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Abstract

This study evaluates the inhibitory effect of the organic compound 2-(1H-benzo[d]imidazol-2-yl)-3-
phenylacrylonitrile on aluminum corrosion in a 1 M hydrochloric acid solution, using the mass loss method. The
results show that the inhibitory efficiency increases with the concentration of the inhibitor, while it decreases as
the temperature of the corrosive medium rises. To better understand the interactions between the metal surface and
the inhibitor molecule, several adsorption isotherm models, notably those of Langmuir, Freundlich, Temkin, and
El-Awady, were applied. The Dubinin—Radushkevich and Adejo—Ekwenchi isotherms helped clarify the
mechanism and mode of inhibitor adsorption on aluminum. Furthermore, the thermodynamic parameters related
to adsorption and activation phenomena were determined to explain the compound’s inhibitory behavior in an

acidic medium.

1. Introduction

The corrosion of aluminum in acidic media constitutes a major industrial problem despite the natural
presence of a protective passive film on its surface [1]. Organic inhibitors, particularly benzimidazole
derivatives, are widely studied due to their high adsorption capacity, which is attributed to the presence of
heteroatoms and m-conjugated systems [2-3]. In this context, the molecule 2-(1H-benzo[d]imidazol-2-yl)-3-
phenylacrylonitrile (BIPHA-4-H) appears to be a promising inhibitor due to the conjugation of the
benzimidazole ring and the acrylonitrile group, which promotes its interaction with the metal surface and

enhances its anticorrosive efficacy.
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2. Materials and Methods

2.1. Aluminum Specimens

The material used in these tests consists of a 99.6% pure aluminum rod with a density 2.7, mass (0.1325 g+
0.0001), having a cylindrical shape with a height of 1 cm and a diameter of 0.25 cm. The molecule under study,
2-(1H-benzo[d]imidazol-2-yl)-3-phenylacrylonitrile (BIPHA-4-H), is a synthesized organic molecule with the
molecular formula C;¢H;;N3 and a molecular weight of 245.10 g/mol. Its percentage composition is as follows:
C: 78.35%, H: 4.52%, N: 17.13%. Its structure is shown in Figure 1.

Figure 1. Structure of 2-(1H-benzo[d]imidazol-2-yl)-3-phénylacrylonitrile).

2.2. Prepared Solutions

A commercial solution (Sigma-Aldrich Chemicals) of hydrochloric acid with a purity of P = 37%, a density
of d = 1.2, and a molar mass of M = 36.46 g/mol. A 1 M solution was prepared from this commercial solution.
The prepared BIPHA-4-H solutions have concentrations of C = 0.005 mM, C = 0.01 mM, C = 0.05 mM, C =
0.1 mM, and C = 0.5 mM.

2.3. Mass Loss Method

Aluminum corrosion was evaluated using the gravimetric method (mass loss) [4—6]. The samples were
immersed for 1 hour in 50 mL of hydrochloric acid solution, in the absence and in the presence of inhibitors, at
temperatures ranging from 298 to 338 K in a thermostatic bath. The initial mass (m:) and the final mass after
immersion, cleaning, rinsing, and drying (m2) were determined. The mass loss (Am = m: — m2) was calculated
from the average of three tests conducted under the same conditions. The values obtained were used to
determine the corrosion rate (W), the coverage ratio (8), and the inhibition efficiency (EI %).

A
W=7 (1)
EI(%) = "5 x 100 2)
Woy—W
0="1y— (3)

where W and W are the corrosion rates in the absence and presence of the inhibitor, respectively; Am is the

mass loss, S is the total surface area of the aluminium sample, and t is the immersion time.

3. Results and Discussion

3.1. Corrosion Rate and Inhibitor Efficiency
Effect of temperature and inhibitor concentration on the corrosion rate

The corrosion rate of aluminum was studied in a molar solution of hydrochloric acid, first in the absence of
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an inhibitor, then in the presence of organic inhibitors at various concentrations. The inhibitor BIPHA-4-H was
evaluated at concentrations of 0.005 mM, 0.01 mM, 0.05 mM, 0.1 mM, and 0.5 mM, and over a temperature
range from 298 to 338 K.

Figure 2 illustrates the influence of concentration and temperature on the corrosion rate of aluminum in the
presence of the BIPHA-4-H inhibitor.
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Figure 2. Corrosion rate as a function of BIPHA-4-H concentration at different temperatures.

The BIPHA-4-H molecule exhibits good inhibitory efficacy against aluminum corrosion in a 1 M HCI
solution. The corrosion rate decreases as its concentration increases due to its adsorption onto the metal surface
and the formation of a protective film [7]. However, elevated temperatures reduce this effectiveness by
weakening the protective layer formed [8]. These results are consistent with those of Yeo et al. [9]. The
inhibitory action of BIPHA-4-H is linked to the presence of nitrogen atoms, which promote its adsorption onto

aluminum [10].

3.2. Influence of Temperature and Concentration on Inhibitory Efficacy

The variation in the inhibitory efficacy of BIPHA-4-H as a function of concentration at different

temperatures is illustrated in Figure 3.
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Figure 3. Changes in inhibitory activity as a function of BIPHA-4-H concentration at different temperatures.
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The inhibitory efficacy of the BIPHA-4-H molecule decreases as the temperature rises due to the gradual
degradation of the protective film adsorbed onto the aluminum surface [7]. This behavior reflects a primarily
physical adsorption mechanism [10]. Conversely, the inhibitory efficiency increases with the concentration of
BIPHA-4-H due to greater adsorption of the molecules onto the metal surface [11]. The highest efficiency
obtained for BIPHA-4-H is 96.09% at 298 K.

3.3. Kinetic Aspect (Influence of Immersion Time)

To study the inhibitory efficacy of the inhibitory molecules over time, aluminum samples were immersed in
1 M hydrochloric acid solutions, with and without the addition of our molecule at a concentration of 0.5 mM, at
a temperature of 298 K for immersion durations of 1 h, 2 h, 4 h, 6 h, and 19 h. Figure 4 shows the evolution of

inhibition efficiency as a function of immersion time.
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Figure 4. Changes in the inhibitory efficacy of BIPHA-4-H as a function of immersion time.

The inhibitory efficacy gradually decreases between 1 and 6 hours of immersion, then stabilizes up to 19
hours, consistent with the findings in [9]. This behavior reflects the initial formation of a protective film on the
aluminum, followed by a slight desorption of the inhibitory molecules before the metal protection stabilizes.

3.4. UV-Visible Spectroscopy

UV-visible absorption spectroscopy provides additional information on the interactions between aluminum
and the inhibitor in solution and may allow verification of layer formation on the metal surface. 1 M HCI
solutions containing 0.5 mM BIPHA-4-H are analyzed before and after immersing the aluminum for 4 hours at

298 K. The results are presented in Figure 5.
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Figure 5. UV-Vis spectrum of a 1 M HCI solution containing 0.5 mM BIPHA-4-H before and after immersing
the aluminum for 4 hours at 298 K.

Before immersion, the solution containing BIPHA-4-H exhibits a UV-visible absorption peak at 355 nm,
characteristic of the n-n* transitions associated with the nitrogen atoms of the benzimidazole-acrylonitrile ring.
After 4 hours of aluminum immersion, this peak shifts to 350 nm with a decrease in intensity, indicating the
formation of a protective BIPHA-4-H film on the metal surface [12].

3.5. Adsorption Isotherms

Langmuir Isotherm

To study this model, we plotted the Cinh/0 curves as a function of Cinh for each inhibitor tested. The
Cinh/0 curve as a function of Cinh is shown in Figure 6 for the BIPHA-4-H molecule.

® 298K 308 K 328K 338K

Figure 6. Plot of Cinh/8 versus Cinh for the BIPHA-4-H molecule.
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Table 1. Langmuir model parameters for BIPHA-4-H molecules

Inhibitor T(K) Equation R? Kaas(M™)
298 Cini/® = 1.1772C1, + 0.0113 0.9989 104176.99

308 Cin/® = 1.2026C, + 0.0147 0.9982 81809.52

BIPHA-4-H 318 Cinn/0 = 1.4497C,,, + 0.0246 0.9972 58930.89
328 Cin/® = 1.7190C,;, + 0.0414 0.9942 41521.739

338 Cin/® = 2.2392C,;, + 0.0650 0.9918 34449231

For the BIPHA-4-H molecule, the linear relationship obtained between Cinh/6 and Cinh, with a coefficient
of determination R? close to unity, shows that its adsorption on the aluminum surface follows the Langmuir
isotherm. This result indicates that BIPHA-4-H molecules occupy a single adsorption site on the metal surface

in an HCI environment.
El-Awady Isotherm

The fit of the experimental data to the EI-Awady model, where log(6/1-0) = f(log(Cinh)), is shown in Figure
7 for the BIPHA-4-H molecule.
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Figure 7. Plot of log(6/(1-0)) versus log(Cinh) for the BIPHA-4-H molecule.

The parameters of El-Awady’s model for the molecule are listed in Table 2.

Table 2. Parameters of El-Awady’s model for the BIPHA-4-H molecule

Inhibitor T(K) Equation R? 1/y
298 log(6/(6-1)) = 0.3097log(Cyyy) + 0.7511 0.9481  3.2289
308 log(6/(6-1)) = 0.322310g(C;p) + 0.6817 0.943 3.1027
BIPHA-4-H 318 log(8/(6-1)) = 0.307210g(Ciyn) + 0.3700 0.9737  3.2552
328 log(6/(6-1)) = 0.3248log(C;yy,) + 0.1757 0.9601  3.0788
338 log(6/(6-1)) = 0.320810g(Cjny) — 0.0489 0.9707  3.1172
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For the BIPHA-4-H molecule, the results show a good correlation with the El-Awady model, with an R?
coefficient close to unity, indicating a satisfactory fit for adsorption on aluminum in an HCI environment.
However, the value of the 1/y parameter being greater than 1 suggests that the BIPHA-4-H molecule occupies
multiple active sites during its adsorption onto the metal surface [13].

Temkin isotherm

The variation of the coverage (0) as a function of log(Cinh) was plotted for the inhibitor at different
temperatures. The curves obtained for the BIPHA-4-H molecules are presented in Figure 8.
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Figure 8. Variation in the recovery rate (0) as a function of log (Cinh) for BIPHA-4-H.

Table 3. Parameters of the Temkin model for BIPHA-4-H molecules

Inhibitor T(K) Equation R? a
298 6 = 0.1375log(Cyy,) + 0.4462 0.9611 -8.37
308 6 = 0.160510g(C;yy) + 0.8448 0.9623 -7.20
BIPHA-4-H 318 6 = 0.170110g(Cyy) + 0.7044 0.9732 -6.77
328 0 = 0.1665l0g(Cyy) + 0.5867 0.9571 -6.92
338 6 = 0.145710g(Cyy) + 0.8686 0.9639 -7.90

For the BIPHA-4-H molecule, correlation coefficients close to unity indicate that the model accurately
describes its adsorption on aluminum in an HCI environment. The negative values of the interaction constant
reflect repulsive forces between the adsorbed molecules, which increase with temperature (298-318 K),
explaining the decrease in the inhibitory efficacy of BIPHA-4-H at high temperatures.

3.6. Model and Type of Adsorption

Identification of the appropriate adsorption model

After analyzing the adsorption isotherms, it is necessary to determine which isotherm best describes the
adsorption of the studied inhibitor molecules onto aluminum in a 1 M HCI medium. To do this, a comparison of

the coefficients of determination must be performed to select the model that best reflects the adsorption of each

Earthline J. Chem. Sci. Vol. 13 No. 3 (2026), 245-257
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inhibitor onto the aluminum surface. Table 4 presents the correlation coefficients of the models studied for our
inhibitor.

Table 4. Comparison of the correlation coefficients of the different models for each inhibitor.

Inhibitor T(K) Langmuir Temkin El awady
298 0.9989 0.9611 0.9481
308 0.9982 0.9623 0.943

BIPHA-4-H 318 0.9972 0.9732 0.9737
328 0.9942 0.9571 0.9601
338 0.9918 0.9639 0.9707

An analysis of Table 4 shows that the Langmuir model yields correlation coefficients closest to unity
compared to the El-Awady and Temkin models, indicating that it best describes the adsorption of inhibitors on
the aluminum surface. However, the slopes obtained (Table 5) are greater than one, suggesting that a single
inhibitor molecule occupies multiple adsorption sites. This deviation could be related to repulsive interactions
between species adsorbed on the metal surface. Thus, adsorption does not strictly follow the classical Langmuir
isotherm, but is better described by the modified Langmuir isotherm, or Villamil model:

Cin _n
=5 = Toa T Cin 4)

n is a constant introduced to account for all factors not taken into account in the derivation of the Langmuir

isotherm.
Table 5. Slopes obtained for BIPHA-4-H inhibitors using the Langmuir model.
T°(k) 298 308 318 328 338
Slopes 1.1772 1.2026 1.4497 1.7190 2.2392

3.7. Determination of Thermodynamic Parameters Related to the Adsorption of BIPHA-4-H on
Aluminum

The appropriate adsorption isotherm allows for the evaluation of the thermodynamic parameters of
adsorption. The standard free energy of adsorption, AG®ads, was calculated using the following equation:

AGY ;s = —RTIn(55,5K q45) (%)

where R is the ideal gas constant, T is the absolute temperature, and 55.5 is the concentration of water in mol.L-

I the values of AG,, obtained are listed in Table 6 below:

Table 6. Values of thermodynamic parameters related to the adsorption of BIPHA-4-H on aluminum

T(K) Kags (M) AGY,. (kJmol') | AH®, (kJmol') | AS%,. (J.mollK")
298 104176.99 21.5

308 81809.52 -29.23 24226 483

318 58930.89 -29.64

328 41521.739 -39.93

338 34449.231 -40.63
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We observe very high values of the adsorption constant across the entire temperature range, particularly at
298 K and 308 K. These high values indicate a very large number of BIPHA-4-H molecules adsorbed onto the

metal surface, especially at 298 K and 308 K [14-15]. According to the literature, a value of AG; below -40
kJ.mol™ would indicate a chemical adsorption process (chemisorption), whereas a value above -20 kJ.mol™!
would instead indicate a physical adsorption process (physisorption). For values between -40 kJ.mol™ and -20

kJ.mol™, both types of adsorption are believed to occur [16].
The changes in adsorption enthalpy AHY,;. and entropy AS 2,15 are calculated using the following equation:

AG®,. = AHY,. — TAS® (6)

ads ads ads

where AH ;. and AS?,., respectively, they-intercept and the negative slope of the line obtained from the curve

showing the variation of AGY as a function of temperature (Figure 9).
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Figure 9. Variation of AGY . a function of temperature.

The negative values of the free enthalpy of adsorption demonstrate the spontaneous nature of the adsorption
process [15]. Figure 9 shows that the plot of Angs versus temperature is a straight line with a slope of (-AS 2ds)
and a y-intercept of (AH;, ). From the equation of this line, we find that AHS ;. = -24.226 kJ.mol"! et ASY ;. =
48.3 J.mol! K. The negative sign of the change in adsorption enthalpy indicates an exothermic adsorption
process, while the positive sign of the change in entropy shows that disorder increases during the adsorption
phase, likely due to the desorption of water molecules [17]. However, since the values are closer to —20
kJ-mol™ than to —40 kJ-mol™!, the adsorption process is predominantly governed by physisorption, with a minor
contribution from chemisorption. Most AG®ads values range from —21.15 to —29.64 kJ-mol™', suggesting that
the adsorption mechanism involves both physisorption and chemisorption.

3.8. Type of Adsorption

To interpret the adsorption mode of our molecule, we used the Adejo-Ekwenchi and Dubinin-Radushkevich
isotherms, with the respective equations:

log[1/(1-8)] = logK ar + b logC (7

Where K4 and are the parameters of the isotherm, and C is the concentration of the adsorbate.

Earthline J. Chem. Sci. Vol. 13 No. 3 (2026), 245-257
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In6 = InB,,qy — ad? (8)

Avee: 6=RTIn(1+——) )

inh
m 1 . .
ads = J7a (Average adsorption energy in kJ/mol)
To confirm the mechanism of inhibitor adsorption on the metal surface, the parameters of the Adejo-
Ekwenchi isotherm were determined at different temperatures in the corrosive media studied. Figure 10 shows

the variation of log[1/(1 — 0)] as a function of log Cinh. The values of the associated parameters are listed in
Table 7 below:
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Figure 10. Adejo-Ekwenchi isotherm curves for BIPHA-4-H in HCl solution
Table 7 below presents the parameters of the Adejo-Ekwenchi adsorption isotherm.

Table 7. Parameters of the Adejo-Ekwenchi adsorption isotherm

Parameters Adejo-Ekwenchi

T(K) 298 308 318 328 338

b 0.2153 0.2115 0.1512 0.1197 0.0837

This table also shows that the indicator parameter b does not remain relatively constant. This variation
suggests that the adsorption of BIPHA-4-H molecules onto the aluminum surface in a hydrochloric acid
environment is primarily physical in nature (with physisorption predominating) [18].

3.9. Activation Parameters of the Corrosion Process

The thermodynamic activation parameters (activation energy E,, activation enthalpy change AH nd
activation entropy change AS}) for the corrosion process were determined using the Arrhenius and transition
state equations [19].

logW = logA—% (10)

tog (%) = [t0g (&) + yomic] — S5 (1)
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W is the corrosion rate, R is the ideal gas constant, A is the pre-exponential factor, h is Planck’s constant, and N
is Avogadro’s constant, E, is the activation energy, AHj, is the activation enthalpy change and ASj, is the
activation entropy change.

Figure 11 shows the Arrhenius curves of log W versus 1/T for aluminum in a 1 M HCI solution with and
without different concentrations of our inhibitor. The straight lines were obtained with correlation coefficients

(R? > 0.9). The slopes (— ) of these lines are used to calculate the apparent activation energy (E,). The

2,3RT
values of the thermodynamic activation parameters are given in Table 8.

Table 8. Thermodynamic parameters for the dissolution of aluminum in 1 M HCI with and without different
concentrations of the BIPHA-4-H inhibitor

Concentration (mM) E.(kJ.mol™1) AH(kJ.mol™1) AS:(Jmol~LK—1)
Blank 86.80 -84.16 -31.99
0.005 100.29 97.65 7.00
0.01 102.91 100.27 14.14
0.05 104.13 101.49 17.17
0.1 107.31 104.67 26.01
0.5 115.12 112.48 47.27

Figure 11 below shows log (W/T) versus 1/T

-7.5 1

LOG(W)/T

2.9 3 3.1 3.2 3.3 3.4
1000/T(K)

¢ Blank 4 C=0.005mM C=0.01lmM *X(C=0.05mM @ C=0.1mM +0.5mM

Figure 11. Variation of log W as a function of 1/T for different concentrations.

Analysis of Table 8 above reveals that the activation enthalpy (AHa) values are positive and increase across
the entire concentration range studied, indicating that the aluminum dissolution process remains endothermic in
the presence of the inhibitor. Furthermore, the activation entropy (ASa) generally tends to increase with the
concentration of BIPHA-4-H, although negative values are observed at 298 K and 338 K, reflecting a decrease
in the order of the system during the formation of the activated state [20].

Earthline J. Chem. Sci. Vol. 13 No. 3 (2026), 245-257
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Conclusion

The compound BIPHA-4-H has been shown to be an effective inhibitor of aluminum corrosion in 1 M HCI
solution. Its inhibitory effectiveness increases with the inhibitor concentration and varies with temperature. The
study of adsorption isotherms showed that the adsorption of BIPHA-4-H onto the aluminum surface follows the
modified Langmuir model, indicating the formation of an adsorbed protective layer. The calculated
thermodynamic parameters of adsorption and activation suggest that the inhibition mechanism is dominated by
physisorption, involving electrostatic interactions between the inhibitor molecules and the metallic surface.
These results confirm the potential of BIPHA-4-H as a promising inhibitor for the protection of aluminum in

acidic environments.
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