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Abstract 
The reuse of expired drugs has become a challenge in maintaining environmental 
cleanliness and achieving economic benefits. In this report, two expired drugs, moxifloxacin  
and norfloxacin, were used as inhibitors for copper corrosion in 3.5 % NaCl solution at dif-
ferent temperatures using several experimental approaches including chemical, electro-
chemical and spectroscopic techniques. The interaction of these two molecules on the 
copper surface was also inspected using different adsorption models.  Using a dose of 
500 mg L-1 of these drugs at 298 K, maximum inhibition efficiencies (IE) of 88.7 and 85.2 % 
were estimated from the potentiodynamic polarization technique for Mox and Nor, 
respectively., confirming that they can be considered as promising and effective inhibitors. 
The IE values were enhanced with increasing drug doses and reduced with rising tempera-
ture. The higher IE is due to the strong adsorption of these molecules on the copper surface, 
which is physical in nature and follows the Langmuir adsorption isotherm. This is due to their 
unique chemical structures, as they contain a number of functional groups. Polarization 
experiments confirmed that the drugs were tuned to behave as mixed-type inhibitors with 
an anodic predominance. All thermodynamic and kinetic parameters were calculated and 
discussed  in details , and the inhibition mechanism was proposed.  All experimental results 
obtained by different techniques were in agreement with each other. 

https://doi.org/10.5599/jese.2646
http://dx.doi.org/10.5599/jese.2646
http://www.jese-online.org/
mailto:aatahmed@imamu.edu.sa
mailto:emad.youssef@iu.edu.sa
mailto:ahmed.sayed3@science.aun.edu.eg


J. Electrochem. Sci. Eng. 15(3) (2025) 2646 Crrosion inhibitory performance of expired moxifloxacin and norfloxacin n  

2  

Keywords 
Metal corrosion; salty environment; fluoroquinolone antibiotics; anti-corrosion properties; 
adsorption  

 

Introduction 

Corrosion of metals is the gradual damage of the surfaces of metals and alloys through reactions 

with the surroundings. This natural phenomenon costs the world’s economy a lot of money each 

year. Such a phenomenon raises economic concerns and causes serious environmental impacts. 

Copper is a premeditated metal in several industrial areas, including heating and cooling systems, 

because of its good mechanical properties and low cost. Although copper has appropriate corrosion 

resistance in the atmosphere and some chemical environments due to the formation of a shielding 

oxide passive layer on its surface [1], copper is susceptible to corrosion in aggressive media [2,3]. 

Copper corrosion was set to have a negative impact on the functioning of metals and alloys in the 

systems formed from it [4,5]. The probability of construction of passive film on copper surface is low 

in the aggressive media or the existence of corrosive ions such as Cl- ions. Based on the extensive 

use of copper in diverse fields, copper corrosion and its protection have attracted voluminous 

consideration, and many studies have been conducted in this regard [6,7].  

One of the preeminent approaches to controlling corrosion is employing corrosion inhibi 

tors [8-10]. Various inhibitors were examined to protect copper from corrosion in various NaCl 

solutions, particularly at a concentration of 3.5 % in different conditions. In this regard, some amino 

acids such as cysteine and methionine were investigated as green inhibitors for copper corrosion in 

3.5 % NaCl solution [11] N-acetyl cysteine [12]. Rajkumar et. al. constructed of a self-assembled 

monolayer on the surface of copper in 3.5 % NaCl solution comprising 4-aminothiophenol [13]. Also, 

pharmaceutical drugs as eco-friendly compounds were tested, such as domperidone drug, which was 

examined to inhibit copper corrosion in a 3.5 % NaCl solution [14]. Qiang et al. [15] used 5-

nitroindazole to inhibit copper corrosion in 3 % NaCl solution and found that inhibition efficiency (IE) 

reached 99 % at 0.4 mM of the inhibitor. Tian et al. have synthesized certain derivatives of triazolyl-

acylhydrazone [16] and thiadiazole derivatives [17] in order to employ them as corrosion inhibitors in 

chloride media. In 3.5 % NaCl solution, Khan et al. [18] examined the inhibition properties of 

benzotriazole for copper corrosion in flow conditions, Dheeraj et. al. [19] studied 4-amino-5--methyl-

4H-1,2,4-triazole-3-thiol, Lie et. al. [20] employed polypyrrole-oxalic acid benzotriazole, while Toghan 

et. al. [21] used N-benzylhydrazinecarbothioamide. Finšgar et al. reported the adsorption of 4-methyl-

2-phenyl-imidazole using the XPS technique [22] and 2-mercaptobenzoxazole [23] on the copper 

surface in 3.5 % NaCl, while Ezznaydy et al. [24] used mono-hydroxamic acid. Glycerol was inspected 

in 0.5 M NaCl solutions at different pH values [25]. Also, various organic compounds were investigated 

as inhibitors in several acidic media [26-30] and in other media [31,32]. 

Unfortunately, most applied corrosion inhibitors are toxic and have high cost. Thus, chemists have 

focused on eco-friendly corrosion inhibitors [33-35]. Newly expired medications were employed as 

hopeful, efficient, and eco-friendly corrosion inhibitors instead of outdated toxic or hazardous 

inhibitors to the environment [36-37]. They have good adsorption capabilities on metallic surfaces 

because they contain several electronegative functional groups, heteroatoms: N, O and S, π systems 

and heterocycles [38,39]. This leads to the formation of a defensive layer that protects the metal 

surfaces from corrosion. Applying expired drugs as corrosion inhibitors was found to have double 

benefits: economic, where they are free of cost, and environmental, that they contain complex 

compounds that safeguard the environment from the threat of such compounds if they reach it. 

Several drugs were examined and were discovered to be as efficient corrosion inhibitors for copper, 

https://en.wikipedia.org/wiki/Metal
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such as domperidone in 3.5 % NaCl solution and some pharmaceutical compounds in HNO3 acid. 

Moxifloxacin (Mox) and norfloxacin (Nor) are two drugs from the fluoroquinolone antibiotic 

medications family used to remedy various bacterial infections [40,41]. Moxifloxacin treats a number 

of infections, including respiratory tract and intra-abdominal infections. They are broad-spectrum 

antibiotics that are active against both gram-positive and gram-negative bacteria. Figure 1 shows the 

chemical structures of both drugs, which have extensive π-electron systems, heteroatoms (N and O) 

and electron-donating methyl groups that enable such compounds to strongly adsorb on the metal 

surfaces. Therefore, such drugs can be efficient and eco-friendly metallic corrosion inhibitors.  

 
Figure 1. Chemical structure of moxifloxacin and norfloxacin 

Based on the above, this paper aims to reuse expired pharmaceuticals and utilize them to control the 

spread of environmental toxins and harmful chemicals. Therefore, in this report, two expired drugs, 

moxifloxacin and norfloxacin, were applied as eco-friendly and cost-free inhibitors for the corrosion of 

copper in 3.5 % sodium chloride solution at different temperatures. Experiments were carried out using 

several methods, including electrochemical, surface, chemical and adsorption. Thermodynamic and 

kinetic calculations were studied, and the inhibition mechanism was proposed. 

Experimental  

Materials and techniques 

The investigated metal was copper sheets (Merck, purity 99.93 %) with a composition of 

0.0297 wt.% Fe, 0.0230 wt.% Pb, 0.0120 wt.% Ni, 0.0053 wt.% Si, and the remainder is Cu. These 

sheets were treated before experiments by polishing them with successive emery papers of various 

grades (200 to 1200). Then, they were washed with bi-distilled water, degreased with acetone, and 

dried before immersing in the tested medium. The principal corrosive medium (blank) used in all 

studies was a solution of 3.5 % NaCl (99.99 %) prepared with bi-distilled water. Solutions of the 

explored expired drugs, moxifloxacin (Fluka, C21H24FN3O4, 401.438 g mol−1, EXP 03 2022), and 

norfloxacin (Fluka, C16H18FN3O3, 319.336 g mol−1, EXP 06 2022) were prepared using bi-distilled 

water. They were used in the concentration range 100 to 500 mg/L. The techniques used in this 

investigation were chemical (weight loss (WL)), electrochemical (open circuit potentials (OCP) and 

potentiodynamic polarization (PDP)), and spectroscopic (scanning electron microscopy (SEM)).  

Weight loss measurements  

For WL measurements, copper sheets with an area of 15.76 cm2 (4.2×1.6×0.2 cm) were used. 

Prior to each experiment, copper sheets were prepared, as reported above. Then, the prepared 

copper sheets were immersed in 100 mL of the examined solution, in the absence and presence of 

different concentrations of the explored drugs in the range of 100 to 500 mg L-1 for time intervals of 

4, 8, 12, 16 and 20 hours, at temperatures of 288, 298, 308 and 318 K. Next, the copper sheets were 

Moxifloxacin (Mox)                       Norfloxacin (Nor)
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cleaned, dried, and weighed. The average weight loss, mg cm-2 of copper sheets, was calculated 

after each experiment.  

Electrochemical measurements  

Open circuit potential measurements  

The change of OCP or EOC with immersion time (t) for copper in 3.5 % NaCl without and with 

different concentrations of the explored drugs at 298 K was examined over an hour. OCP measure-

ments were performed using a temperature-controlled PGSTAT30 potentiostat-galvanostat with a 

saturated calomel electrode (SCE) as a reference electrode. 

Potentiodynamic polarization measurements  

In otentiodynamic polarization (PDP) measurements, a temperature-controlled PGSTAT30 po-

tentiostat - galvanostat was used. For all experiments, a three-electrode cell was used and prepared 

as reported. The working electrode was a copper sheet with an area of 1.0 cm2 fixed in an epoxy 

resin, the counter electrode (CE) was a platinum plate, and SCE served as a reference electrode (RE). 

Before each exploration, the surface of the copper electrode was pretreated as previously 

mentioned, then inserted in the tested solution for a time needed to attain stable potential at open 

circuit potential (OCP). PDP measurements were performed at a scan rate of 1.0 mV s-1.  

Scanning electron microscopy study 

For SEM examination, at 5.0 kV, a JEOL SEM was used. Before each examination, the uninhibited 

and inhibited copper sheets were cleaned and dried as mentioned above and then observed by SEM 

with a magnification of 1200. 

Results and discussion 

Weight loss measurements  

Effect of inhibitor concentrations  

Weight loss experiments were performed for copper sheets in 3.5 % NaCl solution (main 

corrosive medium, blank) and the presence of the expired drugs Mox and Nor at concentrations of 

100 to 500 mg L-1, at 298 K. The weight loss versus immersion time plots are shown in Figure 2.  

The values of corrosion rates (CR) of copper were calculated using Eq. (1) [3, 42]: 

CR
KW

Atd
=   (1) 

where K is a constant of 8.76104 for CR in mm year-1 (or 3.45106 for CR in mils year-1), W / g is 

weight loss of Cu, A / cm2 is the exposed area of copper sheet, t / h is the immersion time and d is 

the density of copper (8.94 g cm-3). The values of IE of the explored drugs and degrees of surface 

coverage ( ) by the explored drugs were calculated by Eq. (2) [7]: 

IE = 100 =

 

inh
CR

1- 100
CR

 
  

 (2) 

where CR and CRinh are corrosion rates in the absence and presence of the explored drugs, 

respectively.  
Based on the gained experimental outcomes, as the concentration of the explored drugs 

increased, the copper's CR was reduced and the values of IE were enhanced, as illustrated in 

Figures 3 and 4, respectively. In the existence of 500 mg L-1 of the explored drugs, the IE of Mox and 
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Nor were found to be 89.4 and 83.9 %, respectively. Thus, it could be concluded that the explored 

drugs act as effective inhibitors for copper corrosion in a 3.5 % NaCl solution.  

 
Figure 2. Weight loss versus immersion time plots for copper corrosion in 3.5 % NaCl solution (blank) and in 

the presence of different concentrations of expired drugs a - Mox and b - Nor, at 298 K 

   
Figure 3. Variations of the corrosion rates of copper in 3.5 % NaCl solution in the absence and presence of 

different concentrations of expired drugs a - Mox and b - Nor, at different temperatures 

 
Figure 4. Variations of inhibition efficiencies with different concentrations of expired drugs a -Mox and  

b -Nor for corrosion of copper in 3.5 % NaCl solution at different temperatures 

Effect of temperature 

The effect of temperature (within 288 to 318 K) was inspected to recognize the type of adsorption 

of the explored drugs on the copper surface and to evaluate the thermodynamic and kinetic 

parameters. The results in Table 1 indicate that CR of copper in 3.5 % NaCl solution increases, while 

the values of IE of the explored drugs decrease with rising temperature, as illustrated in Figures 5 

and 6. This behavior suggested that the type of adsorption of these drugs is physical [43]. 
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Table 1. Corrosion rate (CR, mm year-1), IE and  of copper in 3.5 % NaCl in absence and presence of different 
concentrations of expired drugs Mox and Nor, at different temperatures 

Inhibitor 
CInh /  

mg L-1 

Temperature, K 

288 298 308 318 

CR,  
m year-1 

IE, %  
CR, 

m year-1 
IE, %  

CR, 
m year-1 

IE, %  
CR, 

m year-1 
IE, %  

None 0 72.39 -- -- 85.34 -- -- 96.01 -- -- 104.65 -- -- 

Mox 

100 20.19 72.1 0.721 26.80 68.6 0.686 32.54 66.1 0.661 36.63 65.0 0.65 

200 14.25 80.3 0.803 20.98 75.4 0.754 26.32 72.6 0.726 31.09 70.3 0.703 

300 11.07 84.7 0.847 15.54 81.8 0.818 21.31 77.8 0.778 26.70 74.5 0.745 

400 8.53 88.2 0.882 11.35 86.7 0.867 16.61 82.7 0.827 19.89 81.0 0.81 

500 6.88 90.5 0.905 9.04 89.4 0.894 14.02 85.4 0.854 18.21 82.6 0.826 

Nor 

100 26.21 63.8 0.638 32.69 61.7 0.617 4.089 57.4 0.574 48.77 53.4 0.534 

200 17.81 75.4 0.754 25.27 70.4 0.704 31.40 67.3 0.673 36.22 65.1 0.651 

300 13.82 80.9 0.809 18.95 77.8 0.778 23.90 75.1 0.751 29.62 71.7 0.717 

400 12.01 83.4 0.834 16.05 81.2 0.812 20.27 78.9 0.789 23.85 77.2 0.772 

500 10.06 86.1 0.861 13.74 83.9 0.839 18.06 81.2 0.812 22.07 78.9 0.789 

   
Figure 5. Variations of corrosion rates of copper in 3.5 % NaCl solution with temperature at various 

concentrations of expired drugs a - Mox and b - Nor  

 
Figure 6. Variations of inhibition efficiencies with temperature at various concentrations of expired drugs  

a - Mox and b - Nor for corrosion of copper in 3.5 % NaCl solution 

Effect of NaCl concentration  

The effect of the corrosive medium (NaCl) concentration on IEs of the explored drugs at a 

concentration of 300 mg L-1 in the corrosion of copper in NaCl solutions is shown in Figure 7. Figure 7 

shows that the IE was decreased with an increment of NaCl concentration (from 1.5 to 4.5 %), 

indicating that the explored drugs are more effective at lower NaCl concentrations. 
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Figure 7. Variations of the inhibition efficiency of 300 mg L-1 of expired drugs on corrosion of copper in 

different concentrations of NaCl solution at 298 K 

Effect of immersion time  

It has already been reported [44] that the corrosion rate of a metal is affected by the immersion 

time and, therefore, it is very significant to illuminate the impact of immersion time on corrosion 

inhibition. The effect of immersion time (2 to 20 h) on IE of the explored drugs (300 mg L-1) in the 

corrosion of copper in 3.5 % NaCl solution was investigated at 298 K, Figure 8. The results indicated 

that the explored drugs inhibit the corrosion of copper at all immersion times, but the IE increased 

greatly at the initial stage up to 4 h, then reduced by increasing the immersion time. Increasing IEs 

at the initial stage can be ascribed to the adsorption of multi-layers of drug molecules on the copper 

surface, which enhances copper corrosion inhibition. After about 4 h, some adsorbed inhibitor 

molecules are proposed to leave the copper surface, decreasing the effective area covered by such 

molecules causing a reduction of IE.  

  
Figure 8. Variations of inhibition efficiency for 300 mg L-1 of expired drugs with immersion time for copper 

corrosion in 3.5 % NaCl solution, at 298 K 

Adsorption isotherm examination  

It was reported [45] that organic corrosion inhibitors exert their inhibitive action by their adsorp-

tion on the metal surfaces. Therefore, examination of the adsorption isotherms is a significant way to 

identify the adsorption nature of the inhibitor molecules on the metal surface. Therefore, experiments 

were carried out to fit the obtained data with different adsorption isotherms such as Temkin, 

Langmuir, Freundlich, Frumkin, and Flory-Huggins. The results gained at different temperatures indi-

cated that the best fit was attained for Langmuir adsorption isotherm, where linear plots of Cinh /  vs. 

Cinh (Eq. 3) with about unit slopes were obtained, as shown in Figure 9. This signified that the ad-

sorption of the explored drugs on the copper surface in NaCl solution obeyed Langmuir isotherm [3]: 
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inh
inh

ads

1C
C

K
= +   (3) 

where Kads is the adsorption constant, while Cinh is the inhibitor concentration.  

Generally, Eq. (3) is represented graphically as a linear relationship, y = a + bx, where a = intercept 

and b = slope, while the goodness of fit is usually measured by the coefficient of determination (R2). 

These values for linear relations shown in Figure 9 are listed in Table 2. By Eq. (3) describing Langmuir 

isotherm, Kads is defined as reciprocal intercepts of linear lines with the Cinh/ axis. Since Cinh is ex-

pressed in mg L-1, the expected unit for Kads should be L mg-1, the unit of Kads is assumed to be L mg-1 

directly, however it was converted to mL mol-1 as displayed in Table 2. The higher Kads values indicate 

strong and spontaneous adsorption of drug molecules. Such adsorption is considered physical because 

the value of Kads was reduced by rising temperature.  

   
Figure 9. Langmuir adsorption isotherms for the expired drugs a - Mox and b -Nor adsorbed on the copper 

surface in 3.5 % NaCl, at different temperatures 

Thermodynamic parameters 

Calculation of thermodynamic parameters is very important to understand the corrosion 

inhibition mechanism. The free energy of adsorption (Gads) can be calculated via the following the 

equation [46]: 

Gads = -RT ln (55.5 Kads) (4) 

Using Eq. (4) and Kads values from Table 2, ΔGads values were calculated and listed in Table 2. The 

obtained values between -29.55 and -31.84 kJ mol−1 indicate that the nature of adsorption is a merge 

of physical and chemical types, i.e. a mixed type (physicochemical adsorption). The adsorption is a 

spontaneous process that appears from negative values of ΔGads. [47]. Also, the results show that 

the values of ΔGads for the expired drug Mox are slightly higher than those of the drug Nor, signifying 

that more Mox was adsorbed on the copper surface than Nor. This behavior is in agreement with 

the gained values of IE for both explored drugs. 

The heat of adsorption (Hads) was gained from Van't Hoff equation, Eq. (5) [48]:  

adsln constantadsH
K

RT

−
= +   (5) 

Figure 10 illustrates the linear plots of ln Kads vs. 1/T. As seen in Table 2, the computed ∆Hads 

values are negative, proposing that the adsorption of drug molecules is an exothermic process of 

physical type [49,50].  

The values of adsorption entropy (ΔSads) were computed using Eq. (6):  
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Gads = Hads - TSads  (6) 

The computed values ∆Sads are inserted in Table 2, signifying increasing in the disorder of the 

adsorption of drug molecules. Such behavior may be due to the desorption of more H2O molecules 

from the copper surface and their replacement by drug molecules [51]. 

  
1000 T-1 / K-1 

Figure 10. Van’t Hoff plots for expired drugs adsorbed on the copper surface in 3.5 % NaCl 

Table 2. Thermodynamic parameters and Kads for copper corrosion in 3.5 % NaCl with expired drugs at 
different temperatures 

Inhibitor T / K a b R2 Kads / 103 L mol-1 ∆Gads / kJ mol-1 ∆Hads / kJ mol-1 ∆Sads / J mol-1 K-1 

Mox 

288 39.98 1.032 0.99971 10.03 -31.68 

-9.29 

75.94 

298 52.74 1.022 0.99894 7.98 -32.21 75.18 

308 53.37 1.041 0.99871 7.27 -33.06 75.47 

318 54.35 1.072 0.99884 6.90 -33.99 76.04 

Nor 

288 51.62 1.047 0.99912 6.15 -30.51 

-11.28 

79.09 

298 61.18 1.053 0.99934 5.25 -31.18 78.68 

308 70.85 1.078 0.99959 4.51 -31.83 78.26 

318 81.80 1.082 0.99948 3.95 -32.52 77.94 

Kinetic parameters 

The values of activation energy (Ea*) were evaluated from Arrhenius equation, Eq. (7) [52]: 

a
*

n CR lnl
E

A
RT

= −  (7) 

where A is the Arrhenius constant. 

The results shown in Figure 11 indicate that the plots of ln CR versus 1/T are linear, from which 

slopes, the values of Ea* were evaluated and inserted in Table 3.  

The values of Ea* in the presence of the explored drugs were higher than that gained in the blank 

solution, signifying strong physical adsorption of drug molecules on the copper surface and the 

formation of a barrier that separates such a surface from the corrosive medium [53]. Furthermore, 

the acquired values of Ea* were lesser than 80 kJ mol-1, which is a prerequisite for chemical 

adsorption, suggesting that the adsorption type is physical [54]. These findings are in agreement 

with the results of both ΔGads and ΔHads, proving the actuality of the obtained results. 
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 1000 T-1 / K-1 1000 T-1 / K-1 

Figure 11. Arrhenius plots for copper corrosion in 3.5 % NaCl (blank) and in presence of different 
concentrations of expired drugs a - Mox and b - Nor  

Table 3. Activation parameters for copper corrosion in 3.5 % NaCl (blank) and with expired drugs Mox and Nor 

3.5 % NaCl + Cinh / mg L-1 Ea* / kJ mol-1 ∆H* / kJ mol-1 ∆S / J mol-1 K-1 

Blank 0 9.33 6.83 -41.49 

Mox 

100 15.17 12.62 -31.76 

200 19.62 17.02 -19.29 

300 22.57 20.08 -11.06 

400 22.20 19.73 -14.55 

500 25.52 23.06 -5.07 

Nor 

100 15.89 13.34 -27.43 

200 17.99 15.52 -22.53 

300 19.22 16.64 -21.20 

400 17.51 14.82 -28.68 

500 20.07 17.65 -20.37 

Enthalpy (ΔH*) and entropy (ΔS*) of activation were evaluated from the transition state 

equation, Eq. (8) [55]:  

* * 1
ln ln

CR R S H

T Nh R R T

    
= + −   

   
 (8) 

where R is the gas constant, N is Avogadro's number and h is Planck's constant. The plots of ln CR 

vs. 1/T are linear, as shown in Figure 12.  

 
 1000 T-1 / K-1 1000 T-1 / K-1 

Figure 12. Transition state plots for copper corrosion in 3.5 % NaCl (blank) and in presence of different 
concentrations of expired drugs a - Mox and b - Nor  
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The values of both ΔH* and ΔS* were evaluated from these plots and listed in Table 3. Values of 

ΔH* are positive, signifying that the corrosion is endothermic, while the obtained negative values of 

ΔS* signify a decrease in the randomness due to the formation of the activated complexes [56]. The 

higher value of ΔH* in the existence of the explored drugs suggests greater difficulty for the 

corrosion process to occur, which eventually signifies higher inhibition. Adsorption of drug 

molecules on the copper surface increases the values of ΔH*, enhancing IE.  

Figure 13 shows a matching of the trend of the values of Ea* with those of ΔH* for all examined 

concentrations of both drugs. 

 
Figure 13. Variations of activation parameters with concentrations of expired drugs a - Mox and b - Nor for 

the corrosion of copper in 3.5 % NaCl solution 

Kinetics of copper corrosion and its inhibition 

The kinetics of copper corrosion in 3.5 % NaCl and its inhibition by different concentrations of 

expired drugs Mox and Nor, at 298 K were investigated. The obtained results showed that the 

corrosion of copper and its inhibition follow the first-order kinetics according to Equation (9): 

-ln WL = k1t - ln W0   (9) 

where k1 is the first order rate constant, and W0 is the initial weight of the copper sheet.  

The plots of -ln WL vs. t are linear, as shown in Figure 14, signifying that the kinetics of copper 

corrosion and its inhibition by the explored drugs in 3.5 % NaCl is negative first order.  

 
Figure 14. First-order rate constant plots for copper corrosion in 3.5 % NaCl (blank) and in presence of 

different concentrations of expired drugs a - Mox and b - Nor, at 298 K 

From Figure 14, the values of k1 were evaluated and listed in Table 4. Moreover, the values of 

half-life time, t1/2, of such process were calculated (Table 4) from k1 values via Eq. (10) [57]: 
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1/2

1

0.693
t

k
=  (10) 

Table 4. Values of k1 and t1/2 for copper corrosion in 3.5 % NaCl (blank) and in presence of different 
concentrations of expired drugs Mox and Nor at 298 K 

Cinh / mg L-1 
Mox Nor 

k1 / h-1 t1/2 / h k1 / h-1 t1/2 / h 

0 0.091 7.62 0.091 7.62 

100 0.089 7.79 0.083 8.35 

200 0.080 8.66 0.077 9.01 

300 0.063 11.00 0.065 10.66 

400 0.065 10.66 0.074 9.36 

500 0.051 13.59 0.066 10.50 
 

The values of the order of corrosion inhibition (n) enabled by the presence of expired drugs were 

computed via Eq. (11) [58] and listed in Table 5. 
log CR = log k + n log Cinh.   (11) 

Table 5. Values of the order of corrosion inhibition of copper in 3.5 % NaCl by expired drugs Mox and Nor at 
different temperatures 

Temperature, K 
n 

Mox Nor 

288 -0.658 -0.587 

298 -0.674 -0.544 

308 -0.523 -0.519 

318 -0.441 -0.505 
 

Also, the plots of log CR vs. log Cinh for the expired drugs Mox and Nor were linear, as illustrated 

in Figure 15. The obtained values of n (Table 5) indicate that the inhibition of copper corrosion is 

negative fractional-first order regarding Cinh. The negative sign of n values and the opposite reliance 

of the values of corrosion rates with Cinh signified good IE of the explored drugs [59]. 

 
Figure 15. Plots of log CR vs. log Cinh for the inhibition of copper corrosion in 3.5 % NaCl by expired drugs  

a - Mox and b -N or at different temperatures 

Electrochemical studies  

Open circuit potential measurements 

Figure 16 shows the variation of open circuit potentials (OCP or EOC) as a function of immersion 

time for copper in 3.5 % NaCl without and with different concentrations of the explored drugs at 
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298 K over an hour (3600 s). The addition of the explored drugs shifted the values of open circuit 

potentials towards more positive values, signifying the construction of corrosion products or the 

adsorption of species on the copper surface. The EOC in the blank solution was initially shifted in the 

cathodic direction before a steady state, suggesting dissolution of the oxide layer formed on the 

copper surface and attack of the metal. In the presence of the explored drugs, the steady state was 

attained faster compared with that in the blank, and this behavior was increased with increasing the 

concentration of the added drugs, indicating modification of the EOC behavior of copper via 

adsorption of drug molecules on the copper surface and construction of surface films that protect 

the metal surface. Also, the explored drugs were suggested to act as mixed-type inhibitors with 

anodic predominance (the shifts in EOC were less than ±85 mV) [60]. 

 
Figure 16. OCP vs. immersion time measurements for copper in 3.5 % NaCl solution (blank) and in presence 

of different concentrations of expired drugs a - Mox and b - Nor at 298 K 

Potentiodynamic polarization measurements 

The results obtained from PDP measurements for copper corrosion in 3.5 % NaCl and with the 

explored drugs Mox and Nor at 298 K were used to plot the Tafel curves, presented in Figure 17. 

The figure indicated that the addition of the explored drugs to the corrosive solution (3.5 % NaCl) 

shifted both the anodic and cathodic branches of the Tafel curves towards lower icorr values, 

suggesting a reduction in the corrosion rate of copper and, thus, corrosion inhibition. Extrapolation 

of both branches of the Tafel curves was used to evaluate the corrosion parameters, including 

corrosion potential (Ecorr), anodic (a) and cathodic (c) Tafel slopes, corrosion current density (icorr) 

and polarization resistance (Rp), which are inserted in Table 6. Also, via Eq. (12), the values of IE and 

 were computed [61] and listed in Table 6. 

Table 6. PDP corrosion parameters of copper corrosion in 3.5 % NaCl (blank) and in presence of different 
concentrations of expired drugs Mox and Nor at 298 K 

Inhibitor Cinh / mg L-1 Ecorr / mV vs. SCE a / mV dec-1 -c / mV dec-1 icorr / µA cm-2 Rp /  cm2 IE, %  

None 0 -228 52 116 6.20 2518 -- -- 

Mox 

100 -222 55 157 1.85 5573 70.2 0.702 

200 -217 58 125 1.36 12665 78.0 0.780 

300 -212 66 151 1.09 18319 82.4 0.824 

400 -215 61 141 0.92 20122 85.1 0.851 

500 -209 53 115 0.70 22534 88.7 0.887 

Nor 

100 -225 56 114 2.03 8034 67.3 0.673 

200 -223 62 115 1.65 10614 73.4 0.734 

300 -219 54 114 1.26 12644 79.7 0.797 

400 -218 52 110 1.00 15352 83.9 0.839 

500 -217 51 118 0.92 16828 85.2 0.852 
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Figure 17. PDP plots for copper corrosion in 3.5 % NaCl (blank) and in presence of different concentrations of 

expired drugs a - Mox and b -Nor at 298 K 

corr(inh)

corr

IE 100 1 100
i

i


 
= = − 

 

  (12) 

In Eq. (12), icorr(inh) and icorr are the values of the current density in the inhibited and uninhibited 

systems, respectively.  

Figure 17 and the corrosion parameters listed in Table 6 signify that adding the explored drugs 

to the corrosive medium slightly moved the value of Ecorr in the positive or anodic direction signifying 

that the added drugs exhibited mixed-type inhibitory properties with anodic supremacy. With 

increasing drugs’ concentrations, the obtained values of both a and c showed small changes in 

their values (in most cases), indicating that the kinetics of the corrosion process was not affected by 

the added drugs. The value of icorr of copper was reduced while the Rp value was augmented with 

the rising concentration of the added drugs, proving corrosion inhibition.  

Finally, comparing the IE of the explored drugs Mox and Nor at 298 K gained from the employed 

techniques (WL and PDP), a good agreement was achieved designating the authenticity of the used 

techniques, as shown in Figure 18. 

 
Figure 18. Comparing between % IE values obtained by PDP and WL techniques for different concentrations 

of expired drugs a - Mox and b -Nor for copper corrosion in 3.5 % NaCl, at 298 K 

Surface analysis  

SEM micrographs of the copper surfaces before and after 20 hours of immersion in a 3.5 % NaCl 

solution and in the presence of 500 mg L-1 of the expired drugs Mox and Nor are shown in Figure 19.  
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Figure 19. SEM images of copper surfaces before (A) and after 20 hours of immersion in (B) 3.5 % NaCl; 

 (C) and (D) 3.5 % NaCl with 500 mg/L of expired drugs Mox and Nor 

Figure 19(A) shows the polished copper surface prior to immersion, while Figure 19(B) shows the 

copper surface after immersion in 3.5 % NaCl. It is obvious that after immersion, copper manifests 

damage to the surface and appearance of numerous pits due to the aggressiveness of the corrosive 

medium (NaCl). Figures 19 (C) and (D) show the elimination of damaged characteristics and pits from 

the copper surfaces and the formation of protective films on them. This is due to the strong 

adsorption of the drug molecules on the copper surfaces, the construction of adhesive and 

protective films, and the demonstration of excellent inhibition properties. Hence, the results of the 

SEM study agree with the experimental outcomes collected from different techniques. 

Corrosion-inhibition mechanism  

For copper in aerated neutral media, the cathodic reaction has been stated [62] to be a reduction 

of either water molecules or dissolved oxygen (Eqs. (13 and (14))with formation of hydroxide, 

2H2O + 2e- = H2 + 2OH- (13)  

O2 + 2H2O + 4e- = 4OH-   (14)  

The anodic reaction is the dissolution of Cu to Cu+ and Cu2+ ions, as presented by Eqs. (15) and 

(16) [63]:  

Cu = Cu+ + e− (fast)  (15)  

Cu+ = Cu2+ + e− (slow)  (16)  

Cu+ reacts with Cl− in a fast reaction to form an unstable insoluble film of CuCl on the copper 

surface, Eq. (17) [64]:  

Cu+ + Cl− = CuCl (17)  

Then, the formed CuCl turns to the soluble CuCl2- , Eq. (18)[65]:  
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CuCl + Cl- = CuCl2-  (18)  

The formed CuCl2- oxidizes, leading to the dissolution of copper, Eq. (19): 

CuCl2- = Cu2+ + 2Cl- + e- (19) 

The obtained higher IE of the explored drugs are proposed to result from the substitution of Cl− 

ions or water molecules adsorbed on the copper surface by drug molecules [66] according to the 

exchange reaction, Eq. 20: 

Inh(sol) + nH2O(ads) ↔ Inh(ads) + nH2O(sol) (20) 

The physical adsorption (electrostatic) and the chemical adsorption (formation of chemical 

bonds) are probably combined. Physical adsorption occurs due to the presence of charged inhibitor 

molecules in the medium and the charged metal surface, while chemical adsorption is due to the 

creation of coordinate bonds due to sharing or transferring charges between the inhibitor molecules 

and the metal surface. Because the explored drugs Mox and Nor contain extensive π-electron 

systems heteroatoms (N and O) in their structures, they can form coordinate bonds with the vacant 

orbitals on the copper surface, resulting in an enhancement of their adsorption on the metal 

surface [67], according to Eq. (21): 

Cu + Inh. = [Cu - Inh](ads)  (21) 

Such adsorption leads to the formation of a strong surface layer that protects the copper surface 

from the aggressiveness of the corrosive medium, leading to a retardation in the dissolution rate of 

copper. 

Conclusions 

1. Two expired drugs, Mox and Nor, were investigated as inhibitors of copper corrosion in 3.5 % 

NaCl medium.  

2.Maximum  IE of 89.4, 83.9, 88.7 and 85.2 % using WL and PDP measurements were achieved for 

expired Mox and Nor, respectively. IE was enhanced with increasing drug doses while reduced 

with rising temperature. Higher IE were suggested to be due to good adsorption of drug 

molecules on the copper surface and such adsorption was proposed to be physical and followed 

Langmuir isotherm.  

3. Both expired drugs behave as mixed inhibitors with anodic predominance.  

4. The investigational outcomes collected from all used techniques were principally consistent 

with each other’s. 

5. Based on the results reported here, expired Mox and Nor can be proposed as promising 

candidates for inhibiting copper corrosion. 
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