisorption, indicating that
this inhibitor is physisorbed on the steel surface. Table 5 also shows the value of (AS2,),
which is negative (-177.2), confirming that the RNVLE adsorption process follows the

physical type [28, 29].

3.6. Corrosion activation parameters

The activation energy (E;) has a direct impact on the corrosion inhibition mechanism and
the efficiency of RNVLE. Temperature is a critical factor in the corrosion process because
it increases the rate of chemical reactions [36]. Furthermore, RNVL’s adsorption can change
the activation energy of anodic or cathodic reactions in inhibited systems. As a result, the
apparent activation energy was calculated using the [36] Arrhenius Equation 9.
: E

iy =In A= 22 )
where icorr, A, R, and T are corrosion current density, the Arrhenius constant, the gas constant,
and the experimental temperature, respectively.
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Figure 8. Activation plots (a) and transition-state plots (b) of C38 without and with
0.5-2 g/L of RNVLE.
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The slope of Inig versus 1/T plots (Figure 8) with and without RNVLE can be used to
calculate E,, and its values are listed in Table 5. At all concentrations, the E, values for the
RNVLE systems are higher than the blank system, indicating physical adsorption of the
inhibitor on the steel surface. This means that in the presence of the RNVLE, the corrosion
reaction’s energy barrier rises.

Table 5. Activation energy parameters of C38 in 1 M HCI and with 0.5-2 g/L of RNVLE.

Concentration (g/L) Ea(kJ'mol™) AH? (kJ-molY) AS? ('moll) E, —AH? (J-mol-K)

Blank 22.35 19.72 -170.8 2.63
0.5 35.25 32.61 —-147.9 2.64
1 35.61 32.97 —-147.2 2.64
1.5 38.08 35.44 —-136.3 2.64
2 44.40 41.78 -123.1 2.62

The following equation can be used to calculate other thermodynamic parameters such
as enthalpy and entropy [12, 15]:

i AS, AH?
leorr = RT/Nh -exp(™ads R)'exp( ads RT) (10)

where N denotes Avogadro’s number and h denotes Planck’s constant. AH2, and AS2, are
calculated using the slope and intercept of the plots shown in (Figure 9b), and the results are
presented in Table 5.

The positive value of enthalpy of activation in the absence and presence of various
inhibitor concentrations reflects the endothermic nature of the C38 steel dissolution process,
indicating that steel dissolution is difficult [35]. However, all activation energies (E;) values
are greater than analogous AH?, values, indicating that the corrosion process involves a
gaseous reaction, that of H, formation [36]. Furthermore, for all systems, the mean value of
the difference (E, —AH?) is approximately 2.64 kJ/mol (Figure 10), which is close to the
mean value of the product RT (2.68 kJ/mol) when T is between 30 and 60°C this is explained
by the fact that the corrosion process is a unimolecular reaction, as described by the

following Equation:
E,—AH?=RT (11)

Table 5 shows that the value increased in the presence of the inhibitor compared to the
uninhibited solution, indicating a higher level of protection it can be explained as follows in
the free acid solution: the rate-determining recombination step’s transition state represents a
more orderly arrangement than the initial state, resulting in a high negative value for
activation entropy AS?. The rate-determining step in the presence of an inhibitor, however,
is the discharge of hydrogen ions to form adsorbed hydrogen atoms. Because the metal
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surface is covered with inhibitor molecules, the discharge of hydrogen ions at the metal
surface is slowed, causing the system to move away from a random arrangement, increasing
the entropy of activation. As a result, the entropy of activation increases (in the presence of
inhibitors, the disordering from reactant to activated complex increases) [13, 15].
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Figure 9. Relationship between E. and a AG.,, and RNVLE concentration.

ads

Conclusion

The inhibition efficiency increased with increasing RNVLE concentration and decreased
slightly with increasing temperature. At a concentration of 2 g/L, a high inhibition efficiency
has been obtained for (IEz = 94.6%) at 30°C, at the same concentration, we obtained a 91%
inhibition efficiency at 60°C. Furthermore, the Potentiodynamic polarization and impedance
measurements show that RNVLE is a mixed-type inhibitor, affecting both the anodic and
cathodic processes by simply blocking the metal’s active sites and a charge-transfer process
governs the corrosion process. The Langmuir adsorption isotherm more accurately describes
the experimental results reported in this paper. The negative AG? values indicate that the
inhibitors adsorb spontaneously on the surface of the C38 steel.

The thermodynamic values obtained from this study, and E,, AH®, and AS° indicate
that the presence of the inhibitor increases the activation energy.
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