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Abstract

Various bee products were found to be efficient corrosion inhibitors of aluminium in different
environments. In particular, bee pollen was found to be highly effective in alkaline electrolytes, yet its
highly complex composition and possible synergistic interactions hinder determination of the
compounds acting as active corrosion inhibitors. The main purpose of the following work is to
investigate the effect of solvents used for pollen extraction process on the corrosion inhibition of
AA5754 alloy in alkaline environment. Both infrared and mass spectroscopies as well as
chromatographic analysis were used to determine differences in the composition of each obtained
extract.

The inhibition efficiency (IEs) of each extract was determined by using the potentiodynamic
polarization and impedance studies. The highest IEq, exceeding 90% at 10 gL, was recorded for the
water/ethanol extract. Most importantly, it has been found that the dichloromethane extract containing
less polar compounds enhanced the corrosion rate at low bee pollen concentrations, and offered lower
inhibition efficiency at the concentrations above 10 gL™1. The adsorption isotherms were drawn based on
dynamic impedance spectroscopy in galvanostatic mode (g-DEIS), while the measurements carried out
at elevated temperatures allowed the construction of Arrhenius plots and, consequently, the confirmation

of the physical mechanism of adsorption.
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1. Introduction

The application of corrosion inhibitors is one of the most widely used methods for preventing the
accelerated degradation of aluminium and its alloys under aggressive corrosion conditions. Synthetic
chemical compounds that efficiently inhibit corrosion, are often toxic and expensive. Because of
increasing ecological awareness and stricter regulations on the environmental protection in relation to
the usage and utilization of man-made corrosion inhibitors, the search for environment-friendly
alternatives, the so-called green corrosion inhibitors, has started. Green corrosion inhibitors include
natural plant-based products [1,2] and nontoxic man-made compounds such as, dyes [3-5], rare earth
elements [6,7], Schiff bases [8-10] and medicines [11,12], which have been classified as
environmentally friendly.

Extensive scientific research aimed at developing the new types of nontoxic corrosion inhibitors of
aluminium has been going on for almost two decades [13]. Numerous hypotheses were elaborated about
the mechanism of green corrosion inhibition in aluminium and its alloys in alkaline aqueous
environments. It has been assumed that the aluminium corrosion deceleration mediated by green
corrosion inhibitors depends on widening the pH stability range of amphoteric layers consisting of
aluminium oxides and hydroxides; repairing/rebuilding of damaged oxide and hydroxide layers;
decreasing the diffusion rates of reactive reagents to and from the metal’s surface; and/or on removing
the corrosion products from the surface of aluminium [14].

Typically, an active component is being extracted by using acids, organic solvents or water. The
purification of plant extracts is often very tedious, labor-consuming and expensive. Moreover, the
extraction method itself has certain disadvantages related to the use of the large volumes of organic
solvents, which may have a negative impact on the environment. The main problem related to the use of
plant extracts as green corrosion inhibitors results from their physicochemical stability under specific
research conditions [15,16]. Also, the extraction of plant materials conducted at high temperatures can
lead to the denaturation of active ingredients and, subsequently, to lowered efficacy of the extract. To
this end, specifically designed synthesis reactions should be applied in which the substrates are
inexpensive and environment-friendly, or other procedures based on one-step multicomponent reactions
(MCRs) coupled to more energy-efficient and nonconventional methods of heating aided by ultrasound
and microwave radiation [17-20].

The tendency to use plant extracts as corrosion inhibitors has yet another negative side, namely, the
obtained extracts are mixtures of compounds, not pure chemicals. There have been rare attempts to

phytochemically characterize some plant extracts. The efforts to identify the active components in plant
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extracts are comparably infrequent. It is likely that the mixture of different chemical compounds can
have a synergistic or antagonistic effect in relation to the inhibitory action of a given active component.
Many scientific studies have been dedicated to the analysis of the chemical composition of the bee
products revealing their chemical complexity [21-25]. Janoskova et al. [26] studied the slug honey and
identified 300 compounds belonging to various chemical classes (hydrocarbons, alcohols, ketones,
terpenes and benzene derivatives). In particular, presence of numerous aliphatic dicarboxylic acids was
identified in honey and bee pollen [27,28]. Such a wide spectrum of compounds displaying a potential
anticorrosion activity drew the attention of scientists to the possible inhibitory properties of honey and
other bee products.

Bee products were identified as efficient green inhibitors of corrosion in aluminium and its alloys.
Rosliza et al. [29] researched the anticorrosive properties of natural honey applied to Al-Mg-Si alloy in
seawater. The SEM analysis confirmed the presence of a thin layer of corrosion inhibitor on the surface
of the protected alloy, which in effect decreased the overall rate of corrosion. Similar studies were
reported by Gudi¢ et al. [30]. The anticorrosion efficacy increased with increasing honey concentration,
displaying various values for different honey types. For the analyzed range of honey concentrations, the
maximum observed efficiency reached 81.7%. The polarization measurements presented in the
aforementioned articles proved that the analyzed types of honey should be considered as mixed
corrosion inhibitors displaying a higher impact on the anodic reaction. Gerengi et al. [31] demonstrated
the influence of mad honey on the electrochemical properties of AA2007 aluminium alloy in 3.5% NaCl
solution. Based on FTIR measurements, the authors identified active functional groups and chemical
bonds, inter alia, C-O, C=0, C=C, C-H, -NH and —OH, involved in the creation of adsorption layer on
the surface of the protected metal; the obtained results were in agreement with [29,30]. Similar
conclusions were presented by Nik et al. [32] in their study based on AC/DC polarization methods. In all
the cited examples, the adsorption processes followed the Langmuir model. The determined changes in
Gibbs free energy suggest a physical mechanism of adsorption.

Until now, all the published reports focused on the inhibitory action of honey in relation to aluminium
and its alloys in sodium chloride environment. Bee products not only consist of honey, but also include
pollen, propolis and wax. After conducting a series of preliminary experiments, it has been decided that
bee pollen possesses the best inhibitory properties in relation to aluminium corrosion under the
aforementioned conditions. In the following study, we present the corrosion inhibition process of
AA5754 in the bicarbonate buffer at pH 11. Based on the diverse but complementary electrochemical,

analytical and physicochemical measurements, the mechanism of pollen activity as corrosion inhibitor is
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discussed. Due to the fact that the bee products are mixtures of chemicals differing in composition and
thus difficult to define unambiguously, a concurrent effort was undertaken to determine the groups of
inhibitory compounds based on the independent studies of three fractions isolated from bee pollen via
high performance liquid chromatography (HPLC). Water, water-ethanol, and dichloromethane were
used as solvents during extraction procedure, the inhibition effect of the obtained products were

examined.

2.  Experimental

2.1. Sample

Metal specimens used in this study were made of AA5754 with a chemical composition (in wt.%) of
3.6% Mg, 0.5% Mn, 0.3% Fe, 0.3% Si, 0.1% Cr and the remainder Al. Its chemical constitution was
confirmed based on Energy Dispersive X-Ray Spectroscopy (EDX) measurement. The samples were
delivered in form of a rod, 10 mm in diameter, cut and prepared by grinding with abrasive papers 400-
1800 grades and polished using diamond suspensions to obtain a mirror-like surface. Grinding and
polishing were carried out on Digiprep 251 (Metkon, Turkey). The polished sample surfaces were
cleaned using water and acetone and dried immediately. The specimen preparation procedure was
performed according to ASTM G1-03 standard.

2.2. Preparation of corrosion inhibitor extracts

The mixture of 25g bee pollen was placed in a round bottom flask and mixed with 400 mL of 99.8%
ethanol and water (1:1). Previously, the bee pollen was carefully homogenized with a mortar and pestle.
The reaction mixture was stirred for 48 h at room temperature. The resulting mixture was then filtered,
evaporated under reduced pressure, and finally dried over P2Os to obtain 23.73 g of crude product with a
yield of 94.93%. The crude product, denoted as INH1 extract, was used for further examination.

The INH1 extract (ethanol/water extract of bee pollen) was then dissolved in 200 mL of water and the
aqueous phase was extracted three times with 200 mL of dichloromethane. The aqueous phase was
evaporated under reduced pressure to obtain INH2 extract (water extract from INH1) with the 84.06%
yield. The combined organic extracts were evaporated under reduced pressure and vacuum dried,
resulting in INH3 extract (organic dichloromethane extract from INH1) with a yield of 2.87%. Water
and ethanol have higher dipole moments compared to dichloromethane. The intermolecular interactions
between solvent and soluble material effect solubility. Therefore, the amount of polar compounds that

may have dissolved in INH1 and INH2 is higher compared to INH3.
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The inhibitor extract was mixed with the bicarbonate buffer solution to form corrosive environment. The
buffer was prepared using 227 cm® 0.1 M NaOH and 500 cm?® 0.05 M NaHCOs. The mixture was then
diluted with deionized water to 1 L volume. The obtained buffer had pH 11 and the resistivity of 3.8

mScmt. Only the analytical purity Sigma Aldrich reagents were used for all procedures.

2.3. Corrosion studies

The mechanism of corrosion inhibitor adsorption can be determined on the basis of corrosion rate
studies for the inhibitors displaying anodic and mixed protection mechanism [2,33,34]. Recently, an
efficient approach to determining the adsorption isotherms through instantaneous impedance
measurements in galvanostatic mode was proposed by Wysocka et al. [35,36]. The approach utilizes
Dynamic Electrochemical Impedance Spectroscopy in galvanostatic mode (g-DEIS), a technique which
has been successfully used to investigate highly non-stationary processes [37-43]. The g-DEIS
measurements were carried out in the corrosion cell prior to and during the inhibitor injection in order to
determine the dynamics of the adsorption process as well as its thermodynamic properties. Details of
DEIS approach are presented elsewhere [37,44,45].

The measurement setup consisted of two cells connected by means of microflow peristaltic pump (Lead
Fluid BQ80S, China). Initially, the volume in the corrosion cell, where the electrochemical
measurements were conducted, was 3 mL and increased up to 5 mL throughout the measurement. The
low cell volume was dictated by the low extraction efficiency of certain extracts, in this particular case
of INH3. In order to avoid a significant variation of [AI(OH)s]" concentration throughout the
measurement, resulting from the corrosion of aluminium alloy in alkaline environment, the sample
surface remaining in contact with electrolyte was 0.07 cm? [46]. The studied inhibitor in the amount of
0.1 g was dissolved in the buffer electrolyte in the preliminary cell. The inhibitor concentration in the
corrosion cell varied in dependence on the peristaltic pump flow rate (0.02 mLmin™). A three-electrode
setup was used, with AA5754 sample as the working electrode, platinum mesh as counter electrode and
the silver rod covered with silver oxides serving as reference electrode (+0.174 V vs SHE). The sample
was initially conditioned in the electrolyte in the absence of corrosion inhibitor for 1000 s
(measurements started after 500 s), after which the inhibitor was pumped to the corrosion cell for the
next 6000 s. The setup is shown in details elsewhere [36].

The system setup consisted of Autolab PGSTAT 128N galvanostat (Metrohm, Netherlands) connected
to PXI-4464 measurement card for ac signal generation, and PXI-6124 card for AC/DC signal
acquisition, both operating in PXle-1073 chassis (all from National Instruments, USA). The g-DEIS
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perturbation signal was composed of 29 superimposed elementary signals in the frequency range 4.5
kHz to 1 Hz, with 8 points per decade of frequency. Sampling frequency was 128 kHz. The amplitude of
the perturbation signal was controlled to assure the response signal amplitude does not exceed 20 mV.
The analysis window for the Fourier Transformation was 10 s in length. Similar operating parameters
were successfully applied in the previous corrosion inhibitor studies [31,36].

The remaining corrosion studies, i.e. EIS and potentiodynamic polarization were carried out using the
same three-electrode setup and in the corrosion cell. The measurements were performed on a Reference
600+ potentiostat (Gamry Instruments, USA) after the initial conditioning for 20 min. The polarization
scans were recorded in the range between -0.25 V vs Ecor and +2.00 V vs AgJAg20, or until 10 mAcm
current density was reached. The scan rate was 2 mVs™. The EIS impedance measurements were carried
out with frequency-response-analysis (FRA) under corrosion potential and perturbation signal frequency
ranging between 100 kHz and 1 Hz, with the amplitude of 15 mV. The potentiodynamic polarization and
EIS measurements were carried out at four different temperatures, namely 25, 35, 45 and 55 °C. During
the measurements, the set temperature was kept constant by means of Corio thermostat (Julabo,

Germany).

2.4. Physicochemical examination

Chemical analysis of bee pollen extracts: The Fourier Transform Infrared Spectroscopy (FTIR)
measurements of the examined compounds were performed on a Bruker IFS 66 spectrometer using KBr
pellet. Matrix Assisted Laser Desorption/lonization - Time of Flight Mass Spectrometry (MALDI-TOF
MS) experiments of all phases were carried out using a BIFLEX Il TOF mass spectrometer (Bruker
Daltonik, Germany). The chromatographic analysis (RP-HPLC) of dissolved samples was carried out
using the Shimadzu HPLC system containing a UV/Vis wavelength detector. The C8 reverse-phase
column (150 mm x 4.60 mm, particle size 3 um, Phenomenex Luna C8, USA) was used for all samples.
Eluent A: 0.1% trifluoroacetic acid (TFA) in water, Eluent B: 0.1% trifluoroacetic acid (TFA) in
acetonitrile. All chromatograms were recorded at the column temperature of 25 °C using oven column,
at wavelength of 250 nm with a linear gradient elution from 0% to 100% of eluent B with flow rate
1 mLmin* during 20 min.

Aluminium surface examination: The topography of AA5754 samples after the exposure to corrosive
environment containing the studied inhibitor extracts was assessed by using a Scanning Electron

Microscope equipped with a variable pressure chamber (VP-SEM) S-3400N (Hitachi, Japan) under the
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accelerating voltage 20 kV. The SEM micrographs were recorded in back-scatter electron mode (BSE).
The microscope was equipped with Energy Dispersive X-Ray Spectroscopy (EDX) detector UltraDry
(ThermoFisher Scientific, USA) that had been used to chemically examine the analyzed alloy and the
corrosion product layer.

High-resolution X-Ray Photoelectron Spectroscopy (XPS) was used to analyze the interactions of each
corrosion inhibitor with the aluminium alloy surface in alkaline environment. The XPS measurements
were performed by using an Escalab 250 Xi multispectroscope (ThermoFisher Scientific, USA). The
spectroscope was equipped with an Al Ka X-Ray source, with a spot size of 250 um. Measurements
were carried out at 20 eV pass energy with charge compensation by means of a flood gun. The final
calibration was performed by shifting the binding energy on spectral X-axis for peak characteristics of
Al2p3;; metallic aluminium at 72.7 eV. The above value was measured on AA5754 reference sample

prior to electrochemical studies.

3. Results and discussion

3.1. Characterization of the investigated bee pollen extracts

The FTIR spectroscopy studies were performed as the first step of the chemical and structural
characterization of the obtained corrosion inhibitor extracts. In Fig. 1, the spectra of studied inhibitor
extracts in the 4000 — 800 cm™ range are presented. The peaks observed at 3360, 3010, and 3350 cm™
for the respective samples INH1, INH2 and INH3 correspond to the stretching vibrations of -OH groups
and hydrogen bond. The peaks in the 3010 — 2853 cm™ region, which are also present in all the analyzed
spectra, correspond to the stretching vibrations of -CH> or -CHz groups, while it is worth noting that
only for INH1 and INH3 extracts another peak occur at ~3010 cm™, corresponding to stretching
vibrations of —CH group [47,48]. Also, another characteristic peak occurring in all the spectra in the
range between 1711 cm™ and 1738 cm™ corresponds to the stretching vibrations of C=0 groups in
ketones, aldehydes or esters. The peak observed at 1460 cm™ is attributable to the -CH. or -CHs groups
present in lipids [49]. Additionally, the absorption peak at ca. 1060 cm™ that is present in all the spectra,
most likely corresponds to carbohydrates. Due to the inability to isolate only one chemical component
present in each fractions of analyzed bee pollen the above FTIR analyses identify the functional groups
present in obtained extracts.

In the next step of bee pollen extract characterization, the quantitative analysis of all samples was
conducted via HPLC technique. Analytical reversed-phase high-performance liquid chromatography

(RP-HPLC) was performed with a C8 chromatography column thermostated in a column oven at 25 °C.
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All analyses were carried out in linear gradient. The absorbance was detected at 250 nm. All the extracts
were dissolved in a mixture of ethanol/water at the 1:1 ratio. The obtained results (Fig. 2) directly
indicate that all extracts were complex mixtures of chemical compounds. The ethanol/water extract of
bee pollen, coded INH1, consisted of many compounds, while INH2 extract (after dissolution in
aqueous phase and after extraction to dichloromethane) contained lesser amounts of nonpolar
components. The reverse situation was observed in the case of INH3 extract, which had been obtained
via dichloromethane extraction of INH1 extract. The INH3 extract contained significantly less polar
compounds, while the nonpolar chemicals constituted the bulk of its total content. Polar molecules have
areas of positive and negative electrical charge, which helps to make interaction with metal ions. The
interaction potential for INH3 is lower than INH2 and INH1 and may affect the inhibition performance.

In the last step of chemical characterization of bee pollen extracts, the mass spectroscopy analysis was
applied. The MALDI-TOF mass spectra were used to define the mass of individual components present
in the analyzed corrosion inhibitors. For all experiments, 2,5-dihydroxybenzoic acid (DHB) was used as
a matrix. The resulting MALDI-TOF mass spectra are shown in Fig. 3. The comparative spectral
analysis of INH1 and INH2 extracts directly indicated that the analyzed samples were very similar with
respect to molar mass. The mass spectra of INH1 and INH2 extracts revealed the four very intensive
peaks at 497, 518, 519 and 688, additionally in all extracts the peak 788 is present. In INH3 extract
(dichloromethane extract of INH1) the intensity of peak 688 is lower, while the intensity of peak 788 is
higher, indicating the presence of chemical compounds corresponding to the above peaks is different.
The lack of compounds exceeding value 1000 in any analyzed extract negates the presence of huge
macromolecular compounds such as: proteins, peptides, oligosaccharides or nucleic acid fragments,

which are most likely insoluble in the solvents used.

3.2. Inhibition efficiency offered by analyzed organic extracts

In order to determine the corrosion inhibition efficiency of the obtained bee pollen inhibitor extracts, the
potentiodynamic polarization and electrochemical impedance spectroscopy studies were performed. The
inhibitor concentration of 10 gL was used in each case, and the measurements were carried out at 25
°C after the initial 15 min of conditioning in the electrolyte. The interaction of each inhibitor with the
aluminium surface was compared by referring to the reference exposure of AA5754 alloy in bicarbonate
buffer in the absence of corrosion inhibitor. The results of the aforementioned analysis are shown on
Fig. 4a,b.
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Each of the three investigated inhibitor extracts shifted the corrosion potential Ecorr Value towards anodic
direction, which suggests the anodic mechanism of interaction or the mixed mechanism of interaction
with the dominant anodic influence. The extrapolation of Tafel regions allowed the verification of a
significant decrease in corrosion susceptibility of aluminium alloy resulting from the addition of INH1
extract. The inhibitor efficiency was assumed using corrosion current density jeorr Values from the well-

known relationship (1):

Joorr=)
IE%(pOl) — (COT.?;) corr) +100% (1)

]COVT‘

where jeorr and jeorr® refer to inhibited and uninhibited sample, respectively [50]. Nearly the same level of
inhibition efficiency was provided by INH2 extract, which could be related to the similar molecular
composition of both extracts. The corrosion inhibitor efficiency reached 93 and 88% for INH1 and INH2
extracts, respectively. On the other hand, while the addition of INH3 extract also appears to limit the
corrosion rate due to the slowdown of the anodic process, the observed inhibitor efficiency was
significantly lower, i.e. in the range of ~60% for 10 gL™.

The impedance data reveal a single time constant, thus the analysis was carried out using R(QR) electric
equivalent circuit (EEC). The EEC utilized in all impedance measurements within the article was the
modified Randles circuit. The applied modification concerns swapping the capacitor representing the
combined double layer capacitance and adsorbed layer capacitance with the constant phase element
(CPE). The CPE corresponds to the heterogeneous distribution of electrochemically active surface area
on AA5754 sample, primarily due to its multiphase microstructure and the presence of local adsorption
sites, in particular at low corrosion inhibitor concentrations [35,51,52]. The resistor in parallel to CPE
represents the charge transfer resistance Rcr. The inductive loop observed for the reference sample
should be ascribed to the intermediate adsorbed species, such as Al*ags, Al**ags and OH s [46,53]. Their
absence in case of inhibited samples testifies the decreased kinetics of metal dissolution.

Each investigated inhibitor offers good corrosion protection for aluminium in alkaline media, proven
with significant increase in charge transfer resistance Rct. The inhibition efficiency was directly

calculated from Rct changes with eq. (2):

0
1By, 19 = (1 - 2)  100% )

CcT

where Rcr and Rct® are measured for inhibited and uninhibited samples, respectively. It can be

observed, that the lowest inhibition efficiency was obtained for the dichloromethane INH3 extract, rich

in non-polar compounds. Thus, the EIS studies confirms the potentiodynamic polarization results.
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An increase of the capacitive parameter was observed in the presence of any of the corrosion inhibitor.
The effect results primarily from inhibitor impact on the capacitance dispersion, as manifested by drop
of the CPE exponent. This parameter is strictly associated with surface homogeneity [54-56],
corroborating altered appearance of the corrosion products layer verified by SEM (Fig. 5). For
heterogeneous surfaces the effective double-layer capacitance Cef can be estimated using eqg. (3), based

on Hirschorn approximation for surface time-constant distribution [57].

Coff = QY/n (m) (3)

Rs+RcT
The surface of AA5754 is covered with the corrosion products layer in each studied electrolyte, hence
the comparable value of Cef. The selected EEC offers a good fit to measured impedance data, with the
v 2-distribution not exceeding 6*10. The results of the analysis are summarized in Table 1.
The results obtained based on potentiodynamic polarization and impedance spectroscopy method may
vary, in particular at lower inhibitor concentrations [36]. The difference originate from different method
of system perturbation, but also susceptibility to change under the influence of non-stationary conditions
and various data processing procedures. This factor was discussed in more detail in other work [35,58].
Regardless of the measurement approach, the inhibition efficiency of INH3 extract is lower. The INH3
extract was obtained with significantly lower yield. It had some compounds in common with both INH1
and INH2 extracts, but other chemicals were strictly separated. Taking into account the results of HPLC
analysis, it can be concluded that the INH3 extract (organic dichloromethane extract from INH1)
contains the compounds which moved to the organic layer and are more non-polar in relation to the
INH1 extracts (ethanol/water extract of bee pollen) and INH2 extracts (water extract from INH1).
There is a possibility of synergistic corrosion inhibitor interaction between the compounds contained in
INH2 and INH3 extracts, based on a slightly lower efficiency of INH2 in reference to the original INH1
extract. The high synergistic interaction between the various compounds present in complex organic

extracts has been vastly reported in the literature [59-63].

3.3. Topography and surface chemistry of AA5754 due to the exposure
The topography of AA5754 alloy exposed for 18 hours to reference bicarbonate buffer (pH = 11)
compared to buffer containing 10 gL of studied corrosion inhibitor is presented in Figures 5a-d. The
influence of aluminium alloys microstructure on its corrosion properties was topic of numerous studies
[54,64-69]. The AA5754 contains a variety of intermetallic particles, composed of alloying additives
not entirely soluble in the alloy matrix. The Mg-rich intermetallic particles present within this alloy
include primarily Mg»Si, but also Mg2Als, both anodic with respect to the alloy matrix. These particles
10
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easily oxidize even at mild conditions, however hydroxide Mg(OH). and SiO>*nH,O deposits act as
additional diffusion barrier for the corrosion process [64]. The second type of intermetallic particles,
cathodic with respect to alloy matrix, is composed of Alg(Mn,Fe) and Alis(Mn,Fe)sSi2 with exact
stoichiometry depending on alloy composition [64,66,68]. These particles were marked with orange
arrows on Fig. 5a-c. When exposed to oxidizing environment the alloy matrix corrodes surrounding the
cathodic particles. The outcome on the BSE image is the slightly darker color of these areas due to
higher intensity of metal oxides or adsorbed inhibitor.

The sample surface exposed to the reference buffer (Fig. 5a) is covered with a dense grid of micro-
cracks, testifying the presence of the insoluble corrosion product layer, which starts to crack when dried
under vacuum conditions of SEM. It can be observed that in the presence of INH1 extract (Fig. 5b) the
surface of aluminium alloy is covered with a thicker layer of corrosion products and loosely spread large
cracks. This observation allowed us to claim the limited corrosion rate of the corrosion product layer.
The corrosive electrolyte appears to be affecting the aluminium sample the least after the addition of
INH2 extract, as can be seen on the micrographs in Fig. 5¢. The visible isolated cracks appear to be
oriented around the intermetallic particles, which is in good agreement with their cathodic nature. The
reduced number of cracks testifies for smaller thickness of the corrosion products layer or its lower
hydration.

The topography of aluminium alloy exposed to INH3 extract (Fig. 5d) differs significantly. Similarly to
the effect of solution containing INH1 or INH2, the sample surface became covered by the layer of
corrosion products. Unlike the aforementioned electrolytes, adhesion of the corrosion product layer
seems very low, and the layer’s show local delamination in the form of sheets. Thus, the layer does not
restrict the corrosion rate in a significant way. The surface underneath the delaminated areas is severely
damaged and the phase structure is lost altogether. The surface is loosely covered with pits 5-10 pm in
diameter, which could originated from detaching of intermetallic particles, however, the similar shape
and size of caverns was linked by Wysocka et al. [46] to the hydrogen evolution sites on the aluminium
surface. When comparing aluminium surface after exposure to INH3 with the reference sample, there is
a possibility the compounds contained within this extract may limit the stability of the corrosion product
layer accelerating the corrosion rate at low concentrations.

The adsorption of each investigated corrosion inhibitor on aluminium alloy surface was also studied
using high-resolution XPS in the binding energy range of Cls, Ol1s, N1s, Al2p, Mgls and P2p peaks.

The results of XPS analysis are presented in Fig. 6. Besides the aforementioned elements, other notable

11
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ones are sodium, chlorine, calcium and silicon, based on the XPS survey spectra. All elements but
aluminium, magnesium and silicon originate from the bee pollen.

A peak deconvolution of each spectra was performed in order to determine the surface chemistry of
aluminium alloy resulting from exposure to alkaline media in presence of the bee pollen extracts. The
deconvolution results are summarized in Table 2. The primary element present on aluminium alloy
surface after 18 h exposure to bicarbonate buffer (pH = 11) with addition of each inhibitor extract was
carbon. The C1s peak reveals rich surface chemistry, with four major peaks used for the deconvolution
purposes. First of the aforementioned components, located at 284.6 eV should be ascribed to primarily
aliphatic carbon C-C/C-H bonds, which may originate from the studied inhibitor but also adventitious
carbon adsorbed on aluminium surface due to air exposure [70,71]. Secondly, the major component
located at approx. 286.0 eV should be ascribed to various C-O bonds but also C-N bonds present in
amines. The two remaining peaks, shifted by +1.5 and +2.8 eV with respect to the major component,
correspond to ester/carbonyl and carboxyl functional groups respectively. A strong correlation can be
seen between AA5754 samples exposed in the presence of INH1 and INH2 extracts, which both reveal
higher amount of carbonyl and carboxyl functional groups, reaching nearly 40% of total carbon content
with regard to 25% for INH3 extract. It is significant information taking into consideration that the
carboxylic acids are found to be very strong corrosion inhibitors of aluminium in alkaline environments
[72-74] and its presence in the corrosion product/adsorbed layer testifies the higher corrosion resistance.
Significant differences can be found analyzing P2ps.. peak (Fig. 6f), where phosphate functional group
adsorption was confirmed resulting from Al-alloy exposure to INH1 and INH2 extracts. No peaks were
found at 134.2 eV for INH3 extract. The presence of phosphorous in the bee pollen originates primarily
from phospholipids [75]. Presence of phosphate groups is often connected to remarkable inhibition
efficiency of aluminium in various electrolytes [73,76-79]. Thus, it may synergize with carboxylic acids
contained within the bee pollen. Similar conclusion regarding corrosion activity of investigated
electrolytes can be found based on Al2p spectra (Fig. 6d). Here, the presence of nonstoichiometric
corrosion products marked as Al-O) with Al2ps;» peak at approx. 76.0 eV was found to correlate with
low corrosion resistance of aluminium [46,80]. On the other hand, Al-O(1) should be ascribed to Al>Os
passive layer. The thickness of the investigated layer exceeds 10 nm in each case; a conclusion drawn
based on the lack of metallic Al2p peak doublet in the analyzed spectra.

The oxygen O1s peak was deconvoluted using three peak singlets, with model previously used to
investigate the adsorption of organic corrosion inhibitors [36,81,82]. The main component, located at

532.7 eV is frequently attributed to the surface hydroxyl groups, but also oxygen in carbonyl or ester

12
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groups within the adsorbed layer. Its share was found the most significant after exposure to INH2
extract. McCafferty and Wightman proposed a mathematic approach to further distinguish these species
[83]. The second important component was located at 531.3 eV and attributed to metal oxide species
0%, harmonizing with other works reporting approx. 1.5 eV shift between these two peaks. Finally, the
last minor deconvoluted component was ascribed with the chemisorbed water within the corrosion
product/adsorption layer and oxygen found in carboxyl functional groups [36,83,84]. Its content was the
highest for INH1 and INH2 extracts, explaining cracks present within the layer as observed on SEM
images (Fig. 5a,b). The amount of chemisorbed water is reported to be higher for actively corroding
samples due to hydration of nonstoichiometric corrosion products, yet low presence in Al exposed to
INH3 extract may be explained by lower amount of adsorbed carbonyl and carboxyl species.

The primary similarities between each analyzed spectra concerned the chemistry of measured N1s (Fig.
6¢) and Mg1ls (Fig. 6e) components. The nitrogen found in each analyzed spectra did not exceed 2 at.%,
in each case consisting of two deconvoluted peaks, most likely representing amino acids (BE ~ 400.2
eV) and N-oxides (BE ~401.7 eV) [85]. Due to low concentration it is assumed to have negligible
influence on inhibition efficiency. The analyzed magnesium being the primary alloy additive of this type

of alloys, was found in the energy range characteristic for magnesium hydroxides.

3.4. Adsorption mechanism of bee pollen extracts

The primary approach to determining the adsorption mechanism of the applied corrosion inhibitor is
based on the construction of an adsorption isotherms. While numerous models are used to study the
corrosion processes, i.e. Frumkin [86,87], Freundlich [88,89], Temkin [88,90], Flory-Huggins [91] and
others [92], in most cases the simplest Langmuir model of adsorption is applied [31,89,93,94]. In the
case of bee pollen extracts, the excessive complexity of the model is not advised because under
electrolytic conditions the resulting isotherm depends on all the occurring processes (i.e. sorption,
hydration, dissolution). The proper control of each individual factor is impossible in such a complex
environment.

In the corrosion studies, it is assumed that the surface coverage 0 responds to the inhibitor efficiency
IE«%. On the other hand, the inhibitor efficiency may be determined from the changes in instantaneous
charge transfer resistance Rct throughout the inhibitor injection experiment by using eq. (2). Performing
g-DEIS measurements allows the determination of instantaneous impedance spectra, where the charge
transfer resistance value can be drawn based on an appropriate electric equivalent circuit (EEC)

selection. The measurements should be carried out in the galvanostatic mode under zero current
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conditions because the injection of the anodic corrosion inhibitor significantly influences the value of
corrosion potential, as shown in Fig. 4a. Thus, an artificial polarization factor will be introduced during
the inhibitor injection if the measurements are carried out in the potentiostatic mode [36,95]. The
exemplary g-DEIS results, obtained during the injection experiment for INH2 and INH3 extracts, are
shown in Fig. 7a. The instantaneous values of charge transfer resistance Rct were estimated from the
impedance data using R(QR) EEC. Its course of changes over the experiment duration is presented in
Fig. 7b, while Fig. 7c reveals the resulting instantaneous change of surface coverage 6.
We have confirmed that the bee pollen extracts follow the Langmuir adsorption isotherm model, which
is also in good agreement with previously published reports on other bee products. According to the
Langmuir adsorption isotherm model, the adsorption equilibrium constant Kags can be described by
equation (4):

Kaas¢ = (=) @)
where ¢ is the corrosion inhibitor concentration. The Langmuir isotherm can be rearranged in the form
of linear equation, as presented in eq. (5) [30,96].

c=—+c (5)

0 Kads

The above described approach is particularly useful for representing complex inhibitor extracts, where
the exact average molar masses of the inhibitor molecules are unknown, such as in this case [97-100].
The Langmuir adsorption isotherms for all the studied inhibitors were constructed based on g-DEIS
measurements, as presented in Fig. 8. A clear similarity between the slopes of INH1 and INH2
adsorption isotherms can be observed for all the analyzed inhibitor concentrations. The adsorption
isotherm drawn as a result of INH3 extract addition is the only one that does not follow the Langmuir
adsorption model. In the case of INH3 extract, the asymptotic character of c¢/6=f(c) function originates
from the fact that at low extract concentrations, INH3 does not lowers the corrosion rate; actually, the
catalytic impact on aluminium corrosion was noted. The observed situation could have possibly
occurred due to insufficient concentration of anodic inhibitor resulting from the active-passive cell
formation. Furthermore, the delamination visible on the SEM micrograph in Fig. 4c might have
originated from the presence of such an active-passive cell. The slope values of the constructed
adsorption isotherms confirm the occurrence of similar interaction mechanisms in the case of water
INH2 extract and ethanol INH1 extract.

The adsorption equilibrium constant Kags, estimated from the isotherm slope, can be used to predict

Gibbs free energy AG" for the interaction of INH1 and INH2 extracts with the aluminium surface using

eg. (6):
14
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Kaas = = exp () (6)
where cy,, is the molar concentration of water (55.5 M), while R and T have their usual meaning.
The estimated values of AG™ once again confirmed the hypothesis of shared adsorption mechanism
between INH1 and INH2 extracts (see the summary of results in Table 3). The negative Gibbs energy in
each analyzed case suggests the spontaneous adsorption of active compounds present in the bee pollen
extract, serving as corrosion inhibitors. It also explains the successive increase in inhibition efficiency
with increasing extract concentration. The AG” values between -4 and -6 kJmol™ were recorded for both
INH1 and INH2 extracts, being a clear indication of the physisorption mechanism. The physical
adsorption is said to be a dominant mechanism of adsorption process for AG™ > - 20 kJmol™
[36,101,102]. Significantly more negative AG” values suggest the chemical adsorption mechanism.
Furthermore, due to the aforementioned similarity, a claim can be made that the species contained
within the analyzed bee pollen and responsible for its enhanced corrosion inhibition efficiency are more
likely to be found in INH2 extract rather than in INH3. On the other hand, the compounds present in
INH3 extract require significantly higher concentrations in order to provide anticorrosion protection of
aluminium. However, at such high concentrations, their inhibition efficiency is on par with those of
other extracts (refer to Fig. 7c).
The effect of physisorption mechanism manifests itself by a decrease in the inhibitor efficiency with
increasing temperature of electrolyte. This is said to be due to inhomogeneous adsorption process, where
the adsorbed inhibitor energetically blocks only some of the active sites on the metal surface, isolating
them. Other active sites, which display higher activation energy, will still take part in the corrosion
process [103,104]. The relationship between the corrosion rate [CR] and temperature can be regarded as
an Arrhenius-type process. Thus, carrying out the measurements in a wide temperature range not only
allows the determination of thermodynamic functions in relation to activation entropy AS," and
activation enthalpy AH.", but also facilitates the calculation of thermal stability of the investigated
compounds. The aforementioned parameters can be evaluated based on eq. (7) [105-107].

i (5) = [im () + ] -5 )
where N is Avogadro’s number and h is Plank’s constant.
The Arrhenius plots for AA5754 with and without addition of 10 gL"* of corrosion inhibitor extracts are
presented in Fig. 9 for a temperature range between 25 and 55 °C, while the estimated values of the

aforementioned kinetic and thermodynamic parameters characterizing the adsorption process are shown
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in Table 3. The corrosion rate [CR] was calculated based on corrosion current density jo using the

Faraday’s law. The value jo was estimated with EIS from Rct using eq. (8).
RT

Jo = (8)

nFRcT

The AS," and AH. were both estimated based on the impedance rather than potentiodynamic
polarization studies to unify the obtained results with AG”. Various approaches may, however, lead to
discrepancies of measured corrosion rate values.

It should be noted that the increase in the corrosion rate with increasing temperature was similar, while
the INH3 extract appears to have lost all of its anticorrosion properties at a temperature of 55 °C. The
inhibition efficiency values of the remaining extracts revealed a similar tendency, although the high
efficiencies were retained even at the most elevated temperatures. In comparison, the corrosion rate of
aluminium sample in a buffer solution in the absence of corrosion inhibitor was the least affected by
varying temperature, which should be related to the diffusion control of the oxidation process.

In each studied electrolyte, including the reference bicarbonate buffer without the corrosion inhibitor,
the corrosion process was exothermic, as verified by the negative value of AHa.". The value of the
discussed parameter between -27 and -29 kJmol™? was similar for each studied corrosion inhibitor
interaction. The absolute value of enthalpy below 40 kJmol?! is characteristic feature for the
physisorption processes. While both physical and chemical adsorption mechanisms may be
characterized by the negative values of AH.", it is only chemisorption process that displays positive
AH,"value [108,109].

The analysis of entropy values AS," of the investigated corrosion inhibitors revealed that they increased
significantly and became positive in comparison to the reference buffer. The lowest value of AS,” among
extracts was recorded for INH2, while the highest value was achieved for INH1 and INH3 extracts. It is
claimed that the entropy increase in the presence of inhibitor should be connected to the increase in

disorder resulting from the transformation of reactants into an activated complex [108-110].

4.  Conclusions

We have investigated the corrosion inhibition efficiency of bee pollen extracts in relation to aluminium
in alkaline media (bicarbonate buffer, pH = 11). There are few hundreds various compounds reported to
be present in the melliferous products while significant amount may successfully lower the corrosion
rate of aluminum in the studied environment. In this work, we made an attempt to distinguish the

inhibitor-active compounds in such complex mixtures by comparison of the inhibition efficiency and the
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adsorption mechanism of corrosion inhibitor extracts obtained via extraction in water/ethanol (INH1),
water (INH2) and dichloromethane (INH3).

We demonstrated the high resemblance of INH2 aqueous extract to the original material, while INH3
extract was characterized with lower inhibition efficiency, even negative at low concentrations. We have
also shown the synergistic interaction between the corrosion inhibitors in INH2 and INH3 extracts. The
application of g-DEIS approach during the controlled injection of a given inhibitor allowed for the
accurate determination of Gibbs free energy and the confirmation of the spontaneous adsorption of each
inhibitor. Both INH1 and INH2 extracts followed the Langmuir adsorption mechanism, while the course
of INH3 isotherm was significantly different. In each studied case, we have also confirmed the physical
mechanism of adsorption via electrostatic interaction. The altered interaction of INH3 extract might be
possibly related to the complex formation of active compounds.

The analytical and physicochemical studies of the obtained extracts brought valuable information
regarding their composition. The mass spectrometry measurements supplied the clear marker regarding
the atomic mass of separated compounds, which did not exceed 1000 negating possible presence of huge
peptides, oligosaccharides or nucleic acid fragments. The HPLC analysis allowed us to bring the
conclusion regarding significantly higher amount of non-polar compounds in the INH3 extract, bound
with the separation method. The extraction yield of this extract was also the lowest.

The FTIR analysis verified the presence of carbohydrates, ketones, aldehydes and/or esters, carboxylic
acids as well as phospholipids within analyzed extracts. The XPS examination of AA5754 surface
allowed to confirm much stronger interaction of species containing carboxyl and carbonyl functional
groups with the metal surface in the case of INH1 and INH2 extracts. Furthermore, the INH3-exposed
sample was the only one where the phosphate groups were not found by XPS.

While we cannot unambiguously state the exact compounds responsible for the high inhibition
efficiency of the bee pollen extracts, this feature should be connected in particular with carboxylic acids
and phospholipids based on our findings. The next suggested step is to attempt the separation,

crystallization and characterization of some of these chemicals.
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Figure 1 - FTIR spectra of the examined bee pollen-based corrosion inhibitor extracts INH1, INH2,

INH3.
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Figure 2 - HPLC chromatograms of the examined bee pollen-based corrosion inhibitor extracts INH1,

INH2, INH3.
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Figure 3 - The MALDI-TOF mass spectra of the of the examined bee pollen-based corrosion inhibitor
extracts INH1, INH2, INHS.
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Figure 4 - Corrosion studies of AA5754 in bicarbonate buffer (pH = 11) with and without the bee pollen
extracts: (a) potentiodynamic polarization curves, (b) electrochemical impedance spectroscopy,
presented as Nyquist plot. On the EIS Nyquist plot, the dots refer to measured impedance while the solid

line refer to impedance values calculated with R(QR) EEC.
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Figure 5 — SEM micrographs of AA5754 in BSE mode recorded after an 18 h exposure to

(a) bicarbonate buffer (pH 11), and buffer containing 10 gL of studied: (b) INH1, (c) INH2, (d) INH3
bee pollen extracts.
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Figure 6 — High-resolution XPS spectra carried out in the (a) C1s, (b) O1s, (c) N1s, (d) Al2p, () Mgls
and (f) P2p binding energy range for AA5754 sample exposed to bicarbonate buffer with 10 gL*

addition of INH1, INH2 or INH3 extract.
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Figure 7 — The results of g-DEIS study: (a) instantaneous impedance spectra in Nyquist plot registered
during the injection of INH2 and INH3 extracts; (b) Rct values obtained after R(QR) EEC fitting on the

basis of g-DEIS results; (c) changes in inhibition efficiency IEs/surface coverage 6 with inhibitor

concentration.
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Figure 8 - Langmuir adsorption isotherms drawn with the g-DEIS approach for each studied inhibitor

extract.
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Figure 9 - Transition-state Arrhenius plots for aluminium alloy in bicarbonate buffer (pH = 11) with and
without the corrosion inhibitors INH1, INH2, INH3 added at the concentration of 10 gL,
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Table 1 — The results of corrosion studies and the corrosion inhibition efficiency for AA5754. The
calculations were based on the potentiodynamic polarization and EIS data fitted using R(QR) EEC for
the bee pollen extract concentration of 10 gL in bicarbonate buffer (pH = 11).

icorr / IE®)/  Rer/kQcem?  Q/puSs” n/- Cetf/ .F  1E%E'S)/ %
nAcm™ %

Reference  3.44 +0.6 -- 0.09+0.01  41.9+0.5 0.89+0.02 12.05 --
INHL 027405  92.2%  15.58+0.32 214.7+4.1 0.72+0.03  8.04 99.7%
INH2  041+0.7 881%  926+0.26 236.6+3.8 0.78+0.03  22.45 99.2%
INH3 13240.7  61.6% 1.70 £0.08  157.8+3.4 0.77+0.03 11.54 94.1%

Table 2 — Percentage contribution (at.%) of various C, O, Al, N, Mg and P chemical states, resulting
from high-resolution XPS analysis for AA5754 sample exposed to bicarbonate buffer solution with 10
gLt of INH1, INH2 or INH3 extract.

Cls O1ls Al2p N1s Mgls P2p
c-C co/ C=0 0C=0 0% CO/ C=0/ AIOuy AIOr NO CN/ MgO P-O
CN OH H20 CH

BE/eV 284.6 286.0 2875 289.4 531.3 5327 5342 743 760 4017 400.2 1302.7 134.2

INH1 7.8 226 120 44 171 174 44 1.2 4.3 1.5 0.9 2.3 4.1
INH2 8.8 257 168 3.9 115 191 46 0.2 4.7 0.6 1.0 13 1.8
INH3 119 441 146 3.9 9.2 9.0 1.9 - 2.4 0.7 0.7 1.6 -

A\ MOST

Table 3 — The values of Gibbs free energy AG” obtained at corrosion inhibitor concentrations 0-20 gL
and the activation parameters AH," and AS," for each electrolyte (inhibitor concentration 10 gL™) in the

25-55 °C temperature range.

AG”™ [ kimol™ AHa"/ kJmol™? AS:" 1 IJmol 1K
Reference - -7.62 -142.9
INH1 -5.93 -29.60 54.6
INH2 - 4.66 -27.54 39.9
INH3 - -26.95 53.2
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