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ARTICLE INFO ABSTRACT

Keywords: This study provides a comprehensive evaluation of blackberry leaf extract (BLE) as a green inhibitor of copper
Blackberry leaf corrosion in 0.5 M NaCl. The experimental method of gravimetric analysis was applied, the results of which were
Copper . used for data analysis methods: adsorption and thermodynamic studies and statistical modeling. The density
?;i:;‘:ﬁ;;iﬁciccomplexes functional theory (DFT) method was applied to determine the influence on the process of corrosion inhibition by
RSM comparing BLE molecules and possible organometallic complexes formed between Cu ions in solution and BLE
Optimization molecules. BLE, containing caffeic acid, quercetin-3-O-glucoside and kaempferol-3-O-glucoside, significantly

reduced copper dissolution across 298-328 K, reaching inhibition efficiencie up to 99% at concentrations >10 g/
L. Adsorption obeyed the Langmuir isotherm at all temperatures, and negative Gibbs free energies (-12.5 to
-14.6 kJ/mol) confirmed spontaneous physical adsorption. The increase in activation energy and positive
adsorption entropy values indicated an endothermic, physisorption-controlled process accompanied by water
displacement from the copper surface. Response surface methodology showed excellent predictive power (R* >
0.97), identifying inhibitor concentration as the most influential factor, followed by immersion time and tem-
perature. Optimization predicted conditions yielding 99% inhibition, validated experimentally. DFT calculations
established the stability and preferred geometries of Cu(II) complexes formed with the main BLE constituents,
supporting their participation in adsorption, which represents a significant novelty in relation to previous
research on plant corrosion inhibitors. Overall, the combined experimental-computational approach confirms
BLE as a highly efficient, eco-friendly solution for copper protection in chloride environments.

DFT calculations

1. Introduction

The integrity and safety of machinery and equipment are strongly
affected by metal corrosion, which compromises production buildings,
work platforms and metal pipelines. In addition, corrosion leads to
environmental pollution and significantly reduces the service lifetime of
equipment operating in aggressive environments [1]. Copper and
copper-based alloys are a widely used engeneering metal, but it is sus-
ceptible to corrosion under specific conditions [2]. A typical example is
the marine industry, where copper is exposed to aggressive chloride ions
[3]. Corrosion in such environment represents a major challenge.
Therefore, it is of utmost importance to find effective methods to prevent
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corrosion. Common methods for corrosion prevention in seawater
include corrosion inhibitors, cathodic protection, and protective coat-
ings [4]. In earlier research, plant inhibitors were shown to be effective
inhibitors of copper corrosion in various corrosive environments, with
Benincasa Hispida leaf extract [1], Eupatorium adenoprum leaves extract
[5], Alchemilla Vulgaris extract [6], Leucas aspera leaves extract [7],
Jujube shell extract [8] and Egyptian licorice extract [9] used as in-
hibitors. Among these, corrosion inhibitors are particularly attractive
due to their ease of application, relatively low cost and high efficiency
[1]. Ideally, the corrosion inhibitor requires simple preparation
methods, favorable water solubility, practical significance and research
value [5,10].
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Previous research has shown that blackberry (Rubus fruticosus L.) leaf
extract (BLE) in 0.5 M NaCl solution proved to fulfill these criteria as an
efficient green inhibitor for copper corrosion. Electrochemical studies
(potentiodynamic polarization, electrochemical frequency modulation
and electrochemical impedance spectroscopy) show that BLE acts as a
mixed-type inhibitor, with extract molecules physically adsorbing onto
the copper surface and mitigating the aggressive action of chloride ions.
The adsorption process follows the Langmuir adsorption isotherm. The
lowest value of the corrosion rate was achieved with the addition of 15
g/L BLE after 10 days at room temperature with an inhibition efficiency
of 99.1%, in which the gravimetric method was applied with an im-
mersion time of 3 to 10 days. At BLE lower than 15 g/L, the corrosion
process is diffusion-controlled, whereas at 15 g/L it is governed by
charge transfer, which was determined by electrochemical impedance
spectroscopy. Although there is an indication that there is a change in
the corrosion inhibition mechanism at concentrations higher than 10 g/
L, there is no explanation in previous research as to why the change
occurs. HPLC-DAD analysis identified caffeic acid, quercetin-3-O-
glucoside, and kaempferol-3-O-glucoside as the main constituents of
BLE, while their functional groups were characterized by ATR-FTIR
spectroscopy. UV-Vis absorption spectra confirmed the formation of
complexes between copper ions and extract molecules, while SEM-EDS
analysis verified the adsorption of BLE molecules onto the copper sur-
face, confirming their inhibitive role [11,12]. In addition, by applying
the UV-Vis method, it was determined that at a concentration of 5 g/L
BLE and 10 g/L BLE, the formation of organometallic complexes of
copper and organic compounds present in BLE does not occur [13].

To obtain a deeper understanding of the inhibition mechanism of
BLE under chloride conditions, further detailed investigations are
required. Owing to the complexity of the corrosion system, which in-
volves numerous molecules and possible interactions between sodium
chloride and BLE components, it is important to determine the pH and
electrical conductivity of the solution prior to copper immersion. Sub-
sequently, the manner in which BLE protects the copper surface from
chloride ions at both low and high inhibitor concentrations should be
systematically examined. Such an approach allows the reactions
occurring in this complex system to be inferred based on existing liter-
ature and experimental observations, as well as to assess whether any of
the resulting species could pose a potential risk to the environment,
despite BLE being a natural plant extract. In addition, this type of
analysis contributes to broader knowledge in areas beyond corrosion
science, particularly regarding the formation of organometallic com-
plexes of copper with caffeic acid, quercetin-3-O-glucoside, and
kaempferol-3-O-glucoside, for which comprehensive data are still lack-
ing in the literature.

Because the primary goal of using plant-based corrosion inhibitors is
to replace toxic conventional inhibitors, a dedicated subsection entitled
Possible reactions of complex formation was introduced to demonstrate
that the products formed before and after copper corrosion inhibition by
BLE do not exert harmful effects on living organisms. As this type of
mechanistic representation is rarely addressed in the literature, it can
facilitate future studies and improve understanding of systems involving
plant-based inhibitors. Furthermore, whereas previous studies of BLE as
a copper corrosion inhibitor in 0.5 M NaCl solution were limited to room
temperature and immersion times up to 10 days, the present work ex-
tends gravimetric analysis to different temperatures. This enables
determination of the thermodynamic parameters governing copper
corrosion in chloride media in the presence of BLE and represents an
additional novelty of this study.

In addition to the classical electrochemical and chemical methods
that can be used to study the effect of corrosion inhibitors, more recent
research has focused on computer modeling and process optimization to
determine the simultaneous influence of multiple parameters that affect
corrosion and the conditions under which the corrosion inhibitor works
best [14,15]. Response surface methodology (RSM), process optimiza-
tion, DFT and molecular dynamics (MD) simulations proved its
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usefulness [15-18]. Statistical tools for experimental design, such as the
RSM (Response Surface Methodology), enable the prediction and opti-
mization of the investigated processes [19]. By applying this method and
laboratory experiments, it is possible to determine the simultaneous
influence of parameters that affect the process under study. This method
can be used to determine under which conditions the corrosion inhibitor
works best, and the optimization of the corrosion process with the in-
hibitor is usually carried out with the change in temperature, time of
immersion of the metal in the electrolyte and corrosion inhibitor con-
centration [20]. Inhibitor and electrolyte concentrations, and the time of
immersion of the metal in the electrolyte can also be taken as a com-
bination of variables [21-23]. By optimizing the corrosion process, it is
possible to determine at which parameters the highest percentage
inhibitory effect is achieved with the minimum dose of corrosion in-
hibitor, while investigating the simultaneous effect of several parame-
ters [24]. The most commonly applied models used in the response
surface methodology are the full factorial design (FFD) [19], the
Box-Behnken design (BBD) [25] and the central composite design (CCD)
[21]. By utilizing RSV, it is possible to create a model that can be used to
predict the value of mass loss, corrosion rate and the effectiveness of
corrosion inhibitors. When creating the model, it is necessary to deter-
mine whether the actual and predicted values match and whether the
model is statistically significant in predicting the specified values [23].
Identifying the optimal combination of temperature, immersion time
and inhibitor concentration for BLE in 0.5 M NaCl, as well as the sta-
tistical significance of each parameter, is essential for practical
application.

Although the presence of copper-extract complexes in solution has
been experimentally observed at a BLE concentration of 15 g/L, their
preise nature and stoichiometry remain unresolved. Therefore, compu-
tational density functional theory (DFT) calculations, supported by
literature data on copper-flavonoid organometallic complexes involving
caffeic acid, quercetin-3-O-glucoside, and kaempferol-3-O-glucoside,
are required to elucidate the possible complex structures [12]. This
data is very valuable, as the existing literature on plant-based corrosion
inhibitors rarely addresses which specific copper complexes may form in
solution or whether these complexes actively participate, alongside in-
hibitor molecules, in the adsorption process on the metal surface.

By determining the pH and conductivity of a 0.5 M NaCl solution
both with and without the addition of BLE prior to copper introduction,
identifying possible reactions in this complex system where corrosion
inhibition occurs in the presence of BLE molecules and their organo-
metallic complexes, and experimentally evaluating the effects of tem-
perature on the corrosion inhibition process, as well as the combined
effects of temperature, immersion time, and BLE concentration on
corrosion, this study contributes to previous research on BLE as a copper
corrosion inhibitor in chloride environments. An additional scientific
contribution is the determination of the optimal temperature, immer-
sion time, and BLE concentration at which BLE exhibits maximal
inhibitory activity. The main novelty lies in the identification of
organometallic complexes formed between copper ions in solution and
BLE molecules. Notably, prior literature on plant-based corrosion in-
hibitors has not included DFT analyses of possible complexes formed
between metal ions and plant inhibitor molecules.

2. Experimental
2.1. Materials and sample preparation

Blank solution and blackberry leaf extract (BLE) were prepared in
line with our recent report [12]. The solutions with BLE addition con-
tained different BLE concentrations of 2 g/L, 5 g/L, 10 g/L, 15 g/L. In
addition to the mentioned electrolyte concentrations with the addition
of BLE, solutions with concentrations of 18.4090 g/L and 1.5910 g/L
BLE were prepared for the RSM experiments. To test the corrosion in-
hibition efficiency value of 99% obtained by the optimization process, a
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solution with a concentration of 15 g/L BLE was used.
2.2. The pH value of the electrolyte and the electrolytic conductivity

The determination of the electrolyte pH value, i.e. the 0.5 M NaCl
solution without and with the addition of BLE (2 - 15 g/L), was carried
out at room temperature. The Vision Plus pH6175, manufactured by
Jenco Instruments, USA, was used for pH measurement. The Cond 720,
WTW InoLab, Germany, was used to measure the electrolytic conduc-
tivity of the electrolyte.

2.3. Gravimetric study

The gravimetric experiments were performed with copper coupons
(1 cm x 1 cm) made of Cu-DHP copper sheet (99.9000% Cu, 0.0198% P,
0.0005% Pb). The coupons were polished, cleaned with acetone and
distilled water and dried. The mass of the coupons was measured with an
analytical balance (AS 220.R2, Radwag wagi elektroniczne, Poland)
with an accuracy of 10 g and then immersed in the solutions. To
investigate the temperature effect on the copper corrosion process in a
0.5 M NaCl solution with and without the addition of BLE (2 g/L, 5 g/L,
10 g/L and 15 g/L), the mass of the copper plate was measured before
and after leaving it in the electrolyte for 3 days at different temperatures
(298K, 308K, 318K, 328 K). Each experiment was performed with three
copper samples. Each copper coupon was immersed in 10 mL of elec-
trolyte in a test tube with a stopper to prevent the electrolyte from
evaporating during standing and temperature changes. The test tubes
were immersed in a laboratory beaker containing distilled water and a
thermostat acting directly on the heating plate to maintain a constant
temperature. The temperature was achieved and maintained using a
magnetic stirrer with heating and a ceramic heating plate (C-MAG HS 7 —
IKA, Werke GmbH & Co). All three test tubes were treated under the
same conditions, so that after cleaning the plates and calculating the
mass difference after and before the experiment, it was determined
whether there was a deviation in the value between the three coupons.
In this way, errors in the experimental procedure were avoided and valid
values were taken into account.

The corrosion rate (CR) was calculated using the following equation
[20]:

m; —mp

The degree of surface coverage was calculated using the equation

[20]:

_CR,—CR

6
CRy

(2)

where mj is the weight of the copper coupon before corrosion, m, is the
weight of the copper coupon after corrosion, S is the surface area of the
copper coupon (cm?), ¢ is the time (h), CRg and CR are the corrosion
rates in (g hlem™2) without and with BLE, respectively.

Monitoring the temperature variation allows the characterization of
the electrochemical system without and with the addition of an inhibitor
to determine the type of adsorption, process spontaneity, the adsorption
mechanism, and the inhibitor behavior at elevated temperatures [26,
27]. The adsorption type is determined by the value of the change in
Gibbs free energy of adsorption calculated from the following equations
[6,11,28,29]:

AGus' = — RTINK 3)

k= La-g )
inh

AGus' = — RTIn(55,5K) ®)
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where AG,;° is the change in Gibbs free energy of adsorption, R is the
universal gas constant, T is the temperature, K is the adsorption con-
stant, 0 is the degree of surface coverage, and Cj, is the concentration of
the inhibitor. A value representing the molar concentration of water was
added to the adsorption constant 55.5.

The value of AG4s° up to —20 kJ/mol or less exergonic, indicates that
the inhibitor adsorption onto the metal surface occurs through electro-
static interactions between charged molecules and metal ions, implying
the physical inhibitor adsorption. When the AG.4° value exceeds —40
kJ/mol, a chemical adsorption occurs involving the inhibitor-metal
surface charge transfer [6,30-32]. In general, the negative value of
AG,s° indicates that the adsorption occurs spontaneously [33].

The Van Hoff Eq. (6), the Gibbs-Helmholtz Eq. (7) and the basic
equation of thermodynamics (8) were used to determine the thermo-
dynamic parameters of the corrosion process. The enthalpy change is
calculated using the Van Hoff equation [34,35]:

AHy, | ASy, o 1

Ky = —
ads RT R 55,5

(6)

The slope value for M:% was obtained from the plot of K45 vs. 1/T.
The adsorption entropy is calculated on the axis of the segment function
obtained by the Van Hoff equation [35]. The attained adsorption
enthalpy can be compared with that from the Gibbs-Helmholtz equation:
{M} _ _AH,

T T2 @

where AG?, /T relative to the 1/T slope is equal to AHY,.. The values of
the adsorption enthalpy and the adsorption entropy can also be deter-
mined using the basic equation of thermodynamics [34,35]:

AGegs" = AHO, — TASS, €)

where the slope of the function is equal to — Asgdj, and the intercept is
AHS,.

The entropy change in the system ASC, is mostly positive in the
presence of the inhibitor, suggesting that the active complex formation
represents the rate-limiting step. Moreover, it indicates association
rather than dissociation, indicating that disorder is reduced by reactants
complex formation [36]. Furthermore, it can be concluded from ther-
modynamic principles that adsorption itself is an exothermic process
accompanied by a decrease in entropy [34,37]. The standard values of
activation enthalpy and entropy can be calculated using the equation
derived from the theory of transition states [8]:

CR R ASO AHO
log\ 7 ) = |log(57) + (2303

" 2,303RT
where CR is the corrosion rate, N is the Avogadro number, h is Planck
constant, ASC is the standard entropy change, AHC is the standard
enthalpy change.
The corrosion rate is calculated using the Arrhenius equation [34,
38]:

©)

logCR = A 10)

a
" 2,303RT +

where Ea is the activation energy and A is the Arrhenius constant.

The activation energy (Ea) of the corrosion process is obtained from
the slope of the Arrhenius plot. An increase in Ea in the presence of an
inhibitor compared to the uninhibited system indicates spontaneous
adsorption of inhibitor molecules on the metal surface and is commonly
associated with a physisorption-controlled inhibition mechanism [8,9,
39]. A higher activation energy in the inhibited system also implies a
reduction in the number of available active sites on the metal surface,
thereby decreasing the effective area over which corrosion can occur
[34]. This increase in Ea reflects a modification of the corrosion pathway
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caused by the presence of inhibitor molecules, indicating a change in the
underlying corrosion mechanism relative to the blank solution [40].

It is also necessary to determine the adsorption isotherm governing
inhibitor adsorption at elevated temperatures in order to verify whether
the adsorption behavior remains consistent with that observed at room
temperature. Analysis of the adsorption isotherm provides valuable
insight into the nature of the interaction between the corrosion inhibitor
and the metal surface. Determination of the appropriate adsorption
isotherm requires knowledge of the surface coverage degree (6), which
is calculated using the following expression [31]:

IE

H:W (€8]

where IE is the inhibition efficiency.

The most commonly used adsorption isotherms are the Langmir,
Frumkin, Temkin, Freundlich, Florey-Huggins and El-Awadi isotherms
[41,42], and De Boer, Parson and Bokris-Swinkels [33,43-45]. Since the
Langmire adsorption isotherm was found to be a suitable isotherm for
the adsorption of BLE on the copper surface at room temperature, it was
necessary to check whether this adsorption isotherm corresponds to the
corrosion inhibition process at elevated temperatures. The formula for
the Langmire adsorption isotherm is:

Con 1

i 12
7] Kadercnh 12)

where Cjy, is the concentration of the corrosion inhibitor.

2.4. RSM and optimization of the corrosion inhibition process

The response surface methodology was used to determine the syn-
ergistic effect of temperature, residence time of copper in the electrolyte
and BLE concentration on the Cu-DHP copper corrosion inhibition
process. The independent variables were designated as follows: A: im-
mersion time of copper in 0.5 M NaCl solution with the addition of
different inhibitor concentrations (Xa), B: temperature (Xb) and C: in-
hibitor concentration (Xc). The corrosion rate (Y1) and the percentage of
inhibition efficiency (Y2), which were determined using the weight loss
method, were entered as responses (dependent variables). The coded
and uncoded values of the independent variables are shown in Table 1. A
wide range of BLE concentrations was selected to cover the range above
which the adsorption mechanism changes. This choice is based on
earlier results obtained using the EIS method, where the same BLE
concentration range was applied, as described in the Introduction. No
experiments were performed at concentrations below 2 g/L to avoid
negative inhibitor concentrations in the RSM-CCD model. Based on the
studies presented in the Introduction, an immersion time of 3 to 10 days
was chosen, allowing the RSM results to be compared with research
using the gravimetric analysis with varying immersion times [11]. In
order to determine whether there is a possible deviation of the behavior
of BLE as a corrosion inhibitor, an appropriate number of axial points
were used, which are different for the alpha value compared to the
previously applied inhibitor concentration values (1.5910 g/L BLE and
18.4090 g/L) and immersion time. The temperature range was set ac-
cording to commonly reported values in the literature for thermody-
namic studies of corrosion processes using metal corrosion inhibitors.

RSM is a method of designing experiments that is achieved by

Table 1
Experimental values of the independent variables.

Independent variables Coded values

-1 1
Time (h) 72 240
Temperature (K) 303 328
Inhibitor concentration (g/L) 5 15
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applying mathematical and statistical methods to obtain a mathematical
model that meets statistical parameters such as the F-test and the p-value
(statistical significance level). In this way, it is possible to determine
how the dependent parameters (variables) decrease as the independent
variables change [24]. The statistical significance of the individual
variables and the model was tested using analysis of variance (ANOVA).
The model is a full two-level face-centered CCD, where o = 1.68179,
with three factors, 8 cube points, 6 central points and 6 axial points were
used to create the model. Based on the number of points, a model with
20 experiments was formed. The software Minitab 19 (Minitab Statis-
tical Software) was used. To avoid systematic errors, the experiments
were randomly assigned. The results were analyzed by multiple
regression, considering the coefficients by analysis of variance and the
significance level p (p < 0.05) [24,46]. The quality of the model was
determined using the value of the coefficient of determination and the
adjusted coefficient of determination (R? and R? (adj)). Statistical sig-
nificance was determined using the Fisher test (F-test) [24,47]. Contour
plots with two variables and 3D surface plots are displayed as results of
the RSM. In this way, it is easy to see under which conditions blackberry
leaf extract works best as a copper corrosion inhibitor Cu-DHP in 0.5 M
NacCl.

Optimization of the BLE copper inhibition process was applied to
determine under which conditions BLE works best. Since the experi-
ments presented in previous publications were carried out with the in-
fluence of one parameter on the corrosion process, by applying the
optimization procedure it is possible to test the simultaneous effect of
several parameters, thus achieving more realistic conditions that can be
applied in practice. In order to determine the optimal parameters for the
process of copper corrosion inhibition by Cu-DHP in 0.5 M NacCl using
BLE, the maximum percentage of inhibition efficiency was determined
using the RSM model. Previous studies indicate some shortcomings and
limitations in the application of RSM, such as the impossibility of
extrapolation and prediction only in a certain range of factors [24]. The
response surface methodology and process optimization were applied
after the weight loss method, determination of adsorption and thermo-
dynamic parameters and extrapolation to match the range of factors
with the change in mechanism and avoid possible errors.

2.5. Computational DFT analysis

The intial set of molecular geometries for individual ligands and their
Cu(Il) complexes was obtained using the Conformer-Rotamer Ensemble
Sampling Tool (CREST) [48]. CREST calculations use the GFN2-xTB
tight binding Hamiltonian [49], the generalized Born with surface
area contributions (GBSA) continuum model for water solvent [50], and
the iMTD-GC metadynamics-based exploration of conformational space
for the collective variables [51]. The ten distinct lowest-energy confor-
mations generated by CREST were used as starting points for the DFT
geometry optimization employing the MO06-2X/def2-TZVP model,
known to be successful in reproducing geometries, dipole moments, and
homolytic bond energies in various metal complexes [52]. The most
stable structures following this DFT protocol were used for the analysis.
To account for the effect of the water solution, during geometry opti-
mization, we included the implicit SMD solvation model, as employed in
our earlier studies [53-55]. Thermal corrections were extracted from the
corresponding frequency calculations, so that all of the presented results
correspond to differences in the Gibbs free energies at room tempera-
ture. All calculations were performed using the Gaussian 16 software
[56].

3. Results and discussion
3.1. The pH value of the electrolyte and the electrolytic conductivity

The results of measuring the pH and electrolytic conductivity (y) of
the electrolyte for copper corrosion tests in a 0.5 M NaCl solution
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without and with the addition of different BLE concentrations are shown
in Table 2.

The main corrosion products of copper in NaCl solution in acidic to
neutral environment are CuCl, or Cu®" at certain potential values
determined based on the E-pH diagram, while in alkaline environment
(pH~7-14) they are Cu0 and CuO [57]. Considering the pH values
given in Table 2 and the literature results, the most common corrosion
product in 0.5 M NaCl solution is CuCl; . The research results of different
concentrations and pH values of NaCl solution on copper corrosion show
that the most corrosive environment is a highly concentrated solution (5
M NaCl), with a pH value of around 7. The same study shows that the
macro changes, i.e. the value of the corrosion potential, are more
influenced by the change in pH than by the change in the concentration
of the NaCl solution [57]. The results of the pH of the 0.5 M NaCl so-
lution in the presence of BLE show a decrease in pH with increasing BLE
concentration, indicating an environment that has a lower corrosive
effect on copper Cu-DHP.

The electrolytic conductivity of the solution is slightly reduced in the
presence of BLE at concentrations ranging from 2 to 10 g/L compared to
the uninhibited 0.5 M NaCl solution. At a BLE concentration of 15 g/L, a
small increase in conductivity is observed relative to the lower extract
concentrations. This trend is consistent with changes in electrolyte
resistance determined by electrochemical impedance spectroscopy (EIS)
[12]. An increase in electrolyte resistance corresponds to a decrease in
ionic transport through the solution, whereas higher electrolytic con-
ductivity generally promotes higher corrosion rates due to enhanced
charge transfer processes [58]. The observed variations in both pH and
electrolytic conductivity therefore support the inhibitive effect of BLE on
copper corrosion in 0.5 M NaCl.

3.2. Possible reactions of complex formation

Each of the three main BLE compounds (caffeic acid, quercetin-3-O-
glucoside and kaempferol-3-O-glucoside), determined by HPLC, can
potentially react with the ions present in the electrolyte. The reactions
that take place in the copper-electrolyte system, where the electrolyte is
a 0.5 M NaCl solution without and with the addition of BLE, can be
divided into three groups. The first group involve reactions in the
electrolyte before the copper is immersed in the electrolyte, in which
BLE compounds can react with sodium and chlorine ions. The second
group are the reactions between copper and 0.5 M NaCl solution without
the addition and the third group are those between copper and the 0.5 M
NaCl solution under the different BLE concentrations.

The available research on the reactions between antioxidants and
sodium and chlorine ions is mainly focused on the biological effects of
these compounds. Sodium chloride solution is usually administered to
patients when testing the effect of natural preparations containing
quercetin-3-O-glucoside and kaempferol-3-O-glucoside, as sodium is
thought to enable the active glucose transport and quercetin adsorption
in the body [59,60]. A direct reaction of BLE components with chlorine
ions in the 0.5 M NaCl solution would be feasible if a suitable oxidizing
agent is present. This phenomenon is explained by the electrophilic re-
agent formation Br, ch by the oxidation in the environment. Earlier
reports suggest that halogens improve the effect of organic corrosion
inhibitors, with the synergistic effect following the order: I" > Br~ >

Table 2
pH and electrolytic conductivity values of the 0.5 M NaCl solution with and
without the addition of BLE at room temperature.

Cinn (8/1) pH v (pS/cm)
0 6.16 49.9
2 5.83 45.0
5 5.66 45.0
10 5.59 45.0

15 5.57 46.2

Results in Engineering 29 (2026) 109812

Cl™. Their effect can be explained by two mechanisms and is based on
the formation of an ion pair from a halide ion and an organic molecule
[61-63].

Corrosion of Cu-DHP copper in a 0.5 M NaCl solution leads to the
transfer of copper ions into the solution, which can form a complex with
BLE components, as confirmed by UV-Vis spectra [11], yet their precise
nature remains undetermined. The interaction among flavonoids and
electrolyte complexity must be considered, in which OH™ and H™ ions,
H,0 molecules and organics are present together with Na* and CI". A
synergistic effect can occur, as in the case of kaempferol and myricetin,
but also the opposite effect, as in the case of quercetin and myricetin
[64]. A large number of studies have shown that flavonoids can form
high-affinity complexes with transition metals such as copper and iron
[65-70]. Copper chloride is often used as a starting substance for the
formation of organometallic complexes [70]. Since copper chlorides are
present as a corrosion product of copper in a 0.5 M NaCl solution as well
as Cu(Il) ions based on the E-pH diagram, it is clear that the formation of
an organometallic complex can occur in a solution with the addition of
BLE [11,71].

Studies on the effect of mineral supplements on flavonoid glucosides
showed that a complex is formed between copper ions and quercetin
glucosides [72]. The stability of the complex of divalent metal ions of
quercetin decreases in the following order: Cu (II) > Ni (II) > Co (II) > Fe
(II) > Zn (II). The stoichiometry of metals and flavonoids is 2:1 in the
case of the formation of complexes with Fe (II), Ni (II), Co (II) and Zn (II),
while for Cu (II) the mechanism is different due to simultaneous
oxidation, partly because Cu (II) has stronger oxidative activity and
because quercetin is more easily oxidized under acidic conditions [72,
73]. In solutions with pH = 5.5-6.8, as with BLE in 0.5 M NaCl solution,
the formation of various copper complexes and quercetin 3-O-glucoside
occurs [74]. When a 1:1 complex is formed, the reaction occurs via the
carbonyl oxygen and the 3-OH group on the C-ring [75]. Based on the
literature data and the pH results, the Cu'® ion complex with
quercetin-3-O-glucoside most likely does not occur, but that the Cu®*
complex is formed, whose stability increases with BLE concentrations
[11,74].

Quercetin differs from kaempferol by an additional -OH group on the
B-ring (at position 3), so that the comparison of these two favonoids and
their derivatives is often made in the form of organometallic complexes.
Kaempferol-Cu(II) complexes have been studied for their antioxidant
and prooxidant behaviour, but the existence of two stoichiometries (1:1
and 1:2) has also been noted [76]. The formation of this complex in a
pure NaCl solution was not reported, as the influence of biologically
significant metals on kaempferol and its derivatives is important for
their effect in human serum [77]. Various mechanisms are involved in
the formation of caffeic acid complexes with metals. The resulting
product inhibits the formation of free radicals and can have an indirect
effect on the living world by influencing metabolic reactions [78].
Research confirms the formation of caffeic acid complexes with Cu?* in
NaCl solution [78]. This means that the copper ions formed during
Cu-DHP copper corrosion in the 0.5 M NaCl solution can react with
caffeic acid, allowing the resulting product to interact with the copper
surface. The stability of complexes formed from caffeic acid and metal is
well known and can be illustrated as follows: Zn?"{ cu?") cd%* [79].
Based on the stability diagram of various caffeic acid complexes with
Cu®* ions [78] and the pH of the 0.5 M NaCl solution without and with
the addition of BLE, in the range 3 < pH < 6, it is possible to determine
which types of complexes are present. The following types are dominant:
MzLHg*, MLH; i M,L3. The second site of the benzene ring of caffeic
acid is the most electrophilic site, therefore the reaction with nucleo-
philic species can occur there [80].

Also, the group of reactions in the 0.5 M NaCl solution without and
with BLE is represented by the corrosion reactions and were explained
by electrochemical analysis [11,12]. The adsorption capacity of het-
erocyclic compounds depends on the charge of the metal surface, the
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temperature and the residence time of the metal in the electrolyte [81,
82]. The influence of these parameters on BLE adsorption on the copper
surface in the 0.5 M NaCl solution was investigated using the weight loss
method and the response surface methodology, the results of which are
presented in this paper.

3.2.1. The weight loss method at different temperatures

Based on the results of measuring the mass change of copper in a 0.5
M NaCl solution without and with the addition of BLE (2 g/L - 15 g/L) at
different temperatures after standing in the electrolyte for three days,
the influence of temperature on the copper corrosion process in the
presence of chloride ions and the adsorption of BLE on the copper sur-
face at different temperatures was determined. Table 3 shows the
measurement results, where the difference between the mass before and
after the experiment (Am) is given as the copper mass change during
standing in the electrolyte for a period of 3 days at different tempera-
tures, as well as the temperatures at which the experiments were con-
ducted (T), the surface coverage degree (0), the corrosion rate (CR) and
the inhibition efficiency percentage (IE). The IE value was calculated
based on the value of the degree of coverage and applying Eq. (11).

The results show that after standing the copper in the electrolyte for
3 days, the value of the corrosion rate increases with increasing tem-
perature both in the 0.5 M NaCl solution without the addition of BLE and
in the 0.5 M NaCl solution with the different concentrations of BLE. At
all temperatures, there is a significant reduction in the copper corrosion
rate at a constant temperature in the presence of BLE compared to the
value of the copper corrosion rate in the solution without the additive.
The BLE corrosion inhibition values decrease slightly with increasing
temperature at all BLE concentrations. The decrease in BLE corrosion
inhibition efficiency with increasing temperature indicates that physical
adsorption of the inhibitor molecules on the copper surface occurs [83].
The highest corrosion rate value is 5.76-10™ g/h-cm? for the solution
without BLE at the highest temperature (328 K). The lowest value for the
corrosion rate is 6.94-10-7 g/h-cm? at 15 g/L BLE, at 298 K, with an
inhibition efficiency of 98.33%. To better understand the influence of
temperature on the copper corrosion process in a 0.5 M NacCl solution
without and with BLE addition, an Arrhenius plot and a transition state
diagram were generated and then the activation parameters were
calculated.

Fig. 1 shows a diagram of the dependence of the copper corrosion
rate in a 0.5 M NaCl solution with the addition of BLE (2 g/L - 15 g/L) at

Table 3

Cu-DHP mass loss (Am) at different electrolyte temperatures, degree of surface
coverage (0), corrosion rate (CR) and percentage inhibition efficiency (IE) as a
function of different inhibitor concentrations (Cinh) and electrolyte temperature
(T), after 3 days.

T (K) Cinn (g/L) Am (g) CR (g/h-cm?) 0 IE (%)
298 0 0.0060 41610° - -
2 0.0006 4.1610° 0.9000 90.00
5 0.0005 3.47.10° 0.9167 91.67
10 0.0003 2.08:10° 0.9500 95.00
15 0.0001 6.94-107 0.9833 98.33
308 0 0.0067 4.6510° - -
2 0.0007 4.86:10° 0.8955 89.55
5 0.0006 417.10° 0.9105 91.05
10 0.0004 2.78.10°° 0.9403 94.03
15 0.0002 1.39.10°° 0.9701 97.01
318 0 0.0074 5.14-.10° - -
2 0.0008 5.56-10° 0.8919 89.19
5 0.0007 4.86:10° 0.9054 90.54
10 0.0005 3.47.10°° 0.9324 93.24
15 0.0003 2.08:10° 0.9595 95.95
328 0 0.0340 5.76-10° - -
2 0.0009 6.25-10° 0.8916 89.16
5 0.0008 5.56-10° 0.9036 90.36
10 0.0006 41710 0.9277 92.77
15 0.0004 2.28.10°° 0.9518 95.18
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Fig. 1. Change in the copper corrosion rate of Cu-DHP in a 0.5 M NaCl solution
with the addition of BLE (2 g/L - 15 g/L) at different temperatures.

different temperatures. The corrosion rate decreases with increasing BLE
concentration [84]. The dependence of copper corrosion inhibition in
0.5 M NaCl on BLE concentration at different electrolyte temperatures is
shown in Fig. 2. The change in inhibition efficiency was lower at lower
BLE concentrations, but at the same temperatures, the value of inhibi-
tion efficiency was higher with increasing BLE concentration. The
highest values of inhibition efficiency were obtained at the lowest
temperature.

3.3. Adsorption isotherms at different temperatures

The influence of the temperature change from 298 K to 328 K on the
copper corrosion process in a 0.5 M NaCl solution with the different
concentrations of BLE was investigated by means of adsorption iso-
therms, using the data from Table 3. The Langmuir adsorption isotherm
corresponds to the BLE adsorption on the copper surface determined by
the high value of the correlation coefficient: 0.999326 (298 K), 0.99945
(308 K), 0.999538 (318 K) and 0.999632 (328 K). In this way, it was
confirmed that the adsorption of the inhibitor takes place in an active
site and that there are no interactions between the adsorbed molecules
when the temperature changes [85]. Based on the adsorption isotherms,

98 4

96 4

94

IE (%)

92 4

90

88 T T T T T T T T
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Fig. 2. The value of BLE inhibition efficiency for Cu-DHP copper corrosion in

0.5 M NaCl solution as a function of BLE concentration at different
temperatures.
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the following regression equations were determined:

Y208 = 1.00143x + 0.352963 13)
Y308 = 1.016643x + 0.322382 (14)
Ys1s = 1.029185x + 0.297247 (15)
Y328 = 1.038943x + 0.267332 (16)

Fig. 3 dispays the Langmuir adsorption isotherms for BLE on the
copper surface Cu-DHP after 3 days in 0.5 M NaCl solution at temper-
atures 298 K, 308 K, 318 K, and 328 K. Based on data from Table 3 and
Eq. (5), the Gibbs adsorption free energies for BLE on the copper surface
solution were calculated (Table 4).

The value of AG,qs° is negative at all tested temperatures and varies
in the range from —-12.530 to —-14.551 kJ/mol. Negative values indicate
spontaneous BLE-copper adsorption and the protective film stability
after adsorption [83,86]. All values are less exergonic than —20 kJ/mol,
confirming the physical BLE adsorption in a 0.5 M NaCl solution across
temperatures 298-328 K [30,87,88]. It is the result of electrostatic in-
teractions among charged partners and ions from the electrolyte itself.
Adsorption of negative species occurs when the metal surface is posi-
tively charged, while positively charged species can also have a pro-
tective effect on the positively charged metal by acting on negatively
charged intermediates such as acid anions adsorbed on the metal surface
[83]. When the chemical adsorption is absent, Coulomb forces may
occur between the adsorbed cations and anions, which increases the
value of AG,q" [35] and indicates that BLE adsorption is faster with
increasing temperature [86]. Since the change in the value of the
adsorption constant in Table 4 is very small, this means that the
adsorption of BLE molecules or complexes is not
temperature-dependent.

3.4. The influence of temperature on the copper corrosion process in a 0.5
M NaCl solution

3.4.1. Activation parameters of the copper corrosion process in a 0.5 M
NaCl solution

Temperature has a pronounced influence on metal dissolution, often
leading to an exponential increase in corrosion rate with increasing
temperature, particularly in acidic conditions [26]. Based on weight-loss
measurements of copper exposed for three days to 0.5 M NaCl solutions

16 -
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Fig. 3. Langmuir adsorption isotherms for Cu-DHP in 0.5 M NaCl solution with
the addition of BLE at different electrolyte temperatures after 3 days.
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Table 4
Gibbs free energy values for the adsorption of BLE on the Cu-DHP surface in a 0.5
M NacCl solution after 3 days and at different temperatures.

T (K) Kadgs (L/mol) -AGyqs° (kJ/mol)
298 2.833 12.530
308 3.102 13.184
318 3.364 13.826
328 3.741 14.551

without and with BLE (2-15 g/L) at different temperatures, the activa-
tion parameters of the corrosion process were evaluated. The tempera-
ture dependence of the corrosion rate was analyzed using Arrhenius
plots (Fig. 4), which exhibited high linearity, with correlation co-
efficients of 0.998023 (0 g/L), 0.998707 (2 g/L), 0.998264 (5 g/L),
0.994264 (10 g/L), and 0.913331 (15 g/L). From the slopes (—Ea/R),
the activation energies were determined, while the intercepts (InA)
provided the Arrhenius constants (Table 5).

The calculated activation energies increase in the presence of BLE
and rise progressively with increasing inhibitor concentration. The
higher Ea values relative to the uninhibited system indicate spontaneous
adsorption of BLE molecules on the copper surface and are characteristic
of a physisorption-dominated inhibition mechanism [8,9,39,83,89].
This proportional increase in activation energy reflects an enhanced
energy barrier for the corrosion reaction [90], implying that the inhib-
itor reduces the number of available active sites on the copper surface
and consequently limits the area over which corrosion can occur [34].
The observed increase in Ea can therefore be attributed to a modification
of the corrosion pathway induced by the adsorption of BLE molecules
and/or BLE-copper complexes, confirming their inhibitory action under
chloride conditions [40]. Although BLE adsorption occurs predomi-
nantly via physical interactions, the increase in activation energy further
suggests that inhibitor desorption becomes more pronounced at elevated
temperatures, leading to a gradual increase in the corrosion rate as
temperature rises [35,91].

The standard activation enthalpy and entropy were calculated using
the equation derived from the transition state theory (Eq. (9)) [8]. The
transition state diagram (Fig. 5) revealed the following correlation co-
efficient: 0.992338 (0 g/L), 0.998207 (2 g/L), 0.997978 (5 g/L),
0.990889 (10 g/L) and 0.903007 (15 g/L). The activation enthalpy was
determined from the slope — AH°/R, while the activation enthalpy was
calculated from the intercept InR/Nh + AS°/R (Table 5). Copper acti-
vation enthalpies are positive in a 0.5 M NaCl solution without and with
BLE, indicating its endothermic nature during corrosion, meaning that
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Fig. 4. Arrhenius plot for Cu-DHP in 0.5 M NacCl solution with and without BLE
(2 g/L-15 g/L), after 3 days, at different temperatures (298 K-328 K).
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Table 5
Calculated values of the activation parameters for Cu-DHP in 0.5 M NaCl solu-
tion with and without BLE (2 g/L-15 g/L).

Cinn (g/L) Ea (kJ/mol) AH?(kJ/mol) AS°(J/mol)
0 8.720 6.086 —308
2 11.023 8.867 -318
5 12.750 10.253 -315
10 18.789 16.217 —-300
15 32.574 30.107 —261
= Og/lL
e 2g/L
A1 i
> . <. i s
v 10g/lL
-16,0
¢ 15g/L
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Fig. 5. Transition state diagram for Cu-DHP in 0.5 M NaCl solution without and
with BLE addition (2 g/L-15 g/L), after 3 days, at different temperatures (298 K-
328 K).

copper corrosion is slowed down in the presence of BLE [35,83,86].
Based on the activation enthalpies of (Table 5), BLE presence increases
the activation enthalpy relative to those without BLE. This is attributed
to the energy barrier of the corrosion reaction and indicates that there is
an increase in the entropy of the corrosion process due to BLE adsorption
[35].

A comparison of the activation entropy (AS°) values in Table 5 shows
that, in the presence of BLE at concentrations of 2 and 5 g/L, AS' de-
creases relative to the blank solution. At 10 g/L BLE, the activation
entropy is comparable to that of the uninhibited system, whereas at 15
g/L BLE, AS° increases to more positive values. In the blank solution, the
transition state associated with the recombination of species on the
copper surface during corrosion is more ordered than the initial state,
resulting in a relatively high activation entropy for the uninhibited
corrosion process [35]. The decrease in AS° observed at BLE concen-
trations below 15 g/L indicates that the formation of the activated
complex is accompanied by a reduction in disorder, suggesting an
associative process during inhibitor adsorption and complex formation
[86,92].

More positive activation entropy values in the presence of inhibitors
reflect increased disorder in the transition from reactants to the acti-
vated complex and indicate that entropy plays a significant role in
determining the corrosion rate [35]. This interpretation is supported by
UV-Vis spectroscopy, which revealed the presence of stable organo-
metallic copper-BLE complexes at lower inhibitor concentrations [13].
In addition, changes in activation entropy can be correlated with a
modification of the corrosion mechanism, as seen from variations in the
Warburg constant obtained from electrochemical impedance spectros-
copy measurements [12]. Specifically, copper corrosion in 0.5 M NaCl
without BLE and in the presence of BLE concentrations below 15 g/L is
predominantly controlled by activation/diffusion processes, whereas at
15 g/L BLE the corrosion process becomes governed by charge-transfer
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kinetics [93]. Under charge-transfer control, increased disorder is
associated with the formation of a less stable and sparsely populated
activation complex due to the reduced availability of copper ions in
solution. In contrast, when corrosion is controlled by activation/diffu-
sion, the system is more ordered, either due to the formation of stable
organometallic complexes or because the copper surface is sufficiently
covered by BLE molecules, thereby limiting disorder during the corro-
sion process.

3.4.2. Thermodynamic parameters of the copper corrosion process in 0.5 M
NaCl solution

The thermodynamic parameters were calculated using the Van Hoff
Eq. (6), the Gibbs-Helmbholtz Eq. (7) and the basic equation of thermo-
dynamics (8). Using the values from Table 4, the thermodynamic pa-
rameters were calculated and presented in Table 6. For each
thermodynamic equation, large values for the correlation coefficient
were obtained: 0.994395 (Van Hoff equation), 0.995427 (Gibbs-Helm-
holtz equation) and 0.999239 (basic equation of thermodynamics).

Data in Table 6 show that similar values of adsorption enthalpy and
adsorption entropy were obtained by applying different thermodynamic
equations. The positive value of adsorption enthalpy AHY, indicates
that the adsorption process of BLE molecules and BLE-copper complexes
is an endothermic process [32]. Values less than 40 kJ/mol confirm that
the physical adsorption of BLE on the copper surface occurs in a 0.5 M
NacCl solution [35,94]. The change in adsorption entropy AS?,, is posi-
tive, indicating that when BLE is adsorbed onto the copper surface,
system disorder is created, being the driving force for the inhibitor
adsorption [86,92,95]. The reason for the positive value of adsorption
entropy may be the desorption of water molecules from the copper
surface during the adsorption of BLE molecules or organometallic
complexes, which increases the entropy of the solvent [96].

3.5. Response surface methodology (RSM) and optimization of the
corrosion inhibition process

The results of the RSM used to determine the synergistic effect of
copper immersion time in the electrolyte, temperature and BLE con-
centration on the copper corrosion inhibition process were performed
using the data from Table 7. The statistical significance of the individual
variables and the CCD model was determined using analysis of variance
(ANOVA). The values of the independent and dependent variables used
for RSM by the CCD model, the number of random experiments (std.
order) and the actual order (run order) of the experiments performed are
shown in Table 7. The independent variables are the immersion time of
the copper in the electrolyte (time, h), the temperature (K) and the
concentration of the inhibitor (Cinh, g/L). After forming the CCD model
and performing the experiments, the values of corrosion rate (CR, pg/
h-cm?) and inhibition efficiency (IE, %) were used to complete the CCD
model. An RSM was performed for each dependent variable. Normality
plots and residual distribution plots with respect to the fitted values,
linear, quadratic and 2-way interaction analysis with a confidence level
of 0.05, analysis of variance and statistical model were obtained as RSM
results. Contour and 3D plots were created based on the statistically
significant variables (corrosion rate and inhibition efficiency).

The statistical parameters of the CCD model are summarized in
Table 8. The high adjusted coefficients of determination (Rz(adj)) show
the model accurately predicts both the corrosion rate and inhibition

Table 6
Adsorption properties of BLE when adsorbed on a copper surface in a 0.5 M NaCl
solution.

Thermodynamic equation AHY,; (J/mol) AS?4,(J/mol-K)

Van Hoff 7422 66.92
Gibbs-Helmholtz equation 7710 -
Basic equation of thermodynamics 7464 67.05
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Table 7

CCD design for the Cu-DHP corrosion inhibition process in 0.5 M NaCl using

BLE.
Std. Run Time Temperature Cinn (g8/ CR (pg/ IE
order order (h) K) L) h-cm?) (%)
20 1 156.000 315.500 10.000 2.980 94.33
17 2 156.000 315.500 10.000 2.980 94.33
3 3 72.000 328.000 5.000 5.560 90.36
6 4 240.000 303.000 15.000 0.477 98.90
12 5 156.000 336.522 10.000 3.360 93.30
2 6 240.000 303.000 5.000 0.893 97.90
7 7 72.000 328.000 15.000 2.280 95.18
10 8 297.271 315.500 10.000 0.105 96.02
18 9 156.000 315.500 10.000 3.030 94.30
15 10 156.000 315.500 10.000 3.080 94.29
4 11 240.000 328.000 5.000 3.460 94.20
1 12 72.000 303.000 5.000 3.850 91.33
14 13 156.000 315.500 18.409 1.080 96.12
5 14 72.000 303.000 15.000 1.050 97.71
19 15 156.000 315.500 10.000 2.960 94.35
13 16 156.000 315.500 1.591 4.560 88.89
9 17 14.729 315.500 10.000 3.170 93.74
11 18 156.000 294.478 10.000 1.190 96.30
8 19 240.000 328.000 15.000 1.180 97.10
16 20 156.000 315.500 10.000 3.360 93.30

Table 8

Model parameters.

R%% R? (adj)% R? (pred)%

Corrosion rate 98.71 97.55 91.03
Inhibition efficiency 98.70 97.52 90.97

efficiency [97]. Likewise, the R? values demonstrate the high accuracy
of the developed models [98]. In general, a model is considered satis-
factory when R% > 0.8 [99], and the R? values obtained for the CCD
model in Table 8 significantly exceed this threshold, confirming excel-
lent agreement between experimental data and model predictions
[100]. Ideally, R? should approach unity, reflecting minimal unex-
plained variance. Furthermore, acceptable agreement between R? and
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Rz(adj) is typically achieved when their difference is less than 0.2 (20%)
[21]. The close similarity between these parameters for both response
models confirms their high statistical significance and robustness [46,
97,98]. The predictive coefficient of determination (Rz(pred)) provides
additional insight into the predictive capability of the model and in-
dicates whether excessive, non-influential terms have been included.
Large deviations between R? and R*(pred) suggest overfitting, which
adversely affects predictive reliability, for example, an R? of 87%
combined with an Rz(pred) of 52% [101]. In the present study, the
RZ(pred) values do not deviate substantially from the corresponding R>
values, indicating that the models are not overfitted and contain no
significant amount of redundant data. The strong correlation between
predicted and experimental values further confirms the adequacy of the
CCD models, which can therefore be reliably used to predict copper
corrosion rates and inhibition efficiencies in 0.5 M NacCl as a function of
BLE concentration, temperature, and copper immersion time [46].

Additional confirmation of the adequacy of the model was deter-
mined by normal probability plots for the variable corrosion rate
(Fig. 6a) and the variable inhibition effect (Fig. 6b). Both plots confirm
the normality of the sample distribution, which also confirms variance
constancy [46,97].

The plots of residuals versus fitted values for the corrosion rate and
inhibition efficiency are presented in Fig. 7a and 7b, respectively. Re-
siduals, defined as the differences between experimentally measured
and model-predicted values for a given set of conditions, are used to
assess the adequacy of the fitted model [102]. Analysis of residual dis-
tributions allows verification of the assumptions of random error dis-
tribution and constant variance. Ideally, residuals should be randomly
scattered around zero without any discernible patterns [101]. As shown
in Fig. 7a and 7b, the residuals for both corrosion rate and inhibition
efficiency are randomly distributed about zero, confirming the validity
and reliability of the developed CCD models for Cu-DHP corrosion in-
hibition by BLE in 0.5 M NacCl.

Table 9 presents the analysis of variance (ANOVA) results for the
CCD model describing the corrosion rate. Based on the model analysis
and ANOVA outcomes, a regression equation for the corrosion rate was
derived using uncoded (actual) values:

CR(pg/h-cm*) = —182.4 — 0.0119 Time(h) + 1.099 Temperature(K) + 1.152 Cyur(g/L) — 0.000067

Time (h)-Time(h
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Fig. 6. Normal probability plots for the values of a) corrosion rate and b) inhibition efficiency.
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Fig. 7. Plots of residuals versus fitted values for a) corrosion rate and b) corrosion inhibition efficiency of Cu-DHP by BLE in 0.5 M NaCl solution.
Table 9
Analysis of variance (ANOVA) of the CCD model for the corrosion rate.
DF Adj SS Adj MS F-value P-value
Model 9 39.0769 4.3419 85.01 0.000
Linear 3 33.1301 11.0434 216.23 0.000
Time (h) 1 10.3425 10.3425 202.51 0.000
Temperature (K) 1 7.1180 7.1180 139.37 0.000
Cinn (g/L) 1 15.6696 15.6696 306.81 0.000
Square 3 3.8150 1.2717 24.90 0.000
Time (h)- Time (h) 1 3.2266 3.2266 63.18 0.000
Temperature (K)-Temperature (K) 1 0.8848 0.8848 17.32 0.002
Cinn (8/L)-Cinn (g/L) 1 0.0438 0.0438 0.86 0.376
2-Way interaction 3 2.1318 0.7106 13.91 0.001
Time (h)-Temperature (K) 1 0.0136 0.0136 0.27 0.617
Time (h)-Cinp (g/L) 1 1.4314 1.4314 28.03 0.000
Temperature (K)-Cinp, (8/L) 1 0.6868 0.6868 13.45 0.004
Error 10 0.5107 0.0511
Lack of fit 5 0.3968 0.0794 3.48 0.099
Error 5 0.1139 0.0228
Total 19 39.5876

All necessary data for a complete CCD model analysis were provided
by the ANOVA regression. The DF data indicates the number of degrees
of freedom for all model data. The information is used to predict the
unknown values in the population. The number of sample observations
determines the total number of DF. It indicates how much information
each part of the model contains. Increasing the sample size provides
more information about the population and therefore increases the total
DF. When more terms are specified in the model, the DF available for
assessing the variable parameters needed for prediction decreases as less
information is available [103]. The Adj SS and Adj MS values are the
adjusted sum of squares and the adjusted mean square value, respec-
tively. The value of Adj SS indicates the measurement variation of the
different constituent models, while Adj MS shown the variation of a term
or model based on all other terms that the model contains, regardless of
their order of occurrence. Unlike Adj SS, Adj MS contains the number of
degrees of freedom [103,104]. Based on the significance level p and the
p-value of the CCD model for analyzing the influence of the immersion
time of copper in a 0.5 M NaCl solution with the addition of BLE, tem-
perature and inhibitor concentration, the model was found to be sta-
tistically significant (p < 0.05) [21,97]. All three investigated factors
have a statistically significant influence on the copper corrosion rate.
The F-value is a statistical test that checks whether the investigated
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phase is related to the reaction [103,104]. The F-test value can be used
to determine which factor has the greatest influence on the corrosion
rate [24,97]. The highest value of the F-test (306.81) was obtained for

Table 10
Analysis of variance (ANOVA) of the CCD model for inhibition efficiency.
DF  AdjSS AdjMS  F- P-
value value
Model 9 92.3260 10.2584 84.18 0.000
Linear 3 78.3123 26.1041 214.20 0.000
Time (h) 1 24.4458 24.4458 200.59 0.000
Temperature (K) 1 16.8193 16.8193 138.01 0.000
Cinn (g/L) 1 37.0472 37.0472 303.99 0.000
Square 3 8.9951 2.9984 24.60 0.000
Time (h)- Time (h) 1 7.6119 7.6119 62.46 0.000
Temperature(K)-Temperature 1 2.0809 2.0809 17.08 0.002
x)
Cinh (8/L)-Cinn (8/L) 1 0.1006 0.1006 0.83 0.385
2-Way interaction 3 5.0186 1.6729 13.73 0.001
Time (h)-Temperature (K) 1 0.0339 0.0339 0.28 0.609
Time (h)-Cipp (8/L) 1 3.3710 3.3710 27.66 0.000
Temperature (K)-Cinp, (g/L) 1 1.6137 1.6137 13.24 0.005
Error 10 1.2187 0.1219
Lack of fit 5 0.9414 0.1883 3.40 0.103
Error 5 0.2773 0.0555
Total 19 93.5447
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the independent variable Ciy, indicating that the BLE concentration has
the greatest influence on the copper corrosion rate. The immersion time
has a lower influence (202.51), followed by the temperature (139.37).
Of the square factors, immersion time (p = 0.000) and temperature (p =
0.002) have a statistically significant influence. Immersion time and
inhibitor concentration (p = 0.000) and temperature and inhibitor
concentration (p = 0.004) are the two-way interactions that have a
statistically significant influence. The value for the lack of fit describes
the changes in the data around the fitted model. If the results show that
this parameter is statistically significant, it means that the model is not
well fitted [105]. Since the value of the lack of fit (p = 0.099) in Table 9
is greater than 0.05 for the fitted second order model in terms of
corrosion rate, it means that the adequate fit of the model is confirmed.

Table 10 shows the ANOVA results for the CCD model of the inhi-
bition efficiency, leading to a regression equation for inhibition effi-
ciency was established using the uncoded values:
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changed simultaneously [46,97]. The model fit regarding corrosion in-
hibition efficiency is adequate due to the large lack of its fit value (p =
0.103 > 0.05) [105]. The results of the linear, square and two-way
interaction of the CCD model of corrosion rate and inhibition effi-
ciency are statistically significant.

Figs. 8-11 present contour and surface plots illustrating the simul-
taneous influence of the variables whose statistical significance was
identified by the CCD model. The surface (Fig. 8a) and contour (Fig. 8b)
plots of the copper corrosion rate in 0.5 M NacCl solution, as a function of
inhibitor concentration and immersion time, indicate that BLE is most
effective as a copper corrosion inhibitor at higher inhibitor concentra-
tions and longer immersion times. Since the change in copper corrosion
rate under these conditions is not linear, due to the simultaneous change
in two parameters, it is possible to determine in which areas of the
contour plot BLE works best using legend for the corrosion rate value,
being blue areas. This area begins when the BLE concentration in the
electrolyte is slightly higher than 10 g/L, i.e. at the minimum immersion
time of copper in the electrolyte. A similar change in the corrosion rate

IE (%) = 378.6 + 0.0188 Time (h) — 1.686 Temperature (K) — 1.763 Ci(g/L) + 0.000103

Time (h)-Time (h) + 0.002432 Temperature (K)-Temperature (K) + 0.00334 Ci(g/L)-Cinn(g/L)—

0.000062 Time (h)-Temperature (K) — 0.001546 Time (h)-Ciun(g/L) +
0.00719 Temperature (K)-Cizn(g/L)

Tables 9 and 10 reveal the same DF value for the corrosion rate, as
the same CCD model was used. The part of the model related to inhi-
bition efficiency is statistically significant as its p-value is below the
statistical significance level [21,97]. Within the ANOVA analysis of the
linear influence of parameters on inhibitor efficiency, all three inde-
pendent variables (time, temperature and inhibitor concentration) were
found to have a statistically significant influence on corrosion inhibition
efficiency with BLE. Cinh (F = 303.99) has the greatest influence on the
inhibition efficiency, followed by the immersion time of the copper in
the electrolyte (F = 200.59) and temperature (F = 138.01), which has
the least influence [24,97]. When analyzing the square effect of the
tested parameters on the corrosion inhibition efficiency using BLE, the
time (p = 0.000) and temperature (p = 0.002) have a statistically sig-
nificant effect. The immersion time of copper in the electrolyte and in-
hibitor concentration (p = 0.000) and temperature (p = 0.005) have a
statistically significant effect on inhibition efficiency when they are
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occurs at the minimum BLE concentration (about 2 g/L) when the im-
mersion time is longer than 225 h. The corrosion rate value is lowest at
all immersion times when the inhibitor concentration is greater than 12
g/L.

The simultaneous influence of the change in inhibitor concentration
and temperature on copper corrosion in a 0.5 M NaCl solution is shown
in the surface (Fig. 9a) and contour (Fig. 9b) diagrams. These plots
clearly show the areas of inhibitor concentration and temperature where
BLE works best as a corrosion inhibitor, i.e. where the copper corrosion
process is slowest. These areas are shown in blue on the contour diagram
and include areas with high inhibitor concentrations and low tempera-
tures. A significant reduction in the rate of copper corrosion in a chloride
environment is achieved at low temperatures (room temperature) with a
BLE concentration of approximately 2 g/L. Up to about 302 K, a blue
area is observed at the lowest values of BLE concentration. At higher
temperatures, the corrosion rate increases, but is low at all temperatures

(b)

v
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Fig. 8. Surface and contour plots of the corrosion rate of Cu-DHP in 0.5 M NacCl solution when the BLE inhibitor concentration (Cinh, g/L) and the immersion time of

the copper in the electrolyte (Time, h) are changed.
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Fig. 9. Surface and contour plots of the corrosion rate of Cu-DHP in 0.5 M NacCl solution with changing concentration of BLE inhibitor (Cinh, g/L) and temperature

(Temperature, K).
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Fig. 10. Surface and contour plots of Cu-DHP corrosion inhibition efficiencyin 0.5 M NaCl solution when changing the BLE inhibitor concentration (Cinh, g/L) and

the immersion time of copper in the electrolyte (Time, h).
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Fig. 11. Surface and contour plots of corrosion inhibition efficiency of Cu-DHP in 0.5 M NaCl solution with changing BLE inhibitor concentration (Cinh, g/L) and

temperature (Temperature, K).

when the BLE concentration is above 12 g/L.

As with the copper corrosion rate, a statistically significant effect on
the inhibitor efficiency is the simultaneous effect of the copper immer-
sion time and the inhibitor concentration. The surface plot and contour
surface plot are shown in Fig. 10a, 10b. The best copper inhibitor effi-
ciency with BLE is achieved with a longer immersion time and higher
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BLE concentrations. The areas with the highest percentage BLE corro-
sion inhibition efficiency in, when the inhibitor concentration and the
immersion time of copper in the electrolyte are changed simultaneously,
are shown in dark green shades on the contour plot. Based on earlier
literature reports, BLE acts as a very effective copper corrosion inhibitor
in a chloride environment at all concentrations above 2 g/L and at a
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Table 11
Prediction of the multiple reactions of the copper corrosion model in 0.5 M NaCl
solution with BLE for a 99% inhibition efficiency.

Variable Setting

Time (h) 14.7294

Temperature (K) 334.5640

Cinh (g/L) 17.9282

Response Fit SEFit  95% CI 95% PI

EI (%) 99.000 0.693  (97.457;100.543)  (97.272; 100.728)

copper immersion time of more than 70 h. Similar results were obtained
for jojoba fruit peel extract, where a copper corrosion inhibition effi-
ciency of 90% was achieved when 2 g/L jojoba peel extract was added to
a 1 M HCI solution [8]. The increasing efficiency of the inhibitor over
time can be explained by the fact that the metal surface becomes more
covered with the inhibitor over time, forming a protective film [100]. In
addition, the immersion time and BLE concentration have a synergistic
effect on copper corrosion protection in 0.5 M NacCl, so that a high de-
gree of inhibition is easily achieved [24].

Another statistically significant effect on the copper corrosion inhi-
bition efficiency is the simultaneous effect of inhibitor concentration
and temperature (Fig. 11a, 11b). The best inhibition efficiency is ach-
ieved at higher BLE concentrations and lower temperatures. The
decrease in inhibitor efficiency is due to the decrease in adsorption of
organic components at higher electrolyte temperatures [84,106]. This
change indicates that the inhibitor undergoes physical adsorption on the
metal surface [84]. The decrease in inhibition efficiency with increasing
temperature can be attributed to the increase in kinetic energy, which
promotes intermolecular interactions of adsorbate and adsorbent, as
well as fragmentation and/or rearrangement catalyzed at high temper-
atures [84,88,97]. At higher BLE concentrations, a semi-elliptical shape
of the contour line is observed that can be explained by a larger tem-
perature influence on the adsorption-desorption equilibrium of the
corrosion processes on the copper surface [24].

Although the plots for the change in corrosion rate and inhibition
efficiency with BLE show the same effect of temperature, copper im-
mersion time and inhibitor concentration, there is a discrepancy be-
tween them. It arises because the value determined on the basis of three
experiments, performed simultaneously on a copper plate under the
same conditions, is used to form the corrosion rate model. For the in-
hibition efficiency model, the calculated values representing the masses
of three copper coupons treated under the same conditions with BLE at
the concentration specified by the model and three copper coupons
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mechanism on the copper surface, as determined by the EIS method,
with a change from diffusion-controlled corrosion processes to a process
that depends on charge transfer [12].

Based on the results of the CCD model (Table 7), the BLE exhibits the
highest inhibition efficiency percentage (98.90%) at 303 K, an immer-
sion time of 240 h and an inhibitor concentration of 15 g/L. In addition
to the value of the model and the its parameters, it is possible to predict
the corrosion inhibition efficiency value and determine under which
conditions this value is achieved [104]. For example, optimizing the
model to achieve the corrosion inhibition of 99% yields the predicted
values for the multiple response shown in Table 11 and Fig. 12. The 95%
ClI is the confidence interval and the 95% PI is the predicted interval
[107,108]. This means that there is a 95% probability of achieving an
inhibition efficiency of 99%, with a confidence interval of 97.457% to
100.543% and a predicted interval of 97.272% to 100.728%, for a
copper immersion time of 14.7294 h in an electrolyte containing 0.5 M
NaCl with the addition of 17.9282 g/L BLE, at 334.5640 K. It should be
considered that the model provides values that are outside the real
values. Thus, if the optimization of the maximum efficiency of the in-
hibitor or the minimum value of the corrosion rate is performed, the
model may show values above 100% for the inhibition efficiency and
negative values for the corrosion rate. In this way, it is up to the
researcher to decide which threshold values to consider.

In order to reduce the shortcomings to a minimum, the optimization
of the corrosion inhibition of Cu-DHP in 0.5 M NaCl with a fixed value of
the corrosion inhibitor concentration (15 g/L BLE) is given as a further
example when the inhibition efficiency is 99%. The optimization results
are shown in Table 12 and Fig. 13. A temperature of 294.478 K and a
copper immersion time of 213.466 h are required to achieve an inhibitor
efficiency of 99% when 15 g/L BLE is added. Multiple response analysis
on the prediction determined the confidence interval of inhibition effi-
ciency using BLE from 98.122% to 99.878%, with a confidence of 95%
and the predicted interval from 97.827% to 100.173%. For a more
complete verification of the model and the statistical data allowing the
prediction of the variables, the indicated parameters were applied
experimentally using the weight loss method. As a result of the analysis,
a value of 99.05% inhibitor efficiency was obtained. The value obtained
is within the confidence interval and the predicted interval, which

Table 12
Prediction of the multiple responses of the copper corrosion model in 0.5 M NaCl
solution with 15 g/L BLE for 99% inhibition efficiency.

tested under the same conditions of immersion time and temperature as Variable Setting
the previous ones but without the addition of inhibitor were used. By Time (h) 213.466
exposing three copper coupons to the same conditions at the same time, Temperature (K) ~ 294.478
the possibility of random error is minimized, as is the difference between Cinh (8/L) 15
p ] nzed, Response Fit SEFit  95%CI 95% PI
the models. Common to all diagrams is that BLE performs best at con- EI (%) 99.000 0.394  (98.122;99.878)  (97.827; 100.173)
centrations exceeding 12 g/L, where there is a change in the adsorption
Optimal Time [h) Temperature (K} Cinh [g/L}
D 1000 Hgh 297.2706 336.5224 13.4090
B Cur [14.7204] [334.5636] [17.9282]
Low 14,7204 204.4776 1.5010
—\._.———————_—,-"i———'“—--.—__—:_—__:—"—————————7—
— r 4
— Ny }/
e
1E (38) g

Targ: 99.0

y = 99.0

d = 1.0000 e

_,./

Fig. 12. Optimization parameters of Cu-DHP copper corrosion inhibition in 0.5 M NaCl solution with the addition of BLE when the inhibition efficiency is 99%.
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Temperature (K} Cinh (gL}
336.5224 18.4090
[204.4776] [15.0]
2944776 1.5810

Fig. 13. Optimization parameters of Cu-DHP copper corrosion inhibition in a solution 0.5 M NaCl with the addition of 15 g/L BLE when the inhibition efficiency

is 99%.

confirms that with an adequate optimization of the corrosion process a
better inhibitor efficiency can be obtained than with classical experi-
ments with only one factor considered. Comparing the value obtained
with the value for the inhibition efficiency value of 99.1% obtained at a
temperature of 295 K and an immersion time of 240 h, it is clear that the
immersion time influenced the increase in the inhibition efficiency
value. However, the potential long-term performance and stability of
BLE as an inhibitor are unknown, which could be further investigated in
the future.

3.6. Mechanism of BLE adsorption on the copper surface in 0.5 M NaCl
solution

The adsorption of the inhibitor depends on its chemical structure, the
size of the molecule, the nature and charge of the metal surface and the
charge distribution throughout the inhibitor molecule. In fact, the
adsorption process can occur by the replacement of solvent molecules
from the metal surface by ions and molecules that accumulate near the
metal/solution interface. More ions can accumulate at the metal/solu-
tion interface than are required to balance the charge of the metal at
equilibrium potential. These ions displace the solvent molecules from
the copper surface and their centers are located in the inner Helmholtz
plane. This phenomenon is called specific adsorption or contact
adsorption [109]. Anions are adsorbed when the metal surface has an
excess of positive charge greater than that required to balance the
charge corresponding to the applied potential. The exact nature of the
interaction between the alloy surface and the aromatic molecule de-
pends on the relative coordination strength of the functional groups
present to the metal in question [110].

Based on the results and the literature reviewed, the BLE adsorption
mechanism on the copper surface in a 0.5 M NaCl solution can be
assumed. BLE acts as a corrosion inhibitor by physically adsorbing
molecules and organometallic complexes on the copper surface ac-
cording to the Langmire adsorption isotherm. At BLE concentrations
lower than 10 g/L, organometallic complexes of copper ions formed by
copper corrosion and inhibitor molecules are produced. Literature as-
sumes that all three BLE components can form stable complexes with Cu
(ID) ions [9,11]. Earlier, caffeic acid was shown to be a cathodic copper
corrosion inhibitor in a 0.5 M NaCl solution by adsorbing to the copper
surface via a non-covalent bond, with the entire surface directed to-
wards the copper surface [111]. Since plant extracts have several het-
eroatoms in compounds, synergistic effects between the molecules can
occur, resulting in a good inhibition efficiency [109]. BLE acts as a
mixed type of corrosion inhibitor, so it is clear that in addition to caffeic
acid, quercetin-3-O-glucoside and kaempferol-3-O-glucoside also influ-
ence the same processes. The inhibitory effect of BLE on copper corro-
sion can be rationalized based on the activation and adsorption
parameters. The BLE adsorption on the copper surface reduces the
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corrosive effect of the electrolyte, whereby BLE molecules can replace
previously adsorbed water molecules [112]. At lower BLE concentra-
tions, the system is better organized due to the association of the mol-
ecules and the reduction of corrosion products. As with copper corrosion
in 0.5 M NaCl solution without BLE, the corrosion mechanism is
activated/diffusion-controlled at BLE concentrations of less than 10 g/L.

Most often, water-inhibitor substitution is considered as the first step
of corrosion inhibition [113]:

inhsor) + NH20(ads) — inhgads) + nH20 (19)

where n is the number of water molecules that can be replaced by in-
hibitor molecules.

In addition to the synergistic effect of the BLE molecules, it should be
noted that the ions of the halogen elements have a positive effect on the
inhibition of the corrosion process by organic inhibitors. Thus, the
presence of chloride ions in the 0.5 M NaCl solution does not have a
corrosive effect, but promotes the effect of BLE as a corrosion inhibitor.
According to the first mechanism, ion pairs are formed in the bulk of the
solution and then adsorbed from the solution to the metal surface as
follows [61]:

Y, + X;— (YX), (20)

(YX), = (YX) 445 @n

s

The second mechanism states that first the halide ion is adsorbed on
the metal surface, whereupon the inhibitor molecule is attracted to the
double layer by the adsorbed halide ion, so that ion pair formation oc-
curs directly on the metal surface. The second mechanism can be shown
as follows [61]:

X—>XaasYs + Xads_)(YX>ads 22)
where Y is the inhibitor molecule, X; is the halide ion, (YX); is the ion
pair in the bulk solution, Yaqs, Xads and (YX)ags are the adsorbed species
[61-63].

The adsorption of caffeic acid, quercetin-3-O-glucoside, kaempferol-
3-0O-glucoside, their organometallic complexes and ion pairs on forms a
protective film. Its formation prevents the corrosion, whereas the in-
hibitor influences the formation reactions of CuCl and CuCl,, as well as
Cu,0 and Cuy(OH)4Cl [114]. The surface coverage of organic molecules
depends on their metal surface orientation. The planary orientation of
the inhibitor molecules in relation to the metal surface covers a larger
area, so that better protection against corrosion can be expected — a
more optimal inhibition is achieved in this way than involving a vertical
orientation. By using simulation methods, it is possible to determine
which part of the molecule interacts with the metal surface [97].

As the BLE concentration increases, more inhibitor species are
available for the copper surface adsorption, increasing the surface
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Kaempferol-3-O-glucoside (L2) Quercetin-3-O-glucoside (L3)

Fig. 14. Chemical structure of investigated ligands.

Caffeic acid (L1) Kaempferol-3-O-glucoside (L2) Quercetin-3-O-glucoside (L3)

Fig. 15. The most stable geometries of investigated ligands as obtained wth the (SMD)/M06-2X/def2-TZVP model in water.

coverage, decreasing the corrosion rate, and increasing the corrosion
inhibition efficiency. When the surface coverage is sufficient, there are
not enough copper ions to form an organometallic complex, so the
presence of the complex was not detected at higher BLE concentrations
[13]. However, at BLE concentrations exceeding 10 g/L, there is a
change in the mechanism [12]. Disorder then occurs in the transition
from the reactant to the activated complex to a degree that determines
the reaction rate. With 15 g/L BLE, unstable complexes are formed,
which could be the result of a mechanistic change. In addition, much less
copper chloride is present and no copper oxide is formed when the BLE
concentration is 15 g/L [11]. The corrosion process accelerates with
increasing temperature, even when BLE is present. The decrease in the
corrosion inhibition effectiveness with BLE at higher temperatures in-
dicates that there is a physical adsorption of inhibitor molecules on the
copper surface [84]. Higher temperatures offer incerased kinetic en-
ergies, leading to catalyzed fragmentation and/or rearrangement [97].
As the copper is immersed in the electrolyte, the efficiency of BLE in-
creases as a greater copper surface area is covered with the inhibitor
over time [100]. BLE works best as a copper corrosion inhibitor in a
chloride-containing environment at lower temperatures, with prolonged
immersion of the copper in the electrolyte and at higher concentrations
of BLE.

L1
AGINT = +8.6 keal/mol

AGINT = —18.0 kcal/mol

3.7. Computational DFT analysis

Computational analysis was employed to identify organometallic
complexes in solution and aid in interpreting experimental observations.
The feasibility of complex formation between Cu(Il) ions and three
organic ligands - caffeic acid (L1), kaempferol-3-O-glucoside (L2), and
quercetin-3-O-glucoside (L3) was investigated, focusing on their stoi-
chiometry and thermodynamic stability (Fig. 14).

L2 and L3 are structurally similar, differing only by an additional
—OH group on the phenyl ring in the latter, suggesting comparable Cu(II)
complexation behavior. Literature indicates phenol deprotonation
typically occurs at pH = 10, which is beyond experimental conditions in
this case. Although the extra —OH group in L3 slightly increases phenol
acidity (pK; = 9.99 for 4-phenol, 9.40 for 3,4-dihydroxy) [115], the
required pH still exceeds our experimental range, rendering —-OH
deprotonation irrelevant for our analysis. Aliphatic alcohols, less acidic
than phenols, further support the predominance of neutral, unionized
forms of L2 and L3 in solution, as modeled. Conversely, caffeic acid (L1),
a weak organic acid with a pK, of 4.62, was considered mono-
deprotonated at the carboxylic group (-COO").

The first step was analyzing the stability of isolated ligands L1-L3,
with the most stable conformations shown in Fig. 15. Caffeic acid (L1)
exhibits intramolecular O-H---O hydrogen bonding between adjacent

AGINT = —18.2 keal/mol

Fig. 16. Structures and interaction energies between investigated ligands and Cu(Il) ions in their 1:1 complexes as obtained wth the (SMD)/M06-2X/def2-TZVP

model in water.
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L1
AGINT = —41.9 kcal/mol

L2

AGINT = -28.1 kcal/mol

L3
AGINT = -29.0 kcal/mol

Fig. 17. Structures and interaction energies between investigated ligands and Cu(II) ions in their 2:1 complexes as obtained wth the (SMD)/M06-2X/def2-TZVP

model in water.

V(I(
AGINT = —46.6 kcal/mol

Fig. 18. Structures and interaction energy in a 3:1 complex involving caffeic
acid (L1) and a Cu(Il) ion as obtained wth the (SMD)/M06-2X/def2-TZVP
model in water.

—-OH groups and a trans conformation at its exocyclic double bond. L2
and L3, feature intramolecular O-H:--O=C hydrogen bonding within
their bicyclic skeleton. Their glucoside units are oriented to form addi-
tional O-H---O=C bonds with the central carbonyl, while the three
glucoside —~OH groups maximize hydrogen bonding among themselves.
The -CH>-OH moiety stabilizes the phenyl ring via O-H---n interactions.
The structural similarity of L2 and L3 supports their expected similar
behavior toward Cu(Il).

Feasibility assessment of Cu(II) complexation was performed by
calculating interaction Gibbs free energies among components (AGint)
for 1:1 complexes (Fig. 16). Caffeic acid (L1) forms an unfavorable 1:1
complex with Cu(Il), seen in a positive and endergonic AGyt = +8.6
kcal/mol, likely due to the charged nature of both components, stabi-
lizing them in aqueous solution and hindering complexation. The most
stable L1:Cu(Il) structure shows asymmetrical binding, with Cu---O
distances of 2.01 A and 2.91 A. A symmetrical binding mode (both
Cu---O at 2.24 10\) is 1.8 kcal/mol less stable, contributing less than 5% to
the solution population. In contrast, L2 and L3 form highly stable 1:1
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Table 13

Computed energies of the frontier orbitals for identified complexes, together
with their HOMO-LUMO gap as obtained with the (SMD)/M06-2X/def2-TZVP
model in water.

System E(HOMO) / E(LUMO) / AE(HOMO-LUMO) /
eV eV eV
L1 -7.1 -0.4 6.7
1:1 complex with Cu -8.0 -1.5 6.5
an
2:1 complex with Cu -7.3 -1.0 6.3
an
3:1 complex with Cu -6.0 -1.4 4.6
an
L2 -7.5 -1.2 6.3
1:1 complex with Cu -7.6 -1.7 5.9
an
2:1 complex with Cu -7.6 -1.6 6.0
an
L3 -7.4 -1.2 6.2
1:1 complex with Cu -8.0 -2.0 6.0
an
2:1 complex with Cu -7.5 -1.6 5.9

an

complexes with Cu(Il), with exergonic AGint values of —~18.0 kcal/mol
(L2) and -18.2 kcal/mol (L3). The minor difference (-0.2 kcal/mol)
confirms their similar performance. Both ligands coordinate Cu(Il) tri-
dentately via (i) the bicyclic carbonyl C=0, (ii) the oxygen linking the
glucoside unit, and (iii) a reoriented glucoside -OH group. Computed
Cu---O distances are 1.96 A, 2.80 A, and 2.05 A for L2, and 1.94 A, 2.37
A, and 2.02 A for L3, with L3 slightly shorter distances aligning with its
somewhat higher interaction energy. A less stable L3 structure, where
Cu(Il) binds between vicinal aromatic -OH groups, is 33.1 kcal/mol
higher in energy and negligible.

The 2:1 ligand:Cu(II) complexes were further explored (Fig. 17). For
L2 and L3, hexacoordinated Cu(Il) complexes are highly stable, with
AGint values of —28.1 kcal/mol (L.2) and —29.0 kcal/mol (L3), an around
60% increase from their 1:1 complexes. L3 is slightly favored (-0.9 kcal
mol™), and both ligands maintain tridentate coordination similar to
their 1:1 complexes, enhancing stability. For caffeic acid (L1), the 2:1
complex is remarkably stable (AGiytT = —41.9 kcal/mol), surpassing L2
and L3 complexes. It adopts a planar geometry with four identical Cu---O
distances (2.05 10\), a significant shift from the unfavorable 1:1 complex.

The bidentate carboxylate coordination of caffeic acid enables 3:1
complexes, achieving full Cu(II) hexacoordination (Fig. 18). This
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complex is the most stable (AGyy = —-46.6 kcal/mol). These results
suggest that at low ligand concentrations, L2 and L3 dominate Cu(II)
complexation due to their favorable 1:1 complexes, while at higher
concentrations, L1 becomes predominant by forming highly stable 2:1
and 3:1 complexes. This concentration-dependent behavior helps
explaining varying UV-Vis responses and corrosion inhibition mecha-
nisms [11,13]. Comparison with the parent hexaaquacopper(Il) com-
plex, [Cu(H20)6]2+, which exhibits only moderate stability (AGt =
-8.7 kcal/mol), indicates that once formed, the Cu-BLE complexes are
not destabilized by surrounding water molecules and therefore remain
persistent in the aqueous environment. Their stability allows them to
coexist with free BLE molecules in solution and act as additional
inhibiting species during adsorption onto the copper surface. Such
combined action provides a rational explanation for the observed inhi-
bition effect, particularly at higher BLE concentrations where the pop-
ulation of Cu-BLE complexes becomes significant.

The effect of the attached glucoside unit in L2 and L3 for the Cu(Il)
binding was investigated. For that, we repeated the analysis with model
ligands L2’ and L3’ where the glucoside unit is replaced by the -OH
group, as in original kaempferol and quercetine (Fig. S1). These ligands
retain Cu(II) coordination via C=0 and —OH groups but show reduced
interaction energies (5-6 kcal/mol for 1:1, ~10 kcal/mol for 2:1 com-
plexes), confirming the glucoside unit’s importance for Cu(Il) binding
and corrosion suppression.

To validate this findings, the frontier orbital energies (HOMO and
LUMO) and their differences in the complexes, correlating these with
corrosion inhibition (Table 13) were examined. While HOMO and
LUMO energies showed no clear trends, their difference (HOMO-LUMO
gap) decreased with increasing complexation. A smaller gap indicates
higher chemical reactivity, as the molecule can more readily donate
electrons from its HOMO to the metal’s vacant orbitals or accept elec-
trons into its LUMO. This typically enhances the inhibitor adsorption
onto the metal surface, promoting the formation of a stable protective
film that shields the metal from corrosive agents like water, oxygen, or
ions. Inhibitors with smaller HOMO-LUMO gaps are generally more
effective, as they form stronger interactions with the metal. For instance,

Caffeic acid (L1)

bs

2

? Kaempferol-3-O-glucoside (L2)

Quercetin-3-O-glucoside (L3)

—

CORROSION
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Obot et al. demonstrated a strong negative correlation (R? = 0.933)
between the HOMO-LUMO gap and inhibition efficiency for benzimid-
azole derivatives on iron in HCI [116]. Similar findings were reported
for triazole [117], furan [118] and thiadiazole [119] derivatives, where
molecules with the smallest HOMO-LUMO gaps exhibited the highest
corrosion inhibition efficiency. Additionally, a smaller HOMO-LUMO
gap is associated with greater molecular polarizability and chemical
softness, enabling better adaptation to the metal surface electronic
environment. Softer, more polarizable molecules form stronger coordi-
nate bonds with the metal, enhancing inhibition performance. While
factors such as molecular size, functional groups, solubility, and the
metal properties also play a role, the literature consistently highlights
the HOMO-LUMO gap as a key indicator of a molecule reactivity and
adsorption strength, crucial for effective corrosion inhibition. According
to these insights, it can be proposed that 3:1 caffeic acid complex with
Cu(Il) ions likely dominates the anticorrosive features of our BLE
extract, as this particular complex most easily forms in the solution and
is associated with the lowest HOMO-LUMO gap (4.6 eV).

Based on previous studies on the application of BLE as a copper
corrosion inhibitor in 0.5 M NaCl solution [11-13] and the results pre-
sented in this work, a schematic representation of the corrosion inhibi-
tion mechanism is shown in Fig. 19. All obtained results consistently
indicate that BLE molecules and organometallic complexes adsorb on
the copper surface predominantly via physical adsorption. Chemical
complexation occurs between copper ions and BLE ligands in the solu-
tion phase, leading to the formation of organometallic complexes. The
absence of complexes at lower BLE concentrations can be attributed to
the insufficient availability of one of the reactants, as a relatively high
concentration of BLE molecules is required for the spontaneous devel-
opment of this type of protective system.

4. Conclusion

Blackberry leaf extract (BLE) was demonstrated to be an effective
and environmentally friendly corrosion inhibitor for Cu-DHP in 0.5 M
NaCl solution, achieving inhibition efficiencies up to 99.1% under

0 g/L BLE 5 g/L BLE

Fig. 19. Mechanism of corrosion inhibition by organic bioactive compounds of BLE and organometallic complexes involving BLE compounds and Cu(II) ion in 0.5 M

NacCl solution.
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optimal conditions. Electrochemical studies confirmed that BLE acts as a
mixed-type inhibitor, predominantly through physical adsorption
following the Langmuir isotherm. Thermodynamic parameters indicated
a spontaneous and endothermic inhibition process driven by entropy
increase associated with water molecule displacement from the metal
surface. Optimization using response surface methodology revealed that
higher BLE concentrations (15 g/L), lower temperatures (294.48 K), and
longer immersion times (213.47 h) maximize inhibition performance. In
addition to mechanisms commonly proposed in the literature, changes
in pH and conductivity of the NaCl solution upon BLE addition, together
with DFT analysis, indicated the formation of organometallic species.
Stable Cu(Il) complexes with caffeic acid, quercetin-3-O-glucoside, and
kaempferol-3-O-glucoside were identified, with the 3:1 caffeic acid
complex being dominant due to its high stability (AGyt = -46.6 kcal/
mol) and low HOMO-LUMO gap, which enhance adsorption and pro-
tective film formation. The combined action of BLE components and
chloride ions further strengthens inhibition, with a transition from
diffusion-controlled to charge-transfer-controlled mechanisms at higher
inhibitor concentrations.

This study highlights the practical and scientific value of BLE as a
sustainable corrosion inhibitor and provides comprehensive insight into
its electrochemical, thermodynamic, and molecular inhibition mecha-
nisms in chloride media. The limitation of this research is based on the
possibility of the existence of other compounds in BLE, considering that
earlier studies showed the presence of only the three already mentioned
compounds. This limits the identification of more potential organome-
tallic complexes, as well as the potential synergistic interaction with
other organic compounds in BLE. Another limitation is the range of the
RSM method, where the BLE concentration range was chosen so as not to
obtain negative values that need to be applied experimentally, so a more
detailed explanation of the effect of BLE at concentrations below 2 g/L is
currently not considered in detail.

The complexity of plant-based inhibitors lies in the fact that, unlike
single-component inhibitors, their molecules interact not only with the
metal surface but also with corrosive ions and metal ions generated
during corrosion. The resulting organometallic complexes exhibit su-
perior inhibitory properties compared with individual BLE molecules,
which represents a novel mechanistic contribution relative to most
studies on plant-based inhibitors that consider only direct molecular
adsorption. Future work should therefore focus on the individual and
combined effects of pure BLE constituents to identify their specific roles
and possible synergistic interactions in copper corrosion protection.
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