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This work aimed to develop a high-efficiency and reliable alternative for conventional and toxic 

corrosion inhibitor. A novel tetrazole derivative (1-Phenyltetrazole-5-thiol, PTT) that possessed 

excellent anti-corrosion capacity was exploited for the first time. Based on the traditional 

electrochemical investigation, morphological observation, and computer modeling, inhibition ability and 

adsorption type of PTT for X70 steel in 0.5 M H2SO4 were varied. The electrochemical results showed 

that PTT was a mixed organic inhibitor, which could retard charge transfer impedance, and slowed down 

the corrosion rate of steel. Specifically, the highest inhibition efficiency was 95.1% when the added PTT 

dose was 2 mM. The adsorption model showed that the PTT film was formed via powerful 

physicochemical adsorption. As shown in theoretical calculations, the lower E, higher μ values and 

Ebinding value of PTT corresponded to supreme adsorption performance, which was also a manifestation 

of the PTT high-efficiency corrosion inhibition. 
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1. INTRODUCTION 

 

Metal is one of the most indispensable parts in industrial development and is widely used in 

manufacturing various machinery and equipment, such as heat exchangers, pipelines, and boilers [1-3]. 

There is no doubt that the application of metal has promoted social progress and economic development 
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[4-6]. However, metal is easily corroded when it works in various harsh conditions, especially in acidic 

environments. The corrosive media can diffuse into the inside of metal as the corrosion increases 

appreciably. Finally, the mechanical and chemical properties of the metal can decrease due to serious 

corrosion [7, 8]. Obviously, this phenomenon will cause huge economic losses and serious safety 

accidents. 

To slow down metal corrosion, a large number of anti-corrosion strategies have been developed, 

for example, corrosion inhibitors [9, 10], electrochemical protection [11], coatings [12, 13], and 

polymetallic doping [14, 15]. In the above technologies, the addition of corrosion inhibitors is one of the 

most useful anti-corrosion methods, especially in the acidic environment of oil extraction. Conventional 

corrosion inhibitors can be divided into two categories, namely inorganic corrosion inhibitors and 

organic corrosion inhibitors. Inorganic corrosion inhibitors can decrease metal corrosion by forming 

passivation film or precipitation film. These protective films are unreliable because there is no interaction 

between inorganic corrosion inhibitors and the metal surface. Moreover, a series of inorganic corrosion 

inhibitors are harmful to humans and the environment, such as chromate, nitrite, and polyphosphate [16, 

17]. Hence, they have been banned or replaced by organic corrosion inhibitors [18]. 

Organic corrosion inhibitors generally contain heteroatoms (N, O, S, P), benzene rings, and 

double bonds, facilitating the adsorption of organic molecules on the metal surface through physical 

and/or chemical effects [19, 20]. In addition, compared with inorganic corrosion inhibitors, organic 

corrosion inhibitors are less harmful to humans and the environment. Therefore, so many corrosion 

inhibitors were developed by researchers. Qiang et al. investigated the corrosion inhibition of losartan 

potassium (LP) via traditional electrochemical, in-situ electrochemical methods, weight loss, and 

theoretical calculation [21]. The results showed that LP could efficiently decrease the corrosion rate of 

Q235 steel in the HCl medium and the highest anti-corrosion efficiency was 94.0%. Li et al. reported 

that brassica oleracea L extract was an excellent corrosion inhibitor for Q235 steel in two harsh acid 

environments [22]. Obot et al. found 2-(2-pyridyl) benzimidazole could be eligible as a high-efficiency 

corrosion inhibitor on API X60 steel, even under turbulent hydrodynamics [23]. 

1-Phenyltetrazole-5-thiol (PTT) consists of a benzene ring, a nitrogen-containing nitrogen 

heterocycle, and a mercapto group, all of which help PTT adsorb on the metal surface. The chemical 

structure of PTT and potential configuration transformation is displayed in Fig. 1.  

 

 
 

Figure 1. The chemical structure and potential configuration transformation of PTT. 

 

As far as we are aware, no work is getatable focusing on the anti-corrosion of PTT for X70 steel 

in the H2SO4 medium. In this study, the inhibition of PTT for X70 steel corrosion was investigated by 

conventional electrochemical test and scanning electron microscope (SEM) observation. Meanwhile, 

Langmuir adsorption and quantum chemical calculation explored the interaction mechanism between 
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PTT and X70 steel. Finally, this study could offer a new understanding of organic anti-corrosion 

mechanism and a useful direction for developing novel organic as effective inhibitors in practical 

application. 

 

 

2. EXPERIMENTAL 

2.1 Materials 

X70 steel was widely used in the oil extraction industry and was provided by SINOPEC 

Northwest Company of China Petroleum and Chemical Corporation. The tested area of the working 

electrode was 1 × 1 cm2, and other parts were covered by epoxy resin. 1-Phenyltetrazole-5-thiol (≥ 98%) 

was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. and was used without other 

purification. The test 0.5 M H2SO4 (blank solution) solution was obtained by diluting concentrated 

sulfuric acid (98%). The tested concentrations of PTT were 0.2, 0.5, 1, 2 mM and used a new solution 

before each experiment.  

 

2.2 Electrochemical tests 

The traditional electrochemical tests were executed by a three-electrode system, which contained 

a working electrode (X70 steel), a reference electrode (saturated calomel electrode), and a counter 

electrode (2 × 2 cm2 platinum sheet). To obtain a metastable state, the X70 steel electrode was immersed 

in the test solution for a period of time. After that, the AC impedance was carried out from 105 to 10 2 

Hz frequency range with a 5 mV sinusoidal disturbance. Potentiodynamic polarization was employed to 

explore the current density variation of steel surface further. The potential range of the above test was ± 

250 mV versus Eocp, and the scanning rate was 1 mV/s. All electrochemical experiments were executed 

on a thermostat water bath, and the temperature fluctuation was no more than ± 0.5 ℃. 

 

2.3 Surface characterization 

In order to observe the variation of the X70 steel surface more directly, the SEM test was 

employed. The tested samples were polished with emery paper (400-7000 mesh) and then ultrasonic 

washed with alcohol and acetone to remove oil and impurities. After that, these samples were quickly 

dried by N2. The prepared samples were immersed in 0.5 M H2SO4 (with and without 2 mM PTT) for 1 

h. The whole observation process was executed under the high vacuum condition via SEM (JEOL-JSM-

7800F). 

 

2.4 Calculation details 

The whole theoretical calculation of PTT in this study was executed by Gaussian 09 W software 

[24]. Considering that PTT may undergo a configuration transformation in the acid environment, another 
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structure of PTT was also calculated. Two different molecule structures of PTT were optimized by 

GGA/B3LYP method (6-311++G(d, p) module) at the DFT level [25]. Then, a battery of parameters 

were obtained and discussed carefully. The interaction between PTT (two structures) and Fe (110) atoms 

was explored based on the Forcite module of molecular dynamics method. An emulation cell of 29.8 × 

19.4 × 65.2 Å dimension containing 3 layers Fe (110) was established. Moreover, 1 PTT molecule and 

300 water molecules were added to the cell. Meanwhile, COMPASS force field and periodic boundary 

condition were employed in the cell [26, 27]. The simulation time was 100 ps, and the time step was 1 

fs under NVT canonical ensemble. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Electrochemical analysis 

3.1.1 EIS 

 As shown in Fig. 2a, the EIS spectra of X70 steel in various PTT concentrations were given. It 

could be seen that all EIS curves showed an imperfect semicircle, even in a higher PTT concentration. 

Meanwhile, this phenomenon was also called frequency dispersion.  

 

 

 
 

Figure 2. The electrochemical spectra of various  PTT concentrations in 0.5 M H2SO4 solution at room 

temperature. 

 

These irregular semicircles were attributed to the different roughness of the X70 steel surface 

and the non-uniform adsorption of PTT [28, 29]. Compared with the blank EIS curve, the EIS semicircle 

size became larger when the PTT was presented, and this phenomenon was more prominent with an 

increase in PTT concentration. This finding meant that the protective film was fabricated by the 

adsorption of PTT molecules on the metal surface. At the same time, with the increase of PTT 

concentration, this film became more powerful to resist the attack of corrosive ions. In addition, all EIS 
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curves showed a similar shape, which indicated that PTT only increased the resistance value of the steel 

surface but didn’t alter the properties of the systematic electrochemical parameters [30, 31]. 

The corresponding bode modulus and phase angle plots of X70 steel were displayed in Fig. 2b. 

As we all know, the impedance modulus value of the lowest frequency (10 2 Hz) represented the 

polarization impedance. It was easy to notice that the polarization impedance of X70 steel was increased 

when PTT presented and continue to augment. Furthermore, the impedance modulus of the highest PTT 

concentration (2 mM) was about 1.5 orders of magnitude higher than blank. This phenomenon indicated 

that more PTT molecules formed a stable shield film and thus endowed steel with excellent anti-

corrosion ability. Meanwhile, the slope between logZ and logf was close to 1, implying the traditional 

capacitive behavior. Therefore, we could infer that the adsorption of PTT on the metal surface was tight 

and orderly [32]. 

In order to further quantify the anti-corrosion ability of PTT, the original EIS data were fitted by 

Zsimpwin, and the corresponding equivalent circuit was shown in Fig. 3. 

 

 

 
 

Figure 3. The equivalent circuit for fitting EIS data. 

 

 

A series of electrochemical parameters, such as solution resistance (Rs), film resistance (Rf), 

charge-transfer resistance (Rct), polarization resistance (Rp), film capacitance (Cf), and electrical double-

layer capacitance (Cdl) was obtained and discussed. The Cf and Cdl were replaced by CPEf and CPEdl 

due to the non-ideal test condition. The value of inhibition ability (ηE) could be calculated by Eq. 1. 

η
E
=

Rp−Rp,0

Rp
× 100%                                                   (1) 

Here, Rp, 0 stood for polarization resistance without PTT, and Rp was the same resistance with 

various PTT. 

Moreover, the CPEf and CPEdl were calculated as follows [33]. 

ZCPE=Y0(2πf
Zim Max

)
n 1

                                                 (2) 

Where Y0 presented the modulus, f presented the max frequency of impedance imaginary part, 

and n was the dispersion coefficient, which related to the flatness of the metal surface. 

After original EIS data were fitted, some important parameters were displayed in Table 1. As 

shown in Table 1, the Rf and Rct values were increased with the advent of PTT, and they keep increasing 

as the concentration of PTT increased.  
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Table 1. Impedance parameters of X70 steel in 0.5 M H2SO4 with various PTT concentrations at room 

temperature. 

 

C Rs Rf Rct Rp Cf n1 Cdl n2 η (%) 

(mM) (Ω cm2) (Ω cm2) (Ω cm2) (Ω cm2) (μF cm-2)  (μF cm-2)   

Blank 0.8 5.8 26.7 32.5 75.7 1 128.7 0.82 ‒ 

0.2 1.1 7.1 94.4 101.5 56.8 1 107.8 0.74 68.0 

0.5 1.5 55.6 120.5 176.1 26.1 1 43.5 0.78 81.5 

1 1.7 58.1 412.8 470.9 16.9 1 28.2 0.74 93.1 

2 1.6 73.3 587.6 660.9 11.3 1 17.6 0.76 95.1 

 

At the same time, the Rp value also increased from 101.5 (0.2 mM) to 600.9 (2 mM) Ω cm2, while 

the impedance of X70 steel in 0.5 M vitriol was 32.5 Ω cm2. The huge increase in polarization impedance 

could be explained by that PTT equipped an excellent inhibition film. Quite the opposite, the value of 

CPEf in 2 mM was the smallest, only 11.3 μF cm 2, while the blank value of CPEf was75.7 μF cm 2. 

This phenomenon could be attributed to replacing H3O
+ with PTT adsorbed on the metal surface, which 

reduced the exposed area of metal in acid and thus enhanced metal anti-corrosion ability. Meanwhile, 

the CPEdl value was decreased from 128.7 to 17.6 μF cm 2. Based on the Helmholtz model, the change 

in CPEdl was corresponding to the decrease of dielectric constant and the augment of electric double-

layer thickness and protected steel area. Finally, the ηE was enhanced and reached 95.1% when the added 

concentration of PTT was 2mM. In a word, the corrosion of X70 steel in acid was inhibited by the 

powerful protective film derived from the strong adsorption of PTT on the steel surface. 

 

3.2 Potentiodynamic polarization curves 

The polarization curves of X70 steel in various PTT concentrations were given in Fig. 4. 

Compared with the blank curve, the corrosion potential showed a negative shift trend, which might be 

related to the replacement of the H3O
+ by PTT on the metal surface and was also consistent with the 

above EIS results [34].  

In addition, the cathodic curve exhibited a descend trend when PTT was added in the corrosive 

medium, and descend extent was more distinct with the increase of PTT concentration. Clearly, the 

appearance of PTT effectively slowed down the cathodic corrosion rate of the steel. However, the shape 

of the cathodic branch was not affected by the adsorption of PTT, meaning the hydrogen evolution 

reaction at the cathode wasn’t changed [35]. For the anodic curve, a similar descend trend to the cathodic 

branch was observed when the added PTT concentration was 0.2, 0.5, and 1 mM. But when the 

concentration of PTT was 2 mM, a platform was noticed from 0.46 V to 0.30 V, showing that enough 

PTT molecules resisted the desorption phenomenon caused by the increase in polarization potential. This 

finding also indirectly proved the successful adsorption of PTT molecules on the metal surface. 
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Figure 4. Potentiodynamic polarization curves of PTT for X70 steel in 0.5 M H2SO4 medium at room 

temperature. 

 

Accordingly, a series of important parameters, such as cathodic and anodic Tafel slopes (βc and 

βa), Ecorr, and icorr were obtained and explored deeply. Moreover, the 𝜂𝑇 was also calculated by Eq. 3. 

η
T
=

icorr, 0−icorr

icorr,0
× 100%                                                 (3) 

Where icorr and icorr,0 were current densities of steel that contained and lacked various PTT. 

 

 

Table 2. Potentiodynamic polarization parameters of X70 steel in 0.5 M H2SO4 with various PTT 

concentrations. 

 

 

C   Ecorr  Icorr βc βa η  

(mM) (mV/SCE) (μA cm–2) (mV dec–1 ) (mV dec–1 ) (%) 

Blank ‒417 2275 ‒151 129 ‒ 

0.2 ‒418 794.1 ‒178 158 65.1 

0.5 ‒456 445.9 ‒142 105 80.4 

1 ‒481 175.2 ‒102 121 92.3 

2 ‒469 118.3 ‒104 90 94.8 

 

As shown in Table 2, the icorr value was declined with the appeared of PTT and continued to 

reduce when the concentration of PTT increased. Compared with the blank current densities (2275 μA 

cm–2), the icorr of 2 mM PTT was 118.3 μA cm–2, which was much smaller than blank icorr ( at least an 

order of magnitude). Furthermore, the highest 𝜂𝑇 was 94.8%, indicating that the PTT could endow X70 

steel incomparable anti-corrosion capacity in 0.5 M H2SO4 due to the highly stable PTT organic 

protective film. In addition, the variation of Ecorr was no more than 85 mV when compared with blank. 
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This finding indicated that PTT was a mixed corrosion inhibitor, which could simultaneously suppress 

steel anodic and cathodic corrosion reactions. 

 

3.3 Corrosion morphology 

SEM is one of the most conventional tools to observe the corrosion morphology of metal. Herein, 

the corrosion morphology of X70 steel that contained and lacked 2 mM PTT was given in Fig. 5. As 

shown in Fig. 5a, the steel surface was very rough, and some peaks and valleys also appeared due to the 

serious corrosion.  

 

 
 

Figure 5. The microtopography of X70 steel after being immersed in 0.5 M H2SO4 solution with and 

without 2 mM PTT at room temperature. 

 

Obviously, bare X70 steel was hard to resist the attack of 0.5 M H2SO4 without PTT protection. 

Fortunately, the morphology of steel with 2 mM PTT protection was smooth, and only a few corrosion 

products were observed. This finding indicated that a wonderful shield film was formed by the 

adsorption of PTT and thus resisted the violent attack of the corrosive medium. This result was also 

consistent with the above EIS and Tafel conclusions. 

 

3.4 Adsorption model 

The isothermal adsorption model was one of the most effective methods to explore organic 

molecules adsorption type. In addition, many different adsorption models were used to investigate the 

adsorption of inhibitors, such as ElAwady, Fumkin, Langmuir, and Freundlich, Floy-Huggins [36]. After 

fitted EIS data, we noticed that Langmuir was the most suitable adsorption model to explain the 

adsorption mechanism of PTT in the above adsorption models. That was to say, PTT molecules 

possessed impartial probability to adsorb on the steel surface and no interaction between them. 

Accordingly, some thermodynamic parameters were obtained from the following formulas, such as 

equilibrium (Kads) and standard adsorption free energy (G
0 

ads) [37]. 
C

θ
=

1

Kads
+ C                                                       (4) 

Kads =
1

55.5
exp(−

ΔGads
0

RT
)                                             (5) 
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Where C meant the PTT concentration, θ was the Q235 steel surface coverage, R represented the 

molar gas constant, and T was the Kelvin temperature. 

 

 
 

Figure 6. Langmuir adsorption curve and some important thermodynamic parameters of various PTT 

concentrations. 

 

As shown in Fig. 6, the linear regression coefficient (R2) was 0.9839 and was infinitely close to 

1, implying that the fitted result was dependable. The bigger Kads and smaller G
0 

ads corresponded to a 

powerful interaction performance between organic molecules and the metal surface. In addition, the G
0 

ads value of PTT (−29.91 kJ/mol) was between −20 kJ/mol and −40 kJ/mol, indicating that the adsorption 

type of PTT in steel was the mixed type (physicochemical adsorption). 

 

3.5 Quantum chemical calculation 

Quantum chemical calculation was executed to explore the relationship between structure and 

reactivity of PTT. Due to the potential configuration transformation of PTT, another structure of PTT 

was also calculated. Fig. 7 shown the optimized geometry and FMO of PTT. All functional groups were 

in the same plane for optimized geometry structures, which foreboded that they possessed a smaller 

steric hindrance. As shown in Figs. 7b and c, the LUMO electron cloud of PTT was located in the 

benzene ring, tetrazole ring, and hydrosulphonyl. The HOMO electron cloud was similar to LUMO, 

dispersing on all functional groups of PTT. For PTT after configuration transformation, the intensity and 

breadth of the FMO electron cloud became weaker, but they were also distributed over the entire PTT. 

These phenomena manifest that both PTT structures had good adsorption capacity. 
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Figure 7. The optimized geometry structure and FMO of PTT molecule before and after configuration 

transformation. 

 

The value of LUMO and HOMO stood for the obtained electrons and given electrons capacity 

of a compound, respectively. The lowest LUMO value was related to the highest gained electrons ability, 

while the highest HOMO value corresponded to the strongest donated performance [38]. Hence, a lower 

energy gap (E = ELUMO  EHOMO) meant a powerful adsorption performance and thus represented a 

supreme anti-corrosion efficiency. As given in Fig. 7, E values of both PTT structures were 4.00 and 

2.89 eV, respectively, indicating that PTT possessed higher chemical reactivity and was polarizable. 

Moreover, dipole moment values (μ) of PTT in both structures were 5.51 and 0.76 Debye, respectively, 

which meant PTT could easily adsorb on the X70 steel owing to dipole-dipole interaction [39]. In a 

word, PTT could adsorb on the metal surface in parallel and then given steel an excellent anti-corrosion 

capacity. 
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3.6 Molecular dynamics simulation 

To more intuitively understand the adsorption form of PTT on the X70 steel surface, we 

performed an MD simulation. There was no doubt that both PTT structures were considered and 

discussed in MD simulation.  

 

 

 
 

Figure 8. The interface interaction simulation of PTT/Fe (110), (a) top view and (b) side view. 

 

 

As shown in Fig. 8, PTT could absorb on Fe (110) in parallel via benzene ring, tetrazole ring, 

and sulfur atom. After PTT finished configuration transformation, the adsorption model was more 

parallel when compared with the above result. These findings indicated that both PTT structures could 

adsorb on steel surface in parallel and reduced the contact area between steel and corrosive medium. 

Furthermore, parallel adsorption mode was also conducive to the gained and given of electrons 

between PTT and steel surface and further promoted the formation of coordination bond between PTT 

and steel surface [40-44]. On the other hand, the Ebinding values between PTT and steel without and with 

configuration transformation were 82.3 and 90.1 Kcal/mol, respectively. Compared with reported works, 

PTT possessed higher Ebinding values, which was also reliable evidence and direct explanation for PTT 

supreme corrosion inhibition ability in both structures. 
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Figure 9. The interface interaction simulation of PTT/Fe (110) after PTT finished configuration 

transformation, (a) top view and (b) side view. 

 

 

4. CONCLUSIONS 

A series of systematic experiments and theoretical methods examined the anti-corrosion capacity 

of PTT for X70 steel in 0.5 M H2SO4. The following results were given from this work:  

1. EIS results showed that PTT possessed excellent anti-corrosion ability for X70 steel in acidic 

corrosion medium owing to PTT could effectively inhibit the charge transfer on the steel surface. 

Meanwhile, the ηE enhanced with the increase of PTT concentration, and the highest value reached 

95.1%. 

2. Based on analysis results of Tafel curves, we found that PTT was a modest organic inhibitor, 

which could significantly reduce the icorr value of steel surface. Moreover, cathodic and anodic reactions 

were weakened when PTT appeared and became more obvious with the concentration of PTT increased. 

3. Langmuir adsorption indicated that the interface interaction forces between PTT and X70 steel 

surface were physisorption and chemisorption. SEM results further demonstrated the strong protection 

ability of PTT film for steel in acid solution. 

4. In theoretical calculation, the anti-corrosion mechanism of PTT was revealed at a microcosmic 

degree. The evenly distributed FMO implied the excellent electronic conversion ability between PTT 

and Fe (110), further verified by the lower E and higher μ values. The high Ebinding value meant powerful 

interaction in PTT/Fe (110) interface and thus corresponding to supreme inhibition performance.  
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