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Abstract 

A new ecofriendly coumarin derivative, namely 4-((4-amino-1H-1,2,4-triazole-5(4H)-thione-

3-yl)methyl)coumarin (ATMC), was synthesized and the chemical structure was elucidated 

using Fourier Transform Infrared Spectroscopy (FT-IR), Nuclear Magnetic Resonance (NMR) 

and elemental analysis (CHN). ATMC was evaluated as a corrosion inhibitor and the 

concentrations were 0.1 mM to 0.5 mM for mild steel in 1 M hydrochloric acid in the 

temperature range of 303–333 K using gravimetric and surface analysis by means of scanning 

electron microscopy (SEM) techniques. The gravimetrical results show that ATMC inhibited 

the corrosion of mild steel in a strong acid solution with superior performance. It was found 

that the corrosion inhibition performance depends on the concentration of the studied inhibitor 

and the solution temperature. The inhibition efficiency increased with an increase in the 

concentration of the inhibitor and reached 96.5% at a concentration of 0.5 M and 303 K. 

Experimental and adsorption results are in good agreement. 

Keywords: gravimetric, coumarin, mechanism, ATMC, SEM, temperature, inhibitor, 

isotherm. 
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1. Introduction 

In general, corrosion is considered as a loss of metal due to the effect of corrosive agents 

[1]. However, in a broad sense, corrosion is the destructive result of the chemical reaction 

between a metal or metal alloy and its environment [2]. Hydrochloric acid is one of the 

most common acids, among the acidic solutions of the acid pickling process. It should be 

noted that the replacement of toxic inhibitors with environmentally friendly inhibitors to 

protect metals in a corrosive medium in the 2nd half of the 19
th
 century [3]. The corrosion 
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mechanism in the atmospheric and aquatic environment shall always govern one aspect of 

electro-chemistry. Electrons shall flow from areas of the mild steel surface to other areas 

through an electrolyte capable of conducting ions. This stems from the stunning trend of 

metals to electrochemical interaction with water, oxygen and other substances in the 

aquatic environment. In the electrochemical corrosion process, the anode is the surface 

area of minerals being eroded by the loss of electrons while the cathode is the area that 

consumes the electrons resulting from the corrosion reaction. 

Corrosion inhibitor is known as a chemical component that can reduce, prevent and 

combat corrosion when added in small amounts to the mineral environment. Corrosion 

inhibitors are the first line of defense against the corrosion of the oil and chemical industry 

[4]. Corrosion inhibitors are sought after temporary protection of metals during transport 

and storage as well as topical protection to prevent corrosion that may have resulted from 

the accumulation of small amounts of aggressive phase. An effective corrosion inhibitor 

should be cost-effective, compatible with the corrosive medium, and produce the desired 

effect when present in small concentrations [5]. Corrosion inhibitors work by (1) forming a 

film that is condensed on the metal surface, (2) producing corrosion products, for example, 

iron sulphide which acts as an inert separator, and (3) producing sediments that can 

eliminate or disable aggressive component [6]. Organic inhibitors work by forming a film 

on the surface of metals and can act as anodic, cathodic or mixed inhibitors. The formation 

of this protective film occurs with the help of strong reactions, such as orbital adsorption, 

chemical absorption, and electrostatic absorption that prevent corroded species from 

attacking the metal surface [7]. This absorption is usually one thick molecular layer and 

does not penetrate the bulk of the metal itself [8].  

Corrosion inhibitors are widely used to protect metals and equipment, and must be 

acceptable, non-toxic and environmentally friendly due to environmental concerns. The 

cost and adverse effect associated with commercial and inorganic inhibitors has raised 

considerable awareness in the area of corrosion mitigation. Thus, corrosion scientists and 

engineers tend to influence inexpensive, readily available, environmentally friendly and 

environmentally acceptable green corrosion inhibitors [9]. Recently, interest in the 

development and use of low-cost and environmentally friendly compounds as corrosion 

inhibitors has increased [10–15]. Following up of the investigations for efficient corrosion 

inhibitors for mild steel in acidic solution [15–30], the present investigation is to study the 

inhibition action of the green corrosion inhibitor derivative of coumarin which is  

4-((4-amino-1H-1,2,4-triazole-5(4H)-thione-3-yl)methyl)coumarin (ATMC), on the 

corrosion of mild steel in hydrochloric acid. The chemical formula of the novel ecofriendly 

corrosion inhibitor was elucidating according to spectroscopic techniques (FTIR, NMR) 

and CHN analysis. The effect of ATMC inhibition was investigated by weight lost 

calculations, as well as by surface analysis using scanning electron microscopy (SEM) 

with a different concentration of ATMC as corrosion inhibitor. The potential mechanism 

for ATMC absorption has been explored on the mild steel surface. 
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2. Experimental 

2.1. Chemistry and materials 

Solvents and primary chemicals were supplied from Sigma-Aldrich, KL, Malaysia, and 

were used as supplied without further purification. The Fourier-transform infrared 

spectroscopy (FT-IR) spectrum was recorded using a Thermo Scientific Model Nicolate 

6700 Spectrophotometer. CHN analysis were done using Carlo Erba 5500 CHN elemental 

analyzer. Nuclear magnetic resonance (NMR) spectra were recorded on an AVANCE III 

600 MHz spectrometer.  

2.2. Synthesis of corrosion inhibitor 

A mixture of equimolar quantities of 2-(2-oxo-2H-chromen-4-yl)acetic acid (0.03 mol) and 

4-aminothiosemicarbazide (0.03 mol) was stirred and allowed to cool (0–5°C) and 

phosphorus oxychloride (15 g) had been added. The mixture was refluxed for then the 

excess of phosphorus oxychloride was removed under reduced pressure. Add dry pyridine 

(5 ml). The mixture was poured onto ice. The precipitated was filtered and recrystallized 

from ethanol. The yield of brown powder was 57%. Melting point: 258°C. The chemical 

structure of the synthesized inhibitor was demonstrated in Scheme 1. The inhibitor 

molecule was characterized via spectroscopically techniques, namely FTIR, NMR and 

CHN analysis. CHN, analytical calculation/found for the synthesized inhibitor with the 

chemical formula C12H10N4O2S: C, 52.54/52.31; H, 3.67/3.29; N, 20.43/20.17. FT-IR 

(cm
−1

): 3287.5, 3172.7 and 3161.3 (amino groups), 2911.6 (methylene group), 1713.8 

(carbonyl group). 
1
H-NMR in DMSO-d6 (ppm): d, 1H, 7.31, J=7.84, 1.34; d, 1H, 7.39, 

J=8.33, 1.28; d, 1H, 7.67, J=8.33, 7.32; d, 1H, 7.51, J=784, 1.32 (protons of aromatic 

ring). s, 1H, 5.93 (=C–H of coumarin), s, 5.16 (NH2), s, 4.01 2H (CH2). 
13

C-NMR in 

DMSO-d6 (ppm): 39.4, 109.5, 115.3, 118.9, 121.9, 127.3, 132.8, 150, 153.6, 159.4, 176.2. 

 
Scheme 1. Chemical structure of the synthesized inhibitor. 
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2.3. Electrode and electrolytes 

Coupons of mild steel which have the chemical composition of Fe, 99.21; C, 0.21; Si, 0.38; 

P, 0.09; S, 0.05; Mn, 0.05; and Al, 0.01; and it had an effective surface area of 4.5 cm
2
 

were used for gravimetric and surface analysis. Initially the coupons were polished then 

washed with distilled water, acetone and dry at room temperature [31–33]. Hydrochloric 

acid solutions of 1 M were used and the concentrations of inhibitor were varied from 

0.1 mM to 0.5 mM. 

2.4. Weight loss method 

Mild steel coupons were immersed in corrosive solution without and with various 

concentrations [34] of ATMC. The influence of immersion time was carried out for the 

period (1, 5, 10, 24, 48 and 72) 24 hours; the experiments were performed at room 

temperature. Water bath had been utilized to change the temperatures from 303 K to 

333 K. The immersion coupons in corrosive environment were weighed. The obtained data 

were used to calculate corrosion rate (CR) in mmpy, inhibition efficiency (IE), and surface 

coverage (θ) from equations 1–3. 

 
87.6w

CR
tad

  (1) 

 0 in

0

% 100
CR CR

IE
CR


   (2) 

 i

0

0 nθ
CR CR

CR


  (3) 

where w is the weight loss of coupons, a is the area of coupons, d is the density, and t is the 

immersion time. The same process was repeated for temperature studies with the 

immersion period of 5 hours. 

2.5 Surface analysis 

The scanning electron microscope was used to investigate the coupon surface in absence 

and presence the corrosion inhibitor in the corrosive environment. 

3. Results and discussion 

3.1. Characterization of ATMC 

The reaction sequences for the synthesis of ecofriendly coumarin derivative namely  

4-((4-amino-1H-1,2,4-triazole-5(4H)-thione-3-yl)methyl)coumarin (ATMC) starting from 

2-(2-oxo-2H-chromen-4-yl)acetic acid and 4-aminothiosemicarbazide are outlined in 

Scheme 2. ATMC was obtained by refluxing 2-(2-oxo-2H-chromen-4-yl)acetic with  

4-aminothiosemicarbazide in the presence of phosphorus oxychloride. 
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FTIR is used to obtain infrared spectra of absorptions or emissions of solids, liquids 

or gases. The spectra of FTIR are used to qualitatively identified of organic functional 

groups. The data from FTIR spectrum of ATMC, exhibit the characteristic vibrations of 

amino, methylene, azomethine and carbonyl groups. The presence of these functional 

groups, especially an azomethine group within the ATMC confirms cyclization of  

4-aminothiosemicarbazide with carboxyl group of coumarin derivative. The amino groups 

stretching bands were observed for ATMC, at 1712, 1628, and 3287, 3172 and 3161 cm
−1

. 

C=N stretching band was observed at 1600 cm
−1

. CH2 vibration band is observed at 

2911 cm
−1

. NMR spectroscopy, has the ability to characterize any isotope except if the 

isotope has together even numbers of protons and neutrons. 
1
H-NMR spectrum for a 

molecule provide data about the number of signals and each chemically various proton in a 

structure is also magnetically various. Position of signal with respect to an internal 

standard, namely tetramethylsilane (TMS), is often used as an internal standard since 

almost all proton signals appear downfield from the TMS signal. 
1
H-NMR in DMSO-d6 

(ppm): The aromatic ring has four proton doublet protons 7.31, 7.39, 7.67 and 7.51. Also 

the inhibitor molecule has singlet at 5.93 for one proton of vinyl group of coumarin 

molecule in addition to two singlet protons each for two hydrogens at and 4.01 for 

methylene group and 5.16 for amino group. Carbon-13 NMR is a significant tool elucidate 

the chemical structure of organic molecule. It is detects only the 
13

C isotope of carbon.  
13

C-NMR in DMSO-d6 (ppm): 39.4 for carbon of methylene group. 109.5, 115.3, 118.9, 

121.9, 127.3, 132.8 for 150, 153.6, 159.4, 176.2 

 
Scheme 2. The synthesize of corrosion inhibitor. 

3.2, Gravimetric analysis 

a. Effect of ATMC concentration 

The dissolution of surface of mild steel in corrosive environment for considerable time 

were demonstrate as an electrochemical reaction and causes MS weight losses [35]. The 

inhibition efficiency of ATMC versus corrosion rate was studied by observing the MS 

mass losses. Corrosion rates, inhibition efficiencies and surface coverages were calculated 

according to equations 1, 2 and 3, respectively. The mass loss of mild steel was measured 

without and with addition of ATMC as corrosion inhibitor. Figure 1 demonstrates the 

deference’s of ATMC concentration with corrosion rates at 303 K for the period 

1, 5, 10, 24, 48 and 72 hours in hydrochloric acid environment. The corrosion rate 
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decreases with concentration increase whereas the inhibition efficiency increase with 

concentration of ATMC increase due to the presence of considerable number of adsorption 

sites which were brought through significant ATMC concentrations. Differences in 

corrosion rates (CRs) and inhibition efficiencies (IEs) based on variation concentrations of 

ATMC inhibitor molecules for immersion time of 1–72 hours in HCl solution at 303 K 

have been explain in Figures 1 and 2. At was 5 hours immersion time, the corrosion rate of 

ATMC reached the minimum value as in Figure 1 and the inhibition efficiency reached the 

maximum value of 93.84% as in Figure 2. The adsorption of ATMC molecules is a 

replacement reaction that involves elimination of H2O molecules from the MS surface. The 

immersion time was varied from 1 to 72 hours. The molecules of ATMC were adsorbed 

chemically due to interactions of unshared electrons with the MS surface. The CR was 

observed to increase and IE decreased after 10 h of immersion and further decreased after 

the longest time of immersion that was 72 hours in this study. The increase in CR and 

decrease in IE was imputed to desorption of ATMC molecules from the MS surface.  

Generally, the CR and IE of ATMC molecules depend on the ability of adsorption on 

the MS. The highest inhibition efficiency of 96.5% have been achieved at the concentration 

of 0.5 mM attributed to the availability of heterogeneous atoms in the chemical structure of 

ATMC molecules that participates as active functional groups and electrostatic bonds 

between ATMC with surface of MS. Nitrogen, sulfur and oxygen atoms interact with the 

mild steel surface through adsorption and that increase the inhibition efficiency. The active 

centers in the ATMC molecule that are amine, thionyl, lactone and carbonyl groups 

interact with the mild steel surface via electron donation to the empty d-orbital of iron 

thereby enabling the adsorption of the ATMC molecule to the surface of mild steel. 

 
Figure 1. Effect of immersion time on corrosion rate of MS in corrosive environment with 

various concentrations of ATMC. 
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Figure 2. Effect of immersion time on inhibition efficiency of MS in corrosive environment 

with various concentrations of ATMC. 

b. Temperature effect 

Corrosion rate and inhibition efficiency were used to investigate the effect of temperature. 

The corrosion rate increase with increasing temperature [36], as shown in Figure 3. IEs 

were decreased with the increase of temperature, and this attributed to instability of ATMC 

molecules when subjected to higher temperatures. In addition, the solution viscosity was 

decrease which progress to more diffusion, which permit increased transport of reactants 

and product on the surface of MS. The CR in absence of ATMC molecules is four times 

that with ATMC molecules, because the inhibitor isolates the metal from the environment.  

 
Figure 3. Effect of temperature mild steel on IE in 1 M HCl. 
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3.3. Adsorption isotherms 

The adsorption of ATMC molecules onto the surface of MS is the is the essential step of 

mechanism of adsorption. The most interested parameter in the adsorption process is the 

surface coverage (θ) that calculated from weight loss technique as in Equation 4. 

 
ads

1

θ

C
B

K
   (4) 

Organic molecules were adsorbed on the surface of mild steel when the interaction 

energies of MS surface and organic molecules were bigger than of MS surface and H2O 

molecules [37]. Adsorption models namely, Langmuir, Frumkin, and Parsons–Temkin 

have been investigated and the one with the best fit would employee to measure the 

thermodynamic parameters. From the weight loss measurements, the surface coverage 

value increases with the increase of concentration of ATMC in corrosive environment; this 

was imputed to the protective layer formation of ATMC on surface of mild steel that 

diminishes its dissolution rate of surface of MS. The uses of Langmuir model was to study 

the mechanism of adsorption and Equation 4, was utilized to calculate the equilibrium 

constant parameter.  

Figure 4 demonstrates the plot of Langmuir model for dissolution of surface of MS, 

which implied that the adsorption of the inhibitor molecules on to surface of MS assumed a 

one layer adsorption and the adsorption of the inhibitor molecules on the surface of MS 

obeyed Langmuir isotherm. 

 
Figure 4. Langmuir plot for adsorption of ATMC on to mild steel surface. 
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3.4. Thermodynamic and kinetic parameters 

Weigh loss measurement for various concentrations of ATMC as corrosion inhibitor and 

various temperatures were used to evaluate the kinetic parameters.  

Arrhenius equation was used to evaluate the activation energy (Ea) of MS surface 

dissolution as described in Equation 5: 

 alog log
2.303R

E
C a

RT
    (5) 

where R was the molar gas constant, T was the absolute temperature and a was the 

frequency factor. 

Figure 5 represents the plot of logCR versus 1/T at various concentrations (0.0 mM to 

0.5 mM) of ATMC and the slope (–Ea / 2.303R) was used to evaluate the activation energy. 

The Ea at the concentration of 0.0 mM was 55.9 kJmol
−1

 which was less than the Ea at 

0.5 mM concentration, 90.2 kJmol
−1

. Increasing of Ea results in the decreasing of CR of 

MS so, it can conclude a superior IE and these results due to the adsorption of ATMC 

molecules on the surface of MS that decrease the dissolution of available surface area of 

MS. 

 a aRlog
log

2.303 2.303

C S HR

T nh R T

    
    

    

 
    (6) 

Table 1. Kinetic parameters for MS in 1.0 M HCl in the presence and absence of ATMC. 

Conc. mM Ea (kJ·mol
−1

) ΔHa (kJ·mol
−1

) ΔSa (J·mol
−1
·K

−1
) 

0.0 55.9 51.0 −66.7 

0.1 77.2 76.8 –155.1 

0.3 83.4 82.5 –167.4 

0.5 90.2 88.0 –178.4 

The increase in Ea can be imputed to a considerable diminish in the adsorption of the 

ATMC molecules on the surface of MS with rising temperature and increasing in CRs due 

to a major area of MS surface was exposed to the corrosive solution. 

Table 1, ΔH with the positive value refer to endothermic dissolution process for 

surface of mild steel at room temperature in the presence of the ATMC molecules. The ΔH 

increased with a temperature increase, supporting the endothermic nature of surface 

dissolution of MS and decreasing of inhibition performance of ATMC molecules. The 

entropy activation values at room temperature were negative and become positive with 

increasing of temperature. In absence of ATMC molecules the entropy activation values 

were positive and tend to be negative at higher concentration of ATMC. Negative entropy 
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activation value indicated that, at room temperatures and maximum studied concentration 

of ATMC, the MS surface was protected by the ATMC molecules.  

 
Figure 5. Arrhenius plot for mild steel in 1 M HCl in the presence and absence of ATMC. 

3.5 Morphological studies 

The mild steel surface was investigated with SEM in absence of ATMC molecules in 

corrosive environment and in presence of ATMC at the concentration of 0.5 mM for 

5 hours as immersion time. Figure 6a, demonstrates the picture of surface of MS in the 

absence of ATMC molecules. It is clear that the surface of mild steel was corroded. On the 

other hand, Figure 6b, demonstrates the picture of surface of MS in presence of ATMC 

molecules and it was smooth and clear. 

 
Figure 6. (a) SEM micrograph in absence of inhibitor, (b) SEM micrograph in presence of 

inhibitor. Both pictures refer to the mild steel in 1.0 M of HCl with concentration of inhibitor 

(0.5 mM) at 303 K immersed for 5 h. 
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3.6 Inhibition mechanism 

All the results of the used techniques (weight loss, absorption and morphology) in this 

study indicate that the new corrosion inhibitor ATMC has played a key role in inhibiting 

corrosion of mild steel in the acidic environment. It is possible to propose a schematic 

mechanism of inhibit the corrosion of the mild steel in the acidic environment by relying 

the study of the chemical structure and the electronic structure with the results of this study 

as shown in Figure 7. Since the ATMC molecules have many functional groups and 

heteroatoms in addition to electronic pairs as well as pi bonds and aromatic ring. The iron 

atoms have an unoccupied d-orbital, so the iron atoms have the ability to adsorbed the 

ATMC molecules un associated electrons and thus form strong bonds (coordination bonds) 

with the mild steel surface. The electrons of the ATMC molecules may accumulate in the 

atomic orbitals of the mild steel surface and may lead to electron repulsion on the surface 

of the mild steel and thus reverse transfer occurs. Electrons move from the atoms of the 

mild steel to the molecular orbitals of the new anti-corrosion molecules known as 

retrodonation. In this study, the corrosion of iron in an acidic environment produces a 

surface charged with positive charges, attracting negatively charged ions. 

 
Figure 7. Interactions of ATMC on mild steel surface in acidic environment. 

4. Conclusions 

New ecofriendly corrosion inhibitor derived from coumarin namely 4-((4-amino-1H-1,2,4-

triazole-5(4H)-thione-3-yl)methyl)coumarin (ATMC) was synthesized and the chemical 

structure was elucidate using spectroscopical and micro elemental techniques. The 

corrosion inhibition of mild steel had been investigated by weight loss and morphological 

studies. The new inhibitor has a superior inhibition efficiency due to the chemical structure 

of ATMC molecule has four nitrogen atoms, two oxygen atoms and one sulfur atom in 

addition to the aromatic ring. These atoms have act as active sites of adsorption. The 

adsorbed layer of ATMC on surface of mild steel was stable at 303 K. The absorption of 

ATMC obeys Langmuir isotherm. SEM confirmed the inhibition activity of the ATMC 

molecules as superior corrosion inhibitor. 
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