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A B S T R A C T 

Most industries struggle with corrosion. Corrosion inhibitors are needed in these sectors. Eco-friendly 

corrosion inhibitors should be effective even at low concentrations. In this work, the compound 2- 

Fluorophenyl-2, 5- dithiohydrazodicarbonamide (2F-TSC) was utilized as a corrosion inhibitor for copper 

in a 3.5% NaCl solution. The inhibitor efficiency was calculated by using a series of electrochemical 

methods like, open circuit potential (OCP), potentiodynamic polarization (PDP), and electrochemical 

impedance spectroscopy (EIS). All tests have been done in a stagnant condition. The results show that the 

compound 2F-TSC looked to be of mixed type. Furthermore, the maximum inhibitor efficiency was reached 

at 99.2% at 10-2 M 2F-TSC and 5 h. The adsorption of 2F-TSC on the copper surface in 3.5% NaCl obeyed 

the Langmuir isotherm with a negative value of the standard Gibbs free energy of adsorption of -35.4 kJ/mol 

(chemisorption and physisorption). SEM, EDX, and AFM confirmed the presence of 2F-TSC on the surface 

of copper. The adsorption of the inhibitor molecules on the Cu (111) surface was further verified by a Monte 

Carlo simulation study. The results approved that the 2F-TSC can be utilized as a corrosion inhibitor for 

copper in an aggressive solution (3.5% NaCl). 

© 2023 University of Al-Qadisiyah. All rights reserved. 

1. Introduction

        Certainly, copper is a commonly used metal in various industries due 

to its high electrical conductivity, ductility, and malleability. Copper metals 

are often used in pipelines, and heat transfer tubes are also something to 

think about [1]. However, its susceptibility to corrosion can be a cause for 

concern. When exposed to sodium chloride, which is a common component 

in many environments such as saltwater and road salt, copper can undergo 

a process called corrosion. This is because the chloride ions react with the 

copper atoms, causing them to lose electrons and form copper ions. These 

copper ions then combine with water molecules to form copper (II) 

hydroxide, which appears as a greenish-blue crust or powder on the surface 
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of the copper. Over time, the corrosion process can weaken the metal and 

cause structural damage. It is important to take preventative measures, such 

as using coatings, corrosion inhibitors, and alloys, to minimize the risk of 

copper corrosion in sodium chloride environments [2–5]. In recent years, it 

has been found that inhibitors are the best way to protect metals from 

alkaline corrosion. They work better than cathodic and anodic protection, 

alloying, covering, and other common methods [6]. Organic inhibitors are 

often used to block light from getting through to metal surfaces. Most 

effective are organic molecules with highly electronic heteroatoms (like P, 

S, N, and O) or heteroatoms with an aromatic ring [7,8]. Also, molecules 

with pi electrons and functional groups like -N=N-, -C=N-, and >NH often 

have qualities that prevent corroding [9,10]. In alkaline settings where 

copper is likely to rust, the best corrosion fighters are N- and S- heterocyclic 

molecules. Because they have been around for a long time, organic 

molecules are by far the most advanced and cost-effective tools for making 

things. The rest, on the other hand, are poisonous and bad for the 

environment. There have been attempts all over the world to find a rust 

inhibitor that is effective, cheap, and safe [11–13]. 

Dithiohydrazodicarbonamides have shown that they can be used in many 

ways as medications [14]. Because they work well as copper corrosion 

inhibitors in NaCl solutions, these ligands are also well known for their 

anti-corrosion properties [15]. 

The corrosion of copper and mild steel in aqueous chloride systems (HCl 

or NaCl) has been shown to be inhibited by a wide variety of organic 

compounds [16,17]. Corrosion inhibitors made of amines, their 

dithiocarbamates, and Cu or Fe complexes have been used successfully in 

these systems [2,18,19]. The effectiveness of the inhibitor was further 

enhanced when thiosemicarbazide was combined with phenyl 

isothiocyanate to create 1-phenyl,2,5- dithiohydrazodicarbonamide. In our 

previous work, we synthesized and examined 2-Flouro pheyl-2,5-

dithiohydraodicarbonamide (2F-TSC) as a corrosion inhibitor for mild steel 

in 1 M HCl solution with excellent results [14]. Therefore it has been 

encouraged to investigate this compound (2F-TSC) with different metals 

and solutions, such as copper in a 3.5% NaCl solution. In the present work, 

2F-TSC has been tested as a corrosion inhibitor for copper in 3.5% NaCl 

solution. The inhibitor efficiency was calculated by electrochemical 

methods such as linear polarization resistance (LPR), potentiodynamic 

polarization (PDP), and electrochemical impedance spectroscopy (EIS).  

The surface profile of the copper was tested with a scanning electron 

microscope (SEM), an energy dispersive X-ray spectroscopy (EDX), and 

an atomic force microscope (AFM) with and without the corrosion inhibitor 

(2F-TSC). Monte Carlo models have been done to show how tried anti-

corrosion agents bind to surfaces. Structure 

2.  Materials and Methods 

2.1 Materials and preparation of the samples 

A copper bar has been provided from a local market with a chemical 

composition of 99.9% Cu (%Wt). Cylindrical specimens having a diameter 

of 1 cm and a length of 3 cm were prepared from copper bars. The samples 

were placed in epoxy resin with a total exposed surface area of 785 cm2 

after being linked from the back using copper wire. Silicon carbide sheets 

ranging in grit from 600 up to 2500 grit were used to achieve the mirror 

sheen on the sample surfaces. Polished samples were then washed twice in 

acetone and double-distilled water and kept until dried by air at room 

temperature. 2-Flouro pheyl-2,5-dithiohydraodicarbonamide (2F-TSC) has 

been synthesized and characterized in detail in our previous work (see 

Fig.1) [14]. The copper has been utilized to investigate the corrosion 

resistance of 3.5% sodium chloride as a free-corrosion inhibitor and in the 

existence of the corrosion inhibitor 2F-TSC. 

The research solution for copper in 3.5% NaCl was made using 35 g of 

NaCl dissolved in distilled water and 2F-TSC. The most powerful inhibitor 

solution (10-2 M) was made by soaking the amount of 2F-TSC that was 

needed in 3.5% NaCl. The dilution method was used to make the inhibitor 

media with lower amounts (10-5, 10-4, and 10-3 M). 

 

 
Figure 1. 2-Flouro pheyl-2,5-dithiohydraodicarbonamide (2F-TSC) 

structure [14] 

 

2.2 corrosion tests 

The three-electrode cell utilized for all experiments consisted of a working 

electrode (copper), a reference electrode made of silver/silver chloride (3 

M NaCl), and a counter electrode made of platinum. A potentiostat (IVIUM 

Technologies, Instrument: B08024, Software: 2699) was used for all 

testing. Before beginning the EIS, LPR, and PDP, the Cu was immersed in 

the test solution (3.5% sodium chloride as a free-corrosion inhibitor and the 

existence of 2F-TSC) for one hour in order to create a generally consistent 

state and construct an OCP. In EIS tests, AC signals with an intensity of 

0.005 V and a frequency between 100,000 Hz and 0.02 Hz were used. Using 

the comparable circuit, the information that was gathered was judged. The 

LPR readings were taken at a rate of 1 mV/s from the cathodic potential to 

the anodic potential ±0.01 VOCP. For PDP tests, a voltage of ±0.250 VOCP at 

a scan rate of 1 mV/s was used. All tests were run three times to guarantee 

accuracy and reproducibility. 

 

2.3 Surface studies 

The goal of this study was to learn more about how the surface of alkaline 

samples changes before and after an inhibitor is added. The Cu specimens 

were originally immersed in 3.5% NaCl in a blank at 298 K, where the 

concentration of 2F-TSC was 10-2 M. The copper samples were removed 

from the test solution after 72 hours and allowed to dry. All the parameters 

and types of instruments for SEM, EDX, and AFM have been mentioned in 

detail in our previous work [14,20]. 

 

2.4 Monte Carlo simulation  

The Monte Carlo (MCS) models were executed using the adsorption finder 

feature of Material Studio 2017 to investigate the chemical interactions 
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between the adsorbate and substrate. The aqueous component of the system 

consisted of 500 molecules of H2O, 5 ions of Na+, 5 ions of Cl-, and a Cu 

(111) surface. The fabrication of the box cell involved the slicing of the 

copper surface (111) into seven copper layers. The selection of the Cu 

surface (111) preceded this action. The supercell was constructed within a 

spatial extent of 13 by 13 units. It is necessary to ensure that the size of the 

vacuum is sufficient to prevent any interference with the regularity of the 

atoms in the bottom layer of the surface, caused by the non-bonded 

calculation of the adsorbate. Consequently, a vacuum slab with a thickness 

of 50 and oriented along the C-axis was constructed using Crystal Builder. 

The Ewald summation technique was employed to compute the 

electrostatic potential energy, while the atom-based approach was utilized 

to determine the van der Waals potential energy. The COMPASS force 

field, which is optimized for atomistic simulation studies in condensed 

phases, was employed to alter the configuration of all pertinent components 

of the system. The dimensions of the box, which was created using periodic 

boundary conditions, are 29.78 × 29.78 × 62.16 Å3. Forcite was employed 

to perform geometry optimization. 
 

3. Results and discussion 

3.1 OCP, PDP, and LPR 

Both a blank solution and 2F-TSC were used to test the OCP of Cu for 60 

minutes. Figure 2 shows the results obtained for compound 2F-TSC. The 

OCP value swinging negatively at the start of immersion in the inhibitor-

free solution may be due to the development of an oxide layer on the surface 

of the copper. OCP measurements get more and more negative as the 

immersion time goes on, indicating that the Cu chloride is forming and the 

oxide coating is disintegrating [21–23]. The potential at the conclusion of 

the test shifts in a more positive direction when an inhibitor is present, with 

the exception of doses 10-2 M 2F-TSC. This result could be brought about 

by the inhibitor molecules producing a shielding layer after attaching to the 

copper active sites [15,24,25]. 

Figure 2. Open circuit potential without and within the presence of 2F-

TSc in 3.5% NaCl 

Figure 3 (A–B) shows PDP plots for copper that has not been blocked and 

copper that has been blocked by different concentrations of 2F-TSC in 3.5% 

NaCl at 1 and 5 hours.  

 

(A) 

 

 

(B) 

 

Figure 3. Potentialdynamic polarization for 2F-TSC as a blank and with 

different concentrations at immersion time 1 h (A) and 5 h (B). 

 

It can be noted that as the concentration of the investigated inhibitor went 

up, both the anodic and cathodic curves changed significantly. This caused 

the current density to go down, which shows that the tested compounds 

have an inhibiting effect. Also, it was seen that the Tafel slope (βc) changed 

when 2F-TSC was added. This is because basic blocking slows down the 

activity of cathodic sites on a copper surface, which causes oxygen 

reduction to slow down as well (Table 1). With the addition of the inhibitor, 

the values of the anodic Tafel slopes (βa) varied somewhat, showing that 

these molecules were initially adsorbed to the basic copper surface and 

hampered by blocking the metal surface reaction sites. The inhibitor did not 

modify the corrosion mechanism, according to Tafel slope values. Tested 

chemicals inhibit active sites on the electrode surface by adsorbing inhibitor 

molecules [14,20].  
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Additionally, compared to copper which was not inhibited, the current 

densities were much lower in the presence of the inhibitor. When copper 

was exposed to 10-2 M 2F-TSC during a 1-hour immersion period, the 

reduction went from 3.91 µA.cm-2 for unprotected copper to 0.06 µA.cm-2. 

This can be a result of inhibitor molecules adhering to the metallic surface, 

stopping or delaying the action of aggressive ions like Cl- to assault the 

surface. [26]. Moreover, the corrosion potential ECorr values shifted 

towards more positive values when the inhibitor 2F-TSC concentration 

increased (Fig. 3 (A), Table 1). It is hypothesized that the potential value of 

corrosion is influenced by the rivalry between the suppression of cathodic 

and anodic processes [27]. Figure 3 (B) shows PDP plots for copper that 

has not been shielded and copper that has been stopped from reacting with 

different amounts of 2F-TSC in 3.5% NaCl for 5 hours. There have been 

some interesting outcomes. It can be seen that the current densities 

increased more for exposed copper as the duration of exposure grew. This 

is because the rate of copper dissociation and oxygen reduction also 

increased with exposure time. But the current levels have dropped sharply, 

even though there is less 2F-TSC around (Table1). In other words, the 

effectiveness of the inhibitor for 2F-TSC went from 20.8% at a 

concentration of 10-5 M and a time of exposure of 1 h to 89.1% after 5 h. 

However the most effective inhibitor was 98.8% when 2F-TSC was present 

at a concentration of 10-5 M for 5 hours.  

 

 

 

 

 

It was hypothesized that the longer a copper surface remained submerged 

in an inhibitor solution, the more of its surface would be coated by 

molecules of the solution. Furthermore, the inclusion of inhibitors has 

altered the values of corrosion potential Ecorr more favorably towards the 

immunity zone. The presence of inhibitor 2F-TSC caused a shift from -

0.2658 V to -0.1806 V in the copper’s uninhibited state. Prior research has 

established that inhibitors may be classified as cathodic or anodic types if 

the corrosion potential values of said inhibitors exceed 0.085 V. 

Conversely, inhibitors may be categorized as mixed types if the 

aforementioned moves are less than 0.085 V [28]. The findings presented 

in Table 1 indicate that the displacements observed for corrosion potential 

values following a 5-hour submerged period do not exceed 0.085 V. Thus, 

it can be inferred that the 2F-TSC exhibited characteristics of a corrosion 

inhibitor with mixed inhibition properties.  

The LPR results show In Table.1 that the polarization resistance was 

increased for uninhibited copper from 4460.4 Ω.cm2 to 421702 Ω.cm2 at 

immersion time 1 h with the existence of 2F-TSC at 1 × 10-2 M. 

Furthermore, it can be noticed that the resistance was increased at 5 h 

immersion time for unprotected copper from 2753.7 Ω.cm2 to 336843.5 

Ω.cm2 with presence of 2F-TSC. This suggests that 1/RLPR value is purely 

proportional to the 𝑖𝑐𝑜𝑟𝑟 
° . It is noteworthy that the outcomes obtained from 

the implementation of OCP, PDP, and LPR methodologies are insufficient 

in terms of investigating the effectiveness of corrosion inhibitors. 

Table 1. PDP and LPR for copper in 3.5% sodium chloride solution without and with the existence of 2F-TSC at immersion time 1 and 5 h. 

 

 time 
Cons. 

(M) 

Ecorr 

(V) 

icorr 

(A.cm-2) 

-c 

(V/dec) 

a 

(V/dec) 
 % IE Rlp (Ω.cm2)  % IE 

2
-F

-T
S

C
 

1 h 

BLANK -0,2607 3,91  0,308 0,070 ----- ----- 04460,04  ----- ---- 

1×10-5 -0,2554 3,09  0,294 0,066 0,207 20,8 06065,16 0,264 26,5 

1×10-4 -0,1928 1,56  0,289 0,073 0,601 60,2 0011775  0,621 62,1 

1×10-3 -0,1857 0,09 0,221 0,082 0,976 97,7 0235343  0,981 98,1 

1×10-2 -0,1657 0,06  0,235 0,099 0,984 98,5 0421702  0,989 98,9 

5 h 

BLANK -0,2658 7,88 0,190 0,071 ----- ----- 02753,69  ----- ---- 

1×10-5 -0,2297 0,86 0,168 0,057 0,8908 89,1 24766,75  0,889 88,9 

1×10-4 -0,2812 0,37  0,155 0,074 0,9530 95,3 32883,23  0,916 91,6 

1×10-3 -0,2021 0,18  0,227 0,122 0,9771 97,7 0179608  0,985 98,5 

1×10-2 -0,1806 0,09  0,233 0,097 0,9885 98,8 336843,5  0,992 99,2 

Table 2. EIS for copper in 3.5% NaCl solution with absence and with the present of 2F-TSC at immersion time 1 and 5 h. 

 

 Time 
Cont. 

(M) 

RS 

(Ω.cm2) 
Rp1 (Ω.cm2) 

CPE 

(F.cm-2) 
n 

W Ω−1.cm−2 

s0.5 
RpT  (Ω.cm2) % IE 

2
-F

-T
S

C
 

1 h 

BALNK 6,9  002020,5 2907 0,48  2,334 002020,5 ------ 

1 × 10-5 8,1 002980,7 225 0,75  2,132 002980,7 32,2 

1 × 10-4 7,7 006025,3  11,8 0,85  1,782 006025,3 66,5 

1 × 10-3 9,6  173309,2  0,73 0,94  1,236 173309,2 98,8 

1 × 10-2 8,9  321552,5 0,49 0,97  0,92 321552,5 99,4 

5 h 

BLANK 5,9  0002255  17,1 0,88  1,892 0002255 ----- 

1 × 10-5 09  022495,9  06,4 0,89  1,143 022495,9 89,9 

1 × 10-4 8,8  024409,9  05,2 0,90  0,991 024409,9 90,8 

1 × 10-3 09  076735,3  04,1 0,95  0,612 076735,3 97,1 

1 × 10-2 09  209697,1  00,6 0,97  0,406 209697,1 98,9 
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Electrochemical impedance spectroscopy (EIS) was performed. The IEPDP percentage and IELPR percentage values were determined through the  
 

 

  
A D 

  
B E 

  
C F 

Figure 4. EIS for copper in 3.5% NaCl solution without and with the present of inhibitor 2F-TSC at immersion time 1 h (left) and 5 h (right), Nyquist plot 

(A), Bode plot (B-C) 
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utilization of the subsequent equations [29,30]: 

 

𝑰𝑬𝑷𝑫𝑷 (%) =  
𝒊𝒄𝒐𝒓𝒓 −

° 𝒊𝒄𝒐𝒓𝒓(𝒊𝒏𝒉)

𝒊𝒄𝒐𝒓𝒓
°  × 100                                                                            (1) 

𝑰𝑬𝑳𝑷𝑹 (%) =  
𝑹𝑷 (𝒊𝒏𝒉)− 𝑹𝑷

°

𝑹𝑷 (𝒊𝒏𝒉)
 × 100                                                                                  (2) 

𝑰𝑬𝑬𝑰𝑺 (%) =  
𝑅𝑃 (𝑖𝑛ℎ)− 𝑅𝑃

°

𝑅𝑃 (𝑖𝑛ℎ)
 × 100                                                                                  (3) 

 
3.2 Electrochemical impedance spectroscopy (EIS) studies 

 

The Nyquist and Bode plot for 2F-TSC with a submerged time of 1 hour 

are presented in Fig. 4(A-C, left). The present study employed a 3.5% NaCl 

aqueous solution, both with and without differing concentrations (10-5-10-2 

M) of 2F-TSC inhibitor. The impedance response of the Cu electrode 

exhibited a depressed semicircle at high frequencies, which was succeeded 

by a straight line at 45o at lower frequencies, as depicted in Figure 4 (A). 

The Warburg impedance, denoted by the symbol W, is a reliable indicator 

of corrosion that is predominantly controlled by diffusion. The 

phenomenon under consideration pertains to the transfer of electrolytic ions 

from the ionic bulk to the metallic substrate at the interface of 

Cu/electrolyte. The ions in question may include Cl- species that are 

corrosive or those associated with chemical oxygen demand. The examined 

low-frequency range is expeditiously suppressed by the inhibitor, leading 

to an increase in the width of the capacitive loop in comparison to the blank 

solution. As depicted in Figure 4 (A), the Nyquist plot indicates that the 

incorporation of 2F-TSC leads to a rise in polarization resistance, thereby 

exhibiting a suppressive impact. The observed trend indicates that the 

concentration-dependent increase in the investigated inhibitors resulted in 

a greater polarization resistance compared to the blank solution. 

Figure 4 (B-C) depicts the Bode plots for uninhibited copper and copper 

inhibited with varying doses of inhibitor in a 3.5% sodium chloride solution 

after being immersed for a duration of 1 hour. The Bode plots depicted in 

Figure 4 (B-C) indicate that the introduction of the inhibitor 2F-TSC 

resulted in a noticeable increase in the modulus of the slope impedance, |Z|, 

as well as the phase angle, in comparison to the uninhibited Cu. 

Specifically, this effect was observed in the middle-frequency regions. The 

findings indicate that the inhibitor's barrier of protection effectively 

impedes the migration of the corrosive species. 

The Nyquist and Bode plots for 2F-TSC with a submerged duration of 5 

hours are presented in Fig. 4(A-C, right). The 2F-TSC exhibits a fascinating 

result. The findings indicate that the duration of immersion has a significant 

impact on both the size of the impedance spectrum and the inhibition 

efficiency of the inhibitor. The extension of the capacitive loop was 

achieved through an increase in the immersion period. This resulted in the 

electrostatic adsorption of more succinct anions onto the positively charged 

copper surface, leading to more area of surface coverage and effective 

protection from risky ions [20,31,32]. 

The equivalent circuit model for copper in the presence of 2F-TSC, under 

both inhibited and uninhibited conditions, in a 3.5% NaCl solution is 

illustrated in Fig.5. The solution contains a singular model, as the 

impedance curves exhibited identical forms in both the presence and 

absence of the inhibitor. The CPE refers to a constant phase element, while 

the Warburg impedance is denoted by W. The variable "Rs" denotes the 

resistance of the solution, while "Rp" denotes the resistance of polarization. 

Table 2 illustrates that the Rp augmented as the inhibitor concentration 

increased in comparison to the blank (absence of inhibitor). This suggests 

a reduction in the quantity of available active sites on the Cu surface due to 

the adsorption of inhibitor molecules. Based on the polarization resistance 

Rp, which is inversely related to the corrosion rate, the inhibitor efficiency, 

or IE%, was calculated. The decreasing effective capacitance values (CPE) 

with increasing inhibitor concentration (Table 2) are due to a drop in the 

local dielectric constant and/or an increase in the thickness of the deposited 

inhibitor film. This film slows the reactions of Cu dissolution by blocking 

the passage of copper ions from Cu/solution contact to solution corrosion. 

It is noteworthy that the existence of an inhibitor results in an elevation of 

the n value. The observed behavior indicates a decrease in surface 

heterogeneity as a result of the adsorption of the inhibitor. 

 

Figure 5. Equivalent circuit for copper in 3.5% NaCl solution with 

inhibited and uninhibited by 2F-TSC 

Table 2 illustrates that the Rp values of Cu subjected to inhibition reached 

209697 Ω.cm2 after a submerged period of 5 hours in the presence of 2F-

TSC, in comparison with the value of 2225 Ω.cm2 for unprotected copper. 

At a concentration of 10-2 M 2F-TSC and an immersion time of 5 hours, the 

presence of an inhibitor resulted in a maximum inhibitory efficiency of 

98.9%. In significantly other terms, there exists a connection between the 

results and the measurements of polarization. 

 

3.3 Surface Characterization 

The SEM images for copper are depicted in Figure 6. Figure 6A pertains to 

the sample used for polishing. The presence of a pristine copper substrate, 

devoid of any corrosion, alongside a smooth surface and a limited number 
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of horizontal and parallel scratches resulting from the polishing process, 

can be discerned. Figure 6 (B) demonstrates that the copper's unprotected 

surface (when exposed to a 3.5% NaCl solution) is highly susceptible to 

corrosion and weakened due to the aggressive corrosive nature of the 

sodium chloride solution. The topography of the copper surface exhibits 

undulating elevations with multiple depressions and cracks. Figure (6) 

denoted by the letter "C" relates to the restrained behavior of copper when 

exposed to 2F-TSC at a concentration of 10-2 M. The inclusion of an 

inhibitor leads to notable preservation of the substrate's copper surface and 

manifests a polished appearance. The observed results may be ascribed to 

the adsorption of inhibitor molecules onto the surface of copper, thereby 

hindering the dissolution of the copper surface. The composition of the Cu 

surface was analyzed using EDX scan measurement (as shown in Fig. 6 (A-

C)) in various conditions, including before and after submerged in 3.5% 

NaCl, in the blank state, and in the presence of 2F-TSC. The EDX spectra 

presented in Figure 6(A) indicate the presence of a free corrosion substrate, 

as evidenced by the high peak for Cu and low peak for oxygen resulting 

from atmospheric exposure. Additionally, the EDX spectra obtained from 

the sample exposed to 3.5% NaCl (as depicted in Figure 6 (B)) reveal the 

existence of both Cu and a significant Cl peak on the surface. The 

deposition of particles on the substrate surface is attributed to the presence 

of corrosion products. The electrolytic inhibition of a sample using 2F-TSC 

has been observed to exhibit the existence of inhibitor-derived constituents, 

namely C, N, F, and S, as evidenced by its spectra. The data indicates a 

notable decrease in the peaks corresponding to chlorine and oxygen. The 

elevated Cu peak observed on the surface can be attributed to the presence 

of inhibitor molecules that have been adsorbed onto the Cu surface, thereby 

impeding the rate of copper dissolution [20,33]. 

Fig.7 (A-C) shows AFM images (2D and 3D) for the copper system. Fig.7 

(A) refers to a polishing sample for copper surface, and Fig.7 (B-C) refers 

to uninhibited copper and the presence of 2F-TSC at concentration 10-2 M 

and immersion time 72 h, respectively. The assessment of surface 

roughness variability was conducted by means of two parameters, namely 

the average roughness (Ra) and the root mean square roughness (Rq). The 

aforementioned values are depicted in Figure 7 (A-C) of the present study. 

Figure 7 (A) demonstrates that the surface that is not immersed exhibits a 

notably smooth texture, devoid of corrosion and possessing minimal 

roughness. Figure 7 (B) depicts the surface of copper that has been exposed 

to an aggressive solution, exhibiting rough structures and deep, large pits 

that have been formed due to the aggressive attack by a 3.5% NaCl solution. 

Furthermore, a considerable quantity of mountains is illustrated in the 3D 

images of the surface, which is correlated with the surface's exposure to 

detrimental ions such as chlorine. Figure 7 (C) depicts the specimen that 

has been subjected to a solution containing an inhibitor, resulting in a 

notable decrease in the formation of cracks and pits. The 3D images exhibit 

a reduced visibility of mountains. The atomic force microscopy (AFM) 

images have provided information on the values of Ra and Rq. The 

inhibited sample exhibits a lower Ra value, indicating that the presence of 

inhibitor molecules on the copper surface results in a smoother surface and 

lower current density due to the formation of a thin film [14]. 

 

 

A 

 

B 

 

C 

Figure 6. SEM and EDX images for copper as a polishing only (A), 

immersion in 3.5% NaCl (B), and immersion in 3.5% NaCl solution with 

the presence of 2F-TSC. 

 

Figure 7. AFM images for copper as a polishing only (A), immersion in 

3.5% NaCl (B), and immersion in 3.5% NaCl solution with the presence 

of 2F-TSC. 
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Figure 8. Langmuir adsorption isotherm of 2F-TSC on the copper surface 

 

3.4 Adsorption isotherm 

 

Adsorption of the investigated inhibitor on the metal surface is the most 

important step forward in the consumption restriction procedure. 

Adsorption isotherms like Langmuir's, Frumkin's, and Freundlich's are 

widely employed to depict the inhibitor adsorption part. The following 

equation depicting the Langmuir adsorption isotherm was found to be the 

most realistic in our study. 

 

𝐶𝑖𝑛ℎ

𝛳
=  

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ                                                                                                                (4) 

 

Where Cinh is the concentration of inhibitor, θ is the level of surface 

inclusion by inhibitor and K is the equilibrium constant of adsorptive. 

The adsorption of 2F-TSC is confirmed to follow the Langmuir isotherm 

by the estimate of the relationship coefficient (R2), which is directly 

supported by the plotted plot of Cinh/ θ against inhibitor fixation (Cinh) 

(Fig. 8). R2 values of this estimate also show that the atoms of the 

compound arranged themselves into a monomolecular layer on the terminal 

surface [34]. And here's an equation for calculating the adsorption Gibbs 

free energy (ΔGads): 

 

∆𝐺𝑎𝑑𝑠 =  −𝑅𝑇 × ln(55.5 × 𝐾𝑎𝑑𝑠)                                                                               (5) 

 

Complete electrostatic connection (physisorption) is indicated by ΔGads 

values about -20 kJ mol-1, whereas ΔGads values of - 40 kJ mol-1 or greater 

indicate chemical connection [35,36]. Therefore, the current study includes 

calculations of which - 35.4 kJ. mol-1 for 2F-TSC suggested the ΔGads 

interaction of the inhibitor with the copper surface through mixed 

(chemisorption and physisorption) [14]. 

 

3.5 Monte Carlo simulation studies 

 

The equilibrium configuration of inhibitor 2F-TSC adsorbed on Cu (111) 

is depicted in Fig.9, featuring both side and top views. The graphical 

representation in Figure 9 illustrates that the inhibitor structures exhibit 

favorable interaction with a planar configuration on the Cu (111) surface. 

The adsorption process between the metal surface and inhibitor was found 

to occur spontaneously, as evidenced by the negative value of the 

adsorption energy [1]. The adsorption sites that exhibit activity are 

primarily localized on the nitrogen and sulfur atoms, as well as the aromatic 

ring. This suggests that the coexistence of an inhibitor in conjunction with 

aqueous conditions enhances and reinforces the adsorption mechanism. The 

adsorption energy value for 2F-TSC is -76.09 Kcal/mol. Consequently, the 

inhibitor shall undergo adsorption onto the metal surface, thereby 

generating substantial hydrophobic barriers that shall impede corrosion 

[14,20,37]. The equation presented below is used to determine the 

adsorption energy (Eads) of a corrosion inhibitor on metal surfaces. 

𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙 − (𝐸𝑠𝑢𝑟𝑓+𝑤𝑎𝑡𝑒𝑟 + 𝐸𝑖𝑛ℎ+𝑤𝑎𝑡𝑒𝑟) + 𝐸𝑤𝑎𝑡𝑒𝑟                                  (6)                                                     

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = −𝐸𝑎𝑑𝑠                                                                                                                (7)      

The term Etotal pertains to the overall energy of the system, encompassing 

the metal crystal, the adsorbed inhibitor molecule, and the solution. 

Esurf.+water and Einh+water denote the potential energies of the system in the 

absence of the inhibitor and the metal crystal. The depiction of the potential 

energy of water is represented by Ewater. 

This discovery provides clear evidence for the effectiveness of inhibitor 2F-

TSC in inhibiting copper corrosion in a solution containing 3.5% NaCl. 

This implies that the results obtained from theoretical analysis are 

congruent with the results observed through experimentation. 

 

 

Side view 

 

Top view 

 

Figure 9. Side and top views of the equilibrium configuration for 2F-TSC 

adsorbed on Cu (111) as aqueous 
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4. Conclusion 

Following is a statement that could be derived from the data: 

• The compound 2F-TSC appeared to be an excellent corrosion inhibitor 

for copper in a 3.5% NaCl solution even in long-term immersion (5 h), 

and maximum efficiency reached 99.2% at 5 h with 10-2 M 2F-TSC. 

• The Tafel curve illustrated that the 2F-TSC can be classified as a mix-

type inhibitor 

• For EIS graphs with and without 2F-TSC, there is a single equivalent 

circuit. The polarization resistance increases when the inhibitor is 

present in a 3.5% NaCl, which increases the double-layer capacitance. 

• The adsorption of 2F-TSC molecules onto a copper surface is best 

described by the Langmuir adsorption model. 

• SEM, EDX, and AFM results confirmed the presence of the inhibitor 2F-

TSC on the copper surface. 

• The adsorption of the inhibitor molecules on the Cu (111) surface was 

further verified by a Monte Carlo simulation study. 
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