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Abstract: Comparative study of the inhibition and adsorption properties of two Calixarenic organic 

molecules type 2,2' - ( ( 15,35,55,75 – tetra – tert – butyl - 32,72 – dihydroxy - 1,3,5,7 (1,3) 

tetrabenzenacyclooctaphane-12,52-diyl) bis(oxy))diacetic acid and 5-(4-(tert-butyl)-2-(5-(tert-butyl)-2-

hydroxy-3-methylbenzyl)-6-methylphenoxy)pentanoic acid named TTB and TB2HMHA, as good 

corrosion inhibitors in the 0.5M sulfuric medium utilizing potentiodynamic polarization (PDP), 

electrochemical impedance spectroscopy (EIS), and procedures for scanning electron microscopy (SEM). 

The experimental outcomes revealed that the TTB and TB2HMHA effectively against copper corrosion in 

0.5 M H2SO4. This work's novelty is using two green syntheses of new heterocyclic compounds (TTB and 

TB2HMHA) as ecological inhibitors of acid corrosion of m-steel. As a result, the inhibitory efficiency has 

been reached at an optimum value of 97.9% for TTB. EIS data demonstrated that the copper corrosion 

reaction happens mainly via diffusion control and that the organic species' corrosion rates and inhibition 

effectiveness were computed. The inhibition mechanisms are predicted from the evolution of the inhibition 

effectiveness versus inhibitor concentration and temperature. The achieved findings suggested that 

molecular and protonated organic species of the two Calixarenes contributed to the observed inhibitory 

action. Furthermore, SEM analysis confirmed the high inhibitory effect of these two products by adsorption 

on the copper surface. In addition, the rise in temperature did not significantly affect the inhibitory 

efficiency values, which confirmed the high resistance of the composite. 

Keywords: electrochemical impedance spectroscopy; calixarene; corrosion of copper; H2SO4; 

potentiodynamic polarization. 
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1. Introduction 

Various industrial electronics and communications applications utilize copper as a 

conductor for electrical lines, pipelines, and Services involving industrial water, including 

seawater, heat exchangers, heat conductors, etc. Thus, copper is one of the more important metals 

because of its outstanding thermal and electrical conductivity, suitability for mechanical 

processing, and relatively noble properties. 

This type of metal is commonly applied in cooling and heating applications and is utilized 

in various applications. The reduction in the effectiveness of the heating system is affected most 

frequently by scaling and corrosion products that harm the transfer of heat. Therefore, it is 

necessary to clean them regularly using acidic solutions such as sulfuric acid (H2SO4). Corrosion 

inhibitors effectively eliminate the undesirable destructive effect and prevent metal dissolution. 

Unfortunately, the majority of inhibitors commercially available are toxic components that need 

to be substituted with new eco-friendly inhibitors[1]. 

The application of corrosion inhibitors for copper in such conditions is required since a 

passive protective film can not be expected. The ability to inhibit the corrosion of copper in various 

aqueous environments has interested numerous researchers utilizing many inhibitors. These 

investigations show that many organic and inorganic compounds can prevent copper from 

corrosion [2-6]. The availability of heteroatoms, including nitrogen (N), sulfur (S), and 

phosphorous (P) in the inhibitor molecule enhanced its ability to prevent rusting. Among these 

organic molecules and their derivatives, there areazoles [7,8], amino acids [9], and many others, 

there are very toxic compounds. 

Generally, the nature and charge of the metal surface, the adsorption mechanism, the 

chemical structure, and the inhibitor's ability to adsorb on a metal surface depend on the kind of 

electrolyte medium used. [10]. However, applying inorganic or organic products and their 

derivatives effectively protects copper and its alloys in an aggressive medium [11, 12]. 

This is ascribed to the chelation effect of the heterocyclic element of the chemical 

compound and the formation of a protective barrier film between the metal surface and the 

chemical compound, preventing the dissolution of the metal from the corrosion process.The 

protective layer is assigned to the availability of either emptied orbitals in the copper atom that 

form coordinative bonds with atoms that donate electrons, including nitrogen (N), sulfur (S), 

phosphorous (P), or the aromatic rings through the nitrogen-containing heterocyclic part of the 

inhibitor [13]. 

Organic compounds are usually employed to prevent the corrosion of metals as inhibitors 

in acidic solutions [14-32]. However, the inhibition effect of organic species has been found to be 

dependent on[33,34]: (i) the chemical structure of the inhibitor, (ii) the charge of the metal surface, 

and (iii) the nature of contacts between the inhibitor species and the surface of the metal. 

The challenge of this work is the green synthesis of new heterocyclic compounds (TTB 

and TB2HMHA) as ecological inhibitors of acid corrosion of m-steel. The inhibitory action of 

organic compounds was evaluated through several techniques already described in the literature 

(EIS and PDP). SEM/EDS has located the steel that was buried and Contact angle measurements 

(θ). Experimental data have shown that additives TTB and TB2HMHA are effective against the 
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corrosion acid of m-steel. The adsorption study has shown that these compounds were adsorbed 

on the steel surface, adherent to the Langmuir adsorption isotherm. 

2. Materials and Methods 

The electrochemical Tests were conducted utilizing a three-electrode cell consisting of a 

reference electrode (Ag/AgCl), a counter electrode (platinum), and a working electrode (copper). 

The composition ( by weight  %) of copper utilized for the electrochemical experiments is: P(0.019 

%), Pb(0.015 %), Sn(0.009 %), Ni(0.003%), Sb(<0.002%), Ag(<0.005%), C(<0.005 %), 

Fe(<0.001 %), As(<0.001 %), Mn(<0.001 %), Al(<0.001 %), Bi(<0.001 %), S(<0.001 %) and the 

rest is Cu". 

The rod was mounted in a suitable internal diameter glass tube by epoxy resin, keeping a 

1 cm2 surface area in contact with the corrosive medium. Prior to any test, the copper surface was 

abraded with a variety of grades of emery paper (100 to 1200 grit), washed with acetone, then 

dried at room temperature after being cleaned with distilled water. 

The aggressive solution utilized in the present investigation was a sulfuric acid (0.5M 

H2SO4) prepared by diluting a commercially concentrated acid of 98% with distilled water. 

The calix[4]arene molecule was synthesized using the available literature in the Laboratory 

of Molecular Engineering in Applied Analysis of the University of Strasbourg, France [35]. The 

molecular structure of calix[4]arenewas displayed in Table 1. Thus, the test solutions were 

prepared by adding the inhibitor at various concentrations in the range of 10-3 M to 10-6 M. the 

maximum solubility of these inhibitors is S=(1 mg/mL in DMF); (1 mg/mLin DMSO) 

In addition, the EIS tests were performed at open circuit potential (OCP)utilizing a transfer 

function analyzer in the100 kHz-10 mHz frequency range of 10 points per decade. The applied 

AC signal's amplitude was 10 mV. The EIS data were executed using a Volta Lab PGZ 100 model 

potentiostat controlled by a PC and Voltalab 4.0 analysis software. The measured impedance data 

were analyzed using the Zview software package and fitted in terms of an appropriate equivalent 

electric circuit. The molecular structure of the investigated inhibitors is displayed in Table 1. 

 

Table 1. The calixarenic substances under study include their names, chemical structures, and acronyms. 

Abbreviation Chemical structure IUPAC Name/ molecular formula/molar mass 

TTB 

 

 

2,2'-((15,35,55,75-tetra-tert-butyl-32,72-dihydroxy-1,3,5,7(1,3) 

tetrabenzenacyclooctaphane-12,52-diyl)bis(oxy))diacetic acid 

C48H60O8 

765 g/mol 
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Abbreviation Chemical structure IUPAC Name/ molecular formula/molar mass 

TB2HMHA 

 

5-(4-(tert-butyl)-2-(5-(tert-butyl)-2-hydroxy-3-methylbenzyl)-

6-methylphenoxy)pentanoic acid 

C51H70O6 

778 mol 

3. Results and Discussion 

3.1. Stationary electrochemical study. 

Figure 1 presents the anodic and cathodic polarization curves for copper in 0.5 M H2SO4 

medium in the absence and the presence of TTB and TB2HMHA at different concentrations and 

298K. 

Figure 1. Representation of the copper in 0.5 M H2SO4 medium anodic and cathodic polarization curves in the 

without and the existence of TTB and TB2HMHA at different concentrations and 298K. 

An initial analysis of these curves shows that addition has an impact on both the anodic 

and cathodic reactions of the TTB and TB2HMHA compounds. The addition of the inhibitor in 

0.5 M H2SO4 solution significantly retarded both cathodic (hydrogen evolution) and anodic 

reactions (stainless dissolution). This behavior reflects the inhibitory action of both products [36]. 

In addition, the polarization plots were displaced to lower corrosion current densities (icorr) and 

smaller negative corrosion potentials (Ecorr) after adding both examined molecules. This shift in 

PDP plots was more marked in the cathodic curves, which corresponds to the dominant cathodic 

inhibition mechanism of the calixarenes molecules. However, the corrosion potential showed a 

significant change in the presence of the calixarenes. Therefore, the two compounds can be 

classified as cathodic-type inhibitors [37]. According to Figure 1, the anodic branches followed 

typical Tafel behavior throughout a wide range of current and potential. It implies that reliable 

determination of anodic slopes is possible. However, on the cathodic branches of the curves, there 

was no evidence of a linear Tafel zone. The values of the anodic Tafel slopes (ßa). The 
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measurements of the electrochemical parameters derived from the collected polarization curves 

are shown in Table 2: corrosion current density (icorr), corrosion potential (Ecorr), cathodic Tafel 

slopes, and potential corrosion coefficient (Ecorr), as well as the corrosion inhibitor efficiency 

ηPP(%). 

Table 2. Inhibition efficiency and electrochemical parameters were determined from the copper polarization curves 

in 0.5 M H2SO4 with and without TTB and TB2HMHA. 

Medium 

 

Conc. 

(mol /L) 

-Ecorr 

(mV/Ag/AgCl) 

icorr 

(µA cm-2) 

Tafel slopes 

(mV/dec) 

ηPP 

% 

-c a 

 0.5 M H2SO4  -- 79±1.5 29.0±1.7 204±2.5 59.0±1.2 -- 

TTB 10-3 155±2.3 0,6±0.05 184±2.8 56.0±1.8 97,9 

10-4 125±1.8 1,6±0.09 188±3.1 57.5±1.6 94,4 

10-5 98±1.0 2.0±0.1 196±2.6 58.3±2.0 93,1 

10-6 121±2.1 2,2±0.1 191±1.9 60.2±1.7 92,4 

TB2HMHA 10-3 189±2.4 0,7±0.06 179±2.4 65.2±2.1 97,5 

10-4 128±1.6 1.0±0.08 176±2.3 57.2±2.0 96,5 

10-5 101±1.4 1,4±0.04 165±1.8 62.7±1.8 95,2 

10-6 96±1.3 1,5±0.09 191±2.5 61.9±1.9 94,8 

The analysis in Table 2 demonstrates a significant diminution in the icorr values with 

increasing concentration of the examined compounds, which implies an enhancement in the 

effectiveness of inhibitors. After adding the two calixarene derivatives, the Ecorrshifts to more 

cathodic values. The literature reported that if the absolute shift in Ecorr is greater than 85mV, 

compared to the Ecorr for the blank medium, the inhibitor can be considered an anodic or cathodic 

type inhibitor. However, they can be classified as mixed-type inhibitors if this shift is smaller than 

85 mV[38]. In the present investigation, less than 85 mV was the highest shift of the Ecorr 

readings, indicating that TTB and TB2HMHA act as cathodic-type inhibitors. 

The two additives studied, TTB and TB2HMHA, are, therefore, classified as the best with 

a maximum inhibition efficiency of 97.9% for a concentration of 10-3M, in agreement with the 

lowest corrosion current density value of 0.6 μA/cm2. This excellent efficiency is explained by the 

presence of high electronic densities on the molecules due to the existence of non-binding doublets 

of heteroatoms (N and O) and electrons (π) of aromaticity, which promotes the process of 

adsorption on metal [39-42]. However, this stationary electrochemical technique remains very 

limited in characterizing complex mechanisms involving several reactive stages and having 

different characteristic kinetics. Thus, the use of transient techniques becomes essential. 

3.2. Electrochemical impedance spectroscopy. 

The effect of changing the concentrations of the two studied products on the impedance 

behavior of copper in 0.5 M H2SO4are displayed in Figure 2, and Bode planes in Figure 3. The 

curves show a similar type of Nyquist plot for copper in the existence of different concentrations 

of  Calixarene (TTB and TB2HMHA). The equivalent electrical circuit (Randle equivalent circuit) 

utilized to simulate the impedance diagrams has been presented in Figure 4, where RSdenotes the 

resistance of solution, represents the charge transfer resistance and Qct is the constant phase 

element of the double layer. The presence of one single semi-circle revealed a pure charge transfer 

process during dissolution. The diameter of the semi-circle enhanced with the inhibitor 

concentration, indicating that the formed inhibitive film was reinforced by the addition of TTB 
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and TB2HMHA[43-48]. The deviations from the perfect circular form, i.e., depression, are often 

linked to the frequency dispersion of interfacial impedance[49,50]. 

 
Figure 2. Nyquist plots of copper in 0.5 M H2SO4, both with and without various amounts of TTB and TB2HMHA. 

  

  

Figure 3. Bode spectrum of copper in 0.5 M H2SO4 solution in the absence and the presence of TTB and 

TB2HMHA at different concentrations. 

But in solution, the inhibitory efficiency of 0.5 M H2SO4decreasedwhen the additive 

concentration decreased and reached a high efficiency of 97.9% for TTB and 97.3% 
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forTB2HMHA at 10-3M concentration of additives. On the other hand, the decrease of Cd1 values 

that increase as the inhibitor concentration increases is probably due to the diminution of the local 

dielectric constant and/or the increase of the electric double-layer thickness. This indicates that 

TTB and TB2HMHA adsorb on the copper/acid interface[51,52]. 

The Bode spectrum obtained for copper in the absence and the presence of TTB and 

TB2HMHA (Figure 3) shows two maximum phases at intermediate and low frequencies. The Bode 

Representation confirms using two electrical circuits to simulate experimental data. 

 

Table 3. Electrochemical characteristics and associated inhibition effectiveness for corrosion of the copper in 0.5 M 

H2SO4 whether various concentrations are present or absent of TTB and TB2HMHA at 298 K. 

Inhibitors C 

(M) 

Rs 

(Ω.cm²) 

Qf 

(µFcm²) 

nf Rf 

(Ω.cm²) 

Qct 

(µF cm2) 

nct Rct 

(Ω cm²) 

Rp 

(Ω cm2) 

θ ηimp 

% 

Blank -- 0.7±0.2 - - - 475±3.5 0.720±0

.01 

350±2.5 350 -- -- 

TTB 10-3 3.2±1.0 43.1±1.8 0.848±

0.007 

12239±3.

4 

50.5±1.2 0.686±0

.008 

4703±4.8 16942 0.979 97,9 

10-4 3.7±1.2 49.5±2.3 0.824±

0.01 

4878±2.5 486.7±3.4 0.850±0

.009 

1229±2.6 6107 0.942 94,2 

10-5 2.7±0.9 52.6±2.5 0.786±

0.009 

2951±1.8 495.5±3.8 0.645±0

.01 

1848±2.4 4799 0.927 92,7 

10-6 2.5±0.8 41.1±1.7 0.852±

0.008 

2516±2.3 293.4±2.9 0.631±0

.007 

2208±3.2 4724 0.926 92,6 

TB2HMHA 10-3 4.7±1.3 25.4±1.0 0.900±

0.01 

3846±3.7 105.3±1.5 0.610±0

.01 

9287±5.2 13133 0.973 97,3 

10-4 3.0±1.2 34.1±1.3 0.880±

0.008 

5941±4.0 285.8±2.4 0.841±0

.009 

3101±1.8 9042 0.961 96,1 

10-5 4.2±1.5 43.4±2.0 0.780±

0.009 

4846±2.8 147.7±1.3 0.779±0

.01 

2343±2.6 7189 0.951 95,1 

10-6 3.0±1.2 45.2±2.3 0.826±

0.007 

2258±2.6 170.5±1.4 0.635±0

.008 

4678±4.1 6936 0.949 94,9 

The data in Table 3 shows that as the inhibitor concentrations increase, the Rp values 

increase, but the Cdl values tend to decrease. These observations reflect a noticeable increase in 

the thickness of the film formed and a decrease in its permeability [53]. Consequently, the decrease 

in Qfvalues shows that the adsorption layer formed by these compounds on the metal surface is 

stable [54]. The reduction in Qfvalues could occur due to a local decrease in increasing the 

thickness of the double layer or/and the dielectric constant. It has been related to the replacement 

of H2O molecules by the adsorption of organic species on the steel surface[55-57]. 

Based on the Helmholtz model, the capacity of the double layer (Cdl)can be determined 

utilizing the equation (1)[58,59] 

0
dl

s
C

e

 
=  

(1) 

where, e represents the deposit thickness, Ɛ0 is the Permittivity of the solution (8.854×10-14 F cm-

1), Ɛ stands for the dielectric constant, and S is the surface of the steel.  

The inhibition effectiveness (E%) improves as the inhibitor concentrations increase. This 

is related to an increase in Rp values, which shows better adsorption of the investigated molecules 

of inhibitors on the steel's surface. These findings have been explained and confirmed by many 

authors [60,61]. The electrical equivalent circuit modeling from EIS data is displayed in Figure 4. 
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Figure 4. Equivalent circuit for the electrochemical impedance spectra. 

As stated previously, it was a two-time constant model because of the existence of both 

passive and corrosive regions on such surfaces.The passive regions are related to the oxide film 

over the surface of the copper, while the corrosive regions are referred to the breakdown of the 

oxide film. In this investigation, Rs represents the resistance of solution (electrolyte), Rf and Rct 

are related to the surface film resistance and the charge transfer resistance linked to the corrosion 

process taking place on the surface of copper. Qf and Qdlare the surface film capacitance and the 

double layer capacitance, respectively. The EIS diagrams were fitted, and the determined 

electrochemical parameters using the equivalent circuit model (Figure 4) are presented in Table 3. 

CPE was used as the substitute for the capacitor to fit more exactly EIS diagrams. The CPE 

impedance can be described by equation 2[62,63]. 

1

( )
CPE

dl

Z
Y j n

=  
(2) 

where, Y represents the CPEmagnitude,ωis the angular frequency, and n stands for an empirical 

exponent that provides the deviation from the ideal capacitive behavior [64, 65]. According to the 

n values,CPE can represent resistance (n = 0), capacitance (n = 1), inductance (n = -1), and 

Warburg impedance (n = 0.5)[66-68]. 

3.3. Adsorption isotherm. 

An adsorption investigation has been carried out to elucidate the inhibition effect of organic 

molecules on copper corrosion. This effect occurs through two major types of adsorption: chemical 

and physical adsorption. In an aqueous solution, the adsorption process of these inhibitors is 

generally coupled with the desorption of water molecules that are pre-adsorbed on the copper 

surface. This adsorption is therefore regarded as a phenomenon of substitutional adsorption, as 

illustrated by the following reaction: 

Org (aq) + xH2O (ads) ↔ Org (ads) + xH2O (aq) 

where, x denotes the number of water molecules substituted by the inhibitor molecule. Several 

adsorption isotherms are used to evaluate the adsorption process on the copper surface (Langmuir 

isotherm, Temkin, Frumkin. etc.) [37]. The obtained EIS values are investigated for fitting various 

adsorption isotherms models. Langmuir isotherm displays a good fit to the experimental data 

within these adsorption models. The Langmuir isotherm is linked to the surface coverage() and 

the concentration of the organic species (Cinh) according to the equation (3)[69]: 

1inh
inh

ads

C
C

K
= +  

(3) 
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where, Kads represents the adsorption/desorption equilibrium constant. The evolution of the 

Cinh/versus Cinh of the organic inhibitor is a straight line (Figure 5). 
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Figure5. The adsorption isotherm of Langmuir for TTB and TB2HMHA on the copper surface at 298 K. 

The Langmuir adsorption isotherm provided a more precise explanation of the adsorption 

behavior of the species under investigation (Figure 5) [70] because the average values of the linear 

regression coefficient (R2) achieved for TTB and TB2HMHA and the slope are very close to 1.The 

Kads value was shown to be important, that is,66.2 104 (L/mol) of TTB and 197.9 104 (L/mol) of 

TB2HMHA (Table 4), which signifies the greater adsorption; this can be related to the existence 

of various donor centers, including O, N, and Cl in the functional groups. The free adsorption 

energy (ΔGads) was computed utilizing the equation(4):  

1

55,55

adsG

RT
adsK e


−

=  
(4) 

where, R denotes the global gas constant, and T denotes the absolute temperature. The molar 

concentration of water is given by 55.55[71]. 

Table 4. Thermodynamic parameters for adsorption of the inhibitors on copper at 298K. 

Inhibitors Kads(L/mol) ΔGads (kJ/mol) R² Slopes 

TTB 66.2 104 -43.1 0.99999 1.02 

TB2HMHA 197.9 104 -45.8 1 1.03 

Generally, The phrase "physisorption," which refers to the electrostatic interaction between 

charged inhibitor molecules and the charged surface of the metal, is supported by the values of 

ΔGads around or less than -20 kJ/mol [72]; the transfer or charge sharing of electrons from the 

inhibitor is associated with values around or greater than -40 kJ/mol species to the copper surface 

to establish a coordinated type of metal, i.e., chemisorption [73]. After the addition of calixarenes 

molecules, ΔGads was determined to be -43.1 kJ/mol of TTB and -45.8kJ/mol of TB2HMHA, 

indicating the chemical adsorption on the copper surface. 
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3.4. Effect of temperature. 

3.4.1. Potentiodynamicpolarization.  

Temperature provides critical input into inhibitor action. It can affect the metal-inhibitor 

interaction in the corrosive environment and influences the adsorption mode of the inhibitor. It is 

thus essential to explore the influence of these parameters on the action of calixarene molecules, 

which is an excellent inhibitor at 298K. In this study, the inhibition efficiency of TTB and 

TB2HMHA on corrosion of copper in 0.5 M H2SO4 alone and after adding the investigated 

molecules at the optimum concentration (10-3M) was performed for temperatures ranging from 

298K to 328K. The potentiodynamic polarization plots are presented in Figure 6and the 

electrochemical parameters derived from these curves are grouped in Table 5. 
  

 

Figure 6. Polarization curves of copper in 0.5 M H2SO4in the absence and the presence of inhibitors at different 

temperatures. 

It can be seen from the Tafel curves that the anodic and cathodic branches increase with 

temperature. The plots of the cathodic region are parallel, which reflects that the reduction of 

H+ions on the copper surface is made according to the same pure activation mechanism in all 

temperature ranges. The data in Table 5 demonstrate that the current densities rise with 

temperature, thereby leading to a decline in the inhibition effectiveness for both inhibitors at a 

concentration of 10-3M in the H2SO4 0.5M medium. Furthermore, it can be remarked that the 
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inhibition efficacy diminishes slightly after the addition of TTB and TB2HMHA. Thus, these 

compounds are considered effective inhibitors for copper in sulfuric acid. 

Table 5. Electrochemical parameters for copper in 0.5 M H2SO4 and the inhibitor 10-3M at different temperatures. 

Medium T 

(K) 

-Ecorr 

(mV/Ag/AgCl) 

icorr 

(µA cm-2) 

Tafel slopes 

(mV/dec) 

ηPP 

% 

-c a 

Blank 298 79±1.5 29.0±1.7 204±2.5 59±1.2 -- 

308 105±1.6 35.0±1.8 178±2.4 64±1.3 -- 

318 142±2.1 56.0±2.0 164±1.9 77±1.8 -- 

328 166±2.5 77.0±2.2 182±2.3 52±2.0 -- 

TTB 298 155±2.3 0,6±0.05 184±2.8 56±1.8 97,9 

308 207±2.4 1,4±0.09 174±1.9 62±1.7 96,0 

318 197±1.9 3,5±0.1 190±2.3 67±2.0 93,7 

328 211±2.6 6,8±0.2 178±2.1 70±2.2 91,1 

TB2HMHA 

 

298 189±2.4 0,7±0.06 179±2.4 65.2±2.1 97,5 

308 196±2.8 1,6±0.08 186±1.8 75±2.3 95,4 

318 203±2.6 3,9±0.1 176±2.0 64±1.9 93,0 

3.4.2. Thermodynamic parameters for activation. 

The variation in the logarithm of the corrosion rate as a function of the inverse of the 

absolute temperature (
1000

𝑇
) is recorded in Figure 7. The curves obtained in the form of straight 

lines comply with Arrhenius' law (equation 5). 

aE

RT
corri Ke

−

=  
(5) 

where, Ea is the activation energy, R is the perfect gas constant, K is a pre-exponential factor, T is 

the absolute temperature, and icorr is the corrosion current density. 

An alternative formulation of the equation of Arrhenius allows the determination of the 

values of enthalpy ΔHa and entropy ΔSa, according to the following equation (6) [74]: 

ln lncorr a a

a

i S HR

T hN R RT

       
= + −     

     

 
(6) 

where, h: Planck Constant, Na: Avogadro number, ΔHa: Activation Enthalpy, and ΔSa: Activation 

Entropy. The variation of 𝑙𝑛 (
𝑖𝑐𝑜𝑟𝑟

𝑇
)as a function of the reciprocal of temperature is a line (Figure 

7), with a slope equal to (−
∆𝐻𝑎

𝑅𝑇
)and an intercept of𝑙𝑛 (

𝑅

ℎ𝑁𝑎
) + (

∆𝑆𝑎

𝑅
). 

The activation parameters (ΔHa, ΔSa, and Ea) calculated from the slopes of the Arrhenius 

lines in the absence and in the presence of the inhibitors TTB and TB2HMHA are grouped in Table 

6. 

Table 6. Thermodynamic parameters for corrosion of copper without and with the addition of the inhibitors TTB 

and TB2HMHA. 

0.5 M H2SO4 

Compounds Ea (KJ/mol) ΔHa (KJ/mol) ΔSa (J/mol.K) 

Blank 27.5 24.9 -133.7 

TTB 66.7 64.1 -34.0 

TB2HMHA 64.8 62.2 -39.1 
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Figure 7. Arrhenius lines for copper in 0.5 M H2SO4 medium without and with the addition of the compounds TTB 

and TB2HMHA 10-3M. 

From Table 6, it is clear that the Ea values of the solution containing TTB and 

TB2HMHAarehigher than that in the case of the blank medium, confirming the formation of a 

barrier layer on the copper surface [75]. The higher energy barrier for corrosion after the addition 

of TTB and TB2HMHA, indicates that the adsorbed inhibitor molecules inhibit the charge/mass 

exchange interaction that occurs on the surface[76,77]. Therefore, the metal is protected from 

dissolution. The positive signs of the ΔHavalues show that the nature of the copper dissolution 

process is endothermic[78,79]. In the meanwhile, the activation entropies (Sa) rise and become 

negative in the presence of the inhibitors TTB and TB2HMHA, indicating a reduction in disorder 

during the conversion of the reagents into activated complex  [80,81]. 

3.5. Surface analysis by SEM -EDX. 

SEM micrographs of the copper samples immersed in 0.5 M H2SO4 for 6h at 298 K before 

and after the addition of TTB and TB2HMHA are displayed in Figure 8. 

It is observed that the surface of the Cu-substrate immersed in sulfuric acid is severely 

damaged and attacked with the formation of many pits distributed randomly on the surface. This 

shows clearly that the copper specimen is subjected to generalized corrosion type over the entire 

surface in the blank solution. Gray areas attributed to the formation of the iron oxide films 

In the presence of 10-3M of the compounds TTB and TB2HMHA in the 0.5 M H2SO4 

solution, Figure 8 shows a smoother, more homogeneous, and brighter surface. Comparing the 

image obtained without an inhibitor, we can conclude that the surface of the copper is almost free 

of corrosion. This is due to the formation of the adsorbed layers of the inhibitor on the copper 

surface. These results confirm the ability of products TTB and TB2HMHA to protect copper and 

delay its corrosion in H2SO4 solutions by limiting electrolyte access to the surface. 
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Figure 8. SEM microphotographs of copper in 0.5 M H2SO4(a) without and with (b) TTB and (c) TB2HMHA after 6 

h of immersion. 

The surface of the corroded copper samples was found to be irregular and rough. Moreover, 

it was noticeable also that these microphotographs showed a heterogeneous lay exhibited a non-

uniform filmer of the scale product formation. However, the surface morphology of copper after 

the addition o fTTB and TB2HMHA (Figure8b and c) displays a great surface free of corrosion 

products, i.e., the absence of pitting or cracks excluding the polishing lines, and the surface was 

smooth. It is obvious that these organic compounds are adsorbed on the surface of copper, forming 

a protective film byCalixarenes on the copper surface in sulfuric acid solutions [82]. 

3.6. Contact angle measurements.  

Figure 9 shows the surface contact angles for the m-steel electrode in 0.5 M H2SO4 solution 

without and with the addition of 10-3M of inhibitors TTB and TB2HMHA after exposing the m-

steel to the test solutions for 6 h at room temperature. 
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Blank TTB TB2HMHA 

   

76° 94.3° 88.3° 

Figure 9. Contact angle measurements for metal immersed in 0.5 M H2SO4(Blank) and metal immersed in 0.5 M 

H2SO4containing 10-3M of TTB and TB2HMHA after 6 h immersion.  

According to the literature, surfaces with θ below 90° are hydrophilic, whereas surfaces 

with θ above 90° are hydrophobic. The contact angle was determined as 76.0°in the studied 

corrosive media. The addition of 10-3M of TTB and TB2HMHA increases the contact angle from 

76°to 94.3° and 88.3° for TTB and TB2HMHA, respectively. This increase is due to the adsorption 

of the studied products and, thus, the creation of a barrier film over the them-steel surface. 

Therefore, it may be claimed that the adsorption of organic species onto the steel surface improves 

the surface's hydrophobic nature. 

4. Application  

Organic corrosion inhibitors have received much attention because they provide a 

straightforward method for shielding metals against corrosion in an aqueous environment. As a 

result, there are several industrial uses for marketed corrosion inhibitors, including cooling 

systems, pipelines, oil and gas production facilities, boilers, and pickling procedures. Cooling 

water systems need the most inhibitor, and this is because inorganic inhibitors such as phosphates, 

tungstate, calixarenes, and molybdate are still often utilized in this industry. For these engineering 

aims, it is expected that the necessary inhibitor would either directly adsorb on the metal surface 

or form an insoluble complex with metal ions already present at the interface, resulting in the 

assembly of the chemisorbed film (ideal monolayer). There have been several chemical 

compositions for steel and its alloys that are based on organic inhibitors. Although steel has been 

the most extensively utilized material, additional advancement in using organic inhibitors to 

preserve steel from corrosion is required. However, there is growing worried about utilizing 

"green" chemicals for these uses, which is another reason why studies on organic corrosion 

inhibitors are being pushed forward. To create a chemical that can do several tasks, molecular 

design and the synthesis of new organic inhibitors have been identified as viable approaches. These 

should be carefully considered for the application's effectiveness in order to prevent using too 

many chemicals or providing inadequate protection. Potential interaction between the crucial 
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factors should also be taken into consideration for the application's convenience. Because of this, 

statistical analyses using information gathered from multiple pathways used to calculate the 

corrosion rate must be conducted. Tafel and Stern-Geary methods are generally used in the 

preferred approach, which is dependent on electrochemical techniques. Additionally, popular 

methods for assessing corrosion rate include solution test analysis and loss weight measures. With 

reference to current research published in pertinent disciplines, this essay focuses on the 

interpretations of the concerns raised. 

5. Conclusions 

Concluding the experimental part, it was demonstrated that all techniques used could 

characterize and follow the corrosion inhibition process promoted by two calixarenes compounds: 

TTB and TB2HMHA exhibited excellent inhibition properties for copper corrosion in 0.5 M 

H2SO4 solution, and their inhibitory efficiency increases with increasing concentration. 

The obtained results showed that TTB and TB2HMHA acted as cathodic-type inhibitors of 

copper corrosion in 0.5 M H2SO4. The EIS out comes reveal that the polarization resistance (Rp) 

increased as the concentrations of TTB and TB2HMHA increased. In addition, both additives have 

shown very good inhibitory efficacy in the corrosive medium. The adsorption characteristics of 

TTB and TB2HMHAwere monitored following the Langmuir isotherm model. Based on the 

evolution of inhibition effectiveness, it can be confirmed that the adsorption of both calixarenes 

compounds is made by intermediate adsorption between physisorption and chemisorptions. 

Surface morphology studies confirmed the mitigation of copper corrosion by forming a protective 

film on the surface of the copper. Additionally,  Ea values of the solution containing TTB and 

TB2HMHA are higher than that in the case of the blank medium, confirming the formation of a 

barrier layer on the copper surface 

Finally, the SEM images confirmed all the previous results and showed that adding calyx 

could inhibit copper corrosion in 0.5 M H2SO4. The collected findings demonstrate that the 

investigated compounds could be used as corrosion inhibitors for protection against the corrosion 

of copper in other aggressive environments. 
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