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Abstract: In this work, the inhibitory properties of aqueous extracts of Ural licorice 
(Glycyrrhiza uralensis) for aluminum alloy D16T in 0.1 mol·dm-3 NaOH solution were 
studied. The kinetic, thermodynamic, and activation parameters of the corrosion process 
were determined. Using gravimetric and electrochemical methods, it was found that 
extracts obtained from the leaves demonstrate the best protective effectiveness, reaching 
88.38% at maximum inhibitor concentration and increased temperature. It was shown 
that the formation of a protective layer on the metal surface occurs as a process of 
spontaneous physisorption (ΔG0ads > 20 kJ·mol-1) obeys the Langmuir, Freundlich, and 
Frumkin adsorption models, indicating the complexity of the adsorption process. It was 
also found that the plant samples collected in 2024 demonstrate a higher degree of 
corrosion protection than the samples collected in the same place of growth in 2023, and 
their adsorption on the D16T aluminum alloy surface obeys the same adsorption models. 
It is assumed that such changes are the result of the heavy spring flood of 2024. Water 
stress led to the rise of the synthesis of the same types of biologically active 
phytocomponents responsible for the adsorption on metal surface and, thereby, to the 
increase in anticorrosive activity. 

 

1. Introduction 

Aluminum corrosion is a universal process that significantly affects both industry and the 
environment. Industrially, it is generally considered beneficial because the oxide layer provides 
passivation, ensuring the material's longevity in construction and aerospace applications (Paz 
Martínez-Viademonte et al., 2020; Al-Alimi et al., 2024). However, in aggressive or specialized 
chemical environments, localized corrosion can lead to catastrophic structural failure and high 
maintenance costs. Environmentally, the impact is complex: while the stable oxide itself is benign, the 
leaching of aluminum ions under certain conditions (such as acid rain) can lead to aluminum toxicity 
in aquatic life and soils, posing an ecological threat (Ghazoui et al., 2014; Hajjaji et al., 2019).  

Aluminum and its alloys are indispensable in modern industry due to their unique combination 
of properties, which make them suitable for a wide range of applications. Aluminum has a low density 
(2.7 g·cm-3), making it ideal for applications requiring lightweight materials. Its alloys can achieve 
high strength-to-weight ratios, improve fuel efficiency and reduce emissions (Langelandsvik, 2021).               
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Aluminum holds the second position among metals in terms of production and use after steel. 
Aluminum is the most produced non-ferrous metal, surpassing others like copper and zinc in terms of 
production scale and economic importance (Valiev et al., 2020). Aluminum is 100% recyclable, and 
recycled aluminum requires only 5% of the energy needed for primary production. This makes it a key 
material in sustainable manufacturing and circular economies (Peng et al., 2022). This highlights its 
critical role in modern industry. Its versatility, combined with its environmental benefits, ensures its 
continued importance in addressing sustainability and technological advancement challenges. 

Nevertheless, aluminum, like most industrially essential metals, is susceptible to corrosion. From 
a chemical standpoint, aluminum presents a double challenge for corrosion specialists. Due to its 
amphoteric properties, it can easily dissolve not only in acidic but also in alkaline solutions. Table 1 
represents a comparative description of the processes of aluminum dissolution in acids and bases. 
 

Table 1. Comparative characteristics of aluminum corrosion processes in acidic and alkaline solutions 
Features Corrosion in Acids Corrosion in Alkalis 
Reaction Products 2Al + 6H+ → 2Al3++ 3H2↑ 2Al +2OH− + 6H2O → 2[Al(OH)4]− + 3H2↑ 
Oxide Layer Behavior Dissolves Dissolves 
Corrosion Rate Moderate to high Generally higher 

Surface Damage Pitting and uniform 
corrosion Severe etching and roughening 

Gibbs Free Energy 
(ΔG0) 

-10 to -40 kJ/mol 
(depending on the specific 
acid and conditions) 

~-29.80 kJ/mol 
(pure aluminum in 1M NaOH) 

Spontaneity Spontaneous Spontaneous 
 

  As shown in Table 1, the corrosion behaviour of aluminium in acidic and alkaline environments 
differs markedly owing to distinct mechanisms and variations in the stability of the protective oxide 
layer. Both environments have negative ΔG0 values, indicating that aluminum corrosion is 
thermodynamically favorable and spontaneous in both cases. Alkaline environments generally lead to 
more aggressive corrosion. It highlights the need for corrosion inhibitors against the corrosion of 
aluminum and its alloys in both acidic and alkaline environments.  
  In recent decades, natural inhibitors have been widely used for these purposes. Since 
environmental regulations have recently restricted the use of chemical inhibitors, plant extracts have 
regained importance as a renewable and environmentally friendly source of many essential inhibitors 
(El-Etre, 1998, 2005; Hmamou et al., 2012; El Azzouzi et al., 2022). The use of plant-based corrosion 
inhibitors is an important step towards sustainable development and the reduction of the environmental 
impact of harmful chemicals, making them promising candidates for industrial-scale use. 

The western region of Kazakhstan is widely known for its plant biodiversity. There are more than 
1,500 plant species representing more than 700 families. G. uralensis is one of the most widespread 
and strategically important plants for the region. Investigating the anticorrosive properties of G. 
uralensis extracts is a promising approach, as these extracts offer an environmentally friendly and 
effective method for protecting metals. 
  The current study uses weight-loss and potentiodynamic polarization techniques to investigate 
the inhibitory effect of G. uralensis aqueous extracts on the corrosion of D16T aluminum alloy  in 0.1 
mol·dm-3  NaOH solution. The kinetic and thermodynamic parameters of the corrosion process were 
evaluated. The aim of this work was also to assess the effects of the spring flood of 2024 on the anti-
corrosion properties of G. uralensis extracts obtained from the whole plant and plant parts (roots, stems, 
leaves, and flowers). 
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2. Methodology 
2.1 Reagents and solvents 

All analytical grade reagents were used without any further purification. Double-distilled water 
(DDW) was used for the extraction and preparation of the corrosion media. 

2.1.1 Plant collection 
The 2023 and 2024 plant samples were collected in their natural habitat in the flowering stage in 

the suburbs of Uralsk at the same location in the first decade of July. The plant species were confirmed 
in the Herbarium of M. Utemisov West Kazakhstan University's Faculty of Natural and Geographical 
Sciences. The plant was air-dried in a shaded place for two weeks after being thoroughly washed with 
tap water and twice with DDW. After fine powder grinding and 1.0 mm sieve, samples were kept at 
4°C for storage. 

 
Figure 1: G. uralensis whole plant (A), and the appearance of G.uralensis leaves (B). 

2.1.2 Preparation of the extract 
10 g of dried and ground plant material were transferred into a 250 ml Erlenmeyer flask and 

extracted three times in a water bath with 100 ml of DDW at 60°C for 6 hours. A temperature accuracy 
of ± 0.1°C was maintained using a TW-2.02 water thermostat. The extracts were then combined and 
evaporated. After being dried to constant weight at 50°C extracts were kept in dark, sealed vials at 4°C 
until further use for anti-corrosion tests. 

2.1.3 Metal preparation 
Aluminum alloy D16T with composition of (wt.%): 92.7% - Al; Cu – 4.6%; Mg – 1.6%; Mn – 

0.6%; Fe –0.19%; Si - 0.17%; Zn –0.07%; and dimensions of 25.0 x 30.0 x 3.0 mm were obtained from 
industry and used for corrosion tests. Prior to the experiment specimens were sequentially polished 
with emery paper ranging in grit numbers from 250 to 1200. Then, they were placed in an alkaline 
solution (40 g of NaOH per 1 liter of deionized water) for 10 sec, then rapidly rinsed in DDW, well 
dried in an air stream and isolated from the external atmosphere for further use. 



Talapova et al., J. Mater. Environ. Sci., 2025, 16(11), pp. 2140-2161 2143 
 

 2.2 Corrosion Study 
2.2.1 Weight loss (gravimetric) method 

Weight loss experiments were carried out to evaluate corrosion rate (CR), inhibitory effect (IE), 
and degree of surface coverage (θ). After pretreatment and weighting, the metal specimens were placed 
in an alkaline solution (40 g NaOH per 1.0 dm3 of deionized water) for 10 seconds to remove the oxide 
film, rinsed with DDW, and immediately transferred to a 150 ml beaker containing 100 ml of corrosion 
medium with and without inhibitor. After the immersion time, the specimens were withdrawn from the 
beaker, and the corrosion products were removed by washing each coupon in a nitric acid solution (1:1) 
for 5 min at room temperature (ISO, 2021). The specimens were then washed again under running 
water, rinsed with ethanol and acetone, and dried before weighing again (Salim et al., 2024): . All 
weight measurements were carried out with the Ohaus Adventurer Pro AV264 analytical balance with 
an accuracy of ±0.1 mg.  

The corrosion rate (CR g·m–2·h–1), inhibition efficiency (IEwl%), and degree of surface coverage 
(θ) were calculated according to the following Eqns 1–3, respectively: 

                                                        Eqn. 1  

                                                          Eqn. 2 

                                                                   Eqn. 3 

where Δm is the weight loss of the coupon (g) after the immersion period (h), S is the surface area of 
the specimen (m2), CR0 is the corrosion rate of aluminum alloy without inhibitor, and CRi is the 
corrosion rate of aluminum alloy in the presence of the inhibitor. 

 2.3 Activation parameters calculations 
The effect of temperature on the corrosion rate of D16T aluminium alloy in 0.1 mol·dm-3 NaOH 

solution in the presence and absence of the inhibitor was calculated using the Arrhenius equation 
(Seilova et al., 2024): 

                                       Eqn. 4 

 

where CR1 and CR2 – corrosion rates of D16T aluminium alloy (g·m-2·h-1) at T1 and T2 respectively, 
Ea – activation energy, R – universal gas constant (8.314 J·mol-1·K-1). 

    2.4 Absorption and thermodynamics 
To determine the thermodynamic parameters and describe the inhibitor adsorption mechanism, 

different adsorption models are used. These models have their own mathematical expressions and 
graphical representations, and help to understand the nature of the interaction between inhibitor 
molecules and the metal surface. The Langmuir, Temkin, Frumkin, Freundlich, Flory-Huggins and El-
Awady models are widely used for these purposes (Bazzi et al., 2023; Loukili et al., 2023; Salim et al., 
2024; Akatyev et al., 2025;). In our research, we evaluated the applicability of all the above models to 
the adsorption of G.uralensis aqueous extracts on the surface of D16T aluminum alloy. In the following 
equations Cinh denote inhibitor concentration (g·dm-3), θ is degree of surface coverage, and Kads is the 
equilibrium constant for absorption-desorption processes:  
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The Langmuir adsorption isotherms: 

                                                             Eqn. 5 

The Temkin adsorption isotherms 
θ = lnCinh + Kads                                                                                               Eqn. 6 

The Freundlich adsorption isotherms 

                                                      Eqn. 7 

where n is a dimensionless constant indicating the intensity of the adsorption process. 
 

The Flory-Huggins adsorption isotherms 

                                                        Eqn. 8 

 

where b is the parameter representing the interaction between the adsorbate and the adsorbent. 
 

The Frumkin adsorption isotherms 

                                              Eqn. 9 

 

where α is the interaction parameter that quantifies the interactions between adsorbed molecules on 
the surface. 
The El-Awady adsorption isotherms 

                                                     Eqn. 10 

 

where y - parameter represents the number of active sites occupied by one molecule of the inhibitor 
on the metal surface. 

The values of the Kads obtained from the above isotherm were used to calculate the Gibbs free 
energy according to the known relationship: 

 

                                                      Eqn. 11 
 

ΔG0ads is the Gibbs free energy of absorption, R is the universal gas constant (8.314 J·K-1·mol-1), T is 
the system’s thermodynamic temperature, and 55.5 is the molar concentration of water mol·dm-3.  

The heat of absorption (Qads) of the inhibitor on the metal surface was obtained for the trend of 
surface coverage with temperature using the following equation: 

                                 Eqn. 12 

2.5 Electrochemical measurement 
 

The same pretreatment was applied to the alloy specimens for the electrochemical experiment as 
for the weight loss test. The Autolab PGSTAT 101 Metrohm potentiostat/galvanostat, equipped with 
the NOVA 2.1.8 software, was used for the electrochemical test. A three-electrode setup was used to 
electrochemical measurements: reference electrode (Ag/AgCl filled with 3.0 mol·dm-3 KCl), counter 
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electrode (platinum), and working electrode (alloy specimen). A beaker containing 100 ml of 3% NaCl, 
both with and without inhibitor, served as the electrochemical cell. The working electrode, with an 
exposed area 1.0 cm2 was stabilized during open circuit potential (OCP) testing. The linear sweep 
voltammetry (LSV) staircase and corrosion rate analysis were used to perform linear polarization 
measurements right after the OCP. Potentiodynamic scanning was performed with a scan rate of 0.01 
V/s between -0.50 and +0.50 V. From the Tafel polarization curves, the corrosion potential (Ecorr) and 
corrosion current density (jcorr) were established. 

 Formula 13 was used to obtain the inhibition efficiency (IEi%) through the corrosion current (Li 
et al., 2023; Arrousse et al., 2020):  

                                              Eqn. 13 

where iinh and icorr are the corrosion current densities determined by extrapolating the Tafel slopes with 
and without inhibitors, respectively, A·cm-2. 

Using the equation (14), the inhibition efficiency through the polarization resistance (IER%) was 
determined (Liu et al., 2010):  

                                               Eqn. 14 

where Rpinh and Rp0 represent the charge-transfer resistances with and without the inhibitor, 
respectively, in Ω.   
 
2.6 Contact angle measurement 

Hydrophilicity of the alloy coupons was assessed by measuring the contact angle between a water 
drop and the alloy surface using the Ossila Contact Angle Goniometer equipped by the Ossila Contact 
Angle software ver. 4.2.0. The drops of water were mounted on the surface of alloy sample using a 
micro-syringe with needle diameter of 0.4 mm. The reported contact angles were an average of at least 
three measurements on different areas of the surface. Photos of water drops were obtained using a high-
resolution video camera and the above software. 

3. Results and Discussion 
3.1 Weight loss assay  

At the beginning of our study, a weight loss analysis was performed to determine which part of 
the G. uralensis plant is most effective as a corrosion inhibitor of D16T aluminum alloy in 0.1mol·dm-

3 NaOH solution in 2023 and 2024. The results are presented in Table 2. As shown in Figure 2, at the 
same concentration in a given alkaline environment, the inhibition efficiency of aqueous extracts of G. 
uralensis parts decreases in the order of leaves > flowers > stems > roots > whole plant in 2023, and 
leaves > flowers > stems > whole plant > roots in 2024. Extracts obtained from the leaves demonstrated 
the best inhibitory properties in both 2023 and 2024 (56.38% and 71.26% respectively). Moreover, the 
inhibition efficiency of leaf extracts increased significantly in 2024. At the same time, the anticorrosive 
properties of all other parts and the whole plant remain at the same level. In addition, to confirm the 
results of the weight loss assay, electrochemical measurements were performed. The OCP versus time 
diagram and Tafel polarization curves for different parts of G. uralensis plant for D16T aluminum 
alloy in 0.1 mol·dm-3 NaOH at 1.0 g·dm-3 inhibitor concentration at room temperature are shown in 
Figure 3. The results obtained from the electrochemical experiment are shown in Table 3. 
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Table 2. Corrosion parameters obtained from the weight loss test of aluminum alloy D16T in 0.1 
mol·dm-3 NaOH solution with 1.0 g·dm-3 aqueous extracts of G. uralensis parts for a 6-hour 

immersion time at room temperature. 

Plant part Time, h 

CR,  

g·m-2∙h-1 
IEwl% θ 

CR,  

g·m-2∙h-1 
IEwl% θ 

2023 2024 

Blank 

2 20.47 - - 20.47 - - 

4 22.79 - - 22.79 - - 

6 26.38 - - 26.38 - - 

8 31.92 - - 31.92 - - 

Whole plant 

2 17.73 13.38 0.1338 16.43 19.73 0.1973 

4 18.54 18.62 0.1862 17.32 23.97 0.2397 

6 19.72 25.24 0.2524 18.79 28.76 0.2876 

8 20.48 35.85 0.3585 19.69 38.32 0.3832 

Roots 

2 17.99 12.11 0.1211 17.65 13.77 0.1377 

4 18.52 18.71 0.1871 18.32 19.58 0.1958 

6 19.93 24.44 0.2444 19.56 25.84 0.2584 

8 20.08 37.10 0.3710 20.94 34.41 0.3441 

Steams 

2 12.27 40.06 0.4006 11.45 44.06 0.4406 

4 13.20 42.06 0.4206 12.01 47.28 0.4728 

6 14.01 46.88 0.4688 13.07 50.45 0.5045 

8 15.43 51.67 0.5167 14.24 55.39 0.5539 

Leaves 

2 11.87 41.99 0.4199 7.87 61.56 0.6156 

4 12.04 47.15 0.4715 8.15 64.21 0.6421 

6 12.38 53.05 0.5305 8.85 66.46 0.6646 

8 13.93 56.38 0.5638 9.18 71.26 0.7126 

Flowers 

2 12.82 37.37 0.3737 12.06 41.08 0.4108 

4 13.32 41.53 0.4153 12.16 46.62 0.4662 

6 13.69 48.09 0.4809 13.03 50.60 0.5060 

8 14.76 53.77 0.5377 14.12 55.77 0.5577 
 

The results of the electrochemical experiment are in complete agreement with the weight loss 
assay. Reduction of the corrosion current to a minimum value and a corresponding increase in 
polarization resistance unequivocally confirm that G. uralensis leaves aqueous extracts have the best 
inhibitory properties. Based on the results obtained, the leaf extracts were selected for further detailed 
research. At the next stage of our study, the inhibition efficiency of D16T aluminum alloy in 
0.1mol·dm-3 NaOH solution with G. uralensis leaves aqueous extracts was evaluated at various 
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inhibitor concentrations. Figure 4 shows the effect of the concentration of G. uralensis leaves aqueous 
extracts on CR and IE for D16T aluminum alloy in 0.1 mol·dm-3 NaOH solution. 
 

 
Figure 2. Corrosion rate (CR) (A – 2023, B - 2024) and inhibition efficiency (IEwl) (С – 2023, В - 

2024) for G. uralensis aqueous extracts (1.0 g·dm-3) in 0.1 mol·dm-3 NaOH solution for a 6-
hour immersion time at room temperature. 

 

NaOH with and  3-The electrochemical parameters of D16T aluminum alloy in 0.1 mol·dm Table 3.
temperature.) at room 3-(1.0 g·dmplant parts aqueous extracts  uralensis G.without  

3-, g·dminhC , mVcorrE- 2-, A·cmcorrJ , %iIE |, a|b 
1-mV·dec 

|, c|b 
1-mV·dec Rp, Ω , %RIE 

Blank 1544.6 4-10∙65.5 - 105.62 126.25 44.18 - 
2023 

Whole plant 1476.1 4-10∙85.4 14.07 107.02 96.76 51.23 13.76 
Roots 1496.6 4-10∙40.4 22.00 97.59 89.23 50.90 13.21 
Stems 1479.0 4-10∙04.5 10.87 75.12 69.50 56.87 22.34 
Leaves 1449.1 4-10∙96.3 29.91 131.72 110.65 68.63 35.63 
Flowers 1468.6 4-10∙09.4 27.66 87.49 86.03 53.15 16.87 

2024 
Whole plant 1472.9 4-10∙28.3 41.88 39.24 42.99 72.07 38.70 

Roots 1476.4 4-10∙47.3 38.57 91.39 86.65 78.03 43.39 
Stems 1465.5 4-10∙94.2 47.94 65.27 62.79 68.03 35.06 
Leaves 1439.2 4-10∙58.2 54.24 111.44 101.58 83.31 46.97 
Flowers 1466.8 4-10∙58.3 36.52 56.97 54.81 76.35 42.14 



Talapova et al., J. Mater. Environ. Sci., 2025, 16(11), pp. 2140-2161 2148 
 

 
Figure 3. OCP vs. time (A – 2023, С - 2024) and Tafel polarization curves (B – 2023, D - 

2024) for D16T aluminum alloy in 0.1 mol·dm-3 NaOH with and without G. uralensis plant parts 
aqueous extracts (1.0 g·dm-3) at room temperature 

 

 

Figure 4. The relationship between CR (A) and IE (B) of G.uralensis leaves aqueous extracts, in 
NaOH solution at various concentrations  3-2023 and 2024, for D16T aluminum alloy in 0.1 mol·dm

of the inhibitor and immersion time at 298 and 313 K. 
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The corrosion rate (CR), inhibition efficiency (IEwl), and degree of surface coverage (θ) obtained 
from weight loss analysis for D16T aluminum alloy in 0.1 mol·dm-3 NaOH solution at 298 and 313 K 
in the absence and presence of G. uralensis leaves aqueous extract are listed in Table 4. 
 

NaOH solution at presence  3-mol·dmCorrosion parameters of D16T aluminum alloy in 0.1  Table 4.
of various concentrations of G.uralensis leaves aqueous extracts for a 6-hour immersion time at 298 

and 313 K 

 T, K Cinh,  
g·dm-3 

CR,  
g·m-2∙h-1 IEwl% θ CR,  

g·m-2∙h-1 IEwl% θ 

2023 2024 

298 

Blank 26.38 - - 26.38 - - 
0.1 18.24 30.84 0.3084 18.58 29.56 0.2956 
0.5 14.89 43.55 0.4355 12.76 51.61 0.5161 
1.0 11.08 57.98 0.5798 8.76 66.81 0.6681 
1.5 9.73 63.13 0.6313 7.13 72.98 0.7298 
2.0 8.93 66.16 0.6616 6.28 76.20 0.7620 

313 

Blank 71.98 - - 71.98 - - 
0.1 39.61 44.97 0.4497 33.89 54.31 0.5431 
0.5 26.38 63.35 0.6335 20.03 72.17 0.7217 
1.0 18.79 73.90 0.7390 12.79 82.24 0.8224 
1.5 16.03 77.73 0.7773 10.03 86.06 0.8606 
2.0 14.17 80.31 0.8031 8.36 88.38 0.8838 

 
As shown in Table 4, the aqueous extract of G. uralensis leaves significantly reduces the 

corrosion rate. The inhibitory effect of the D16T aluminum alloy in the presence of G. uralensis leaves 
aqueous extracts in a 0.1 mol·dm-3 NaOH solution depends on the inhibitor concentration and also 
increases with exposure time. It was found that the inhibitor provides the most effective corrosion 
inhibition at both temperatures at a concentration of 2.0 g·dm-3. Therefore, for the best metal protection, 
the inhibitor should be used at higher concentrations. It was also found that the protective effect of 
aqueous extracts from the leaves of G. uralensis increased in 2024 compared to 2023 (80.31% and 
88.38%, respectively). The results obtained suggest that the aqueous extract from G. uralensis leaves 
offers promising potential for preventing metal corrosion in alkaline solutions. Thus, the aqueous 
extract from G. uralensis leaves reduces the destruction of metal in a 0.1 mol·dm-3 NaOH solution, 
forming a protective layer on its surface. 

3.2 Adsorption and thermodynamics                                                                                              

The inhibitor can adsorb on the metal surface by a chemical, physical, or combined way. 
Determining the values of the Gibbs free energy of adsorption (ΔG0ads) is necessary to characterize the 
adsorption mechanism and determine the adsorption nature. The electrostatic interaction 
(physisorption) between charged inhibitor molecules and metal surfaces is represented by ΔG0ads values 
up to -20 kJ·mol-1. A value less than or equal to about -40 kJ·mol-1, commonly considered the threshold 
between chemisorption and physisorption, indicates the chemical character of the sorption (Miralrio 
and Espinoza Vázquez, (2020).  

Adsorption isotherms for G. uralensis leaves aqueous extract on D16T aluminum alloy surface 
in a 0.1 mol·dm-3 NaOH solution for 2023 and 2024 at 298 and 313K are given in Figure 5. 
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Figure 5. Adsorption isotherms for G. uralensis leaves aqueous extract on D16T aluminum alloy in 

298 (solid lines) and 313K  NaOH solution for 2023 (blue lines) and 2024 (red lines), at 3-mol·dm0.1 
(dashed lines) for 2 hours immersion period: A - Langmuir, В - Temkin, С - Freundlich, D - Flory-

Huggins, Е - Frumkin, F - El-Awady 
 
   The Gibbs free energy (ΔG0ads) and Kads values for the aqueous extract of G. uralensis leaves 
were determined based on the slopes and intercepts of the linear plots in accordance with Eqns 5-10. 
Table 5 presents the thermodynamic parameters obtained. 
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Table 5. Thermodynamic parameters of adsorption of G. uralensis leaves aqueous extract on D16T 

aluminum alloy surface in 0.1 mol·dm-3 NaOH solution. 

Isotherm T, K Slope Intercept 2R adsK , ads
0ΔG 

1-kJ·mol 

Isotherm  
property 

Langmuir 

2023 
298 1.37496 0.31681 0.99078 3.16 -12.80 - 
313 1.18061 0.15280 0.99830 6.54 -15.34 - 

2024 
298 1.17588 0.29743 0.99562 3.36 -12.96 - 
313 1.08334 0.11474 0.99870 8.72 -16.09 - 

Temkin 

2023 
298 0.14508 0.65202 0.84291 0.65 -8.89 - 
313 0.12483 0.73918 0.86467 0.74 -9.67 - 

2024 
298 0.11219 0.78348 0.86822 0.78 -9.35 - 
313 0.09722 0.81057 0.86710 0.81 -9.91 - 

Freundlich 

      n 
2023 

298 0.26472 -0.25388 0.99440 0.56 -8.50 3.78 
313 0.19842 -0.14357 0.99288 0.72 -9.59 5.04 

2024 
298 0.32566 -0.19563 0.99182 0.64 -8.84 3.07 
313 0.17553 -0.09543 0.99088 0.80 -9.88 5.70 

Flory-Huggins 

      b 
2023 

298 0.32635 -0.29448 0.91721 0.51 -8.27 0.33 
313 0.43076 -0.52240 0.98209 0.30 -7.32 0.43 

2024 
298 0.54278 -0.38171 0.96910 0.42 -7.77 0.54 
313 0.56690 -0.70770 0.97696 0.20 -6.21 0.57 

Frumkin 

      α 
2023 

298 0.18747 0.54669 0.99316 1.73 -11.31 0.094 
313 0.17999 0.64699 0.99780 1.91 -12.14 0.090 

2024 
298 0.21821 0.59137 0.99705 1.81 -11.42 0.109 
313 0.16961 0.69644 0.99502 2.01 -12.27 0.085 

El-Awady 

      1/y 
2023 

298 0.50734 0.12389 0.96862 1.33 -14.06 3.94 
313 0.54324 0.44060 0.98378 2.76 -16.49 3.68 

2024 
298 0.69055 0.29208 0.96216 1.96 -14.25 2.90 
313 0.64188 0.66640 0.98929 4.64 -17.41 3.12 

 
Negative values of ΔG0ads indicate that the absorption of the aqueous extract of G. uralensis 

leaves on the surface of the D16T aluminum alloy is a spontaneous process (Nwabanne and Okafor 
(2012). The value of ΔG0ads ˃  -20 kJ·mol-1 clearly shows that the adsorption is physical (physisorption) 
and occurs as a result of the electrostatic interaction of charged inhibitor molecules with the alloy 
surface (Ostovari et al., 2009). An increase in temperature and inhibitor concentration accelerates 
adsorption-desorption processes and promotes the formation of a stable protective barrier on the metal 
surface (Fouda et al., 2016). 
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As shown, the adsorption of G. uralensis leaves aqueous extracts can be described by several 
isotherms, in particular the Langmuir, Freundlich, and Frumkin isotherms. The correlation coefficient 
(R2) values greater than 0.99 indicate that all of these models are suitable for explaining the adsorption 
of the aqueous extract of G. uralensis leaves on the D16T aluminum alloy surface. The simultaneous 
adsorption of the inhibitor to several isotherms may occur due to the complexity of the adsorption 
processes and the different nature of interactions at the metal-inhibitor interface.  

The Langmuir isotherm suggests that the formation of the inhibitor protective layer occurs 
through the replacement of water molecules on the metal surface with inhibitor molecules, which are 
adsorbed from the solution (Nailya et al., 2018). This can be attributed, for instance, to the higher 
dipole moment of the inhibitor molecules, which results in adsorption forces that are noticeably 
stronger than those of water molecules on the metal surface.  

The applicability of the Freundlich isotherm indicates that adsorption occurs on a heterogeneous 
surface with varying adsorption energies, implying that the metal surface has sites with different 
affinities for the inhibitor molecules. The heterogeneity of a metal surface, which leads to different 
adsorption energies and sites with varying affinities for inhibitor molecules, can be explained by 
microscopic irregularities, pits, cracks, and grain boundaries that create regions with different surface 
energies (Loto, 2022). Moreover, metals and alloys consist of grains with different crystallographic 
phases, each with distinct atomic arrangements and surface energies, leading to variations in inhibitor 
adsorption affinity and a combination of isotherms. 

The Frumkin isotherm accounts for lateral interactions between adsorbed molecules, suggesting 
that adsorption is influenced by attractive or repulsive forces among adsorbed species (Aransiola, 
2023). Therefore, the application of three adsorption models implies a complex adsorption process 
involving both uniform and non-uniform surface characteristics, the formation of multilayers of the 
inhibitor as well as interactions between adsorbed inhibitor molecules. 

It was also found that the adsorption of extracts obtained from both plant samples from 2023 
and 2024 obeys the same isotherms. Considering that the 2024 samples exhibit better anti-corrosion 
properties than the 2023 samples, this suggests that the content of bioactive compounds in plants has 
increased, while the types of phytocomponents responsible for adsorption remain the same. Therefore, 
these compounds similarly interact with the metal surface, resulting in the identical adsorption behavior 
(Umoren et al., 2007). 

Table 6 presents the values of activation energy (Ea) and heat of adsorption (Qads) calculated 
with Eqns 4 and 12, respectively. 

 
Table 6. Activation energy (Ea) of the dissolution of D16T aluminum alloy and heat of adsorption 

(Qads) of G. uralensis leaves aqueous extract in 0.1 mol·dm-3 NaOH. 
3-, g·dminhC 

1-kJ·mol ,aE 1-kJ·mol, adsQ 
2023 2024 2023 2024 

0.0 51.95 51.95 - - 
0.1 40.14 38.19 51.51 53.84 
0.5 29.60 23.34 41.71 45.94 
1.0 27.34 19.06 37.17 43.08 
1.5 25.84 17.66 36.83 42.75 
2.0 23.90 14.81 38.02 44.74 

 
The graphical representation of the relationship between activation energy (Ea) and heat of 

adsorption (Qads) of the inhibitor for 2023 and 2024 is given in Figure 6. 
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of the  ) (red lines)adsadsorption (Q(blue lines) and heat of  )aenergy (E Activation Figure 6.

G. NaOH in the presence and absence of  3-dissolution of D16T aluminum alloy in 0.1 mol·dm
uralensis leaves aqueous extract for 2023 (solid lines) and 2024 (dashed lines). 

 
As can be seen, the activation energy in the presence of aqueous extract of G. uralensis leaves is 

lower than in an uninhibited 0.1 mol·dm-3 NaOH solution. The values of Ea < 80 kJ·mol-1 indicate that 
the adsorption is of a physical nature (physisorption). The decrease in the activation energy of the 
corrosion process with increasing inhibitor concentration indicates a better surface coverage and more 
effective corrosion inhibition. An increase in the inhibitor concentration leads to a decrease in the 
values of both parameters. A reduction in activation energy reflects a simultaneous decrease in the 
adsorption energy barrier, thereby enhancing the anticorrosive efficiency. Moreover, increasing both 
the temperature and the inhibitor concentration accelerates the attainment of equilibrium in the 
adsorption–desorption processes, favoring the formation and stabilization of a protective film on the 
aluminum alloy surface (Fouda et al., 2016). The changes in both parameters for the 2023 and 2024 
samples show the same trend, but the values are different. The activation energy for the 2024 samples 
is lower than for 2023, while the heat of adsorption of the inhibitor for the 2024 samples exceeds the 
same values for 2023. Obviously, these changes are also associated with alterations in the 
phytochemical composition of the examined extracts. 

 
3.3 UV–visible spectroscopy analysis 

UV–Visible spectroscopy is a powerful analytical technique widely used to investigate the 
electronic properties of coordination compounds. It provides valuable information on metal–ligand 
interactions and charge-transfer transitions, offering insights into the nature of bonding, the geometry 
of complexes, and the oxidation state of the metal center. This makes it an essential tool for 
understanding the electronic structure and reactivity of coordination systems. To confirm that the 
protective effect of 2 years is due to the adsorption of the aqueous extract of G. uralensis leaves onto 
the surface of the aluminum alloy, UV-Vis spectrometric analysis of the corrosion environment was 
performed. UV-visible spectra were recorded before and after immersion of the D16T aluminum alloy 
specimens for 8 hours in the presence of 0.5 g·dm-3 of the inhibitor (Figure 7). 
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Figure 7. UV-Vis-spectra of G. uralensis leaves aqueous extracts in 0.1 mol·dm-3 NaOH solution before 

(blue line) and after (red line) 8 hours immersion of D16T aluminum alloy for 2023 (A) and 2024 (B). 
 

As can be seen, the UV-visible spectrum of the solution before and after immersion demonstrates 
absorption maxima at 290, 320, and 385 nm, which is typical for phenolic phytocomponents (Akatyev 
and Samigolla, (2024). It is obvious that the absorption is due exclusively to the components of the 
studied extract. However, after immersion of the metal sample in a corrosive environment in the 
presence of 0.5 g dm-3 of the inhibitor for 8 hours, the absorption intensity decreases significantly. In 
addition, no shifts in the maximum absorption values were observed in the UV-visible spectra, which 
indicates the absence of any chemical interactions of the extract components with either the corrosion 
environment or metal ions. The strong hypochromic effect observed after immersion of the metal 
sample is due to a decrease in the concentration of the corresponding phytocomponents in solution, 
resulting from their adsorption onto the metal surface. Other phenomena, such as turbidity or sediment 
formation, which could also lead to a similar effect, were not observed. Thus, UV-Vis spectroscopy 
analysis also confirms the adsorption of the inhibitor on the metal surface and its physical mechanism. 
These observations also suggest that the adsorbed phytocomponents are phenolic. A more pronounced 
hypochromic effect in the 2024 sample also indicates a higher inhibition efficiency. 

The survey literature indicates that the aqueous extract of G. uralensis leaves contains various 
bioactive compounds, as shown in Figure 8. The presence of aromatic rings, double bonds, and 
heteroatoms, such as oxygen, facilitates adsorption on the metal surface, creating a barrier against the 
arrival of aggressive species such as H+ and dissolved oxygen, which are responsible for the anodic 
reactions. The corrosion inhibitory action is generally interpreted by the synergistic intermolecular 
effect of the components at different contents as described by several authors (Khadraoui et al., 2014; 
Al-Amiery et al., 2023; Lrhoul et al., 2023; Batah et al., 2024; Bandeira et al., 2025) 

3.4 Electrochemical experiment 

The OCP evaluation of the D16T aluminum alloy was carried out with and without aqueous 
extract G. uralensis leaves during a 60-second immersion in 0.1 mol·dm-3 NaOH solution. Figure 9 
shows the corresponding OCP curves as a function of time and the Tafel polarization curves. Figures 
9A and 9C show that the OCP reaches the equilibrium state before 60 s. The shift in the OCP value 
with different concentrations of the aqueous extract of G. uralensis leaves indicates that the inhibitor 
molecules were adsorbed on the alloy surface (El-Azabawy et al., 2023).  
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Figure 8. Biomolecules determined in G. uralensis leaves aqueous extract (Wang et al., 2019).   

 
Figure 9. OCP vs. time (A – 2023, С - 2024) and Tafel polarization curves (B – 2023, D - 2024) for 

D16T Al alloy in 0.1 M NaOH at different concentrations of G.uralensis leaves aqueous extracts 
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Figures 9B, and 8D shows the potentiodynamic polarization curves for the D16T aluminum alloy in 
0.1 mol·dm-3 NaOH solutions with and without of G. uralensis leaves aqueous extract. The 
electrochemical parameters of the corrosion process obtained from the polarization curves using 
corrosion rate analysis are shown in Table 7. 
 

NaOH at different  3-The electrochemical parameters of D16T aluminum alloy in 0.1 mol·dm Table 7.
concentrations of G.uralensis leaves aqueous extracts for 2023 and 2024. 

3-, g·dminhC , mVcorrE- 2-, A·cmcorrJ , %iIE |, a|b 
1-mV·dec 

|, c|b 
1-mV·dec , ΩpR , %RIE 

0.0 1544.6 4-10∙65.5 - 105.62 126.25 44.18 - 
2023 

0.1 1488.9 4-10∙48.4 10.78 129.12 106.57 52.00 15.05 
0.5 1457.3 4-10∙47.3 23.00 168.86 121.68 57.77 23.53 
1.0 1449.1 4-10∙96.3 29.91 131.72 110.65 68.63 35.63 
1.5 1473.4 4-10∙80.1 48.62 155.86 112.54 83.87 47.33 
2.0 1472.3 4-10∙07.1 63.21 164.31 123.06 97.80 54.83 

2024 
0.1 1456.7 4-10∙04.5 20.73 112.40 100.95 65.63 32.69 
0.5 1532.1 4-10∙35.4 38.61 137.33 114.58 74.68 40.84 
1.0 1439.2 4-10∙58.2 54.24 111.44 101.58 83.31 46.97 
1.5 1490.6 4-10∙90.2 68.11 173.13 113.88 96.32 54.13 
2.0 1460.2 4-10∙07.2 80.92 138.22 107.86 125.13 64.69 

  
The corrosion current density values (Jcorr) are significantly lower in the presence of the inhibitor, 

indicating that the aqueous extract of G. uralensis leaves effectively protects the metal surface from 
corrosion (Raja and Sethuraman, (2008). The polarization resistance (Rp) increases with increasing 
inhibitor concentration, confirming the formation of a protective layer that prevents corrosion damage 
(Solmaz et al., 2008). As shown, both the cathodic and anodic portions of the polarization curves shift 
noticeably in the presence of the inhibitor. Thus, the aqueous extract of G. uralensis leaves acts as a 
mixed-type inhibitor, slowing down both cathodic and anodic reactions (Tsygankova et al., 2013; 
Ettahiri et al., 2024). However, the shifts of the cathodic region |bc| are greater than the anodic |ba|, 
which means that the cathodic polarization is more susceptible to the influence of the inhibitor than the 
anodic one. In addition, in the presence of G. uralensis leaves aqueous extract, the inhibitory effect 
values determined from corrosion current and polarization resistance in accordance with equations 10 
and 11 increased significantly with the increase of inhibitor concentration. This also indicates that the 
studied inhibitor has a high potential to prevent the corrosion of D16T aluminum alloy in 0.1 mol·dm-

3 NaOH solution. The electrochemical and gravimetric data were found to be in excellent agreement. 

3.5 Contact angle measurement 

Contact angle measurements were performed to evaluate the formation and effectiveness of the 
protective film derived from the aqueous extract of G. uralensis leaves on the surface of D16T 
aluminum alloy. This technique enabled assessment of surface property changes, providing insight into 
changes in surface wettability and the presence of an adsorbed inhibitor layer. This experiment provides 
insight into the surface wettability and the effectiveness of the inhibitor. A higher contact angle 
indicates increased hydrophobicity, suggesting that the inhibitor forms a protective layer on the alloy 
surface, reducing its wettability and potentially improving corrosion resistance. The contact angles and 
droplet appearance are shown in Figure 10. 
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Contact angle values before and after immersing the D16T aluminum alloy in 0.1  .10Figure 

G. NaOH solution for 8 hours in the absence and presence of different concentrations of  3-mol·dm
leaves aqueous extract for 2023 and 2024. uralensis 

 
Figure 10 shows that the contact angle on the polished surface of the D16T aluminum alloy is 

55.12° ± 0.82 before immersion in a corrosive environment. After 24 hours of exposure to 0.1 mol·dm-

3 NaOH without adding an inhibitor, the contact angle was determined to be 62.48°±0.73. In the 
presence of an inhibitor, the contact angle increases significantly with inhibitor concentration, reaching 
102.07°±1.14 at the maximum concentration after 8 hours of immersion for the 2024 sample. The 
increase in contact angles with increasing inhibitor concentration indicates a corresponding increase in 
the metal surface's hydrophobicity. It reveals that the inhibitor is effectively adsorbed on the surface 
and forms a protective layer that reduces wettability. As the inhibitor concentration increases, this layer 
becomes stronger, further preventing the corrosion environment from interacting with the alloy surface. 

The data obtained clearly confirm that the inhibitory effectiveness of the 2024 samples exceeds 
the same parameters for the 2023 samples. Obviously, these changes are due to a corresponding change 
in the phytochemical composition. The reason is most likely the spring flood of 2024, which inundated 
the area where the samples were collected. The self-regeneration of plants after floods involves 
increased photosynthesis to compensate for biomass loss (Mozo et al., 2021). Since photosynthesis 
occurs in leaves, this leads to increased production of phenolic phytocomponents, which account for 
the increased inhibition efficiency.  

Conclusion 

This study shows that the aqueous extracts of G. uralensis leaves collected in 2023 and 2024 
exhibit excellent inhibitory activity against the corrosion of D16T aluminum alloy in 0.1 mol·dm-3 
NaOH solution. It was found that at a concentration of 2.0 g·dm-3, the studied extracts exhibit inhibition 
efficiencies of up to 80.31% (2023) and 88.38% (2024) at 313K. The inhibitor spontaneously adsorbs 
on the metal surface, in accordance with the Langmuir, Freundlich, and Frumkin adsorption models, 
forming a protective film through physisorption. The developed inhibitor exhibits a mixed-type 
corrosion protection mechanism, predominantly hindering the cathodic reaction. It acts as an effective 
physical barrier, isolating the metal surface from the corrosive medium and thereby reducing the rates 
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of both electron transfer and diffusion processes involved in corrosion. Both the increase in temperature 
and the concentration of the inhibitor have a positive effect on the ability of the G.uralensis leaves 
aqueous extract to prevent corrosion, significantly enhancing the protective effect. The data of the 
electrochemical experiment and the results of the gravimetric measurements are in complete 
agreement. The increased protective effect of plant leaf extracts against corrosion after a flood may be 
attributed to the increased production of bioactive compounds, including phenols and flavonoids, in 
response to water stress. Flooding stimulates the production of these compounds, enhancing the 
protective properties of the extracts. These compounds form protective films on metal surfaces, 
reducing corrosion rates. Thus, the aqueous extract of G. uralensis leaves acts as an effective “green” 
inhibitor to prevent corrosion of D16T aluminum alloy in 0.1 mol·dm-3 NaOH solution. The findings 
of this study provide valuable insights for future investigations into the correlation between 
anticorrosive properties and plant growth conditions. They may also contribute to a better 
understanding of how both natural and anthropogenic environmental disturbances influence the 
development and effectiveness of corrosion inhibition systems. 
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