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_______________________________________________________________ 

ABSTRACT 

The study of the inhibition properties of Thiamine Hydrochloride (THC), Riboflavin (RF) and Pyridoxine 

Hydrochloride (PHC) as copper corrosion inhibitor in nitric acid solution has been carried out by using mass loss 

technique, UV spectroscopy and theoretical methods. Density Functional Theory (DFT) calculations showed that 

there is a correlation between inhibition efficiencies and quantum chemical parameters such as EHOMO (Highest 

Occupied Molecular Orbital Energy), ELUMO (Lowest Unoccupied Molecular Orbital Energy), energy gap (E), 

dipole moment (µ), electronegativity (), hardness (), softness (S), electrophylicity index (), electron affinity (A), 

ionization energy (I) and the fraction of electron transferred (ΔN). The Quantitative Structure Property 

Relationships (QSPR) approach has been used to determine the relationship between molecular structure and the 

compounds inhibition efficiencies. In addition, UV visible was used to show the adsorptive nature of the compounds 

studied. It was found that theoretical results and experimental data agree. 

Keywords: Inhibition properties, Inhibition efficiencies, Thiamine hydrochloride, Riboflavin, Pyridoxine 

hydrochloride 

__________________________________________________________________________ 

INTRODUCTION 

Metal and alloys corrosion are a universally known phenomenon that results in significant direct and indirect 

material losses to industry and the collectivity each year. Indeed, the replacement of corroded equipment and 

materials constitutes a very high financial burden for industry. In addition, there is the loss of income corresponding 

to the shutdown of the facilities needed to carry out the repairs. The corrosion of a metal or alloy can develop 

according to different processes that characterize each type of corrosion. Even more serious, corrosion can cause 

irreversible damage to the environment and even loss of life. Because it can lead to health problems (pollution, 

contamination, etc.) To reduce this phenomenon, several researchers have developed different methods. Among 
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these methods we have corrosion inhibitors. The new international guidelines on industrial releases are becoming 

increasingly strict in terms of ecology and the choice of eco-friendly corrosion inhibitors is becoming an important 

stake [1]. That is why a lot of research today is focused on organic inhibitors, which are little toxic and stable at high 

temperatures. The use of therapeutic molecules, such as vitamins in our work answers the requirements of the new 

international environmental protection guidelines. Several studies in the literature were about the action of some 

vitamins, including vitamin B3 [2], vitamin B2 [3], vitamins B1 and C [4] have been used as mild steel corrosion 

inhibition in different acidic solutions. Though vitamin E [5] has been used for copper protection in acidic solution. 

The quantum chemical calculations have been used recently to explain the mechanism of corrosion inhibition. They 

are very helpful in understanding the relationship between the corrosion the structural and inhibition properties of a 

wide range of organic corrosion inhibitors [6,7]. The use of Density Functional Theory (DFT) method is a common 

practice. This theory is based on the Hohenberg and Kohn theorem [8] which shows that the energy of the 

fundamental state of the molecule is the only functional of electronic density. Kohn and Sham [9] developed this 

part later from a fictitious system (without interactions between the constituents). These theoretical calculations [10] 

contribute to a better understanding of the inhibition properties of the studied molecules and to the analysis of global 

and local reactivity parameters [11-16]. 

QSPR is an alternative method to experimentation that is recommended by the new regulations [17] because it 

provides additional details on molecular structure descriptors and data analysis tools needed to set up and validate 

predictive models [17]. Thus, many molecules may need to be analyzed to prove their inhibition performance. 

The aim of this present paper is to analyze the inhibition properties of three vitamins which are thiamine 

hydrochloride (vitamin B1): 3-((4-Amino-2-methyl-5-pyrimidinyl) methyl)-5-(2-hydroxyethyl)-4-methylthiazolium 

chloride hydrochloride, riboflavin (vitamin B2): 7, 8-Dimethyl-10-[(2R, 3R, 4S)-2, 3, 4, 5-Tetrahydroxypentyl] 

benzo[g]pteridine-2, 4-Dione and pyridoxine hydrochloride (vitamin B6): 4.5-Bis (hydroxymethyl)-2-methyl-3-

pyridinol, hydrochloride (1:1) in order to show the correlation between their inhibition efficiencies and quantum 

chemical parameters and also to find the best set of structural and reactivity parameters. 

MATERIAL AND METHODS 

Mass loss technique 

The values of the inhibition efficiencies were provided by the mass loss method, which consists of performing 

gravimetric measurements on copper samples with an S surface. These samples were immersed in the 1M 

concentration nitric acid solution in the absence or presence of different concentrations of each vitamin maintained 

at temperatures of 25°C and 55°C for 1 hour. Then the difference in mass of each sample was determined before and 

after each test. 

The corrosion rate (W) and the inhibition efficiency were calculated using the following:  

W =
∆m

Se.t
=

m1−m2

Se.t
 (1) 

IE(%) =
W0−W

W0
∗ 100 = θ ∗ 100 (2) 
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Δm: is the mass loss (g); m1 and m2 are respectively, the weight (g) before and after immersion in the solution test; t: 

the immersion time (h); Se: the total surface of sample (cm2) ; w0 and w ; are respectively the corrosion rates of 

copper in the absence and presence of each molecule. 

DFT method 

Theoretical calculations were carried out using Gaussian 03W software [18]. The geometry of each compound has 

been optimized using DFT (Density Functional Theory) at the B3LYP with the Becke’s three parameters exchange 

functional of Lee, Yang, and Parr (LYP) [19] with 6-31G(d) basis set. These calculations give access to a set of 

quantum chemical parameters which help to elucidate the electronic structure of chemical systems. The optimized 

structures of the different compounds are shown in Figure 1. 

 

                                           THC                                          RF                                                 PHC 

Figure 1. Optimized molecular structure of THC, RF and PHC by B3LYP/6-31G(d) 

Global parameters were calculated to explain the correlation between inhibition efficiencies and quantum chemical 

parameters. 

The chemical potential  (μP) of the electronic cloud measures the tendency of the electronic cloud to escape from 

the molecule [20]: 

μP = (
∂E

∂N
)

ν(r)
= −𝜒 (3) 

In this relation (1), E is the total energy, N is the number of electrons and (r) is the external potential of the system. 

The energies of HOMO and LUMO are related to I and A, respectively in framework of Koopmans’ theorem [21]. 

I = −EHOMO  (4) 

A = −ELUMO (5) 

Referring to Koopmans theorem [21,22], the electronegativity (𝜒) and the global hardness (𝜂) can be written in 

terms of ionization potential (𝐼) and the chemical affinity (A) or either in terms of HOMO or LUMO energies. 

χ =
I+A

2
 (6) 

S =
1

 η
=

2

I−A
 (7) 

The global electrophilicity index (), introduced by Parr [23], and calculated using the electronic chemical potential 

and chemical hardness is given by: 

ω =
μP

2

2η
 (8) 
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According to Pearson theory [24] the fraction of transferred electrons (ΔN) from the inhibitor molecule to the 

metallic atom can be calculated. For a reaction of two systems with different electronegativities (as a metallic 

surface and an inhibitor molecule) the following mechanism will take place: the electronic flow will occur from the 

molecule with the lower electronegativity toward that of higher value, until the chemical potentials are the same. For 

the calculation, the following formula was used [24]. 

ΔN =
χCu−χinh

2(ηCu+ηinh)
 (9) 

Where Cu and Cu, inh and inh denote electronegativity and hardness of copper and the inhibitor molecule, 

respectively.  

We use the theoretical value of Cu=4.98 𝑒𝑉/𝑚𝑜l and Cu=0 [24], for the calculation of the number of transferred 

electrons.  

QSPR method 

This method is an elaboration of mathematical models linking physicochemical properties and biological activities 

to the molecular structure allows, on the one hand, to explain the origin of these activities/properties and, on the 

other hand, to predict them for molecules for which experimental data are not available. QSPR concept can be used 

to relate the inhibition efficiency of most organic inhibitors to their structural parameters; the resulting mathematical 

relationship [25] is a means of detecting new inhibitors. In order to find a relationship between inhibition efficiency 

and quantum chemical parameters of the molecule, we will apply the non-linear multivariate model proposed by 

Lukovits et al. [26] which is based on the Langmuir adsorption isotherm, for the study of interactions between 

corrosion inhibitors and metal surfaces in acidic environments. This model [27] is represented by the relationship: 

IE𝑐𝑎𝑙𝑐(%) =
[𝐴𝑥𝑗+𝐵]𝐶𝑖

1+[𝐴𝑥𝑗+𝐵]𝐶𝑖
∗ 100 (10) 

Where Ci represents the different values of the inhibitor’s concentrations. A and B are real constants which will be 

determined when solving the system of equations. 

Using four inhibitors concentrations, we tested sets of three parameters (x1, x2, x3). In this case, the equation 

becoming: 

 IE𝑐𝑎𝑙𝑐(%) =
[𝐴𝑥1+𝐵𝑥2+𝐷𝑥3+𝐸]𝐶𝑖

1+[𝐴𝑥1+𝐵𝑥2+𝐷𝑥3+𝐸]𝐶𝑖
∗ 100 (11) 

It is a question of finding for the molecule the set of coefficients A, B, D and E which make it possible to obtain the 

value of inhibition efficiency closest to the experimental value. The calculations have been performed using EXCEL 

software. 

UV spectroscopy 

UV Visible spectrum has been used to analyze the adsorption behaviour of THC, RF and PHC to study the 

interaction between each molecule and copper surface. UV visibles absorption spectra obtained from the following 

solutions: 

• Nitric acid solution 1M containing the inhibitor (0.53 mM) 

• Nitric acid solution 1M containing the inhibitor (0.53 mM) and the copper which has been in it for 

24 hours at room temperature. 
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RESULTS AND DISCUSSION 

Quantum chemical interpretation 

Global reactivity parameters calculated using B3LYP/6-31G(d) and inhibition efficiencies obtained at 55°C with the 

inhibitors concentrations is 0.53 mM. These different values are recorded in the Table 1. 

Table 1. Inhibition efficiency and quantum chemical parameters of THC, RF and PHC 

  THC RF PHC 

Inhibition efficiency IE (%) 82.82 86.26 84.85 

EHOMO (eV) 
-5.838 -5.932 -6.114 

ELUMO (eV) -1.681 -2.512 -0.648 

Energy gap E (eV) 4.157 3.420 5.466 

Dipole moment µ (D) 7.551 11.527 2.1459 

Ionization energy I (eV) 5.838 5.932 6.114 

Electron affinity A (eV) 1.681 2.512 0.648 

Electronegativity  (eV)  3.759 4.222 3.381 

Hardness  (eV)  2.078 1.710 2.733 

Softness S (eV)-1 0.481 0.585 0.366 

Fraction of electron transferred N 0.294 0.223 0.292 

Electrophylicity index  3.399 5.212 2.091 

Total energy ET (Ha) -1620.1 -1330.20 -591.86 

 

The quantum chemical parameter EHOMO indicates the capacity of a molecule to donate electrons to an acceptor 

system. According to [28] high value of EHOMO is the ability of that molecule to donate electrons to appropriate 

acceptor molecule of low empty molecular orbital energy. The high EHOMO values of three molecules justify the 

good inhibition efficiencies for copper corrosion in nitric acid solution. 

The ability of a molecule to form bonds with a metal surface [28] also depends on the value of the ELUMO (Lowest 

Unoccupied Molecular Orbital energy). Indeed, organic inhibitors not only provide electrons to orbitals, metal ions 

such as Cu2+ ([Ar]3d9), but they can also receive electrons from these orbitals, which leads to a mutual exchange of 

electrons. In our case the lower value of ELUMO signifies that the molecule would accept electrons. That reflects the 

good performance of the compounds studied. The higher value of EHOMO and the lower value of ELUMO for different 

molecules can explain the adsorption on the metallic surface when compared to values in the literature [29,30]. In 

Table 1,the values of ELUMO follow the order RF<THC<PHC, This shows that RF has a high ability to accept 

electrons from copper, which favors a good capacity to inhibit copper corrosion compared to the two molecules, 

which is in agreement with the experimental results. 

Energy gap (∆E), is an important parameter as a function of reactivity of the inhibitor molecule towards the 

adsorption on the metallic surface. Larger value of the energy gap difference will provide low reactivity to a 

chemical species. on the other hand, lower values of the ∆E will render good inhibition efficiency, because the 

energy required to remove an electron from the lowest occupied orbital will be low [31,32]. The calculations from 
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Table 1 show the following order RF<THC<PHC, which suggests that RF has the highest reactivity in comparison 

to the other compounds and would therefore interact strongly with the copper surface. 

The dipole moment (μ) is an indicator that is also used in the process of corrosion inhibition because it is a measure 

of the polarity in a bond and is related to the distribution of electrons in a molecule [33]. Some authors state that 

adsorption between the inhibitor and the metal surface can be favored by a high value of the dipole moment [34,35]. 

However, many other authors [36,37] state that low dipole moment values favor the adsorption process. In our 

study, the dipole moments of RF and THC are high while those of PHC is low. So, in general, taking these 

contradictory views, there is no relationship between dipole moment and inhibition efficiency. 

Global softness (S) and global hardness  (eV) are also important parameters because it measure the molecular 

stability and reactivity. A hard molecule has a large energy gap and a soft molecule has a small energy gap [38]. It is 

shown from the calculations that RF has the least value of global hardness (1.710 (eV)) and the highest value of 

global softness (0.585 (eV)) is expected to have the highest inhibition efficiency. These results are consistent with 

experimental inhibition efficiencies. 

For the three molecules, >0 and ET<0, the charge transfer from each molecule to the metal is energetically favored 

[39]. 

Ionization energy (I) is a fundamental descriptor of the chemical reactivity of atoms and molecules. High ionization 

potential indicates high stability and chemical inertness and small ionization energy indicates high reactivity of 

atoms and molecules [40]. The low ionization energy of the three molecules indicates their high inhibition 

efficiency. This low value of I and high value of A when compared to values in the literature [41,42], indicate the 

capacity of the molecules both to donate and accept electrons. 

Electronegativity indicates the ability of a molecule to accept electrons. According to Sanderson's principle of 

electronegativity equalization [43], the molecule has a high electronegativity is low reactive and has a low inhibition 

efficiency, however, good inhibitors are generally those that are able to donate electrons to the metal surface, have a 

low electronegativity value, and have a high electronegativity value. In our case the three molecules have low 

electronegativity than copper (χCu
-)=4.98 𝑒𝑉), therefore they have a good inhibition efficiency. Which is agreement 

with the experimental results obtained. 

The electrophilicity index () was also determined. According to the definition, this indicator expresses the ability 

of the inhibitor to accept electrons. So, a high value of electrophilicity index [31] describes a good electrophile while 

a small value of electrophilicity index denotes a good nucleophile. In our study, this value follows the trend 

PHC<THC<RF, which shows that PHC has the lowest electrophilicity index value this confirms his lower ability to 

accept electrons. The molecules can accept electrons from copper. 

The fraction of electrons transferred (ΔN) was also calculated. If ΔN<3.6 [31], the inhibition efficiency increases by 

increasing electron-donating ability of these inhibitors to donate electrons to copper. In our study, the fraction of 

electrons transferred of the molecules are less than 3.6; this reflects all molecules owe their inhibition properties to 

the transfer of electrons from these molecules to copper. 

Quantitative Structure Activity Relationship studies (QSPR) 
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QSPR is a theoretical model which help to predict the inhibitor performance because it allows to find the right set of 

parameters for the molecule [44]. The development of an effective theoretical model starts with the collection of 

reliable experimental data. The different inhibition efficiencies values at 298K of the compound studied are recorded 

in Table 2. 

Table 2. Inhibition efficiencies at T= 298 K for different concentrations of THC, RF and PHC. 

Concentration (𝜇𝑀) 130 180 280 530 

IE (%) THC 35.24 47.79 56.82 67.61 

IE (%) RF 41.71 46.03 64.03 71.94 

IE (%) PHC 31.99 39.55 53.59 61.14 

 

The coefficients values for different sets of three quantum chemical parameters of THC, RF and PHC are listed in 

Tables 3-5 respectively. 

Table 3. Values of coefficients A, B, D and E for different sets of three quantum chemical parameters of THC. 

Set of Parameters A B D E 

(N, , ) -8.8962 65.1741 -46.8996 -121.4497 

(EHOMO, µ, ) -121.7735 137.1438 -18.31792 -1684.2200 

(EHOMO, µ, ELUMO ) -176.7528 12.6757 -31.5342 -1180.6020 

(E, µ, N) -49.5736 -208.0185 -68.8188 1797.0625 

(ELUMO, EHOMO, S) 85.2465 45.8020 -125.9435 471.2743 

(E, µ, ) 205.4130 247.1577 208.7145 -3429.6061 

 

Table 4. Values of coefficients A, B, D and E for different sets of three quantum chemical parameters of RF. 

Set of Parameter A B D E 

(N, , ) 51.4394 -66.10533 157.4566 63.8248 

(EHOMO, µ, ) 8.5546 18.04525 -5.21169 -130.0935 

(EHOMO, µ, ELUMO ) 1108.0934 857.7279 2791.1971 -1505.1173 
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(E, µ, N) -30.8863 -39.630032 -120.3586 589.2917 

(ELUMO, EHOMO, S) 16.5862 -10.2756 -40.0737 4.15812 

(E, µ, ) 40.7442 129.2225 -272.7312 -207.4135 

 

Table 5 Values of coefficients A, B, D and E for different sets of three quantum chemical parameters of PHC 

Set of Parameter A B D E 

(N, , ) 98.3354 13.8792 -100.1622 216.0114 

(EHOMO, µ, ) 341.0089 -196.5621 154.1246 320.5052 

(EHOMO, µ, ELUMO ) -793.313 -667.0582 -93.2835 -3479.3189 

(E, µ, N) -257.9061 -241.9960 341.1442 1829.4032 

(ELUMO ,EHOMO, S) -431.0484 280.5442 2141.0591 -3237.2610 

(E, µ, ) -140.8701 -3.9312x1012 1.9983x1012 4.2576x1012 

 

Using equation (12), the values of the theoretical inhibition efficiencies were determined. The estimated efficiencies 

versus the experimental values of THC, RF and PHC are given respectively in Figures 2-4. 

 

Figure 2. Theoretical versus experimental efficiencies of THC. 
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Figure 3. Theoretical versus experimental efficiencies of RF. 

 

Figure 4. Theoretical versus experimental efficiencies of PHC. 
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These different sets of descriptor parameters of each molecule lead to a mathematical relationship that allows us to 

predict its behavior in copper corrosion in nitric acid solution. In this work, each set of molecular descriptors studied 

leads to an equation linking these parameters to corrosion inhibition. Once developed, the model must be validated 

based on correlation coefficients. We observe that the different correlation coefficients R2 are quite close to unity. 

To determine the set of parameters that best describes the behavior of each molecule, we will analyse the other 

statistical parameters. The statistical indicators that will allow us to make this analysis are: 

The Sum of Square Errors (SSE): 

SSE = ∑ (IEexp − IEcalc)
2N

i=1  (13) 

The Root Mean Square Error (RMSE): 

RMSE = √∑ (IEexp−IEcalc)
2N

i=1

N
 (14) 

The different values of these statistical indicators of THC, RF and PHC are recorded in Table 6. 

Table 6. SSE and RMSE of THC, RF and PHC 

 

The most appropriate set of parameters for describing the behavior of thiamine hydrochloride (THC) seem to be 

(N, ,). The degree of correlation between the theoretical and experimental efficiency values is expressed by the 

correlation coefficient value (𝑅2=0.9672) and the value of SSE (23.90) and RMSE (2.44) are the lowest. 

The set of parameter (E, µ, N) with the correlation coefficient of QSPR model is 𝑅2=0.9538 has the lowest values 

of SSE (29.30) and RMSE (2.71) can be considered at the best set for Riboflavin (RF). 

For pyridoxine hydrochloride the best set of parameter seem to (ELUMO, EHOMO, S) for which the correlation 

coefficient value is 𝑅2=0.9659, the sum of square errors (24.06) and the root mean square error (2.45) are the lowest. 

 THC RF PHC 

Set of Parameters R2 SSE RMSE R2 SSE RMSE R2 SSE RMSE 

(N, , ) 0.9672 23.90 2.44 0.9527 34.67 2.94 0.9667 33.68 2.90 

(EHOMO, µ, ) 0.9668 26.14 2.55 0.9588 37.85 3.08 0.9543 44.29 3.33 

(EHOMO, µ, ELUMO ) 0.9633 75.24 4.34 0.9573 40.50 3.18 0.9577 33.23 2.88 

(E, µ, N) 0.9694 24.23 2.46 0.9538 29.30 2.71 0.9543 43.08 3.28 

(ELUMO, EHOMO, S) 0.9662 29.86 2.73 0.9517 30.43 2.76 0.9659 24.06 2.45 

(E, µ, ) 0.9666 27.87 2.64 0.9507 46.37 3.40 0.9598 47.23 3.44 
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The sets of parameters (∆E, μ, ΔN), (EHOMO, μ, ω) (ΔN, ω, η) respectively for THC, RF and PHC lead to 

satisfactory correlations. The correlation coefficients are (R2=0.9694), (R2=0.9588) and (R2=0.9667). Although these 

sets lead to a satisfactory correlation between theoretical and experimental efficiency values, they are not the most 

appropriate to describe the behavior of molecules. Because the statistical indicators are not the lowest. 

Therefore, to validate the QSPR model when describing the behaviour of a molecule. The statistical indicators must 

be combined with the correlation coefficient to have a rigorous and complete validation to predict the results of 

experiments not yet performed. 

UV-visible spectroscopy 

UV visible absorption spectroscopy allows to check the formation of a possible layer on the metal surface. The 

absorbance values for the different wavelengths applied to each molecule were determined. Figures 5-7 show the 

evolution of absorbance as a function of wavelength (λ) for THC, RF and PHC, respectively. 

 

Figure 5. UV Visible spectra of 1M HNO3 solution containing 0.53 mM of THC before and after copper immersion. 

 

Figure 6. UV Visible spectra of 1M HNO3 solution containing 0.53mM of RF before and after copper immersion. 
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Figure 7. UV Visible spectra of 1M HNO3 solution containing 0.53 mM of PHC before and after copper Immersion. 

The visible bands of different absorption spectra of the three inhibitors are generally between 320 nm and 500 nm. 

When copper remains for 24 hours in the 1 M nitric acid solution, we observe for the same wavelengths a slight 

increase in absorbance for each molecule studied. This slight increase in absorbance at the same wavelengths is 

related to the transitions π→π* and n→π* [45], which confirms the electron transfers between the inhibitor 

molecules and ions Cu2+ leading to the formation of Cu-Inh complexes. These different transitions reveal the 

presence of C=O or O-H groups in the molecules studied. Indeed, according to the literature [46], the change in the 

position of absorption maximum or change in the value of absorption when a metal is in the presence of an organic 

compound in solution indicates the formation of a complex between the two species. 

CONCLUSION 

The three vitamins THC, RF and PHC have good inhibition properties for the copper corrosion in nitric acid solution 

where RF is the best inhibitor. Density Functional Theory (DFT) was used to determine the descriptive and 

reactivity parameters of the different compounds which were used in the QSPR theory to establish, from the 

Lukovits model, a mathematical relationship that allows to approach the inhibition efficiency of each compound. 

The most appropriate set of parameters to describe the behavior of the studied compounds was found. The UV 

visible studies reveal the formation of copper inhibitor complex. The comparison of theoretical and experimental 

data shows a good correlation confirming the reliability of quantum chemical methods for studying the corrosion 

inhibition of metals. 
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