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Experimental and theoretical 
studies for corrosion 
of molybdenum electrode using 
streptomycin drug in phosphoric 
acid medium
Shymaa S. Medany *, Yahia H. Ahmad  & Amany M. Fekry 

Corrosion inhibition of molybdenum electrode in H3PO4 acid medium of different concentrations (3.0 
to 13 M) has been investigated utilizing different electrochemical techniques. It was observed that the 
most corrosive concentration is 3.0 M orthophosphoric acid concentration. The effect of adding Cl− to 
3.0 M orthophosphoric acid in the concentration range of 0.1 to 1.0 M was also studied. This study 
showed that the most corrosive medium is 3.0 M containing 1.0 M chloride ion with the greatest rate 
of hydrogen production. In 3.0 M H3PO4 acid with 1.0 M of NaCl, the tested electrode’s corrosion and 
hydrogen production may be successfully suppressed by adding Streptomycin of 10 mM concentration 
leading to high inhibition efficiency. The outcomes of the studies were confirmed by scanning electron 
microscopic examination. Additionally, a computational chemistry approach was used to investigate 
how streptomycin adsorbs and inhibits corrosion at the interface of metal surfaces, and the outcomes 
of the computational studies are in excellent accord with the experimental findings.

Recently, studying the deterioration of the metals and alloys is considered an essential process of different 
approaches. Whereas, metals and alloys are widely used as electrodes in various applications like fuel cells, 
sensors, solar cells, and batteries1–5. Addition of Molybdenum to Cr–Ni stainless steels affects their properties 
in many aspects6–9. In addition, it reduces the risk of passive film deterioration in chloride medium. Hence, it 
increases passive film thickness, which is, in turn, improves the alloy’s resistance for corrosion. For increasing 
the strength, hardenability, toughness, and wear/corrosion resistance of steels, cast iron, and superalloys, molyb-
denum (Mo), a refractory metal, is frequently used as an alloying element10–13. Besides, molybdenum is utilized 
significantly in numerous chemical applications. It is well-known that the metal’s high corrosion protection is 
attributable to the formation of thin, constant, and unsolvable oxide film of MoO2, which protects the metal 
surface from further surface oxidation14,15. Therefore, utilization of inhibitors to reduce corrosion of metals in 
contact with aggressive conditions is crucial, especially compounds containing N, S, or O16,17. A family of green 
corrosion inhibitors known as antibacterial medications has been proven to slow down the corrosion of engi-
neered materials in a variety of media18.

Streptomycin is a first-line medicine for the treatment of plague that is also frequently used to treat tubercu-
losis when combined with other medications19. With effective antibacterial action, an aminoglycoside antibiotic 
called streptomycin produced from Streptomyces griseus20–23 with inhibitory consequence on Gram-negative 
bacteria, it is a well-known vet medication for bacterial illnesses and livestock farming24. Therefore, streptomycin 
as an antibiotic drug, a bactericidal antibiotic, and containing nitrogen and oxygen heteroatoms may be utilized 
to prevent corrosion in a variety of metals and alloys25. Acid solutions are utilized in numerous engineering 
applications26–31. Qiang et al. studied corrosion inhibition of some metals e.g. steel, copper, …etc. in acidic 
media27–30. Qiang et al. investigated the inhibitory effect of Losartan Potassium (LP) drug as a corrosion inhibi-
tor for Q235 steel in hydrochloric acid29. A strong adsorption of LP on Q235 surface was proved by low ΔE and 
high Ebinding values29. Phosphoric acid is readily used in acid washing applications due to its superior chemical 
properties. Corrosion inhibitors can reduce and, in several situations, prevent metal corrosion in harsh media 
by reducing hydrogen formation32–34.

OPEN

Chemistry Department, Faculty of Science, Cairo University, Giza, 12613, Egypt. *email: shymaasamir80@cu.edu.
eg; shymaa@sci.cu.edu.eg; shymaasamir80@yahoo.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-31886-0&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:4827  | https://doi.org/10.1038/s41598-023-31886-0

www.nature.com/scientificreports/

The chief purpose herein is to utilize surface examination procedures to investigate the electrochemical 
performance of molybdenum electrodes in various concentrations of an aerated H3PO4 solutions. Similarly, 
chloride ion with various concentrations (0.1–1.0 M) to 3.0 M H3PO4 solution was considered. Different levels of 
Streptomycin concentrations were investigated as an inhibitor for corrosion of molybdenum electrode in 3.0 M 
H3PO4 acid solution containing 1.0 M sodium chloride additive. The results of the experiment demonstrated that 
this substance considerably hinders the corrosion at 10−2 M concentrations of streptomycin. A direct relationship 
was found between the efficiency of corrosion inhibition and the concentration of the inhibitor in the presence of 
Cl− ions in 3.0 M H3PO4 solution. Computational modeling was performed to validate the experimental results; 
suitability of Streptomycin as a corrosion inhibitor. This model can be used to extend the study to other concen-
trations that are not part of the current study. Figure 1 shows a schematic illustration of Streptomycin is as follows.

Material and methods
A pure molybdenum electrode rod was prepared with a cross-sectional area of 1.0 cm2 in a cylindrical shape 
connected to a copper cable, covered with an adhesive epoxy resin coating made of Araldite, and injected in a 
glass cylinder. The electrode was refined by rubbing it with increasingly finer grades of emery paper (600–1600 
grade), followed by a triple-distilled water rinse, bathed ultrasonically with acetone, and dehydrated in the air. 
The working electrode (WE) is a pure molybdenum electrode, platinum sheet and calomel electrode were used 
as auxiliary and reference electrodes, respectively. The three electrodes are inserted in a 25 ml cell containing 
the test solution.

The materials utilized are H3PO4, NaCl (Aldrich), and Streptomycin drug (antibiotic). The phosphoric acid 
solution is prepared in various concentrations (3.0 to 13 M), sodium chloride concentrations are 0.1–1.0 M and 
the inhibitor concentrations (Streptomycin) are 0.5–10 mM. All preparations used water that had been triple 
distilled. The electrochemical workstation IM6e from Zahner-electrik GmbH, Metechnik, Kronach, Germany, 
was employed to estimate electrochemical impedance spectroscopy (EIS) and polarization. The excitation AC 
voltage for the electrochemical impedance spectroscopy technique had a frequency range of 0.1 Hz to 100 kHz, 
and a peak-to-peak (p-p) amplitude of 10 mV. In comparison to a saturated calomel electrode, the sweeping rate 
was 30 mV min−1 across the potential operating voltage of −1000 to 0 mV. The intersecting of Tafel lines extension 
was implemented to derive the corrosion current density, abbreviated icorr. Using a computer least-squares analy-
sis, the gradient of the points after Ecorr by ± 50 mV was employed to derive Tafel constants. A scanning electron 
microscope (SEM) of JEOL-JEM-100s type with a 100× magnification was utilized for the surface investigation.

Streptomycin (C21H39N7O12) (molar mass = 581.574 g mol−1) is the first in class drug called aminoglycosides 
to be discovered25,35. It contains methoxy, amino, and hydroxyl groups.

Results and discussion
Potentiodynamic polarization measurements.  Potentiodynamic polarization performance of the 
molybdenum electrode was evaluated in phosphoric acid solution (3.0 to 13 M). Figure 2 depicts a typical linear 
sweep potentiodynamic trace of the tested electrode in 3.0–13 M H3PO4. It was found that the Ecorr motivated 
gradually towards positive direction as the acid concentration augmented and the icorr was decreased owing 
to the development of different oxides of molybdenum (MoO2, MoO3, and Mo2O5) with increasing acidity. In 
comparison to neutral or basic media, the oxide coatings that develop on the Mo electrode are substantially 
highly stable in acidic ones. Also, hydrogen evolution was reduced under the same conditions. The data is given 
in Table 1. Following the determination of the altered molybdenum oxides’ aqueous solution’s thermodynamic 
durability, the associated equilibria could be evaluated. The passive film in acidic solutions consisted mostly of 
MoO2 in common with MoO3 and Mo(OH)3, which could be reduced using either Eq. (1) or Eq. (2):

(1)2MoO3 + 2H+
+ e → Mo2O5 +H2O

(2)MoO(OH)2 +H+
+ e → MoOOH+H2O

Figure 1.   Schematic illustration of Streptomycin.
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With a rise in acid concentration, an oxide layer developed on the electrode surface. The outcomes demon-
strated that, in comparison to neutral and basic media, the oxide layer on Mo is somewhat highly stable in acidic 
medium. This behavior could be explained by the passive film’s dominant element, MoO2, which comprises a 
negligible amount of MoO3 and Mo(OH)3. These Depending upon the solution’s voltage and pH, these oxides 
may dissociate in aqueous solutions following the Eqs. (3, 4 and 5):

In acidic media, these equilibrium systems will tend to stabilize the solid phase. Accordingly, the barrier film 
will be formed. Normally, in acidic solutions, ionic molybdate species are often reactive and have the tendency 
to polymerize to Mo6O21

6−36. Therefore, the increase in acid concentration causes the large ionic species to 
polymerize, creating thick surface film. On the other hand, as the acid concentration rises, the rate of hydrogen 
evolution diminishes and also lowering the rate of corrosion.

The main corroded phosphoric concentration is 3.0 M, so the polarization curves were developed for vari-
ous concentrations of NaCl in 3.0 M H3PO4 acid solution. Figure 3 depicts the potentiodynamic curve for the 
utilized electrode in 3.0 M H3PO4 containing NaCl of different concentrations (0.1 to 1.0 M). The corrosion 
voltage moves noticeably to the active path, as shown in Table 2, causing depolarization of the anodic reaction 
by the anion, i.e., promoting the dissolution of the investigated electrode17,37.

Figure 4 shows the connection between the icorr and Ecorr for NaCl concentration in 3.0 M H3PO4 at 298 K. icorr 
value increases with the rise in Cl− amount, which proposes that Cl− ions contribute to form soluble oxochloro 
complexes leading to pitting nucleation at the active inclusion sites increasing the corrosion rate, or icorr. Ecorr 
moves to more negative values, as demonstrated in Fig. 4 and Table 2.

By increasing anion concentration, it was observed that the hydrogen evolution and corrosion rate were 
greater in the acid-containing Cl−. The impact of streptomycin concentration (0.5–10 mM), as an inhibitor 
for the corrosion, was investigated in 3.0 M H3PO4 acid solution containing 1.0 M chloride (highly corrosive 
concentration or medium). The following equation was utilized to assess the inhibition efficiency (IE%) and the 
corrosion parameters listed in Table 338:

(3)MoO2(s) + 2H2O(l) → HMoO−

4 (aq) + 3H+(aq)+ 2e

(4)MoO2(s) + 2H2O(l) → MoO2−
4 (aq) + 4H+

(aq) + 2e

(5)HMoO−

4 (aq) +H+

(aq) → MoO3 +H2O(l)

Figure 2.   Potentiodynamic polarization curves in different concentrations of H3PO4 at 298 K.

Table 1.   Electrochemical corrosion parameters of Mo electrode as a function of phosphoric acid 
concentration at 298 K.

[H3PO4]/M Ecorr/mV icorr/μA cm−2 βa/mV/decade βc/mV/decade

3.0 −440 69.2 154 −30.1

5.0 −420 58.9 123 −27.7

7.0 −383 23.4 112 −18.7

13 −382 17.4 124 −16.1
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Figure 3.   Potentiodynamic polarization curves of Mo in 3.0 M H3PO4 containing different concentrations of 
Cl− at 298 K.

Table 2.   Electrochemical corrosion parameters of Mo electrode as a function of NaCl concentration in 3.0 M 
phosphoric acid at 298 K.

[Cl−]/M Ecorr/mV icorr/μA cm−2 βa/mV/decade βc/mV/decade

0.1 −440 83.17 151 −30.1

0.3 −450 162.1 147 −35.2

0.5 −520 371.3 143 −30.8

1.0 −550 1023 145 −30.3

Figure 4.   The variation of logicorr and Ecorr of Mo with Cl− concentrations in 3.0 M H3PO4 solution at 298 K.

Table 3.   Electrochemical corrosion parameters of Mo electrode as a function of inhibitor concentration in 
3.0 M phosphoric acid containing 1.0 M NaCl at 298 K.

[Inhibitor]/mM Ecorr/mV icorr/μA cm−2 βa/mV/decade βc/mV/decade IE%

0.5 −360.5 45.71 87.9 −31.6 95.53

1.0 −315.1 43.65 86.3 −34.3 95.73

5.0 −306.6 19.59 80.6 −34.6 98.09

10 −298.4 11.74 76.5 −40.1 98.85
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where icorr and iinh are the uninhibited and inhibited corrosion current densities, respectively. It can be deduced 
that rising streptomycin concentration in 1.0 M Cl− reduced icorr and hydrogen formation at all concentrations. 
Hence, the inhibitor has led to the passivation of the studied electrode through adsorption and reduction of 
hydrogen formation. Because the inhibitor interacts with the metal surface through lone pairs of electrons on 
methoxy, hydroxyl, and/or amino groups that can form oxides, which effectively protect the metal surface, 
this can be credited to the accumulation of the inhibitor molecules by increasing their concentration on the 
Mo electrode. According to H+ ion or H2O molecule reduction, respectively, the main cathodic mechanism 
in Mo corrosion in acidic solutions is hydrogen evolution reaction39. Due to the surface-hindering effects of 
both adsorption and film formation, which decrease the attack area, the increase in inhibitor concentration 
enhanced the corrosion inhibition efficacy to 98.85% at 10.0 mM of inhibitor. The cathodic and anodic Tafel 
slopes changed normally as illustrated in Fig. 5, indicating the presence of hindering effect without altering the 
reaction mechanism.

The Tafel behavior of the Butler-Volmer Model was estimated as follows40–42:

The uppermost IE (%) can be attributed to the -OCH3, NH2, OH, or C=O groups and/or π-electrons of the 
double bond43. Hydrogen formation is of great significance for hydrogenation reactions in the acid medium as 
phosphoric acid. Subsequent mechanisms may be suggested for hydrogen evolution reaction on electrodes in 
acidic solutions44,45:

1. a principal discharge (Volmer reaction)

2. a desorption step (Heyrowsky reaction)

3. a combination step (Tafel reaction)

First, hydronium ion is discharged46. No reaction can happen alone, however, associated with anotherVolmer 
response must be slow if Tafel and/or Heyrowsky reaction are both rapid. A sluggish step followed by a quick 
step. Hence, the inhibitor’s existence may prevent MHads formation or the electron move to hydronium ion and 
suppress both reactions (7 & 8, respectively).

In destructive environments, the atomic hydrogen (MHads) will resyndicate, producing molecular hydrogen 
collected on the surface as a second step of the HER.

EIS measurements.  Figure 6 displays the EIS data for Mo electrodes in phosphoric acid of different con-
centrations (3.0–13 M). Bode plots demonstrated a wide maximum phase diagram, representing the existence 
of three-time constants47–49. Fitting of the spectra has been done by means of a three-time constant model in 
which three parallel CPEs (Q1, Q2, and Q3) were utilized (Fig. 7). The interfacial impedance (Z) is defined by50,51:

(6)IE% = 1−
iinh

icorr
× 100

(7)η =
2.303RT

(1− ∝)nF
Log jo +

2.303RT

(1− ∝)nF
Log j

(8)M+H3O
+
+ e ↔ MHad +H2O

(9)MHad +H3O
+
+ e → M+H2 +H2O

(10)MHad +MHad → 2M+H2
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Figure 5.   Potentiodynamic polarization curves of Mo in 3.0 M H3PO4 with 0.3 M Cl− solutions containing 
different Streptomycin concentrations at 298 K.
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where x = 1 resembles a perfect capacitor, then the fitting information displayed that x values < 1. Thus, at ω = 1, 
the total reciprocal capacitance is:

The reciprocal capacitance enlarges linearly with growing acid concentration. The simulated and the experi-
mental outcomes indicating a well-suited model with a 3% fit error. The comparable circuit parameters are 
introduced in Table 4. The data indicate that RT values enlarged with growing acid concentration.

The reciprocal capacitance enlarges linearly with growing acid concentration. The simulated and the experi-
mental outcomes indicating a well-suited model with a 3% fit error. The comparable circuit parameters are 
introduced in Table 4. The data indicate that RT values enlarged with growing acid concentration.

(11)Z(ω) =

L=3∑

L=1

RL

1+ (jω)xRLQL
+ Rs

(12)
I

CT
=

I

C1
+

I

C2
+

I

C3

Figure 6.   Bode plots of Mo in different concentrations of H3PO4 at 298 K.

Figure 7.   An equivalent circuit model used to fit the impedance data of Mo.

Table 4.   Impedance parameters of Mo electrode as a function of phosphoric acid concentration at 298 K.

[H3PO4]/M R1/kΩ cm2 Q1/μF cm−2 α1 R2/Ω cm2 Q2/μF cm−2 α2 R3/Ω cm2 Q3/μF cm−2 α3 Rs/Ω

3.0 10.2 11.2 0.80 25.0 19.1 0.64 0.31 22.1 0.86 1.0

5.0 13.1 10.1 0.84 160 15.9 0.67 0.70 20.6 0.87 0.7

7.0 14.4 8.35 0.86 170 13.3 0.67 0.75 20.5 0.85 1.1

13 19.7 6.50 0.90 192 10.9 0.69 0.77 17.3 0.85 0.8
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As shown in Fig. 8, the Bode plots for various NaCl concentrations in 3.0 M H3PO4 acid solution are fitted 
with a similar model given in Fig. 7 and the results are in Table 5. The relative thickness (1/CT) and the total 
resistance (RT) of the film decrease with increasing anion concentration.

Inhibition of corrosion happens by adding the inhibitor to the highest corrosive medium (3.0 M H3PO4 con-
taining 1.0 M chloride ion), with concentrations (0.5–10 mM) as displayed in Fig. 9. The data were best fitted 
with the model presented in Fig. 7 and fitted factors are provided in Table 6. Given that the passive oxide film 
may be compared to a dielectric plate capacitor, the equation below relates the passive film thickness (d) in cm 
to the capacitance (C)52–54:
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Figure 8.   Bode plots of Mo in 3.0 M H3PO4 containing different concentrations of Cl− at 298 K.

Table 5.   Impedance parameters of Mo electrode as a function of NaCl concentration in 3.0 M phosphoric acid 
at 298 K.

[Cl−]/M R1/kΩ cm2 Q1/μF cm−2 α1 R2/Ω cm2 Q2/μF cm−2 α2 R3/Ω cm2 Q3/μF cm−2 α3 Rs/Ω

0.1 9.35 14.7 0.76 19.7 21.3 0.78 0.29 29.3 0.79 0.96

0.3 7.01 16.5 0.74 18.6 23.5 0.76 0.27 31.2 0.78 0.94

0.5 6.67 16.9 0.75 18.3 25.9 0.71 0.26 39.6 0.78 0.92

1.0 5.63 18.0 0.73 17.5 26.3 0.70 0.21 50.1 0.72 0.87
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Figure 9.   Bode plots of Mo in 3.0 M H3PO4 with 0.3 M Cl− solutions containing different Streptomycin 
concentrations at 298 K.
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where εo is the vacuum permittivity (0.885 × 10−11 Fcm−1), εr is the comparative dielectric constant of the film, 
and A is the electrode surface area in cm2. Although the genuine estimation of εr inside the film is hard to assess, 
a variation of C can express a difference in the film thickness. The 1/C and thickness are related directly to each 
other. Consequently, as the concentration of the inhibitor grows, extra inhibitor units will be accumulated on 
the surface via the active centers (heteroatoms or double bonds) in streptomycin, promoting an increment in 
film thickness and diminishing in H2 advancement.

Chloride ions can form negative charges in the interface region because of specific adsorption, and then, the 
streptomycin compound is protonated in the acid solution. This leads to strong adsorption of protonated drug 
and chloride ions, thus preventing chloride ions to attack Mo electrode surface which has positive charges in 
the acidic medium. The concentrations of Cl and protonated medicines are then substantially higher than those 
in bulk near to the interface. Due to the repulsion force between the protonated inhibitor and the positively 
charged surface, the protonated inhibitor medication does not directly attack the positively charged surface. It 
can be attached to the molybdenum surface by electrostatic contact between Cl− and protonated inhibitor. The 
inhibitor adsorbed on the metal through different polar groups (–OCH3, NH2, OH, or C=O) by a coordination 
bond. The efficiency of inhibition reaches 99.6% at 10.0 mM of inhibitor concentration which is in respectable 
promise with that of polarization outcomes.

The outcomes were verified by surface examination. Figure 10 signifies an example for the SEM image for the 
tested electrode in the air (Fig. 10a), which is a smooth sample, 3.0 M H3PO4 (Fig. 10b) is corroded surface with 
large pores, 13 M H3PO4 (Fig. 10c) is much more smooth surface containing some scratches, 3.0 M H3PO4 with 
1.0 M NaCl (Fig. 10d) is corroded surface with precipitates of salts, 3.0 M H3PO4 with 1.0 M NaCl containing 
0.5 mM streptomycin (Fig. 10e) is so smooth surface without large pores and with increasing inhibitor concen-
tration till 10 mM streptomycin (Fig. 10f), the surface becomes more smoother.

Computational calculations.  Gaussian quantum chemical calculations view 5.08 program is a significant 
matter to predict the inhibitor’s molecular mechanism for adsorption on the tested alloy surface. The goal is 
to explore the applicability of quantum–mechanical calculations to expect the inhibition efficiency of Strep-
tomycin. The computed quantum chemical parameters for Streptomycin are 155 alpha electrons and 154 beta 
electrons that can be included in the coordinate bond to be adsorbed well on the surface. This ensures its well 
absorbability. The Molecular volume (MV) determined as 460 cm3/mol and molecular surface area is 557 cm2. 
This means that the area is large enough for the inhibitor to cover the metal surface. Hence, it provides an 
extensively high resistance effect on surface of the metal, with noticeable inhibition efficiency growth55. The 
nuclear-nuclear repulsion ENN describes the electrostatic repulsion between the nuclei and is found to be 5458.69 
Hartees = 148,538.5096 eV. It is also so high which confirmed the well adsorption ability of the inhibitor. Thus, its 
ENN, large surface molecular area and large number of alpha and beta electrons included ensure its high absorb-
ability. Also, from calculations, ExpMin = 3.60D-02, ExpMax = 8.59D+03, ExpMxC = 1.30D+03. This means that 
it acts well as an electron donor compound to be adsorbed well on the alloy surface through these electrons with 
a coordinate bond56.

Conclusions
As a result of potentiodynamic polarization and EIS estimations, using surface examination and quantum chemi-
cal calculations, the following points were concluded:

–	 The values of icorr declined with the rise of the molar concentrations of phosphoric acid.
–	 The values of icorr increased with the rise in anion concentration and decreased with the rising in inhibitor 

concerntration.
–	 Quantitative research that is based on the CPE idea provides a greater level of agreement between experi-

mental findings and theoretical data, showing the applicability of the suggested model (two-time constants) 
for elucidating real-world data.

–	 The total resistance RT values increase with rising inhibitor concentration in 3.0 M phosphoric acid contain-
ing 1.0 M NaCl at 298 K.

(13)d = εoεrA/C

Table 6.   Impedance parameters of Mo electrode as a function of inhibitor concentration in 3.0 M phosphoric 
acid containing 1.0 M NaCl at 298 K.

[Inhibitor]/mM R1/MΩ cm2 Q1/μF cm−2 α1 R2/kΩ cm2 Q2/μF cm−2 α2 R3/Ω cm2 Q3/μF cm−2 α3 Rs/Ω IE%

0.5 0.2 10.3 0.79 5.5 13.5 0.70 6.5 18.1 0.62 6.15 97.3

1.0 0.3 9.8 0.75 6.1 12.8 0.72 9.7 17.5 0.67 6.36 98.2

5.0 0.6 7.1 0.76 6.5 12.5 0.73 11 16.8 0.68 5.46 99.1

10 1.5 3.5 0.80 9.0 11.9 0.75 16 16.1 0.69 9.62 99.6
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Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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comprising 1.0 M Cl− and 0.5 mM Streptomycin and (f) 3.0 M H3PO4 solution comprising 1.0 M Cl− and 
10 mM Streptomycin.

https://doi.org/10.1002/slct.202103735
https://doi.org/10.1002/slct.202103735
https://doi.org/10.1016/j.matchemphys.2022.126603


10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:4827  | https://doi.org/10.1038/s41598-023-31886-0

www.nature.com/scientificreports/

	 3.	 Hefnawy, M. A., Medany, S. S., Fadlallah, S. A., El-Sherif, R. M. & Hassan, S. S. Novel self-assembly Pd(II)-Schiff base complex 
modified glassy carbon electrode for electrochemical detection of paracetamol. Electrocatalysis https://​doi.​org/​10.​1007/​s12678-​
022-​00741-7 (2022).

	 4.	 Hefnawy, M. A., Fadlallah, S. A., El-Sherif, R. M. & Medany, S. S. Synergistic effect of Cu-doped NiO for enhancing urea elec-
trooxidation: Comparative electrochemical and DFT studies. J. Alloys Compd. 896, 162857. https://​doi.​org/​10.​1016/j.​jallc​om.​2021.​
162857 (2022).

	 5.	 Wang, H. et al. Defect-rich Ni3S4−x as a robust electrode material for supercapacitor and aqueous Ni-Zn battery applications. J. 
Alloys Compd. 933, 167733 (2023).

	 6.	 Jinlong, L., Zhuqing, W., Tongxiang, L., Ken, S. & Hideo, M. Enhancing the corrosion resistance of the 2205 duplex stainless steel 
bipolar plates in PEMFCs environment by surface enriched molybdenum. Results Phys. 7, 3459–3464 (2017).

	 7.	 Jinlong, L., Tongxiang, L. & Chen, W. Surface enriched molybdenum enhancing the corrosion resistance of 316L stainless steel. 
Mater. Lett. 171, 38–41 (2016).

	 8.	 El-Taib Heakal, F., Ghoneim, A. A. & Fekry, A. M. Stability of spontaneous passive films on high strength Mo-containing stainless 
steels in aqueous solutions. J. Appl. Electrochem. 37, 405–413 (2007).

	 9.	 Hefnawy, M. A., Fadlallah, S. A., El-Sherif, R. M. & Medany, S. S. Competition between enzymatic and non-enzymatic electro-
chemical determination of cholesterol. J. Electroanal. Chem. 930, 117169. https://​doi.​org/​10.​1016/j.​jelec​hem.​2023.​117169 (2023).

	10.	 Zhou, T. et al. Coupling effects of tungsten and molybdenum on microstructure and stress-rupture properties of a nickel-base cast 
superalloy. Prog. Nat. Sci. Mater. Int. 28, 45–53 (2018).

	11.	 Abbas, Q. & Binder, L. The electrochemical dissolution of molybdenum in non-aqueous media. Int. J. Refract. Met. Hard Mater. 
29, 542–546 (2011).

	12.	 Henderson, J. D., Li, X., Shoesmith, D. W., Noël, J. J. & Ogle, K. Molybdenum surface enrichment and release during transpassive 
dissolution of Ni-based alloys. Corros. Sci. 147, 32–40 (2019).

	13.	 Ping, H. et al. Electrochemical corrosion behavior of titanium-zirconium-molybdenum alloy, Rare Met. Mater. Eng. 46, 1225–1230 
(2017).

	14.	 Farahmand, R., Sohrabi, B., Ghaffarinejad, A. & Meymian, M. R. Z. Synergistic effect of molybdenum coating and SDS surfactant 
on corrosion inhibition of mild steel in presence of 3.5% NaCl. Corros. Sci. 136, 393–401 (2018).

	15.	 Badawy, W. A. & Al-Kharafi, F. M. Corrosion and passivation behaviors of molybdenum in aqueous solutions of different pH. 
Electrochim. Acta. 44, 693–702 (1998).

	16.	 Ameer, M. A. & Fekry, A. M. Inhibition effect of newly synthesized heterocyclic organic molecules on corrosion of steel in alkaline 
medium containing chloride. Int. J. Hydrogen Energy. 35, 11387–11396 (2010).

	17.	 Fekry, A. M. & Ameer, M. A. Corrosion inhibition of mild steel in acidic media using newly synthesized heterocyclic organic 
molecules. Int. J. Hydrogen Energy. 35, 7641–7651 (2010).

	18.	 Fathima, H., Pais, M. & Rao, P. The use of green inhibitors in evaluating the safe expiry dates of therapeutics. J. Bio Tribo Corros. 
7, 108 (2021).

	19.	 Shukla, S. K. & Ebenso, E. E. Corrosion inhibition, adsorption behavior and thermodynamic properties of streptomycin on mild 
steel in hydrochloric acid medium. Int. J. Electrochem. Sci. 6, 3277–3291 (2011).

	20.	 Sharma, T., Kumar, A., Shah, S. S. & Bamezai, R. K. Analysis of interactions between streptomycin sulphate and aqueous food 
acids (L-ascorbic acid and citric acid): Physico-chemical and spectroscopic insights. J. Chem. Thermodyn. 151, 106207 (2020).

	21.	 Jeragh, B., Al-Wahaib, D., El-Sherif, A. A. & El-Dissouky, A. Potentiometric and thermodynamic studies of dissociation and metal 
complexation of 4-(3-hydroxypyridin-2-ylimino)-4-phenylbutan-2-one. J. Chem. Eng. Data. 52, 1609–1614 (2007).

	22.	 Aljahdali, M., El-Sherif, A. A., Shoukry, M. M. & Mohamed, S. E. Potentiometric and thermodynamic studies of binary and ternary 
transition metal (II) complexes of imidazole-4-acetic acid and some bio-relevant ligands. J. Solution Chem. 42, 1028–1050 (2013).

	23.	 Badawy, W. A., Ismail, K. M., Khalifa, Z. M. & Medany, S. S. Poly (2-aminobiphenyl), preparation, characterization, mechanism, 
and kinetics of the electropolymerization process. J. Appl. Polym. Sci. 125, 3410–3418 (2012).

	24.	 Wassenaar, T. M. Use of antimicrobial agents in veterinary medicine and implications for human health. Crit. Rev. Microbiol. 31, 
155–169 (2005).

	25.	 Singh, B. & Mitchison, D. A. Bactericidal activity of streptomycin and isoniazid against tubercle bacilli. Br. Med. J. 1, 130 (1954).
	26.	 Ameer, M. A. & Fekry, A. M. Corrosion inhibition of mild steel by natural product compound. Prog. Org. Coat. 71, 343–349 (2011).
	27.	 Qiang, Y. et al. Experimental and theoretical studies of four allyl imidazolium-based ionic liquids as green inhibitors for copper 

corrosion in sulfuric acid. Corros. Sci. 119, 68–78. https://​doi.​org/​10.​1016/j.​corsci.​2017.​02.​021 (2017).
	28.	 Qiang, Y., Li, H. & Lan, X. Self-assembling anchored film basing on two tetrazole derivatives for application to protect copper in 

sulfuric acid environment. J. Mater. Sci. Technol. 52, 63–71. https://​doi.​org/​10.​1016/j.​jmst.​2020.​04.​005 (2020).
	29.	 Qiang, Y., Guo, L., Li, H. & Lan, X. Fabrication of environmentally friendly Losartan potassium film for corrosion inhibition of 

mild steel in HCl medium. Chem. Eng. J. 406, 126863. https://​doi.​org/​10.​1016/j.​cej.​2020.​126863 (2021).
	30.	 Qiang, Y. et al. Experimental and molecular modeling studies of multi-active tetrazole derivative bearing sulfur linker for protect-

ing steel from corrosion. J. Mol. Liq. 351, 118638. https://​doi.​org/​10.​1016/j.​molliq.​2022.​118638 (2022).
	31.	 Wang, Y., Qiang, Y., Zhi, H., Ran, B. & Zhang, D. Evaluating the synergistic effect of maple leaves extract and iodide ions on corro-

sion inhibition of Q235 steel in H2SO4 solution. J. Ind. Eng. Chem. 117, 422–433. https://​doi.​org/​10.​1016/j.​jiec.​2022.​10.​030 (2023).
	32.	 Hamadi, L., Mansouri, S., Oulmi, K. & Kareche, A. The use of amino acids as corrosion inhibitors for metals: A review. Egypt. J. 

Pet. 27, 1157–1165 (2018).
	33.	 de Araújo Macedo, R. G. M., do Nascimento Marques, N., Tonholo, J. & de Carvalho Balaban, R. Water-soluble carboxymethyl-

chitosan used as corrosion inhibitor for carbon steel in saline medium. Carbohydr. Polym. 205, 371–376 (2019).
	34.	 Yang, G., He, P. & Qu, X.-P. Inhibition effect of glycine on molybdenum corrosion during CMP in alkaline H2O2 based abrasive 

free slurry. Appl. Surf. Sci. 427, 148–155 (2018).
	35.	 Tang, M., Dou, X., Tian, Z., Yang, M. & Zhang, Y. Enhanced hydrolysis of streptomycin from production wastewater using CaO/

MgO solid base catalysts. Chem. Eng. J. 355, 586–593 (2019).
	36.	 Lee, J. D. Concise Inorganic Chemistry (Chapman & Hall, Bukupedia, 1991).
	37.	 Hu, P. et al. Influence of concentrations of chloride ions on electrochemical corrosion behavior of titanium-zirconium-molybdenum 

alloy. J. Alloys Compd. 708, 367–372 (2017).
	38.	 Medany, S. S., Elkamel, R. S., Abdel-Gawad, S. A. & Fekry, A. M. A novel nano-composite CSNPs/PVP/CoONPs coating for 

improving corrosion resistance of Ti-6Al-4V alloy as a dental implant. Metals (Basel). 12, 1784 (2022).
	39.	 Heakal, F.E.-T., Fekry, A. M. & Fatayerji, M. Z. Influence of halides on the dissolution and passivation behavior of AZ91D mag-

nesium alloy in aqueous solutions. Electrochim. Acta. 54, 1545–1557 (2009).
	40.	 Galal, A., Atta, N. F. & Hefnawy, M. A. Lanthanum nickel oxide nano-perovskite decorated carbon nanotubes/poly (aniline) 

composite for effective electrochemical oxidation of urea. J. Electroanal. Chem. 862, 114009 (2020).
	41.	 Atta, N. F., El-Sherif, R. M. A., Hassan, H. K., Hefnawy, M. A. & Galal, A. Conducting polymer-mixed oxide composite electro-

catalyst for enhanced urea oxidation. J. Electrochem. Soc. 165, J3310–J3317. https://​doi.​org/​10.​1149/2.​04218​15jes (2018).
	42.	 Galal, A., Atta, N. F. & Hefnawy, M. A. Voltammetry study of electrocatalytic activity of lanthanum nickel perovskite nanoclusters-

based composite catalyst for effective oxidation of urea in alkaline medium. Synth. Met. 266, 116372. https://​doi.​org/​10.​1016/j.​
synth​met.​2020.​116372 (2020).

https://doi.org/10.1007/s12678-022-00741-7
https://doi.org/10.1007/s12678-022-00741-7
https://doi.org/10.1016/j.jallcom.2021.162857
https://doi.org/10.1016/j.jallcom.2021.162857
https://doi.org/10.1016/j.jelechem.2023.117169
https://doi.org/10.1016/j.corsci.2017.02.021
https://doi.org/10.1016/j.jmst.2020.04.005
https://doi.org/10.1016/j.cej.2020.126863
https://doi.org/10.1016/j.molliq.2022.118638
https://doi.org/10.1016/j.jiec.2022.10.030
https://doi.org/10.1149/2.0421815jes
https://doi.org/10.1016/j.synthmet.2020.116372
https://doi.org/10.1016/j.synthmet.2020.116372


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4827  | https://doi.org/10.1038/s41598-023-31886-0

www.nature.com/scientificreports/

	43.	 Abdel-Gawad, S. A. & Fekry, A. M. A novel environmental nano-catalyst of zeolite amended with carbon nanotube/silver nano-
particles decorated carbon paste electrode for electro-oxidation of propylene glycol. Sci. Rep. 12, 1–11 (2022).

	44.	 Hefnawy, M. A., Fadlallah, S. A., El-Sherif, R. M. & Medany, S. S. Nickel-manganese double hydroxide mixed with reduced gra-
phene oxide electrocatalyst for efficient ethylene glycol electrooxidation and hydrogen evolution reaction. Synth. Met. 282, 116959. 
https://​doi.​org/​10.​1016/j.​synth​met.​2021.​116959 (2021).

	45.	 Bhardwaj, M. & Balasubramaniam, R. Uncoupled non-linear equations method for determining kinetic parameters in case of 
hydrogen evolution reaction following Volmer–Heyrovsky–Tafel mechanism and Volmer-Heyrovsky mechanism. Int. J. Hydrogen 
Energy. 33, 2178–2188 (2008).

	46.	 Azizi, O., Jafarian, M., Gobal, F., Heli, H. & Mahjani, M. G. The investigation of the kinetics and mechanism of hydrogen evolution 
reaction on tin. Int. J. Hydrogen Energy. 32, 1755–1761 (2007).

	47.	 Fekry, A. & Sayed, M. Electrochemical corrosion behavior of nano-coated Ti-6Al-4V alloy by a novel chitosan nanoparticles/silver 
nanoparticles in artificial saliva solution. Egypt. J. Chem. 61, 747–758 (2018).

	48.	 Hussein, M. S. & Fekry, A. M. Effect of fumed silica/chitosan/poly (vinylpyrrolidone) composite coating on the electrochemical 
corrosion resistance of Ti–6Al–4V alloy in artificial saliva solution. ACS Omega 4, 73–78 (2019).

	49.	 Fekry, A. M., Ghoneim, A. A. & Ameer, M. A. Electrochemical impedance spectroscopy of chitosan coated magnesium alloys in 
a synthetic sweat medium. Surf. Coat. Technol. 238, 126–132 (2014).

	50.	 Fekry, A. M. Electrochemical behavior of a novel nano-composite coat on Ti alloy in phosphate buffer solution for biomedical 
applications. RSC Adv. 6, 20276–20285 (2016).

	51.	 Fekry, A. M. & Tammam, R. H. The influence of different anions on the corrosion resistance of Ti-6Al-4V alloy in simulated acid 
rainwater. Ind. Eng. Chem. Res. 53, 2911–2916 (2014).

	52.	 Fekry, A. M. Impedance and hydrogen evolution studies on magnesium alloy in oxalic acid solution containing different anions. 
Int. J. Hydrogen Energy. 35, 12945–12951 (2010).

	53.	 Fekry, A. M. The influence of chloride and sulphate ions on the corrosion behavior of Ti and Ti-6Al-4V alloy in oxalic acid. Elec-
trochim. Acta. 54, 3480–3489 (2009).

	54.	 Atta, N. F., Fekry, A. M. & Hassaneen, H. M. Corrosion inhibition, hydrogen evolution and antibacterial properties of newly 
synthesized organic inhibitors on 316L stainless steel alloy in acid medium. Int. J. Hydrogen Energy. 36, 6462–6471 (2011).

	55.	 Dehdab, M., Yavari, Z., Darijani, M. & Bargahi, A. The inhibition of carbon-steel corrosion in seawater by streptomycin and 
tetracycline antibiotics: an experimental and theoretical study. Desalination 400, 7–17 (2016).

	56.	 Hefnawy, M. A., Fadlallah, S. A., El-Sherif, R. M. & Medany, S. S. Systematic DFT studies of CO-Tolerance and CO oxidation on 
Cu-doped Ni surfaces. J. Mol. Graph. Model. 118, 108343. https://​doi.​org/​10.​1016/j.​jmgm.​2022.​108343 (2023).

Author contributions
All authors wrote the main manuscript text and perform the experimental work. All authors reviewed the 
manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1016/j.synthmet.2021.116959
https://doi.org/10.1016/j.jmgm.2022.108343
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental and theoretical studies for corrosion of molybdenum electrode using streptomycin drug in phosphoric acid medium
	Material and methods
	Results and discussion
	Potentiodynamic polarization measurements. 
	EIS measurements. 
	Computational calculations. 

	Conclusions
	References


