
Regular Article     PHYSICAL 
                                      CHEMISTRY 
                                                                                                                                                                                                                RESEARCH 

                                                                                                                                                                                                                         Published by the 

                                                                                                                                                                                                                 Iranian Chemical Society 
                                                                                                                                                                                         www.physchemres.org 
                                                                                                                                                                                        info@physchemres.org 
 
Phys. Chem. Res., Vol. 12, No. 2, 515-524, June 2024 

DOI: 10.22036/pcr.2023.407143.2376 

 
Inhibiting Performance of Rivaroxaban Against Corrosion of Mild Steel in 1.0 M 

HCl Solution 
 

H. Ashassi-Sorkhabi*, M. Mehralizadeh and E. Asghari 
Electrochemistry Research Laboratory, Department of Physical Chemistry, Faculty of Chemistry, University of Tabriz, Tabriz, Iran 

(Received 10 August 2023, Accepted 1 November 2023) 

 

      Before being used in a variety of sectors, steel is often cleaned using acidic solutions. The steel corrosion rises because of this treatment, 

necessitating the inclusion of inhibitors in the cleaning bath. Due to this, it is constantly crucial to provide new and effective corrosion 

inhibitors. Rivaroxaban was investigated in this study as a mild steel corrosion inhibitor in a 1.0 M HCl solution. Corrosion experiments were 

conducted using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The considered temperatures were 25 °C, 

30 °C, 40 °C, and 50 °C, and concentrations of the inhibitor were 1, 10, 20, 30, and 40 µM. Steel sheets' surfaces were analyzed using SEM 

images in both the absence and presence of the inhibitor. At an ideal concentration of 40 µM, Rivaroxaban demonstrated inhibition efficiency 

greater than 92%, which was reduced with an increase in temperature and time of immersion in the acidic solution. Charge transfer resistance 

in the presence of Rivaroxaban after 144 h decreased from 1470 to 231 Ω cm2. 
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INTRODUCTION 
 

     There are several industrial applications for mild steel. 

Acidic solutions are often utilized in the majority of industrial 

operations for pickling, industrial acid cleaning, acid 

descaling, and oil well acidifying [1-4]. Before its use, mild 

steel (MS) is frequently cleaned by acid pickling. Steel, 

however, corrodes too readily in acidic solutions and is hence 

susceptible to rusting. Inhibitors can be used to effectively 

slow down the corrosion of steel. Moreover, applying 

additional techniques, such protective coatings, is thought to 

be another effective strategy for steel protection [5-14]. The 

easiest method for reducing metal dissolving in pickling 

solutions is to utilize inhibitors. In this framework, it has been 

claimed that organic molecules containing heteroatoms like 

oxygen and nitrogen, as well as π-electrons in conjugated 

double and triple bonds, work effectively as corrosion 

inhibitors [15-24].  

      Rivaroxaban, because of its chemical structure, which 

contains a lot of oxygen and nitrogen atoms, can function as 

active sites for effective adsorption on the metal surface. 

Furthermore, it offers an adequate source of π-electrons, 

which increases the electron donating tendency toward the 

proper unoccupied d-orbital of the steel, resulting in the 

formation of an adsorption layer [25]. The inhibition 

efficiency depends on the type of heteroatoms so that 

oxygen  ̧nitrogen, and sulfur follow the order S > O > N to 

increase the inhibition ability [12,26,27]. According to 

Scheme 1, Rivaroxaban contains all the above-mentioned 

groups that were effective in corrosion inhibition.  

 

 

 
Scheme 1.  Chemical structure of 4-{4-                                          

[(5S)-5-(aminomethyl)-2-oxo-1,3-oxazolidin-3-yl]phenyl} 

morpholin-3-one (Rivaroxaban) 
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      All these factors make Rivaroxaban a suitable choice for 

use as a mild steel corrosion inhibitor. On this basis, the 

potential of Rivaroxaban to reduce steel corrosion was 

examined in the current investigation using electrochemical 

methods. The aim of this work is to investigate the inhibition 

effectiveness of Rivaroxaban on the mild steel corrosion in 

1.0 M HCl solution. The effects of temperature and 

concentration on the inhibition efficiency were compared. 

The results showed that the suggested compound might be 

employed as an effective MS inhibitor in acidic media. 

 
EXPERIMENTAL 
 

      Rivaroxaban was purchased from Actoverco 

pharmaceutical company, and hydrochloric acid (37%) was 

bought from Merck. The steel sheets' composition was (in 

weight percent) Mn 0.260, C 0.008, Ni 0.016, Si 2.08,                 

Cr 0.034, Mo 0.018, Al 0.353, S 0.005, W 0.014, and Ti 

0.007. A three-electrode cell connected to an Autolab 

PGSTAT30 Potentiostat-Galvanostat was used for the 

electrochemical testing. The MS sheets used to create the 

working electrode were mounted by polyester so that a 1 cm2 

region was exposed to the solution then were polished with 

SiC papers and finally degreased. The counter electrode was 

a platinum sheet, and the reference electrode was Ag/AgCl 

(3 M KCl). EIS measurement was made in a frequency range 

of 1 × 105 0.01 Hz, and potentiodynamic polarization (PDP) 

measurement was carried out in a potential range of -250-        

250 mV versus open circuit potential at a scan rate of                  

1 mV s-1. The linear parts of the obtained Tafel diagrams were 

analyzed by NOVA software. The temperature of the cell 

holder was maintained at a consistent level by a 

thermostatically regulated bath, enabling electrochemical 

experiments at various temperatures. MIRA3 FEG Tescan 

Field emission scanning electron microscope (FE-SEM) was 

used to analyze the steel surface before and after exposure to 

the acidic environment. 

 
RESULTS AND DISCUSSION    
 
EIS Analysis 
      EIS measurements were made for mild steel in the 

absence and presence of various concentrations of 

Rivaroxaban  (1, 10, 20, 30,  and  40 µM) at  25 °C.  For  the  

 

 

 
Fig. 1. Equivalent circuit used for fitting the measured EIS 

data. 

 

 

best inhibitor concentration, tests were also made at various 

temperatures of 25 °C, 30 °C, 40 °C, and 50 °C.   

      The equivalent circuit depicted in Fig. 1 was used to 

examine the data that was acquired. Rs stands for the solution 

resistance in this circuit, Rct is the corrosion resistance or 

charge transfer resistance, and CPEdl is the constant phase 

element of double layer.  

Table 1 provides the final EIS parameters for each 

concentration of the inhibitor. The values of inhibition 
efficiency ( z) and capacitance of the double layer (Cdl) 

generated at the metal/electrolyte interface were calculated 

using the following formulae [28,29]:  
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Here, ctR  and 
0
ctR  are charge transfer resistance when the 

inhibitor is present and absent, respectively. 

      Figure 2 shows the MS Nyquist diagrams in 1.0 M HCl 

solution with and without Rivaroxaban. In Nyquist plots, the 

semicircle diameter is known as Rct, and it is inversely 

proportional to the corrosion rate. Figure 2 demonstrated that 

the diameter of the capacitive loops grew as the concentration 

of Rivaroxaban in the solution increased, indicating that the 

inhibitor concentration affected the inhibitor efficacy. At 

larger concentrations, more inhibitor molecules were 

deposited on the surface, which could increase corrosion 

resistance. Additionally, it is clear from Nyquist plots that 

they had the shape of a single capacitive loop both in the 

absence and presence of the inhibitor, showing that the 

addition of Rivaroxaban had no effect on the mechanism of 
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Table 1. EIS Parameters Obtained for Mild Steel in 1.0 M HCl Solution in the Absence and Presence of Various Concentrations 
of Rivaroxaban at Different Temperatures and Immersion Times  
 

Immersion time 
(h) 

T 
(ºC) 

Cinh 
(µM) 

CPEdl Rct 
(Ω cm2) 

Cdl 

(µF cm-2) 
ηz 

(%) 
Fitting error Y0 × 10-6 

(Ω-1 cm-2 Sn) 
n 

2 25 0 106.120 0.91 113 68.52 - 0.0030 
2 25 1 80.156 0.91 281 54.91 59.79 0.0001 
2 25 10 61.868 0.91 622 47.64 81.83 0.0005 
2 25 20 57.080 0.87 872 46.49 87.04 0.0035 
2 25 30 62.554 0.89 1230 45.39 90.81 0.0019 
2 25 40 61.494 0.88 1470 44.31 92.31 0.0048 
2 30 40 77.984 0.86 522 46.31 78.35 0.0013 
2 40 40 80.703 0.89 286 50.65 60.49 0.0005 
2 50 40 73.705 0.88 200 41.47 43.50 0.0003 
12 25 40 59.887 0.86 1580 40.80 92.85 0.0032 
24 25 40 68.441 0.85 1125 43.53 89.96 0.0040 
48 25 40 80.644 0.83 844 46.51 86.61 0.0020 
96 25 40 170.160 0.77 322 71.47 64.91 0.0013 
144 25 40 181.190 0.74 231 74.84 51.08 0.0080 
192 25 40 932.760 0.69 111 180.53 -1.80 0.0016 

 

  

 

 

Fig. 2. Effects of concentration of Rivaroxaban, temperature, and immersion time on the EIS diagrams of mild steel in 1.0 M 

HCl solution. The inhibitor concentration ranges from 1 to 40 µM, where 40 µM was defined as the optimum content and 

selected for investigating the temperature influence on the inhibiting properties.  
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steel corrosion. According to the data in Table 1, Cdl had a 

value of 68.52 mF cm-2 for MS in the blank solution. 

However, it showed a decline in the presence of the inhibitor. 

The reason for this discovery is that the thickness of the 

electrical double layer was increased because of the 

Rivaroxaban molecules’ adhering to the steel surface. In 

other words, this is due to the displacement of water 

molecules onto the mild steel surface by the adsorbed species 

of the inhibitor, which leads to a decrease in the dielectric 

constant due to the increase in double layer thickness, thereby 

protecting the mild steel surface from acid attack. The impact 

of temperature on the effectiveness of inhibition in the 

presence of 40 µM Rivaroxaban demonstrated a decrease in 

inhibition efficiency from 92.31% at 25 °C to 43.50% at          

50 °C. This may be caused by an accelerated rate of mild steel 

dissolving and partial desorption of the inhibitor from           

the metal surface because of temperature. Furthermore, 

inhibition efficiency in the presence of 40 µM Rivaroxaban 

dropped from 92.31% after 2 h of immersion to 51.08% after 

144 h of immersion. It was also observed that inhibition 

efficiency possessed a negative value after 192 h of 

immersion, indicating that the inhibitory action of 

Rivaroxaban was lost due to extended exposure to the 

aggressive environment. The results obtained from EIS 

measurements indicated that the addition of 40 µM of 

Rivaroxaban   remarkably   reduced   the   MS   corrosion, as 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

demonstrated by an increase in the Rct from 1470 to                           

113 Ω cm2.  

 

Potentiodynamic Polarization Results  
      Tafel curves recorded for MS in 1.0 M HCl solution with 

and without Rivaroxaban were used to further investigate the 

inhibiting effect of the studied inhibitor.  

      The Tafel plots, shown in Fig. 3, were examined to 

determine a few crucial parameters, including Tafel slopes 

(ba and bc), corrosion potential (Ecorr), corrosion current 

density (icorr), and polarization resistance (Rp), which are 

shown in Table 2. This table demonstrates how icorr shifted to 

lower values when the inhibitor was added to the acidic 

medium, and how this impact was amplified when inhibitor 

concentration was increased. According to this observation, 

the suggested compound slows down the rate at which steel 

dissolves in the HCl solution.  

The following equation is used to determine inhibition 

efficiencies using the obtained icorr values [30]. 
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Here, 
0
corri  and corri represent the corrosion current densities 

in  the  presence  and  absence  of  the inhibitor, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig. 3. Effects of concentration of Rivaroxaban and temperature on the Tafel curves of mild steel in 1.0 M HCl solution. 

The inhibitor concentration ranges from 1 to 40 µM, where 40 µM was defined as the optimum content and selected for 

investigating the temperature influence on the inhibiting.  
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Table 2 provides the obtained values of inhibition efficiency. 

Compared to an inhibited solution, the MS inhibition 

efficiency in the blank solution is substantially lower. 

Additionally, when the inhibitor concentration increased, 

inhibition efficiency increased as well. Table 2 demonstrated 

that the Rp values increase at greater concentrations. This 

observation was corroborated by a decreasing trend for the 

icorr values at concentrated solutions, which showed that the 

protective layer was expanding as the inhibitor content 

enhanced. Accordingly, if the shift is more than 85 mV, 

inhibitors are classed as anodic or cathodic type; otherwise, 

they may be classified as mixed type. According to Table 2, 

none of the shifts in Ecorr was more than 85 mV, which points 

to a mixed-type inhibition mechanism. This indicated that the 

inhibitor had an impact on both the hydrogen evolution and 

the dissolution of steel, as seen by a simultaneous alteration 

in the anodic and cathodic Tafel slopes. By comparing Tafel 

curves at four temperatures of 25 °C, 30 °C, 40 °C, and 50 °C 

at the optimal concentration of the inhibitor, the influence of 

temperature on the corrosion resistance of MS was 

elucidated. The icorr value was seen to rise from                                 

8.08 µA cm-2 at 25 °C to 42.80 µA cm-2 at 50 °C, suggesting 

the occurrence of a more sever steel corrosion at higher 

temperatures. The reason for this finding was a rise in the 

corrosive ions' mobility, which made it easier for them to 

reach the metal surface. The inhibition efficiency in the 

presence of 40 µM  Rivaroxaban  was  93.48%.  The  results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

obtained from polarization measurements indicated that the 

addition of 40 µM of Rivaroxaban remarkably reduced                        

MS corrosion, where polarization resistance became                                             

2163.30 Ω cm2. 

 
Adsorption Isotherms  
      Adsorption isotherms provide further details about the 

potential interactions between the inhibitor and the metal. A 

relationship between the inhibitor concentration and surface 

coverage (Ɵ) is used to determine adsorption isotherms. The 

Ɵ data were fitted to several equations, including Temkin, 

Frumkin, Freundlich, and Langmuir, represented by Eqs. (4) 

to (7), to select an acceptable isotherm to model the system 

under study [31].  
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Here, C is the inhibitor concentration and K is the equilibrium 

Table 2. PDP Parameters Obtained for Mild Steel in 1.0 M HCl Solution in the Absence and Presence of Various 

Concentrations of Rivaroxaban at Different Temperatures and Immersion Times 

  

T Cinh Ecorr icorr ba bc Rp ηp 

(ºC) (µM) (mV vs. Ag/AgCl) (µA cm-2) (mV dec-1) (mV dec-1) (Ω cm2) (%) 

25 0 -492.83 124.01 90.56 96.54 163.64 - 

25 1 -429.18 52.18 76.32 69.68 303.10 57.91 

25 10 -440.31 17.72 82.40 68.31 915.50 85.70 

25 20 -427.51 14.82 91.48 88.99 1322.10 88.04 

25 30 -455.24 10.74 87.04 101.94 1899.10 91.38 

25 40 -432.46 8.08 90.42 75.51 2163.30 93.48 

30 40 -457.08 22.21 78.66 93.57 835.68 82.08 

40 40 -446.79 33.81 82.02 67.98 477.44 72.73 

50 40 -448.65 42.80 81.82 64.65 366.45 65.48 
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constant of adsorption-desorption process. The surface 

coverage values were calculated using the following relation: 

 

       
100

%                                                                                 (8) 

 
Here, the values of   were taken from Table 2. For the 

studied isotherms, the fit regression coefficients (R2) were 

found. The value of R2 for the Langmuir equation was closer 

to one than the other equations. Therefore, the Langmuir 

isotherm was the model that best described our system. As 

shown in Fig. 4, the K value can be calculated using the 

log[θ/(1-θ)] vs. logC plot.  

The obtained value of K was used to compute the standard 
Gibbs free energy of adsorption process ( 0

adsG ) by the 

following equation [31]: 

 
      )5.55ln(0 KRTGads                                                 (9) 

 
The values of K and 0

adsG were obtained as                                 

834578.9 M-1 and -43.80 kJ mol-1, respectively. K stands for 

the equilibrium constant of the adsorption-desorption 

process, and its higher magnitudes may be an indication of 

large numbers of inhibitor molecules adsorbed on the metal 
surface. The negative 0

adsG  value of the studied system 

indicates that the adsorption of Rivaroxaban on the steel 

surface occurs spontaneously. It is commonly accepted that 

the physical adsorption caused by electrostatic interactions 

between the charged metal and the inhibitor is dominant if 
the 0

adsG  value  is  near  to -20 kJ mol-1 or below. However,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Langmuir adsorption plot of mild steel in 1.0 M HCl 

solution containing Rivaroxaban at 25 °C. 

 

 

chemisorption, which is the outcome of the charge transfer 

from the inhibitor molecules to the metal surface to create a 

coordinate kind of bond, is given a value of -40 kJ mol-1 or 

more negative. A mixed-type of adsorption may be implied 
by the value of 0

adsG  between -20 and -40 kJ mol-1 [13]. On 

this basis, the value of -43.80 kJ mol-1 obtained for 0
adsG  

suggested chemisorption for the adsorption process of 

Rivaroxaban on the steel surface. It should also be mentioned 

that a potential limitation for application of this inhibitor 

could be low solubility in acidic media. However, the results 

obtained here revealed that Rivaroxaban in a low 

concentration of only 40 µM exhibited a proper inhibition 

efficiency. The result of corrosion protection of Rivaroxaban 

was compared with that of literature and the values of them 

are given in Table 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Comparison of the Results Obtained in this Work with those Reported in Literature  

 

Inhibitors Substrate  Media Con. 
T 

(°C) 

Immersion time 

(h) 

η 

(%) 
Ref. 

Ranitidine Mild steel 1.0 M HCl 400 ppm 30 6 92 [1] 

Tramadol Mild steel 1.0 M HCl 100 ppm 35 3 97.20 [2] 

Lorazepam Mild steel 3.0 M HCl 0.4 g l-1 30 3 96.49 [3] 

Podocip: cefpodoxime proxetil Carbon steel 1.0 M HCl 100 ppm 35 3 97.93 [4] 

Tobramycin Carbon steel 2.0 M HCl 500 ppm 50 0.5 92.60 [5] 

Atorvastatin Mild steel 1.0 M HCl 150 ppm 25 3 99.08 [6] 

Pantoprazole sodium High carbon steel 1.0 M HCl 300 ppm 25 0.5-3 95.10 [7] 

Rivaroxaban Mild steel 1.0 M HCl 40 µM 25 48 86.61 This work 
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Surface Analysis    
      SEM images were used to examine the morphology of the 

steel surface in  the  presence  and  absence of  Rivaroxaban. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After 24 h of immersion of the steel sheets in the blank 

solution and the solution containing 40 μM inhibitor, the 

SEM images shown in Fig. 5 were obtained. This figure made 

  

  

  
Fig. 5. SEM images of mild steel before immersion (a), after 24 h immersion in 1.0 M HCl without inhibitor (b), and after 

24 h immersion in 1.0 M HCl containing 40 μM inhibitor (c).  
 

a1 a2 

b1 b2 

c1 c2 

521 



 

 

 

Ashassi-Sorkhabi et al./Phys. Chem. Res., Vol. 12, No. 2, 515-524, June 2024. 

 

 

it clear that there were no inhibitors present when the steel 

surface was attacked. While when there was an inhibitor, a 

protective layer was formed on the surface, which prevented 

the electrolyte from reaching the metal and the corrosion of 

the steel was almost stopped (Fig. 5b). The FE-SEM images 

indicated that in the presence of inhibitor, no significant 

damages to the surface of MS were observed after 24 h 

immersion in acidic solution.  

 
CONCLUSION 
 

      Rivaroxaban, having heteroatoms and π electrons in its 

molecular structure, has potential to be used as a corrosion 

inhibitor. Therefore, this was investigated by electrochemical 

corrosion tests, including electrochemical. The obtained data 

showed that the addition of 40-μM rivaroxaban to 1 M HCl 

solution at room temperature resulted in 92% inhibition for 

mild steel. This level of inhibition offered by a small quantity 

of the compound shows its feasibility for practical 

applications. As expected, the inhibition performance of 

Rivaroxaban reduced with increasing temperature. 

Furthermore, inhibition efficiency dropped at longer 

immersion times, providing evidence that the proposed 

inhibitor was not suitable for prolonged exposure of the steel 

to the aggressive medium. The good performance of 

Rivaroxaban in inhibiting the MS corrosion in HCl solution 

can make it a proper inhibitor for use in corrosion protection 

of other metals in different environments.   
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