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COMPARATIVE PHASE EVOLUTION, MORPHOLOGICAL 
AND OPTICAL ANALYSIS OF PARTIALLY STABILIZED 

ZIRCONIA CERAMICS 
 
 

Claudia Andreea COJANa, Réka BARABÁSb, 
Marieta MUREȘAN-POPc,d, Liliana BIZOa,c,* 

 
 

ABSTRACT. Partially stabilized zirconia (PSZ) ceramics are one of the most 
important materials used for different applications like thermal barrier coatings, 
refractories, oxygen-permeating membranes, and dental and bone implants. 
In this work, the structural, morphological, and optical properties of bulk Mg-
PSZ, Ca-PSZ, and Ce-PSZ, prepared by solid state reaction at high temperature, 
were comparatively evaluated. Laser diffraction analyses revealed particles by 
thousands orders of magnitude larger compared to crystallite sizes determined 
from X-ray powder diffraction (XRPD), more evidenced in the case of Ca-
PSZ. The structural analyses indicated the presence of both m- and t-ZrO2 
phases, in different ratios, depending on the doping cation. The scanning electron 
microscopy (SEM) micrographs confirmed the homogenous distribution of 
the elements through mixed oxides. Further, optical properties evaluated in 
terms of ultraviolet–visible diffuse reflectance spectroscopy (UV-VIS DRS) 
revealed that the doped ZrO2 samples showed a smaller bandgap compared 
with pure ZrO2, which may be due to the incorporation of magnesia, calcia 
or ceria in the ZrO2 matrix. The maximum bandgap reduction of ZrO2 was 
observed on Ca-PSZ, having a value of 3.52 eV. 
 
Keywords: partially stabilized zirconia, solid state reaction, structural properties, 
optical properties 
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INTRODUCTION 
 
Besides many ceramic materials, zirconia (ZrO2), which is also known 

as “ceramic steel”, has gained a special interest among researchers due to its 
multiple applications such as catalysts, sensors, and semiconductor devices, 
and structural materials, such as coatings on cutting tools ceramics, or implants [1]. 
The most useful mechanical properties can be achieved when zirconia is in 
a multiphase form or partially stabilized zirconia (PSZ), obtained by adding 
small amounts of a metal oxide dopant, such as MgO (magnesia), CaO (calcia), 
Sc2O3 (scandia), Y2O3 (yttria) and ceria (CeO2) [1-3]. 

PSZ are interesting materials due to their fascinating properties like 
good flexural strength, high toughness, excellent wear resistance, high thermal 
shock resistance, good ionic conductivity, and biocompatible, finding applications 
in thermal barrier coatings, refractories, oxygen-permeating membranes, 
dental and bone implants [4]. 

About 10 mol% Mg is the percentage most used in industry to obtain 
Mg-PSZ (magnesia partially stabilized zirconia) [5]. Mg-PSZ exhibits satisfactory 
thermal shock resistance, high mechanical properties and a small thermal 
expansion coefficient. MgO or MgCO3 could be used as a stabilizer, and one 
of the advantages presented by these compounds is that they can be used 
in humid, high-temperature environments [6]. Ca-PSZ (calcia partially stabilized 
zirconia) has shown excellent thermal stability and corrosion resistance in 
extreme environments. It could be used in immersion nozzle refractories for 
continuous steel casting involving extremely high temperatures (~1500 °C) 
and corrosive molten flow environments [7-10]. The accessibility of calcium 
precursors is another aspect that makes the Ca-PSZ an interesting material. 
CeO2 nanoparticles have important attention due to their unique characteristics 
and distinctive properties such as high refractive index, high thermal stability, 
high hardness, high surface area, UV absorbing ability, facile electrical 
conductivity, specific chemical reactivity, or large oxygen storage capacity 
[11]. Stabilizing ZrO2 with CeO2 improves the physicochemical properties of 
zirconia, Ce-PSZ (ceria partially stabilized zirconia) being recognized as a 
high-toughness ceramic. 

The role of Ca and Mg dopant cations in phase stabilization of ZrO2 
has been intensively studied, with Mg emerging as a crucial dopant ion because 
of its ability to enhance the photocatalytic properties of ZrO2 [12]. On the 
other hand, the Ce inclusion in ZrO2 is expected to reduce thermal conductivity, 
which would widen the utilization of Ce doped ZrO2 in thermal barrier coating 
applications [13]. Even if the phase stability was intensively studied in the 
last years, the role of alkaline earth and rare earth doping cations in zirconia 
have been widely examined at present. Thus, a comparative study of structural 
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and optical properties of bulk PSZ, which could provide an insight on the phase 
stabilization and structure modifications due to the Ca, Mg and Ce-doping in 
ZrO2, which has not yet been reported to the best of our knowledge, is necessary. 

The present work reported the facile synthesis of bulk Mg-PSZ, Ca-PSZ 
and Ce-PSZ by solid-state reaction at high temperature. The effect of doping 
with 10 at% Mg, Ca or Ce on zirconia’s structural, morphological and optical 
properties, determined by different techniques, was comparatively analyzed 
and discussed. 
 
 

RESULTS AND DISCUSSION 
 
The particle size distribution (PSD) of the prepared PSZ ceramic 

powders was analyzed by laser diffraction with the results given in Figure 1. 
From the PSD data presented graphically in the figure there are two types of 
curves: differential and cumulative. It can be observed that the PSD curves 
of Mg-PSZ and Ce-PSZ overlap, implying that the particle sizes for both 
materials were approximately identical. In addition, a wide bimodal distribution 
presenting two maximum points, which are centered at around 0.1 μm was 
revealed. Conversely, in the Ca-PSZ sample, the results show a narrow distribution 
with fractions ranging from 3 μm to 20 μm. 
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Figure 1. Differential and cumulative PSD curves of Mg-PSZ (black),  
Ca-PSZ (red) and Ce-PSZ (green) ceramics. 

 
The results summarized in Table 1 show that the Mg-PSZ and Ce-

PSZ contain finer particles, with a mean value of 0.978 μm, and 0.851 μm, 
respectively, whereas larger particles were found for the Ca-PSZ, with a 
mean value of 9.030 μm. The modal and median diameters, defined for the 
cumulative distribution, are also shown. 
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Table 1. The results of particle size analyses of Mg-PSZ,  
Ca-PSZ and Ce-PSZ ceramics 

Sample ID Median D 
(μm) 

Modal D 
(μm) 

Mean V 
(μm) 

SD* D25 

(μm) 
D50 

(μm) 
D75 

(μm) 

Mg-PSZ 0.145 0.087 0.978 1.161 0.092 0.145 16.227 

Ca-PSZ 9.808 9.993 9.030 0.192 6.858 9.808 11.930 

Ce-PSZ 0.138 0.087 0.851 1.121 0.088 0.138 11.040 

* SD- standard deviation 

To determine the structural properties, XRPD analyses were performed 
on Ca-PSZ, Mg-PSZ, and Ce-PSZ samples with the XRPD patterns shown 
in Figure 2.  
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Figure 2. XRPD patterns of the prepared PSZ bulk ceramics. 

 
Their examination revealed polymorphic powders because monoclinic 

(m-ZrO2) and tetragonal (t-ZrO2) structures are exhibited. For the phase 
identification the crystallographic information files corresponding to the pure 
monoclinic and tetragonal zirconia (m-ZrO2, PDF # 96-152-8985; t-ZrO2, PDF 
# 96-230-0613) phases from Crystallography Open Database (COD) of Match! 
Software were used. 

The crystallite sizes of the prepared compositions were estimated using 
Scherrer equation:  

                                            Dhkl=0.9λ/(βcosθ)                                          (1) 
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where: D - crystallite size along (hkl) direction, β - full width half maximum (FWHM) 
of the most intense diffraction line, λ - wavelength of X-ray, θ - the Bragg 
angle [14].  

The calculated m-ZrO2 and t-ZrO2 weight fractions, estimated using 
Match! software, and evolution of the crystallite sizes, determined by the 
Scherrer formula, are presented in Table 2. The calculated crystallite size of 
PSZ ranges in the nanometric domain, with the lowest value obtained for Ca-
PSZ. The Mg-PSZ and Ce-PSZ powders are mainly composed of t-ZrO2, with 
small peaks belonging to the m-ZrO2 phase which are more evident in Ce-
PSZ, whereas in the Ca-PSZ sample the predominant phase is m-ZrO2. For 
the Mg-PSZ sample, the small difference between ionic radii of the Zr4+ (0.84 
Å) and Mg2+ (0.72 Å), the substitution of Zr4+ on its lattice site by the Mg2+ ion 
is expected [2]. Furthermore, since Mg has the oxidation state of +2, it 
induces some oxygen vacancy in the structure which could be the main 
reason for the stabilization of the t-ZrO2 phase [15]. In the case of Ca-PSZ, 
the increase in the lattice parameter is expected as the Ca2+ (1.00 Å) has a 
larger ionic radius than that of Zr4+(0.86 Å). Substituting Ce with a higher ionic 
radius (0.97 Å) at Zr sites induces slight change in the lattice parameters. 
The mixture of m-ZrO2 and t-ZrO2 phases indicated that they were partially 
stabilized by the MgO, CaO, and CeO2. 

Table 2. The t- and m-ZrO2 phase fractions and crystallite size calculated by 
Scherrer formula for the prepared PSZ materials. 

Sample ID t-ZrO2 
(wt.%) 

m-ZrO2 
(wt.%) 

DScherrer* 
(nm) 

Mg-PSZ 79.2 20.8 47.79 

Ca-PSZ 3.5 96.5 46.93 

Ce-PSZ 66.6 33.4 59.98 

The FTIR spectra of the prepared samples are displayed in Figure 3. 
Upon analyzing the spectra in the high-frequency region, it is evident that a 
broadband positioned around 3448 cm-1 is present in all three samples. This 
band is caused by the stretching vibration of the -OH group from the 
adsorbed water and is also visible in the low region as a sharp band of low 
intensity located at 1637 cm-1. 
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Figure 3. FTIR spectra of the prepared PSZ bulk ceramics. 

Between 1600-1000 cm-1, the broadband observed at ~ 1400 cm-1, is likely 
due to the stretching mode vibration of Mg-O, Ca-O, or Ce-O bonds. [16]. 
The characteristic bands ascribed to the m-ZrO2 are observed at 585 cm-1 
and 735 cm-1, and t-ZrO2 is 529 cm-1 [17]. These results agree with the XRPD 
results where different phase ratio of t- and m-ZrO2 phases were revealed, 
depending on the doping cations. 

 

Figure 4. SEM images and corresponding elemental mapping of Mg-PSZ (a, d), 
Ca-PSZ (b, e), and Ce-PSZ (c, f), respectively 



COMPARATIVE PHASE EVOLUTION, MORPHOLOGICAL AND OPTICAL ANALYSIS OF PARTIALLY 
STABILIZED ZIRCONIA CERAMICS 

 

 
13 

The results of morphological characterization of the prepared PSZ 
carried out using SEM are presented in Figure 4a-c. As shown irregular and 
agglomerated shapes like morphology were formed in the ceramic sample 
with grains interconnected to each other, as previously observed [18]. Qualitative 
analysis evaluated by elemental mapping (Figure 4d-f) confirmed the homogenous 
distribution of the elements in the PSZ samples. The results of elemental 
EDX analyses, displayed in Figure 5 (right), accompanied by the SEM images 
of the surface of samples (left), confirmed the presence of the magnesium, 
calcium, cerium, zirconium, and oxygen elements. No other signals were detected, 
indicating the purity of the materials. 

At%   
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Zr 20.2 

Ca 1.7   

At%   

O    76.0

Zr 21.2 
Mg 2.8  

At%   
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Figure 5. SEM images (left) under 100 X magnification and EDS (right)  
analysis for (a) Mg-PSZ, (b) Ca-PSZ and (c) Ce-PSZ. 
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The optical properties of the prepared compositions were considered 
in terms of UV-VIS DRS and the corresponding bandgaps (Eg) were calculated 
by Tauc plot using Kubelka-Munk function [19], as shown in Figure 6a-d. 
Depending on the types and chemical states of metal ions, the bandgaps of 
metal doped ZrO2 varied, the differences being mainly associated with the 
electronic configurations of the ions, which control the energy levels in the 
ZrO2. In our work, the determined bandgaps are 4.68 eV, 3.52 eV and 4.96 eV, 
for Mg-PSZ, Ca-PSZ, and Ce-PSZ, respectively. As know, ZrO2 has a wide 
bandgap with the reported value of ~ 5.0 eV [20, 21]. The effects of Mg and Ca 
doping on the tetragonalization of the crystal structure and introduction of 
dopant states at the edge of the valence states below the Fermi level, as well 
as shifting the Fermi level towards the valence band maximum upon doping, 
have been previously demonstrated. 
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Figure 6. (a) UV-VIS DRS spectra of Mg-PSZ (black), Ca-PSZ (red) and Ce-PSZ 
(green) and corresponding Tauc plot for bandgap determination of (b) Mg-PSZ, (c) 

Ca-PSZ and (d) Ce-PSZ. 
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The reduced value of bandgaps on the doped zirconia may be due to 
the incorporation of the MgO, CaO or CeO2. Recently, the role of oxygen vacancy 
in the RT stabilized t-ZrO2 was investigated [22-25]. The presence of cerium 
stabilizes the metastable tetragonal phase at the expense of the monoclinic 
one [26]. Accordingly, the occupation of a regular crystal site by Ce4+ induces 
the formation of discrete defect levels inside the material bandgap constituted 
by the empty localized 4f orbitals of the lanthanide ion, thus drastically improving 
the visible light absorption by a two-step photon absorption mechanism [26]. It 
should also be noted that the stabilization mechanisms of the dopants are 
different: MgO and CaO stabilize the t-ZrO2 phase by introducing anionic oxygen 
vacancies similar to Y2O3, whereas CeO2 stabilizes the t-ZrO2 phase by dilating 
the cation network decreasing the strain energy and the relief of oxygen 
overcrowding [27,28]. 
 
 

CONCLUSIONS 
 
Bulk PSZ ceramic materials were successfully obtained by solid-state 

reaction at high temperature, followed by their characterization using laser 
diffraction, XRPD, FTIR, SEM/EDS and UV-VIS techniques. The structural analyses 
indicated the presence of both m- and t-ZrO2 phases in different ratios, depending 
on the doping cation. Except for the Ca cation, which favoured the m-ZrO2 phase 
formation, Mg and Ce played an important role in the tetragonalization of zirconia. 
Analysis by laser diffraction showed larger particle sizes compared to the calculated 
crystallite size, more pronounced in the Ca-PSZ, thereby confirming that this 
technique measures agglomerates and not individual particles. The SEM/EDS 
analysis confirmed the homogenous distribution of the elements through mixed 
oxide. Further, optical properties evaluated in terms of UV-VIS DRS spectra, revealed 
that the doped ZrO2 samples showed a smaller bandgap compared with pure 
ZrO2, which may be due to the incorporation of magnesia, calcia or ceria in the 
ZrO2 matrix. Doping ZrO2 represents an interesting approach to manipulating its 
bandgap, making these materials attractive in various applications, ranging from 
optoelectronics to prosthodontics, with the biomedical and bioengineering domains 
being of great importance. 
 
 

EXPERIMENTAL SECTION 
 
The PSZ ceramic materials were prepared by solid state reaction at high 

temperature. To obtain 10 at% Mg, Ca or Ce in ZrO2, starting powders of ZrO2 
(Riedel-de Haën AG, Germany, 99%), CaO (Alfa Aesar, Germany, 99.95%), MgO 
(Alfa Aesar, Germany, 99.99%) and CeO2 (LOBA Feinchemie GmbH, Austria, 
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99.95%) were used as raw materials. The mixture of different oxides was grounded 
using an agate mortar and pestle, and then heated in an alumina crucible in air 
using an Nabertherm LНT 04/16 high-temperature furnace (Lilienthal, Germany), 
first at 900 °C and then at increasing temperatures from 1000 °C up to 1600 °C. 
At each time, the 12h annealings were followed by air quenching and regrinding 
of the mixtures. 

Synthesized Mg-PSZ, Ca-PSZ and Ce-PSZ ceramics were further 
characterized using different methods. 

The PSD of the prepared powdered ceramics was measured in suspension 
using a micro- and nanoparticle analyzer SALD-7101 (Shimadzu, Japan). For the 
measurements, the samples were immersed for 15 s in distilled water used as 
a solvent, with aggregation being reduced using treatment with ultrasounds. 

XRPD analysis was performed to investigate the structure of the samples 
using a Shimadzu XRD-6000 diffractometer operating at 40 kV, 30 mA, with Ni- 
filter and graphite monochromator for CuKα (λ=1.54060 Å). The diffraction patterns 
were recorded in the 2θ range of 10–80° at a scan speed of 2 °/min. 

FTIR measurements were performed using a Jasco FTIR 6200 
spectrometer. The spectra were recorded from KBr pellets, with a spectral 
resolution of 4 cm−1. 

For the morphological analyses, the SEM/EDS images were obtained at 
30 kV with different magnifications using a Hitachi SU8230 (Tokyo, Japan) 
microscope. The electron microscope was coupled with an Aztec X-Max 1160 
EDX detector (Oxford Instruments). 

UV-VIS spectroscopy was employed to characterize the influence of the 
dopants on the optical properties of the ZrO2 ceramics. DRS spectra were registered 
with a double-beam JASCO V-650 (Japan) spectrophotometer, equipped with 
an ISV-722 Integrating Sphere, in the wavelength range from 200 to 800 nm, 
with a scan rate of 400 nm/min. 
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INTRODUCTION 
 

L-aspartic acid is one of the 22 proteinogenic amino acids, that is used 
in the biosynthesis of proteins. It is a metabolite in the urea cycle and participates 
in gluconeogenesis. L-aspartic acid is a naturally-occurring amino acid and 
a component of the active center of some enzymes. Due to its biological importance 
L-aspartic acid or peptide containing aspartyl residue was chosen in a lot of 
complexation products [1-6]. 

Coordination compounds of amino acids, including aspartic acid, demonstrate 
an activity varying from marginal to significantly good antimicrobial properties. 
As a result of resistance to the drugs currently in use and the emergence of 
new diseases, there is a continuous need for the synthesis and identification 
of new compounds as potential antimicrobial agents. Metal complexes of 
aspartic acid with Cu(II), Co(II), Ni(II), Cd(II) or Mn(II) demonstrate antimicrobial 
activities against Gram-positive, Gram-negative bacteria or fungus [7]. 

Polymeric silver (I) complex with aspartic acid or asparagine showed 
a wide spectrum of antimicrobial activities against E. coli, P. aeruginosa, B. subtilis, 
S. aureus, C. albicans and S. cerevisiae [8]. 

L-aspartic acid contained in some biodegradable polyesters was tested 
as drug delivery in the cancer cell line with promises results [2]. 

Surfactants derived from amino and α-hydroxy acids were synthesized 
and tested for aquatic toxicity. Amide and ester derivatives of C10-C16 fatty acids 
with amino acids, including aspartic acid or α-hydroxy acids such as malic or 
citric acid, were synthetized and tested for potential aquatic toxicity using zebrafish 
larvae as experimental animals. The reported results indicated that all the 
surfactants derived from natural products can be classified as environmentally 
benign [9]. 

Mixed metal complexes of L-aspartic acid and o-phenanthroline with 
rare earth such as La(III), Eu(III), Tb(III), Dy(III) and Y(III) showed a strong inhibitory 
effect on E.coli, S. aureus and C. albicans, and a considerable destructive effect on 
cancer cells [10].  

Recently, a theoretical study proposed the amino acids, including L-
aspartic acid and L- asparagine, as a chelating agents to remove heavy metal 
cations like Cd2+, Cu2+, Ni2+, Hg2+, Zn2+, Mn2+ and Fe3+ could represent a good way 
to reduce the metal pollution in soil and environments [11]. 

New macrocyclic ligand and its Mn(II) and Cu(II) nanocomplexes from 
macrocycles containing amide groups using L-aspartic acid and ethylene 
diamine was reported. The obtained results indicate that the complexes can 
act as a promising candidate as green emitting light materials in electroluminescent 
and optoelectronic devices. Antimicrobial studies showed that Cu(II) complex 
acts as an antimicrobial agent against fungal strains and Gram-positive or 
Gram-negative bacteria [12].  
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We previously reported the convenient preparation of β-L-aspartyl-cyclohexyl 
amide (Figure 1) as a potential ligand for transition metal complexes by an original 
method which involved 4 steps of synthesis, using N-carbethoxyphthalimide 
as protective amino reagent via a mild phthaloylation [13].  

On the basis of the above results, we explored the synthesis, with thermal 
and spectroscopic investigations of Cu(II), Co(II), Ni(II) and Mn(II) and with 
aforementioned β-L-aspartyl amide as ligand. All these compounds were 
analyzed by spectral analysis (HRMS, FT-IR and EPR) and thermal studies. 
The results are in good agreement with the thermal stability range and obeys 
the Irving-Williams series [14]. 

OH

O

NH2

H
N

O
 

 
Figure 1. Structure formula of ligand (S)-2-amino-4-(cyclohexyl amino)-4-

oxobutanoic acid (HL) or (1) 

The objective of this study was to synthesize and analyze a new series 
of metal complexes of selected transition metal ions such as: Cu(II), Co(II), 
Ni(II), and Mn(II), using an aspartic acid amide as the organic ligand, previously 
prepared by our team, using a novel, more efficient method than those reported 
in the literature. Given that many drugs are administered in the form of metal 
complexes, we also conducted a study on their thermal behavior and stability 
upon heating, which could open new opportunities for testing these compounds 
in the medical field. 
 
 
RESULTS AND DISCUSSION 
 

The structure of the metal complexes 
 
The complexation reaction of metal salts occurs in mild conditions 

and, in each case, yields a solid product. All the complexes are stable at room 
temperature. In our experiments, the metal complexes obtained as colored 
microcrystalline powder are characterized by elemental analysis, mass spectra, 
infrared spectral data, thermal studies and EPR data. Higher melting points 
of these products, as well their different colors when compared to that of the 
ligand, indicate the formation of metal complexes. Thermal analysis allowed 
us to evaluate the assumed position of crystallization water molecules in 
outer or inner spheres of complex coordination and determine the endo- or 
exothermic effects connected with each process such as dehydration, melting, 
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decarboxylation, fragmentation and finally pyrolysis of the organic rest. The EPR 
spectra gave us information about the local symmetry around the metal ions, 
especially in the case of the copper complex. 

 
Figure 2a. HRMS spectrum (ESI) of copper complex (2) 

 
Figure 2b. HRMS spectrum (ESI) of nickel complex (4) 
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Another proof of the complexation is the HRMS spectrum for the metal 
complexes (Figure 2a-b). A peak of the highest intensity (100%), corresponding to 
the [M+Na]+, supports the complexation idea with the transition metal ions, 
for each of the compounds.  

Their elemental analysis data is in good agreement with the molar ratio 
Metal:Ligand=1:2, which indicates that the aspartyl amide acts as a bidentate 
ligand, its coordination involving the carboxyl group and the nitrogen atom 
belonging to the amino group of the aspartic acid fragment, fact also found 
in the case of other amino acid residues [7, 15-20]. As a result of elemental 
analysis, it was found that the ligand is anhydrous, but the metal complexes 
are hydrated, fact that is also confirmed by the thermal analysis data. 

 
 
Infrared spectra 
 
The FTIR spectra for the ligand and its metal complexes were recorded 

in the solid state in the wavenumber range of 400-4000cm-1 with the aim of 
highlighting the ν(M-O) and ν(M-N) stretching vibrations, specific to metallic 
complexes. The IR spectra provide valuable information regarding the nature 
of the functional group attached to the metal atom. 

Partial assignments of the IR absorption bands, observed for the free 
ligand and its transition metal complexes, are given in Table 1. 

 
Table 1. Selected IR data (cm-1) of the ligand (HL) and its metal complexes (2-5) 

 

Compound C10H18N2O3 
HL (1) 

C20H36CuN4O7 
[Cu(L)2]•H2O 

(2) 

C20H38CoN4O8 
[Co(L)2•2H2O] 

(3) 

C20H38N4NiO8 
[Ni(L)2•2H2O] 

(4) 

C20H38MnN4O8 
[Mn(L)2]•2H2O 

(5) 
ν(O-H) 3445(bb) 3423(bb) 3329(bb) 3339(bb) 3407(bb) 
ν(NH2) 3296(s) 3257(s) 3297(s) 3295(m) signal covered 

by broadband 
ν(CH2as) from 
cyclohexyl ring 

2930(vs) 2930(vs) 2930(s) 2936(s) 2927(w) 

ν(CH2sym) from 
cyclohexyl ring 

2853(s) 2854(m) 2854(m) 2854(m) 2852(w) 

ν(COO-as) 1658(s) 1651(vs) 1650(vs) 1650(s) 1556(m) 
δ(NH) 1620(vs) 1589(vs) 1622(vs) 1573(vs) 1526(s) 

ν(COO-sym) 1574(s) 1561(vs) 1558(vs) 1588(s) 1511(vs) 
δ(CH2) from 

cyclohexyl ring 
1429(vs) 1405(m) 1404(s) 1418(m) 1407(m) 

ν(NH) 1310(m) 1367(m) 1389(m) 1312(m) 1373(vs) 
ν(M-N) - 588(m) 531(m) 562(m) 457(w) 
ν(M-O) - 469(m) 396(w) 423(w) 373(m) 

 

w: weak; m: medium; s: strong; vs: very strong; bb: broadband 
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The bonding of the ligand to different transition metal ions was investigated 
also by comparing the IR spectrum of the free ligand (1) with those of the metal 
complexes (2-5) (Figure 3). 

In the spectral region of 3300-3450 cm-1 a broadband formed by some 
overlapped bands is observed, that may be assigned to νO-H vibration due to 
intra- and intermolecular hydrogen bonding in the crystalline state. The broad 
envelope band with higher intensity in all those complexes could indicate the 
presence of weak hydrogen bonds that stabilize the structure of the metal 
compounds [16-17, 21]. 

For the ligand a smaller, but broad band at 3445 cm-1 (Lit. [22], 3424cm-1), 
was assigned to the ν(O-H) from carboxylic group [22-23]. The fact that the 
ligand is anhydrous can also be seen from the shape of the band which is 
smaller compared to the metal complexes. The intense board absorption band 
at 3339-3423 cm-1 in the metal compounds indicates the presence of water 
molecules [24-25]. 

 

Figure 3. IR spectra of the ligand (1) and its copper complex (2) 

The vibrational frequencies related to ν(COO-as) at 1658 cm-1 (Lit. [26] 
at 1658 cm-1 and Lit. [22] at 1637 cm-1) and ν(COO-sym) at 1574 cm-1 (Lit. [26] 
at 1570 cm-1 and Lit. [22] at 1598 cm-1) in ligand, is shifted toward lower value 
in the IR spectra of the compounds (2-5) after complexation. Also, the ν(NH2) 
and δ(NH) frequencies in the metal complexes were shifted to lower value due 
to chelating with metal ions [7, 27]. 
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The ν(CH2as) and ν(CH2sym) corresponding to the cyclohexyl ring keep 
roughly the same value. New bands in the spectra of the transition metal 
complexes at 457-588 cm-1 were assigned to ν(M-N) stretching frequencies. 
The participation of the lone pair of electrons on the N of the amino group in 
the ligand in coordination is supported by these bands. On the other hand, the 
bands in the region of 373-469 cm-1 indicate the formation of M-O bond as a 
result of the coordination of the ligand to the central metal ions via the oxygen 
atom of the carboxylate rest. This band was assigned to ν(M-O) stretching frequencies, 
as similar to other metal complexes [7,12, 27-30].  

The ν(M-N) and ν(M-O) stretching bands are shifted progressively to 
higher frequencies as the metal is changed in the order: 

Mn(II) < Co(II) < Ni(II) < Cu(II) 

in good agreement with Nakamoto predictions for the amino acid complexes 
[27]. The shifts are dependent on the metal ions and the magnitudes of shifts 
follow the Irving-Williams series [14]. 

 
 
Thermal analysis 
 
The thermal behavior of the ligand and its metal complexes was performed 

in air atmosphere in order to study the nature of water in the investigated 
compounds, their thermal stability, as well as decomposition modes under 
controlled heating rate. The analysis of the thermogravimetric curves demonstrates 
that, both for the ligand as well as for the metal compounds, they undergo 
gradual decomposition as the temperature increases. 

 
Figure 4a. TG-DTG-DTA diagram for the ligand (1) 
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The thermal behavior of the ligand (HL) or (1) and its metal complexes 
(2-5) are summarized in Table 2 and Figure 4a-e. 

Thermal decomposition of the ligand (1) was achieved in three stages. 
The thermal analysis data, in good agreement with those of the elemental 
analysis, indicate that the ligand is anhydrous, so the small endothermic peak 
at 1680C on DTA curve and a mass loss of only 0.04% corresponds to the 
water present in the air atmosphere. An endothermic peak at 2310C and an 
exothermic peak at 2720C was associated with a melting with decomposition. 

The decarboxylation of the amino acid rest and degradation of the 
free amino group, with loss of a fragment (-CH3O2N) probably occurs in this 
stage. The experimental mass loss is 29.25%, close value to the calculated data 
of 28.48%. This violent burning process of the organic rest, as seen in the DTG 
curve, is generally specific to compounds with a high oxygen and nitrogen content 
[19, 31]. The second stage of decomposition occurs within the temperature 
range of 278-4230C, being accompanied by a large board on DTA curve. Three 
exothermic peaks at 3390C, 3560C and 3710C, respectively with an experimental 
mass loss of 24.37% (calcd. 25.69%) can be noted in this stage. It is expected 
to take place a new fragmentation of the organic rest, at the amidic bond and 
loss of a -C3H4O radical. The last stage begins at 4230C and is associated 
with a continuous degradation of the sample. The maximum mass loss for the 
three stages is at 4890C. As can be seen in the Figure 4a, the organic compound 
is completely pyrolyzed until 5700C, finally some ash remaining in the crucible. 

 

Figure 4b. TG-DTG-DTA diagram for the copper complex (2) 
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The aim of the thermal analysis of the metal complexes is to obtain 
information concerning their thermal stability and to decide whether the water 
molecules are inside or outside the coordination sphere [17-19]. 

For the thermal investigation of copper complex, a sample of 3.5790 
mg was taken (Figure 4b). When heated, the complex starts to decompose at 
1040C and loses one water molecule outside coordination sphere in the 
temperature range of 20-1860C. This phenomenon is connected with an 
endothermic peak and a mass loss of 3.15% (calcd. 3.54%). The first endothermic 
peak at 630C can be assigned to the moisture in the air and inside pores of the 
substance. In the second step, the metal complex is releasing partially organic 
ligand with a strong exothermic effect and a great mass loss of 56.32% (calcd. 
58.13%). Three exothermic peaks at 2710C, 2790C and 2960C respectively, 
confirm this fragmentation process. Probably decarboxylation, the amidic 
split and the amino group degradation accompanies this step. The violent 
decomposition of the anhydrous complex is often encountered in the case of 
copper complexes [24]. The third-stage decomposition takes place at 307-
4000C with a small exothermic peak at 3920C, corresponding to the pyrolysis 
of organic rest and formation, ultimately, of CuO. 

 

 
Figure 4c. TG-DTG-DTA diagram for the cobalt complex (3) 
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The thermal decomposition of the cobalt complex also occurs in three 
stages (Figure 4c). The first stage decomposition starts in the temperature range 
of 20-1860C, with a mass loss of 6.84% (calcd. 6.90%), which corresponds 
to the loss of 2 mole of water. The higher temperature, 1640C, is an indication 
that the water is inside the coordination sphere of the metal complex. 

 

Table 2. Thermo-gravimetric data of the ligand (HL) and its metal complexes (2-5) 
Compd. Stage Heat 

effect 
on DTA 

Temperature (0C) 
 
 

Ti       Tmax        Tf 

Mass loss (%) 
 
 

Calcd.  Experim. 

Assignment 

HL  
(1) 

I 
 
 

II 
 
 

III 

Endo 
Endo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 

20 
 
 

278 
 
 

423 

168 
231 
272 
339 
356 
371 
489 
570 

278 
 
 

423 
 
 

570 

- 
 

28.48 
 
 

25.69 
 
 

45.83 

0.04 
 

29.25 
 
 

24.37 
 

26.81 
19.53 

-residual water  
 

-melting with decomp. 
-fragmentation the organic 

rest at the amidic bond 
-pyrolysis of organic rest  

-ash residue  

[Cu(L)2]•H2O 
(2) 

I 
 

II 
 
 

III 

Endo 
Endo 
Exo 
Exo 
Exo 
Exo 

20 
 

186 
 
 

307 

63 
104 
271 
279 
296 
392 

186 
 

307 
 
 

400 

- 
3.54 

 
 

58.13 
 

38.33 

0.75 
3.15 

 
 

56.32 
6.50 
33.28 

-residual water  
-1 mole of water 

- fragmentation the organic 
rest 

 
-pyrolysis of organic rest 

ash and CuO residue 
[Co(L)2•2H2O] 

(3) 
I 
 

II 
 
 

III 
 
 

Endo 
Endo 
Endo 

 
Exo 
Exo 

 
 

20 
 

186 
 
 

317 
 
 

32 
164 
275 

 
303 
356 

 
 

186 
 

317 
 
 

400 
 
 

- 
6.90 

- 
 

42.90 
29.93 

 
20.27 

1.43 
5.41 

- 
 

41.88 
30.19 

 
21.09 

-residual water  
-2 mole of water 

-melting point with 
decompose 

-decomp. of ligand 
pyrolysis of organic rest 

-ash and CoO 

[Ni(L)2•2H2O] 
(4) 

I 
II 

Endo 
Exo 

20 
284 

175 
360 

284 
392 

 
 

6.91 
66.96 

 
26.13 

6.88 
65.79 

 
27.33 

-2 mole of water 
-total pyrolysis of metal 

complex 
-ash and NiO 

[Mn(L)2]•2H2O 
(5) 

I 
II 
 

III 
IV 
 
 

Endo 
Exo 
Exo 
Exo 
Exo 
Exo 

 

20 
191 

 
371 
475 

 
 

97 
243 
354 
389 
532 
643 

 

191 
371 

 
475 
768 

 
 

6.96 
 
 

24.93 
 
 

39.18 
28.93 

6.69 
3.40 

14.99 
7.2 

3.01 
1.22 

36.51 
26.98 

-2 mole of water 
-gradually decomposition 

of organic rest  
 
 
 
 

-ash and MnO 
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The second stage of decomposition was observed in the 186-3170C 
range. A small endothermic peak at 2750C can be assigned to the melting point 
with decompose, and an exothermic peak at 3030C, with an experimental mass 
loss of 42.90% (calcd. 41.88%), corresponds to cleavage of amidic bond followed 
by possible decarboxylation and oxidation processes of organic fragments. The 
third stage decomposition takes place at 317-4000C and highlights the rapid and 
progressive degradation of the organic residue until the metal oxide is obtained. 
The final products are CoO and some ash (20.27%, calcd. 21.09%). 

Thermal decomposition of the nickel complex proceeds in two stages 
between 20-2840C and 284-3920C respectively (Figure 4d). First stage, with 
an endothermic peak at 1750C, corresponds to the loss of water molecules inside 
the coordination sphere of the metal complexes. This phenomenon was achieved 
with an experimental mass loss of 6.67% (calcd. 6.91%). A strong exothermic 
effect was assigned to the total pyrolysis of metal complexes, a fact also 
found in the case of other metal complexes of amino acids or compounds 
with high percent of nitrogen [19, 32]. The final product is NiO and ash like 
the other metal complexes. 

 

 

Figure 4d. TG-DTG-DTA diagram for the nickel complex (4) 
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The thermogram of manganese complex indicated four decomposition 
steps, occurred slowly like other Mn(II) complexes [23]. The first decomposition 
step, at temperature range 20-1910C with an endothermic peak at 970C, 
corresponds to loss of water molecules outside of coordination sphere of 
complexes. The next three stages at temperature range 191-3710C, 371-4750C 
and 475-7680C respectively, accompanied by exothermic peaks indicated the 
gradually decomposition of metal complex. The decomposition of the compound 
takes place progressively (Figure 4e), being probably accompanied by the 
breaking of the amidic bond, the destruction of the rest of the amine, oxidation 
or decarboxylation of the organic fragments leaving MnO and ash as a residue.  

The decomposition of the compounds was not complete and the 
residue from 26.98% to 33.28% was observed, containing ash and metal 
oxide similarly to other compound with high nitrogen [17, 19, 32]. 

 

Figure 4e. TG-DTG-DTA diagram for the manganese complex (5) 
 
 
EPR data 
 
The EPR data are recorded at room temperature, in solid state, but just 

the cooper and manganese complexes provided relevant information, about the 
local symmetry found in compounds as a result of complexation. The experimental 
results are associated with the occurrence of paramagnetic Cu(II) for the 
compound (1). 
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The EPR spectrum of copper complex at room temperature, suggests 
the presence of CuN2O2 monomeric species. The shape of the spectrum 
corresponds to a S=1/2 system with rhombic g tensors. The principal values 
of g tensors (g1=2.197, g2=2.147 and g3=2.051) indicate a rhombic distortion 
around the metallic ion (Figure 5). 

The powder EPR spectrum of manganese complex is characterized 
by a quasi-isotropic g tensor (ΔBpp ≈ 400 G) with the principal value g=2.074 
due to the spin value of the CuN2O2 monomeric species [33-35]. 

 
Figure 5. EPR spectrum of copper complex (2) 

 
 
CONCLUSIONS 

 
In this paper, we presented the syntheses and investigations of new 

transition metal complexes using β-L-aspartyl-cyclohexyl amide as ligand.  
Elemental and thermal analysis lead to the idea that the ligand is 

anhydrous, but its metal complexes are hydrating. This phenomenon can be 
explained by the working conditions, in aqueous solutions, for the synthesis 
of metal complexes. The cooper and manganese complexes are hydrated 
with water molecules outside the coordination sphere, but for the cobalt and 
nickel complexes the water molecules are located inside the coordination 
sphere.  
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On the other hand, the ν(M-N) and ν(M-O) stretching bands in the metal 
complexes IR spectra support the complexation idea. The thermal stability of 
selected 3d transition metal complexes indicated that all the compounds 
decompose in multistage in the temperature domain 20-8000C. 

For the cooper complex the EPR data indicates a rhombic distortion 
around the metallic ion. 

The aspartyl amide acts as a bidentate ligand in all the metal complexes, 
coordination involving the carboxylate oxygen and the nitrogen atom belonging 
to the free amino group of the amino acid. 

Based on thermal and spectroscopic data, it was found that metal 
complexes stability:  

[Mn(L)2]•2H2O < [Co(L)2•2H2O] < [Ni(L)2•2H2O] < [Cu(L)2]•H2O 
obeys the Irving-Williams series [14,17,19]. 

The obtained data allows us to propose the following structural formulas 
for the studied transition metal complexes (Figure 6). 
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Figure 6. Suggested structures for the metal complexes  

 
Since studies conducted with numerous organic ligands containing 

nitrogen and oxygen donor systems have demonstrated their antimicrobial activities 
or enzyme production inhibition, we propose that in the future, the new metal 
complexes synthesized by our team could be tested and find applications in 
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the medical field. Thermal analysis data have shown that the highest thermal 
stability is found in the case of the copper complex. On the other hand, the role 
of copper in numerous metabolic activities is well known, which could lead to 
promising results. Additionally, nickel, cobalt, and manganese are trace elements 
present in many biological systems, suggesting that their testing in the medical 
field should not be overlooked. 
 
 
EXPERIMENTAL SECTION 

 
Material and instrumentation 
 
All reagents and chemicals were purchased from commercial sources 

and used as received. Melting points were measured on an ELECTROTHERMAL® 
instrument and were not corrected. CHNS analyses were determined on an 
elemental micro-analyzer Elementar vario MICRO Cube. Mass spectra were 
carried out on a LTQ ORBITRAP® XL (Thermo Scientific) instrument which 
was externally calibrated using the manufacturer’s APCI or ESI(+) calibration 
mix. The samples were introduced into the spectrometer by direct infusion. 
IR spectra were recorded in KBr pellets on a JASCO® FT-IR 6200 Spectrometer 
which operates with 4cm-1 resolution. Thermogravimetry and differential thermal 
analysis (TG-DTG-DTA) curves were recorded with a Thermal Analyzer TA 
Instruments SDT Q600 V20.9 Build 20 on an interval of 20-8000C, at a heating 
rate of 100C/min, in alumina crucibles and a dynamic air atmosphere. The 
ESR measurements were carried out on a Bruker Biospin EMXmicro spectrometer 
operating at X-band (9-10 GHz) with continuous wave at X-band (≈9 GHz). 
The spectra were recorded at room temperature with a microwave frequency 
of 9.4353 GHz, microwave power of 2 mW, modulation frequency of 100 kHz, 
modulation amplitude of 2 G. 

 
 
General procedure for the synthesis of the metal complexes 
 
The ligand namely (S)-2-amino-4-(cyclohexyl amino)-4-oxobutanoic 

acid (1 or HL) was prepared via a mild phthaloylation using the amide bond 
formation protocol [13]. 

Cu(II), Co(II), Ni(II) and Mn(II) complexes of the ligand were prepared 
by following a general method. The metal salt [CuSO4•5H2O, CoSO4•7H2O, 
NiSO4•7H2O and MnSO4•4H2O] (1.30mmol) was dissolved in 7-8mL distilled 
water. The ligand (2mmol) was solved in a solution of Na2CO3 1M until pH = 
11.0 – 11.5. To a solution of solved ligand was slowly added, continuously 
stirring, dropwise during 40 min., the solution of the metal salt at room temperature. 
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By adding the solution of metal ions, immediate color change was observed 
to the ligand solution, depending on the metal ion. The mixture was let to stir 
at the room temperature about 12h to perform the reaction. The final pH changed 
to 7.5-8.5 for all the compounds. The isolated solid complexes were obtained 
by vacuum filtration, washed with distilled water and finally dried in a vacuum 
desiccator for 72h.  

Finally, the obtained compounds were subjected to elemental, spectroscopic 
and thermal investigations.  

 
C10H18N2O3 (1 or HL): White solid; MW=214.2651; Mp=231-2330C; 

Elemental Analysis(%) Calcd.(Found) C: 56.06(56.81), H: 8.47(8.11); N: 
13.07(12.88); MS (ESI, CH3OH) [M+H]: 215.2693; Exact Mass: 214.1317; 
FTIR (KBr,cm-1): νmax: 3445, 3296, 2930, 2853, 1658, 1620, 1574, 1429, 1310; 
Thermal Analysis: Tmax: 1680C (Endo) (TGexp=0.04%), 2310C (Endo) and 2720C 
(Exo) (TGcalcd=28.48%, TGexp=29.25%, 3390C (Exo), 3560C (Exo) and 3710C 
(Exo) (TGcalcd=25.69%, TGexp=24.37%), 4890C (Exo) and 5700C (Exo) 
(TGcalcd=45.83%, TGexp=46.34%), residue 45.83% (calcd) 46.43 (exp). 

C20H36CuN4O7 (2): Pale-blue solid; MW=508.0684; Mp=312-3140C 
(decomp.); Yield: 82%; Elemental Analysis(%) Calc.(Found) C: 47.28(47.98), 
H: 7.14(6.91), N: 11.03(11.29); MS (ESI, CH3OH, without coordination water) 
[M+Na]: 512.1662; Exact Mass: 489.1774; FTIR (KBr,cm-1): νmax: 3423, 3257, 
2930, 2854, 1651, 1589, 1561, 1405, 1367, 588, 469; Thermal Analysis: Tmax: 
630C (Endo) (TGexp.=0.75%), 1040C (Endo) (TGcalcd=3.54%, TGexp=3.15%), 
2710C (Exo), 2790C (Exo) and 2960C (Exo) (TGcalcd=58.13%, TGexp=56.32%), 
3920C (Exo) (TGcalcd.=38.33%, TGexp=39.78%), residue 38.33% (calcd) 39.78 
(exp); EPR: (g1=2.179, g2=2.147, g3=2.051); Molar Ratio Cu : L : H2O = 1 : 2 : 1. 

 
C20H38CoN4O8 (3): Pale-pink solid; MW=521.4709; Mp=273-2750C 

(decomp.); Yield: 76%; Elemental Analysis(%) Calc.(Found) C: 46.06(46.78), 
H: 7.34(7.92), N: 10.74(11.03); MS (ESI, CH3OH, without coordination water) 
[M+Na]: 508.1708; Exact Mass: 485.1810; FTIR (KBr,cm-1): νmax: 3329, 3297, 
2930, 2854, 1650, 1622, 1558, 1404, 1389, 531, 396; Thermal Analysis: Tmax: 
320C (Endo) (TGexp=1.43%) 1640C (Endo) (TGcalcd=6.90%, TGexp=5.41%), 2750C 
(Endo) (m.p.), 3030C (Exo) (TGcalcd=42.90%, TGexp=41.88%), 3560C (Exo) 
(TGcalcd=29.93%, TGexp=30.19%), residue 20.27% (calcd) 21.09% (exp); Molar 
Ratio Co : L : H2O = 1 : 2 : 2. 

 
C20H38N4NiO8 (4): Greenish-white solid; MW=521.2311; Mp=291-2930C 

(decomp.); Yield: 76%; Elemental Analysis(%) Calc.(Found) C: 46.09(46.67), 
H: 7.35(7.78), N: 10.75(10.18); MS (ESI, CH3OH, without coordination water) 
[M+Na]: 507.3627; Exact Mass: 484.1832; FTIR (KBr,cm-1): νmax: 3339, 3295, 
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2936, 2854, 1650, 1573, 1588, 1418, 1312, 562, 423; Thermal Analysis: Tmax: 
1750C (Endo) (TGcalcd=6.91%, TGexp=6.88%), 3600C (Exo) (TGcalcd=66.96%, 
TGexp=65.79%), residue 26.13% (calcd) 27.33% (exp); Molar Ratio Ni : L : 
H2O = 1 : 2 : 2. 

C20H38MnN4O8 (5): Light-brown solid; MW 517.4758; Mp=238-2400C 
(decomp.); Yield: 48%; Elemental Analysis(%) Calc.(Found) C: 46.42(45.93), 
H: 7.40(7.81), N: 10.83(11.04); MS (ESI, CH3OH, without coordination water) 
[M+Na]: 504.3594; Exact Mass: 517.2070; FTIR (KBr,cm-1): νmax: 3407, 2927, 
2852, 1556, 1526, 1511, 1407, 1373, 457, 373; Thermal Analysis: Tmax:970C 
(Endo) (TGcalcd=6.96%, TGexp=6.69%), 2430C (Exo), 3540C (Exo) and 3890C 
(Exo) (TGcalcd=24.93%, TGexp=25.59%), 5320C (Exo) and 6430C (Exo) 
(TGcalcd=39.18%, TGexp=36.51%), residue 28.93% (calcd) 26.98% (exp); 
EPR: g=2.07; Molar Ratio Mn : L : H2O = 1 : 2 : 2. 
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DEVULCANIZED CRUMB RUBBER AS BITUMEN MODIFIER 
 
 

Gabriel VASILIEVICIa,*, Andreea-Luiza MIRTa, Simona GHIMISa,  
Emilian ZAHARIAb, Mihaela BOMBOSb, Dorin BOMBOSb,c 

 
 

ABSTRACT. The dispersion of crumb rubber in road bitumen is essential for 
enhancing the elasticity of asphalt coatings. However, elastomer cross-linking 
through vulcanization can reduce the colloidal stability of bitumen. This study 
aims to enhance compatibility by partially devulcanizing crumb rubber using 
a pulverulent catalyst, specifically phosphomolybdic acid, in a batch reactor 
at 270°C. The use of a molybdenum-based catalyst is preferred due to its 
effectiveness in catalyzing the devulcanization process. Additionally, further 
conditioning of the catalyst through grinding optimizes contact with crumb rubber, 
enhancing catalyst activity and improving overall compatibility with road bitumen. 
 
Keywords: crumb rubber, desulfurization, molybdenum catalysts 

 
 
 

INTRODUCTION 
 
With the significant increase in the number of private vehicles, an 

estimated 17 million tons of waste tires are discarded worldwide each year, 
creating serious environmental problems due to difficulty in disassembly [1]. 
Generally, tires are made of rubber, carbon black, steel wire, sulfur compounds 
and synthetic fibers. 

Technical experience has shown that rubber and fibers can improve 
the paving performance of asphalt mixtures in the road construction industry [2]. 
Traditional asphalt pavements struggle to achieve their planned service life 
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under increased traffic volumes and high loads [3]. Therefore, there is an 
increasing trend to improve conventional asphalt to resist rutting, fatigue and 
other road deterioration. Modifying bitumen with crumb rubber (CR) is a concern 
for developed countries aiming to resolve the environmental problems associated 
with the improper disposal of used tires [4].  

The process of modifying bitumen with CR was initially introduced in 
the 1960s. Since then, this technique has undergone substantial development 
and is now widely implemented across various regions. Several countries have 
even established their specifications for crumb rubber-modified bitumen (CRMB). 
It is widely accepted that CRMB has improved resistance to rutting and cracking 
compared to conventional bitumen [5]. 

One of the most widely used metals for devulcanization so far is ZnO, 
which has been extensively used in rubber vulcanization processes [6]. However, 
it is currently believed to be toxic in large quantities, especially to aquatic 
environments. Therefore, another metal that has taken its place is magnesium 
oxide, for which the exact mode of action and desulfurization are not yet fully 
understood [7]. In addition to these oxides, transition metal oxides such as 
NiO2, MoO3, V2O5, TiO2, WO3, MnO2, CeO2, and FeO have received significant 
attention [8-9]. Molybdenum-based catalysts are extensively studied due to 
their high activity involving multivalent metal transitions (Mo5+/Mo6+). However, 
these catalysts exhibit drawbacks like reduced activity with repeated use and 
loss of active components. Improvements in catalyst activity and stability are 
essential and can be achieved through modifications in loading mode, synthesis 
methods or incorporation of other elements [10]. 

The devulcanization process involves a series of steps, which can be 
outlined as follows: (i) shredding tires into small rubber particles; (ii) utilizing 
appropriate separators to remove fibers and steel; and (iii) further grinding 
the rubber to achieve a finer size, followed by mixing with various reclaiming 
agents [11-12]. The extensively researched devulcanization strategies encompass 
mechanical, chemical, physical, biological, microwave and ultrasonic processes 
[13-19]. 

The rubber can pass through industrial devulcanization either before 
its incorporation into asphalt mixtures (pre-devulcanized) or during the production 
of CRMB. The devulcanization and depolymerization of crumb rubber particles 
can occur within the binder at elevated temperatures and under high-shear 
mixing conditions [20]. The effectiveness of devulcanization and depolymerization 
tends to be greater when the binder is abundant in aromatic compounds [21]. 

Despite the advantages of CR bitumen modification, the process is 
still underutilized. There are studies that demonstrate the ecological sustainability 
of using CR in asphalt pavements, reducing the costs of managing end-of-life 
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tire waste and improving asphalt properties [22-24]. Unfortunately, in many 
countries, the adoption of CR modification was obstructed by the absence of 
standards and laws that support it. 

This paper focuses on employing molybdenum-based catalysts for 
the devulcanization of CR, aiming to improve rubber compatibility with road 
bitumen. Molybdenum-based catalysts are chosen due to their unique properties, 
which contribute to their high catalytic activity. Additionally, these catalysts 
offer the potential to facilitate the desulfurization process of CR, enhancing 
its performance as a modifier for road bitumen. The study aims to explore the 
effectiveness of molybdenum-based catalysts in optimizing the properties of 
CR for use in asphalt applications, addressing key challenges related to 
rubber-bitumen compatibility. 
 
 

RESULTS AND DISCUSSION 
 
The results of the thermogravimetric analysis of crumb rubber powder 

are shown in Table 1 and Figure 1. The mass losses in the first temperature range, 
starting from room temperature (R.T.) up to 125°C, are probably due to the 
presence of water in the rubber powder. Mass losses in the next range, up to 
270°C, are the result of the evaporation of organic additives in the rubber such 
as mineral oils.  

 

 

Figure 1. Thermogravimetric analysis (TGA) of crumb rubber powder 
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At temperatures above 270°C the pyrolysis reaction of the polyisoprene 

starts, which also occurs at higher temperatures (508°C). In the temperature 

range of 508 - 750°C thermal decomposition reactions of the carbonaceous 

materials from the previous steps as well as decomposition of inorganic rubber 

materials occur. The remaining residue represents 32.51% of the initial mass 

of the crumb rubber. The inert gas was changed to synthetic air at 750°C to 

highlight the type of residue left in the crucible. For 5 min at 750°C in the air 

(burning) the carbon black and other resulting carbonaceous materials were 

burned, leaving 8.11% residue. This ash consists of inorganic materials, probably 

silica which is used in the rubber industry together with carbon black for 

reinforcement. 

Table 1. Results of thermogravimetric analysis of crumb rubber powder 

Domain, °C Wt. loss, % Tmax, °C 

R.T. - 125°C 0.63 - 

125 - 270°C 4.58 222.9 

270 - 397°C 33.65 368.1 

397 - 508°C 20.74 409.9 

508 - 750°C 7.88 668.0 

 

The characteristics of the crumb rubber powder used in the experimental 

program are shown in Table 2. 

Table 2. The characteristics of crumb rubber powder 

No. Characteristics Value 

1.  Particle sizes, mm 1...2 

2.  Density, kg/m3 441 

3.  Total sulfur content (Grote combustion method), % wt. 2.34 

 

A nanopowder of phosphomolybdic acid catalyst (sample code PMo) 

obtained by grinding in a planetary ball mill was used for the catalytic 

desulphurization of crumb rubber powder. Size distribution analysis of the 

catalyst dispersed in toluene was carried out using the Dynamic Light Scattering 

(DLS) method. An average particle size of 79.26 nm and a narrow nanoparticle 

size distribution were observed, as shown in Figure 2. 

  



DEVULCANIZED CRUMB RUBBER AS BITUMEN MODIFIER 
 
 

 
41 

 

Figure 2. Particle size analysis (DLS) of ground PMo catalyst 
 
Acid strength and distribution of acid sites on the PMo catalyst were 

characterized using diethylamine thermodesorption. The diethylamine 
thermodesorption curve, shown in Figure 3, provided insights into the acid strength 
profiles – weak, medium and strong centers. Table 3 presents the concentrations 
of acid sites with varying strengths and temperature ranges, as determined from 
the thermodesorption analysis of diethylamine. 
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Figure 3. Thermodesorption curve for calculating  
the acid strength of PMo catalyst 
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Table 3. The proportion of acid centers of the PMo catalyst 

Acid centers Temperature range, ºC 
Value, mEq/ g analyzed 

sample 

Weak 160 – 300 0.2598 

Medium 300 – 440 0.2867 

Strong 440 - 580 0.5116 

 

A high proportion of strong acid centers is observed (48.4%), with the 
proportion of weak and medium acid centers being smaller and approximately 
equal. 

The temperature selected for desulfurization of the crumb rubber was 
270ºC. From the thermogravimetric curve (Figure 1) it can be seen that at higher 
temperatures the pyrolysis of the elastomer starts, with a negative influence 
on the elastic characteristics of the bitumen modified with it. 

The total sulfur content of crumb rubber after the catalytic desulfurization 
process in a batch system at 270ºC for 3 hours was 1.08% wt and the calculated 
conversion with equation (1) was higher with ground phosphomolybdenic acid 
47.06 % compared with non-ground catalyst (Table 4). 

 

Table 4. Performance of the catalytic desulfurization process  
of crumb rubber powder in batch system 

Catalyst Catalyst 
conc., % wt. 

Time, h Temperature, oC Conversion, % 

Phosphomolybdenic acid 1.05 3 270 36.89 

Ground phospho-
molybdenic acid 

1.05 3 270 47.06 

 

The homogeneity of the CRMB was evaluated by determining the 
composition after short-term storage in a narrow tube, and by determining the 
asphaltene and elastomer content in the upper and lower zones of the tube. The 
values obtained are shown in Table 5. 

 
Table 5. Asphaltene content of modified road bitumen sample 

Sample Asphaltene content, % 

Upper zone Lower zone 

Sample 1 19.35 19.47 
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The asphaltene content of road bitumen modified with devulcanized 
crumb rubber in the two areas of the bitumen sample is close, the observed 
differences being of the order of the error of the determination method. 
 
 

CONCLUSIONS 
 
In conclusion, the desulfurization of crumb rubber was effectively facilitated 

by a nanostructured phosphomolybdenic acid catalyst. Thermogravimetric 
analysis of crumb rubber derived from used tires revealed its limited thermal 
stability above 280°C. Grinding the phosphomolybdenic acid produced a 
nanopowder with a narrow, monomodal particle size distribution, averaging 
79.26 nm in diameter, and an acid strength exceeding 1 mEq/g. Using this 
catalyst, the desulfurization of crumb rubber dispersed in catalytic cracking 
oil at 270°C for 3 hours achieved a conversion rate of 47.06%. The resulting 
bitumen modified with devulcanized crumb rubber demonstrated high homogeneity, 
evidenced by consistent asphaltene content across different bitumen layers. 
 
 

EXPERIMENTAL SECTION 
 
 

Materials 
 

Crumb rubber powder results from ground rubber from used tire waste, 
with a particle size in the range of 1-3 mm, a density of 441 kg/m3, with a 
sulfur content of 2.34%, determined by the Grote combustion method. In the 
experimental program were used catalytic cracking oil and bitumen type D20/30 
(Rompetrol), phosphomolybdic acid, diethylamine (Merck), Pluronic® P123 
(Sigma-Aldrich), toluene, heptane (Chimopar S.A), hydrogen peroxide solution 
3%, sodium carbonate (Chimreactiv SRL). 

The main characteristics of the road bitumen and catalytic cracking 
oil used in the experimental program are shown in Tables 6 and 7. 

 

Table 6. Specification of bitumen grade D20/30* 

No. Specification Unit Value Method 

1.  Penetration  (25ºC),  1/10 mm 27 SR EN 1426:2015 

2.  Softening Point (Ring & Ball) ºC 59 SR EN 1427:2015 

3.  Ductility (25ºC) cm 110 SR EN 13589:2015 

4.  Fraass point ºC -12 SR EN 12593:2015 

*from the technical sheet of the product 
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Table 7. The characteristics of the catalytic cracking medium oil fraction* 

No. Specification Unit Value 

1.  Appearance - viscous liquid, 

reddish brown 

2.  Relative density at 20°C g/cm3 0.882 

3.  Boiling range ºC 400-450 

4.  Flashpoint (closed cup) ºC 78 

5.  Dynamic viscosity at 20°C mPa∙s 40.8 

* from the technical sheet of the product 
 
 

Characterization Methods 
 
Thermogravimetric analysis (TGA) of crumb rubber was performed 

with a Q5000IR (TA Instruments, USA), with the following parameters - 100 µL 
platinum crucible, 1-nitrogen purge gas (99.999%) with a flow rate of 50 
mL/min, 2- synthetic air purge gas (99.999%) with a flow rate of 50 mL/min. 
Working method: 1) heating rate 10°C/min up to 750°C; 2) exchange gas 1 (nitrogen) 
with gas 2 (synthetic air); 3) isotherm for 5min. 

Dynamic light scattering (DLS) was employed to analyze the particle 
size and particle size distribution of PMo using a NanoZS Zetasizer device 
from Malvern Instruments, UK. The sample was prepared by dispersing 0.005g 
ground phosphomolybdic acid in 25 mL of toluene  

Acid strength and acid strength distribution of PMo was carried out 
by thermal desorption of diethylamine [25] using a DuPont Instruments apparatus. 
Before analysis, the test sample was placed in a vacuum oven at 120ºC for 12 
hours to remove moisture. 
 
 

Laboratory experiments 
 
Preparation of phosphomolybdenic acid catalyst 
Phosphomolybdic acid was dry ground using a laboratory planetary mill 

in the presence of an anti-caking additive at 1% concentration (Pluronic-P123) 
for the preparation of the nanoparticle catalyst. A planetary ball mill (Fritsch 
Pulverisette 6) equipped with a 500 mL stainless steel bowl and 10 stainless 
steel balls (ϕ20 mm) was used for the laboratory experiments 
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Catalytic devulcanization of crumb rubber powder 

The experiments were carried out in a 1L stainless steel autoclave Parr 

4520 series, with thermostatic electric heating, at a temperature of 270ºC, with 

stirring at 160 rpm, in an inert gas atmosphere (nitrogen 5.0), and a crumb 

rubber/aromatic solvent mass ratio of 1/10 for 3 hours. 

The conversion in the desulfurization process of crumb rubber with the 

phosphomolybdic acid was calculated by determining the total sulfur content by 

the Grote combustion method before and after experiments with equation (1): 

    (1) 

 

TSCi = initial total sulfur content of the crumb rubber sample;  

TSCf = final total sulfur content of the crumb rubber sample after the 

desulfurisation. 

 

The modification of road bitumen type D20/30 was done in a glass 

autoclave with a volume of 1 liter equipped with a thermostatic electric jacket 

and stirring. Working parameters were: temperature 160°C, stirrer speed 180 

rpm, reaction time 5 hours, the concentration of the crumb rubber conditioned 

in aromatic oil 3%, and the mass ratio bitumen/ dispersion of 4/1. 

 

The stability of the modified bitumen with devulcanized crumb 

rubber was assessed by determining its composition after short-term storage 

in a narrow tube for 24 hours. After preparation of the modified bitumen and 

cooling to 80ºC, it was placed in a cardboard tube, fixed in an upright position, 

and closed at the bottom. After storage for 24 hours in an oven at 80ºC, 

followed by cooling to room temperature, samples of modified bitumen (approx. 

5 g) were taken from the area of the two ends of the tube to evaluate homogeneity. 

The homogeneity test of the modified bitumen was carried out by determining 

the asphaltene plus rubber content by the precipitation method in the presence 

of heptane. After adding about 5 g of modified bitumen to 50 ml of heptane 

and stirring, the mixture was left in the dark for 24 hours. The mixture was 

filtered and asphaltenes and non-dispersed rubber (insoluble in heptane) 

remained on the filter paper. The filter paper was brought to constant mass and 

weighed, thus calculating the asphaltene and polymer content of the modified 

bitumen sample analyzed. 
 

 

100%, 
−

=
TSCi

TSCfTSCi
Conversion
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THE INHIBITORY PROPERTIES OF THE FAGOPYRUM 
ESCULENTUM GROATS BOILING EXTRACTS  

ON CORROSION OF THE MILD STEEL  
IN ACIDIC ENVIRONMENTS 

 
 

Pavel Anatolyevich NIKOLAYCHUKa,b,* 
 
 

ABSTRACT. The inhibitory ability of the boiling extracts from the groats of 
Fagopyrum esculentum on the corrosion of mild steel EN Fe37-3FN in 0.5 
M hydrochloric acid and 0.5 M sulphuric acid media was investigated using 
gravimetric, electrochemical, and EIS methods. It was shown that the addition 
of 100 mg/l of the Fagopyrum esculentum groat extract reduces the corrosion 
rate by 50%, and that of of 1 g/l and more – by 75%. The adsorption of the 
extract components on a steel surface follows the Langmuir adsorption model, 
and the nature of adsorption is physical. The Fagopyrum esculentum groats 
extract shows itself as perspective and environmentally friendly substance 
for reducing the steel corrosion rate in acidic environments. 
 
Keywords: Fagopyrum esculentum, common buckwheat, acid medium corrosion 
inhibition, gravimetric study, electrochemical study, Langmuir adsorption isotherm. 

 
 
 
INTRODUCTION 

 
The usage of industrial side products and wastes [1], expired drugs 

[2], food and biomass waste [3, 4] and compounds extracted from natural 
products [4] attract a growing interest of the corrosion engineers around the 
globe. By employing environmentally degradable natural compounds one could 
drastically reduce the costs and the ecological impact of both production of 
inhibitors, and their subsequent utilization. A plant's roots, leaves, aerial parts, 
fruits, and seeds are frequently used as the source of extracted compounds [4].  
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Common buckwheat (Fagopyrum esculentum) is a pceudocereal 
plant cultivated widely for its grain-like seeds, as a cover crop, as a green 
manure, as a plant for erosion control or as wildlife cover and feed [5]. The 
porridge made from the ground and roasted buckwheat groats is common 
for East Europe and Central Asia. During the cooking the groats are boiled 
in water, which is then usually discarded. However, the cotyledons of the 
buckwheat plant contain diverse phytochemicals, including rutin [6], tannins, 
catechin-7-O-glucoside, fagopyrins [7–10], salicylaldehyde and some other 
aromatic aldehydes [11, 12]. However, both aldehydes, flavonoids and 
phenols [13, 14] exhibit inhibitory properties on metal oxidation. Moreover, 
antioxidant activity of the compounds extracted from the buckwheat groats 
was already reported [15, 16], and there is a clear dependency between the 
antioxidant and inhibition properties of natural compounds [17]. Therefore, 
the compounds extracted into the boiling water from Fagopyrum esculentum 
groats during the cooking might be useful and environmentally friendly corrosion 
inhibitors.  

Acidic environments are often employed for the study of the effectiveness 
of inhibitors, because acids give the most demonstrative results [14]. In addition, 
the study of the acidic corrosion of metals is important for oil and gas industry, 
the galvanic electroplating of metals, the development of the solutions for the 
metal pickling, and for the rust removal [14]. Usually both hydrochloric acid 
as the non-oxidising acid, and sulphuric acid as the oxidising acid are used 
for the acidic corrosion testing. Therefore, in the present study, the inhibitory 
properties of the boiling extracts of the Fagopyrum esculentum groats on the 
corrosion of mild steel EN Fe37-3FN in 0.5 M hydrochloric acid and 0.5 M 
sulphuric acid media are aimed to be investigated. 
 
 
RESULTS AND DISCUSSION 
 

Gravimetric studies 
 
From the measured weight losses (Δm = m0 – m, mg, where m0 and m 

are the weights of the steel sample before and after immersion into corrosive 
medium, respectively), sample surfaces (S, cm2), and immersion times (t, h) 
the average corrosion rates (ω, mg/(cm2 . h)) were estimated [14]:  

ω = Δm / (S . t).     (1) 

An inhibitory ability of the compound according to gravimetric measurements 
(IEgrav, %) was estimated from the ratio of the corrosion rates in the absence 
(ω0) and in the presence (ω) of the inhibitor [14]:  

IE = (ω0 – ω) / ω0 . 100%.    (2) 
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The dependence of the measured inhibition efficiencies at the different 
inhibitor concentrations (cinh, g/l) is presented in Table 1. The results show 
that upon addition of the Fagopyrum esculentum groats extract the weight 
loss of the steel plates significantly reduces that confirms its inhibitory effect. 

 
Table 1. The results of the gravimetric measurement of the corrosion rates 

Medium 0.5 M HCl 0.5 M H2SO4 
cinh, g/l ω, mg/(cm2 . h) IEgrav, % ω, mg/(cm2 . h) IEgrav, % 

0 0.89 ± 0.08 – 1.1 ± 0.1 – 
0.1 0.42 ± 0.05 52.6 0.54 ± 0.05 51.2 
0.3 0.26 ± 0.04 71.2 0.40 ± 0.05 63.8 
1 0.17 ± 0.03 80.9 0.32 ± 0.04 71.0 
3 0.14 ± 0.02 84.2 0.25 ± 0.04 77.2 

10 0.12 ± 0.02 86.3 0.20 ± 0.03 81.4 
 
 

Polarisation studies 
 
An open circuit potential (Ecorr, mV) was recorded during 30 min. The 

results are presented in Figure 1. 
As could be seen, the addition of the inhibitor shifts both the initial 

and the equilibrium values of the open circuit potentials of steel in acid in the 
more positive direction. This implies that the the Fagopyrum esculentum 
groats extract acts as the anodic type inhibitor, and primarily decreases the 
rate of the anodic dissolution of metal. 

For the measurement of the linear polarisation resistance the polarisation 
curves were presented in the coordinates E(i), and the polarisation resistances 
(Rp, Ohm . cm2) were evaluated as the slopes of these curves using the least 
squares technique: 

Rp = dE / di.      (3) 

The inhibitory ability of the compound according to the linear 
polarization resistance (IELPR) was estimated from the ratio of the polarisation 
resistances in the presence (Rp) and in the absence (Rp,0) of the inhibitor [14]:  

IELPR = (Rp – Rp,0) / Rp . 100%.    (4) 

The results are presented in Figure 2 and in Table 2. 
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(a) 

 
(b) 

 

Figure 1. The open circuit potential of steel in (a) 0.5 M HCl,  
and (b) 0.5 M H2SO4 with the different additions of the Fagopyrum esculentum 

groats extract after 30 min of exposure. 

Table 2. The measured polarisation resistance of the steel in the solutions  
of hydrochloric and sulphuric acids with the different additions of the inhibitor 

Medium 0.5 M HCl 0.5 M H2SO4 
cinh, g/l Rp, Ohm . cm2 IELPR, % Rp, Ohm . cm2 IELPR, % 

0 630 ± 10 – 410 ± 10 – 
0.1 1420 ± 20 55.8 810 ± 10 49.5 
0.3 2430 ± 40 74.1 1150 ± 20 64.2 
1 3420 ± 50 81.6 1340 ± 20 69.4 
3 4370 ± 70 85.6 1770 ± 30 76.7 

10 5460 ± 90 88.5 2810 ± 50 85.3 
 



THE INHIBITORY PROPERTIES OF THE FAGOPYRUM ESCULENTUM GROATS BOILING 
EXTRACTS ON CORROSION OF THE MILD STEEL IN ACIDIC ENVIRONMENTS 

 

 
53 

(a) 

 
(b) 

 
 

Figure 2. The linear polarisation resistance curves of steel in (a) 0.5 M HCl,  
and (b) 0.5 M H2SO4 with the different additions  

of the Fagopyrum esculentum groats extract 

For the measurement of the Tafel slopes [18] and the corrosion current 
density the polarisation curves were presented in the coordinates E(lg i), and 
the Tafel slopes (b, mv/dec) and the corrosion current density (icorr, A/cm2) 
were evaluated from them [19]. Subsequently, the polarisation resistances 
(Rp, Ohm . cm2) were estimated from the Tafel slopes and the corrosion current 
densities using the Stern – Geary equation [20, 21]: 

Rp = ba . |bc| / (ln 10 . icorr . (ba + |bc|)),   (5) 
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where ba and bc are the slopes of the anodic and cathodic branches of the 
polarisation curve. The inhibitory ability of the compound according to the 
corrosion current densities (IECCD) was estimated from the ratio of the corrosion 
current densities in the absence (i0) and in the presence (i) of the inhibitor [14]:  

IECCD = (i0 – i) / i0 . 100%,     (6) 

and also from the ratio of the polarisation resistances in the presence (R) 
and in the absence (R0) of the inhibitor using equation (4). The results are 
presented in Figure 3 and in Table 3. 
 

Table 3. The results of the electrochemical measurement  
of the corrosion rates 

cinh, g/l Еcorr, mV bа, mV/dec bc, mV/dec icorr, µA/cm2 IECCD, % Rp, Ohm.cm2 IELPR, % 

0.5 M HCl with additions of Fagopyrum esculentum groats extract 
0 –896 98.9 –118.8 38.4 – 611 – 

0.1 –891 75.6 –127.1 17.4 54.7 1185 48.4 
0.3 –886 72.6 –130.0 9.9 74.0 2037 70.1 
1 –882 70.5 –134.4 7.0 81.6 2852 78.5 
3 –877 75.5 –130.1 4.9 87.1 4183 85.4 

10 –873 64.3 –146.5 3.9 89.7 4895 87.5 

0.5 M H2SO4 with additions of Fagopyrum esculentum groats extract 
0 –877 55.1 –117.3 38.8 – 319 – 

0.1 –874 37.6 –115.8 21,3 45.2 579 44.8 
0.3 –868 31.9 –121.4 15.0 61.3 730 56.2 
1 –864 30.9 –126.2 11.9 69.4 903 64.5 
3 –860 32.1 –128.6 10.2 73.8 1281 75.0 

10 –857 33.1 –128.9 7.8 79.9 1511 78.8 

 
As could be seen from the results, the Tafel slopes of the anodic branches 

of polarisation curves significantly decrease upon addition of the buckwheat 
groats extract, whereas the slopes of the cathodic branches of polarisation 
curves slightly increase. This confirms that the extract acts as the anodic type 
inhibitor, and decreases the rate of metal anodic dissolution, whereas the rate 
of the hydrogen production at the cathode remains practically the same. The 
values of the linear polarisation resistances obtained experimentally and 
estimated by the Stern–Geary equation coincide well, which confirms the integrity 
of the experimental data. 
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(a) 

 
(b) 

 

Figure 3. The polarisation curves of steel in (a) 0.5 M HCl, and (b) 0.5 M H2SO4 
with the different additions of the Fagopyrum esculentum groats  

extract after 30 min of exposure. 
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EIS studies 
 
For EIS tests, the obtained results were presented in the form of Bode 

and Nyquist plots [22]. For the estimation of the impedance parameters, a 
simplified Randles equivalent electrical circuit [23], containing the solution 
resistance Rs, the consecutive charge transfer resistance Rct of the passivation 
layer, and the parallel constant-phase element representing the double electric 
layer, was employed. The impedance (Z, Ohm) of the Randles equivalent circuit 
is expressed by the equation [22]: 

Z = Rs + 1 / ((1 / Rct) + P . (i . ω)n),   (7) 

where ω, Hz is the frequency of the alternate current, i is an imaginary unit, 
and P and n are the parameters of the constant phase element. 

The fitting of the equivalent circuit parameters to the experimental 
impedance values was performed using the free software EIS Spectrum 
Analyser [24]. In addition, the capacitance (Cdl, F) and the thickness (d, m) 
of the double electric layer were estimated [25]: 

Cdl = P1 / n . (Rs . Rct / (Rs + Rct))(1 – n) / n,  (8) 
d = (S . ε0 . ε) / Cdl,     (9) 

where S, m2 is the electrode surface, ε is the dielectric constant of water, and 
ε0 = 8.85 . 10–12 F/m is the dielectric constant of vacuum. 

The inhibitory ability of the compound according to the electrochemical 
impedance spectroscopy (IEEIS) was estimated from the ratio of the charge 
transfer resistances in the presence (Rct) and in the absence (Rct,0) of the 
inhibitor [14]: 

IEEIS = (Rct – Rct,0) / Rct . 100%.    (10) 

The results are presented in Figure 4 and in Table 4. 
The Nyquist plots demonstrate a semicircle behaviour typical for the 

Rangles equivalent circuit. With addition of the inhibitor the semicircle diameter 
increases, but the form of the plot does not change, which implies that the 
inhibitor does not alter the corrosion mechanism (which is also confirmed by 
the almost constant value of the constant phase element parameter n) but 
increases the resistance of the charge transfer through the metal surface. 
The constant phase element parameter P decreases upon addition of the 
buckwheat groats extract, which means the decrease of the double layer 
capacitance, and the increase of the double layer thickness. 
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(a) 

 
(b) 

 
Figure 4ab. The Bode plots of steel in (a), (b) 0.5 M HCl with the different 

additions of the Fagopyrum esculentum groats extract after 30 min of exposure. 
(c) 

 
Figure 4c. The Nyquist plots of steel in 0.5 M HCl with the different additions  

of the Fagopyrum esculentum groats extract after 30 min of exposure. 
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(d) 

 
 
 

(e) 

 

Figure 4de. The Bode plots of steel in (d), (e) 0.5 M H2SO4 with the different additions  
of the Fagopyrum esculentum groats extract after 30 min of exposure. 
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(f) 

 

Figure 4f. the Nyquist plots of steel in 0.5 M H2SO4 with the different additions  
of the Fagopyrum esculentum groats extract after 30 min of exposure. 

 

Table 4. The results of the EIS measurement of the corrosion rates 

cinh, g/l Rs, Ohm Р, µOhm–1 . sn n Cdl, µF d, nm Rct, Ohm IEEIS, % 
0.5 M HCl with additions of Fagopyrum esculentum groats extract 

0 9.8 142.6 0.86 710 3.91 983.3 – 
0.1 7.1 162.6 0.85 739 3.75 1891.3 48.0 
0.3 14.4 69.2 0.87 347 7.99 3979.4 75.3 
1 15.9 77.1 0.85 354 7.83 5717.9 82.8 
3 16.3 63.8 0.85 285 9.74 6002.9 83.6 

10 13.4 48.8 0.88 246 11.30 6319.5 84.4 
0.5 M H2SO4 with additions of Fagopyrum esculentum groats extract 

0 14.8 110.6 0.89 663 4.17 575.8 – 
0.1 5.2 150.8 0.89 828 3.34 1022.8 43.7 
0.3 7.8 97.9 0.87 472 5.86 1622.4 64.5 
1 15.2 51.6 0.89 283 9.77 2535.8 77.3 
3 13.9 61.6 0.87 302 9.16 2959.6 80.5 

10 14.1 60.4 0.89 335 8.26 3287.3 82.4 
 
 
 



PAVEL ANATOLYEVICH NIKOLAYCHUK 
 
 

 
60 

Langmuir adsorption model 
 
The description of the adsorption of the groats extract components 

on the steel surface was performed in terms of the Langmuir adsorption 
model [26]. The Langmuir adsorption isotherm equation was linearised in the 
form: 

cinh / θ = 1 / Kads + cinh,    (11) 

where cinh, g/l is the concentration of the Fagopyrum esculentum groats extract 
solution, Kads, l/g is the adsorption-desorption equilibrium constant, and θ is 
the percentage of the surface covered by the inhibitor, which assumed to be 
equal to the inhibition efficiency. The dependencies of cinh/θ on cinh are presented 
in Figure 5 and in Table 5.  

 

Figure 5. The plots of cinh / θ vs. cinh for the adsorption of the Fagopyrum 
esculentum groats extract on the steel surface from the solution  

of (1) 0.5 M HCl, (2) 0.5 M H2SO4. 

The data were processed using the least squares technique [27], and 
the equilibrium constants Kads were estimated as the intercepts of the regression 
equations. The Gibbs energy changes of the sorption (ΔadsG, J/mol) were 
estimated from the equation: 

ΔadsG = –RT ln (Kads . cwater),    (12) 

where cwater = 103 g/l is the water concentration in the extracts. The results 
are presented in Table 5. The results show that the Langmuir adsorption 
model describes the inhibitor sorption on the metal surface quite well. The 
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calculated Gibbs energies of sorption do not exceed –20 kJ/mol for both 
hydrochloric and sulphuric acids, which means the physical nature of the 
sorption. 

Table 5. The parameters of the Langmuir adsorption model 
Cinh, g/l θ Cinh / θ, g/l Regression equation Kads, l/g ΔadsG, kJ/mol 

0.5 M HCl with additions of Fagopyrum esculentum groats extract 
0.1 0.547 0.183 

cinh / θ = (1.106 ± 0.003) . cinh + 
(0.09 ± 0.02);  

R2 = 0.999  
11 ± 2 –23 ± 1 

0.3 0.740 0.405 
1 0.816 1.225 
3 0.871 3.444 

10 0.897 11.148 
0.5 M H2SO4 with additions of Fagopyrum esculentum groats extract 

0.1 0.452 0.221 
cinh / θ = (1.24 ± 0.01) . cinh + 

(0.18 ± 0.07); 
 R2 = 0.998 

7 ± 3 –21 ± 2 
0.3 0.613 0.489 
1 0.694 1.441 
3 0.738 4.065 

10 0.799 12.516 
 
The results of the open circuit potential measurements show that with 

the addition of a Fagopyrum esculentum groats extract the potential of the 
mild steel both in the solution of 0.5 M HCl and 0.5 M H2SO4 shifts to the 
more positive values. In addition, the Tafel slopes of the anodic branches of 
the polarisation curves decrease with alteration of the extract concentration, 
whereas the slopes of the cathodic branches only slightly increase. This 
implies that in the solutions of both acids the buckwheat groats extract acts 
as the anodic-type inhibitor [28, 29].  

The values of the inhibition efficiencies estimated from the data of 
gravimetric (IEgrav), electrochemical (IELPR and IECCD) and EIS experiments 
(IEEIS) coincide well and show the similar trend. The values of the polarisation 
resistance of the absorbed inhibitor estimated from the data of linear polarisation 
and from the Tafel slopes also coincide well, which confirms the integrity of 
the data. 

With the increase of the extract concentration from 0.1 to 1 g/l its 
inhibition efficiency on the corrosion of mild steel EN Fe37-3FN in a 0.5 М 
hydrochloric acid medium rises from ~50% to ~80%, but the further concentration 
increase gives no significant improvement of the inhibition efficiency. In 
contrast, the inhibition efficiency of the extract on the corrosion of the same 
steel in a 0.5 M sulphuric aicd medium continues to increase with the rise of 
extract concentration, and approaches ~80% when the concentration of 10 g/l 
is achieved.   
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The adsorption of the extracted components on the steel surface 
fairly obeys the Langmuir adsorption model. The calculated Gibbs energies 
of sorption are in the range ~ –20 kJ/mol for both hydrochloric and sulphuric 
acids, which means that the nature of the adsorption is physical due to the 
electrostatic interactions [30].  

Despite the experimental values of the inhibition efficiencies may vary 
significantly with alteration of both the solution composition and temperature [31], 
the groats extracts of Fagopyrum esculentum showed itself as a perspective 
natural corrosion inhibitor for steels in acidic environments. The addition of 
buckwheat groats extracts to a corrosive environment can be used to protect 
equipment from corrosion in pickling areas of metal processing industries, 
and in electroplating baths, and also be part of products for removing corrosion 
products from steel surfaces [32, 33]. 
 
 
CONCLUSIONS 
 

The inhibitory ability of the Fagopyrum esculentum groats boiling 
extracts on the corrosion of mild steel EN Fe37-3FN in 0.5 M hydrochloric 
acid and 0.5 M sulphuric acid media was investigated using gravimetric, 
electrochemical, and EIS methods. It was shown that the addition of 100 mg/l 
of the extract reduces the corrosion rate in HCl by 50% and in H2SO4 by 50%, 
whereas the addition of 10 g/l of the extract further reduces the corrosion rate 
by 80%. The adsorption of the extract components on a steel surface follows 
the Langmuir adsorption model, and the nature of adsorption is physical. The 
Fagopyrum esculentum groats extract shows itself as perspective and 
environmentally friendly substance for reducing the steel corrosion rate in 
acidic environments. 
 
 
EXPERIMENTAL SECTION 

 
Reagents and Equipment 
Ethanol (analytical grade) and hydrochloric and sulphuric acids (pure 

grade) were purchased from LLC “Sigma Tek” (Khimki, Russia). Steel electrodes 
were manufactured from cylindrical ingots made of mild steel EN Fe37-3FN 
(containing no more than 0.14% С, 0.3% Ni, Cu, and Cr, 0.05% Si, 0.4% Mn, 
0.05% P and 0.04% S). The unused flat end surface of the ingots was sealed 
by the epoxy resin, and the cylindrical working surface immersed in the solution 
was equal to 0.04 cm2.  
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Weighting of the samples was performed using the analytical balance 
EX224/AD (Ohaus Corp., Parsippany, USA). Electrochemical and EIS 
measurements were conducted using the potentiostat-galvanostat PS-50 (LLC 
“SmartStat”, Chernogolovka, Russia). The mercury-mercurous sulphate reference 
electrode by Schott Instruments GmbH (Meinz, Germany) was used. A water 
for solution preparation was first distilled using the aquadistiller AE-15 (LLC 
“Livam”, Belgorod, Russia) and then deionized using the water purification 
system AkvaLab S18 (LLC “Akvalab”, Moscow, Russia). The magnetic stirrer 
MS-200 LT (LLC “Labtex”, Moscow, Russia) was used for stirring and heating 
the solutions. The single-channel laboratory pipettes manufactured by Thermo 
Fisher Scientific (Waltham, USA) were used for pipetting the solutions. A 
laboratory glassware of 2nd grade was used. 

 
Preparation of the extracts 
The buckwheat grain is collected usually after 90–110 days after 

seeding, separated from grain shells, processed by steam under the temperature 
of 120 oC and pressure of 0.6 MPa during 10 minutes, then air-dried and ground.  

The dried and ground groats of the common buckwheat are produced 
in Russia at the industrial scale, and are commercially available. They were 
purchased from LLC “Kamelot-A” (Tomsk, Russia).  

A total of 100 g of dried and ground Fagopyrum esculentum groats 
were weighted, immersed into a litre of the deionised water, heated and boiled 
under the reflux condenser during 3 h. The boiling extracts were cooled, the 
groat material was removed, and the solid residues were filtered off through 
the filter paper with the pore diameter of 12 μm. 

A total of 10 ml of each extract were taken, placed in a beaker and 
heated to dryness in order to determine the masses of the dissolved substances 
and the initial concentrations of the extract solutions. Then the working solutions 
of the Fagopyrum esculentum groats extract with the concentrations ranging 
from 0.2 to 20 g/l were prepared by the appropriate dilutions. The solutions 
were then equally diluted by 1 M hydrochloric acid or by 1 M sulphuric acid 
to finally produce a series of acidic solutions of Fagopyrum esculentum groats 
extract in 0.5 M HCl or 0.5 M H2SO4 with concentrations ranging from 0.1 to 
10 g/l.  

 
Gravimetric studies 
For gravimetric tests, rectangular flat plates made of EN Fe37-3FN 

mild steel with thickness 3 mm, width 20 ± 2 mm, and height 30 ± 2 mm (the 
plate surface is 15 cm2) were polished using the Р2500 emery paper and 
degreased by ethanol. The weighted plates were immersed into corrosive 
media for 2 h, then washed with distilled water, dried, and reweighted. Each 
experiment was performed in triplicate.  
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Electrochemical and EIS studies 
For electrochemical and EIS tests, electrodes made of EN Fe37-3FN 

mild steel and sealed with the epoxy resin with the working surface of 0.04 
cm2 were polished using the Р2500 emery paper and degreased by ethanol. 
The measurements were conducted in a standard three-electrode electrochemical 
cell, consisting of the working electrode (steel sample), auxiliary electrode 
from the porous graphite, and the mercury-mercurous sulphate reference 
electrode. An open circuit potential was recorded during 30 min. For the 
measurement of the linear polarization resistance the polarization curves were 
recorded in galvanodynamic mode in the current ranges from –10 µA and to 
+10 µA with the current sweep rate of 2 µA/s. For the measurement of the 
Tafel slopes [18] and the corrosion current density the polarisation curves 
were recorded in both directions in the potential ranges from the measured 
open circuit potential to –500 mV and to +500 mV relatively to it with the potential 
sweep rate of 10 mV/s. An impedance values were recorded at the open 
circuit potential value in the alternate current frequency interval from 100 mHz 
to 10 kHz with the potential amplitude of 10 mV. Each experiment was performed 
in triplicate. 
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ABSTRACT. The purpose of this work was to prove the enrichment of sunflower 
oil with active principles (polyphenolic acids, flavones, flavonoids) from plants, 
using the ultrasounds-assisted extraction (UAE) process. The analytical 
technique used for qualitative characterization of the UAE samples is thin 
layer chromatography (TLC), a relatively simple technique, which under certain 
separation and detection conditions highlights the bioactive components of 
the plants studied in our study. UV-VIS spectrophotometry was used to evaluate 
the level of flavonoids. The UAE samples in sunflower oil were also characterized 
by determining the alpha-tocopherol content through a gas-cromatographic 
method (GC-MS), and by evaluating the antioxidant activity through an 
indirect DPPH spectrophotometric method. The oily plants extracts were obtained 
to be used as raw material in the formulation of a dermato-cosmetic product, 
and thus the characterisation performed herein is very useful in supporting 
the effects of the above-mentioned products. 
 
Keywords: sunflower oil, ultrasound-assisted extraction, TLC, UV-VIS, GC-MS 

 
 
 

INTRODUCTION 
 

In recent years, people have begun to appreciate the gifts of nature again, 
taking advantage of the beneficial content of plants: flavones and their glycosides, 
polyphenolic compounds, carotenoids, triterpenes, chlorophylls, essential oils.  
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All these compounds can be extracted by maceration in solvents 
(ethanol) or edible oils (sunflower oil, olive oil) [1]. Over time, studies have 
been carried out on the effectiveness of sunflower oil on the skin. It was 
chosen for its emollient action and to restore the stratum corneum, creating 
a protective barrier and maintaining hydration of the epidermis. In its 
composition, sunflower oil has an important amount of alpha-tocopherol, a 
fat-soluble antioxidant, responsible for reducing the oil autooxidation and for 
protecting the cell membranes against peroxidation [2]. 

Most of the studies were carried out in disadvantaged areas, on 
newborns and on children suffering from severe acute malnutrition, 
demonstrating the fact that, although it is a cheap product, topical therapy 
with sunflower oil was beneficial as an adjuvant therapy, improving the skin's 
barrier function, reducing the risk of skin infections [3-5]. 

Over time, numerous products based on sunflower oil have been 
reported: emulsions, soap, creams [6, 7]. It has been proven that these 
products have an anti-inflammatory, anti-acne, moisturizing and protective 
effect. 

Several procedures are known for extracting active principles from 
plants: maceration (hot maceration, cold maceration), ultrasounds-assisted 
extraction, microwave-assisted extraction, liquid CO2 extraction, solvent 
extraction [8]. Ultrasounds-assisted extraction is a fast process (minutes to 
several hours), compared to conventional maceration (7-15 days) [9-11]. 

The aim of the current study is to evaluate some bioactive 
compounds extracted to sunflower oil by ultrasound-assisted procedure from 
Calendula officinalis, Hypericum perforatum, Galium verum, Taraxacum 
officinale, Achillea millefolium, Equisetum arvense and Rubus idaeus. These 
plants were chosen because they are an easy to find raw material, inexpensive 
and for their anti-inflammatory, wound-healing, antioxidant properties, and for 
the effect of skin regeneration [12-15]. They are all well characterized regarding 
their effects by traditional medicine use in rural zones of Romania. Also, this 
study includes a short characterization of a dermatocosmetic cream formulation 
containing the above plant extracts.  
 
 
RESULTS AND DISCUSSION 
 

TLC Identification 
Figures 1a and 1b represent the images obtained after the TLC 

analysis. Each UAE sample to sunflower oil is characterized by a fingerprint 
similar to that of the plant with which the oil was enriched, under the proposed 
TLC conditions. The bioactive compounds were identified based on the 
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comparison of retention factors (Rf) values with those for the standards separated 
in the same chromatographic conditions. To eliminate possible interferences, 
a sample of sunflower oil used in UAE process was also applied. 

 
Figure 1a: Standard 1 - Rutin, Chlorogenic acid, Apigenin-7-glucoside, Apigenin (1); 

Calendula officinalis plant - Calendula officinalis UAE sample(2,3); Hypericum perforatum 
plant - Hypericum perforatum UAE sample (4,5); Standard 2 - Isoquercetin, Kaempferol, 

Kaempferol-3-glucoside (6); Galium verum plant –Galium verum UAE sample (7,8); 
Standard 3 - Luteolin, Luteolin-7-glucoside (9); Taraxacum officinale plant - Taraxacum 
officinale UAE sample (10,11); Sunflower oil (12); Standard 4-Izoramnetin-3-rutinoside, 

Chlorogenic acid, Hyperoside (13) 

 
Figure 1b: Standard 1 - Rutin, Chlorogenic acid, Apigenin-7-glucoside, Apigenin (1); 

Achillea millefolium plant - Achillea millefolium UAE sample (2,3); Standard 2 - 
Isoquercetin, Kaempferol, Kaempferol-3-glucoside (4); Equisetum arvense plant - 

Equisetum arvense UAE sample (5,6); Standard 3 - Luteolin, Luteolin-7-glucoside (7); 
Rubus idaeus plant –Rubus idaeus UAE sample (8,9); Sunflower oil (10); Standard 4-

Izoramnetin-3-rutinoside, Chlorogenic acid, Hyperoside (11). 
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The results of the TLC analysis show the polyphenolic acid composition 
of all the UAE samples, but also the presence of various flavones and their 
glycosides: rutin in Calendula officinalis and Achillea millefolium UAE samples; 
luteolin in Hypericum perforatum, Galium verum, Achillea millefolium and 
Equisetum arvense UAE samples; hyperoside in Calendula officinalis, Taraxacum 
officinale and Rubus idaeus UAE samples; apigenin glycoside or kaempferol 
in Achillea millefolium and Equisetum arvense UAE samples. 
 

Quantitative determination of total flavonoids content (TFC) by 
spectrophotometry in UAE samples 

 
Method Validation for UAE sample from Calendula officinalis to sunflower oil  
The method validation was carried out according to the requirements 

of ICH Q2(R1) [16] for a new product by evaluation the typical validation 
characteristics as linearity, accuracy, precision and robustness. 

Linearity: The calibration curve for rutin, based on which the flavonoid 
content was determined from the UAE samples, is represented in figure 2 
and was plotted in the concentration range 2.2µg/mL-176.6µg/mL. 

 

Figure 2. Calibration curve for rutin 

 
ANOVA test showed that there was a proportionality relationship 

between the absorbance and concentration at 95% confidence level. The 
correlation coefficient of the regression line is 0.9949. The confidence interval 
of the intercept includes zero value. The statistical significance of the slope 
is checked by the Student test (tcalculated > tcritical), thus demonstrating the linearity 
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of the curve. An additional element confirming the linearity of the method is 
the fulfilment of the condition that the experimental value of the Fisher test is 
greater than the critical value. Limit of detection (LOD) and limit of quantification 
(LOQ) were calculated based on the residual standard deviation of the calibration 
curve (SD) and the slope of the calibration curve (b), where LOD=3.3xSD/b 
and LOQ=10xSD/b [17]. 

The results of linearity are summarized in Table 1. 

Table 1. Linearity verification by ANOVA test 
Statistical characteristics  

of the regression 
Acceptability criteria Rutin 

Regression line equation  - y=0.0076x+0.0048 

Correlation coefficient >0.9900 0.9949 

Determinations, n - 8 

Degrees of freedom, n-2 - 6 

Standard error of regression - 0.0385 

Standard error of slope - 0.00022 

Student's test tn-2(1- α/2) tcalculated > tcritical = 2.4469 34.12 

Confidence interval for slope 
(95% confidence) 

does not include zero value 0.00704÷ 0.00813 

Standard error of intercept - 0.01911 

Confidence interval for 
intercept (95% confidence) 

include zero value -0.04196÷0.05158 

Fisher test  
(95% confidence) 
Fcritical=F1,n-2(1-α)= 5.9874 

Fcalculated > Fcritical  1164.2 

LOQ (µg/mL) 11.7391 

LOD (µg/mL) 3.8645 

 
Accuracy 
A known amount of standard stock solution of rutin was added at 

different levels in a placebo solution. The placebo solution was prepared the 
same way as the samples for analysis by spectrophotometry, but sunflower oil 
was used instead of UAE sample. Recovery values of 83-88% were achieved 
for rutin (table 2). 

Table 2. Accuracy 

Accuracy Theoretical 
concentration of 

rutin, µg/mL 

Obtained 
concentration of 

rutin, µg/mL 

Recovery, % Acceptability 
criteria 

Level 1 11,213 9,325±0,01 83,16 R=80-110% 

Level 2 44,851 39,711±0,02 88,54 

Level 3 89,702 79,250±0,10 88,35 
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Precision 
Precision was investigated using six UAE samples from Calendula 

officinalis to sunflower oil prepared and analysed. The result is presented as the 
average of the measurements and precision expressed as relative standard 
deviation, RSD=0.71% (Acceptability criteria: RSD ≤ 5%). 

Robustness 
For testing the method robustness, the reaction time was varied, starting 

from 5min to 60min. In the interval 40-50min, a stable absorbance value was 
observed. 

By meeting all the validation requirements, the analytical method is suitable 
for quantifying the total flavonoids content in the UAE samples. 

The results for TFC of the plants and of UAE samples in sunflower oil, 
as well as the respective extraction yields, are shown in Table 3. 

Table 3. Total Flavonoid Content in the plants and UAE samples to sunflower oil 

Name TFC determined in the 
ground plant, mg rutin /g 

averageSD, n=3 

TFC determined in the 
UAE sample reported 

to the plant, mg rutin /g 

averageSD 

Extraction 
Yield  

% 

Calendula officinalis 5.118±0.073  0.448±0.025 (n=6) 8.75 

Hypericum perforatum 5.730±0.007  0.717±0.002 (n=3) 12.51 

Galium verum 4.257±0.202  0.466±0.018 (n=3) 10.95 

Taraxacum officinale 2.737±0.105  0.287±0.010 (n=3) 10.49 
Achillea millefolium 4.638±0.062  0.373±0.020 (n=3) 8.04 

Equisetum arvense 3.125±0.126  0.540±0.010 (n=3) 17.28 

Rubus idaeus 18.961±0.109  1.303±0.015 (n=3) 6.87 

 

After analyzing the individual UAE samples and observing the potential 
of each one, we prepared an UAE mixture that includes all 7 plants, keeping the 
plant:oil ratio of 1:10 (w/w). This mixture was used in the formulation of a cream 
along with a professional cream base which was bought from Ellemental. A 
mixture solution of 30%sodium benzoate-15%potassium sorbate was added 
as a preservative. 

 

Figure 3. Physical properties: Appearance, color 
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The topical formulation was evaluated for some physicochemical 

properties: appearance, color, texture, phase separation, homogeneity, viscosity 

and Ph. The results are expressed as greenish-brown, semisolid, opaque cream 

(figure 3), with characteristic odour of plants, with smooth texture, and with a 

homogeneous distribution free from phase separation and foreign particulate 

matter. The pH is 6.03 and the viscosity is 1538.38cP. 

 

Formulated cream TLC identification 

 

 

Figure 4. Standard 1 - Rutin, Chlorogenic acid, Apigenin-7-glucoside, Apigenin (1), 

Standard 2 - Isoquercetin, Kaempferol, Kaempferol-3-glucoside (2), Sunflower oil (3), UAE 
Mixture (4), Formulated cream (5), Cream base (6), Standard 3 - Luteolin, Luteolin-7-

glucoside (7), Standard 4-Izoramnetin-3-rutinoside, Chlorogenic acid, Hyperoside (8) 

The TLC fingerprint of the cream is similar to the fingerprint of the UAE 

mixture, demonstrating the presence of polyphenolic compounds and flavonoids 

in the cream composition. 

The content of alpha-tocopherol was determined by a GC-MS method 

and the evaluation of the antioxidant activity was performed by applying the 

DPPH indirect spectrophotometric method. The test results for alpha-tocopherol 

and for the antioxidant activity can be found in table 4. 

The results in Table 4 indicates the following aspects: (1) The pure 

sunflower oil contained 1.15(±0.011) mg/g of alpha-tocopherol, while the mixture 

of plants in oil 1.53(±0.012) mg/g, which was a significant increase of 33% 

and (2) Hypericum perforatum and Calendula officinalis UAE samples have 

the lowest values for EC50 meaning better antioxidant activity than the rest 

of the selected plants. 
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Table 4. Alpha-tocopherol and antioxidant activity results 

Name 
Alpha-tocopherol content 

(GC-MS), mg/g 
DPPH (EC50mL) 

Calendula officinalis UAE 
sample 

1.350.012 

RSD = 0.8% 

1,512 0.016 

RSD = 0.3% 

Hypericum perforatum UAE 
sample 

1.280.015 

RSD = 1.2% 

1,415 0.015 

RSD = 1.6% 

Galium verum UAE sample 
1.170.006 

RSD = 0.5% 

5,1410.021 

RSD = 0,9% 

Taraxacum officinale UAE 
sample 

1.180.006 

RSD = 0.5% 
- 

Achillea millefolium UAE 
sample 

1.220.010 

RSD = 0.8% 

6.4250.017 

RSD = 1.2% 

Equisetum arvense UAE 
sample 

1.210.017 

RSD = 1.4% 
- 

Rubus idaeus UAE sample 
1.280.015 

RSD = 1.2% 
- 

Sunflower oil 
1.150.011 

RSD = 0.9% 

8.4900.045 

RSD = 1.8% 

UAE Mixture  
1.530.012 

RSD = 0.7% 

0.0890.011 

RSD = 1.1% 

Cream base - - 

Formulated cream 
0.490.006 

RSD = 1.2% 
(Recovery = 87%) 

0.5g formulated cream 
reduces DPPH by 15%  

Also, it can be seen that only a volume of 0.089mL of UAE of the plants 
mixture reduces DPPH by 50%, which means almost 17 times lower compared 
to the volume of the pure sunflower oil. Therefore, if the compounds responsible 
for the antioxidant activity are liposoluble, an increase in the antioxidant activity 
of our UAE mixture was expected. 

Regarding the results for UAE samples, to the best of our knowledge, 
there is no literature data on the bioactive compounds ultrasound-assisted 
extraction to sunflower oil from any medicinal plants. In a survey of past literature 
reports we found studies of extraction from an edible wild plant - Crithmum 
maritimum L. [18] or from a brown macroalga - Pelvetia canaliculate L. [19] to 
sunflower oil during ultrasound-assisted treatment, with the purpose of increasing 
the nutritional value and oxidative stability of the oil. In both studies, the extraction 
yields of flavonoids to the oil were rather low, ranging from 1.9% to 3.4% and 
from 0.85% to around 9.40%, respectively for different concentration of each 
lyophilized plant added to sunflower oil (5-20% m/v). These results were 
explained by the presence of low soluble flavonoid compounds of C. maritimum 
and of P. canaliculata in the oil which acts as a non-polar solvent. Also, the authors 
reported higher antioxidant activity in supplemented sunflower oil samples 

https://en.wikipedia.org/wiki/Plant
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from Crithmum maritimum and Pelvetia canaliculate, respectively than in the 
non-supplemented oil, indicating that the compounds with antioxidant activity 
that migrated from the plants studied to the oil are mainly non-polar. 
 
 

CONCLUSIONS 
 

Our study presents, for the first time, the extraction of bioactive compounds 
from the selected medicinal plants to sunflower oil by non-pollutant ultrasound-
assisted technique and the evaluation of total flavonoid content, alpha-topherol 
content of these extracts, as well as their antioxidant activity. 

TLC fingerprints showed the chemical composition similarity of the 
plants extracts obtained by ultrasound-assisted extraction in sunflower oil with 
the plants studied in this work, concerning the presence of characteristic 
polyphenolic acids and flavonoids. UV-VIS spectrophotometry and GC-MS 
analysis were used to quantify total flavonoids and alpha-tocopherol content.  

The antioxidant potential was investigated by DPPH assay. The UAE 
sample of the all plants mixture showed a higher antioxidant activity compared 
to the pure sunflower oil, probably due to a synergistic effect of phenolic and 
flavonoid compounds with the antioxidant molecules of α-tocopherol. 

The active principles from the selected plants incorporated by 
ultrasounds-assisted extraction into sunflower oil, are found in the cream 
formulation presented in this work. This fact was demonstrated by the presence 
of the same bioactive compounds as in the UAE sample of the plants mixture 
revealed by TLC analysis and by a level of 87% of alpha-tocopherol which 
makes the cream preparation a good candidate for repairing the epidermis. 
Also, due to the oily plant extract, formulated cream has a certain antioxidant 
activity (0.5g reduces DPPH by 15%). 

Thus, this green approach of ultrasound-assisted extraction is of great 
interest providing a good alternative to conventional extractions; it can be 
used for the extraction of valuable compounds from a large number of plants. 
The use of sunflower oil as natural solvent facilitates the application of the 
ultra-assisted extracts from medicinal plants for dermatocosmetic preparations. 
 
 

EXPERIMENTAL SECTION 
 

Materials: We used cold-pressed sunflower oil from a local producer 
from Horezu, Valcea area and 7 dried and crushed plants (aerial parts and leaves) 
bought from Dacia Plant: Calendula officinalis, Hypericum perforatum, Galium 
verum, Taraxacum officinale, Achillea millefolium, Equisetum arvense and 
Rubus idaeus. 
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Reagents: polyphenolic acid standards - Chlorogenic acid (Sigma), 
flavones: Apigenin (Toronto Research Chemicals), Isoquercetin (Chromadex), 
Kaempferol (Santa Cruz), Luteolin (Santa Cruz) and glycosides of flavones 
(flavonoids) - Rutin ( Sigma), Kaempferol-3-glucoside (Santa Cruz), Apigenin-
7-glucoside (EP), Luteolin-7-glucoside (Sigma), Izoramnetin-3-rutinoside 
(PhytoLab), Hyperoside (TRC); Methanol (Carlo Erba, HPLC grade); Aluminum 
chloride (Sigma,); Ethyl acetate (Carlo Erba); Formic acid (Merck, 99%); Sodium 
acetate (Sigma, 99%); Diphenylboric acid aminoethyl ester (Merck); Macrogol 
400 R (Merck), Alpha-tocopherol (Sigma), Hexane (Merck), Dimethylsulfoxide 
(DMSO, Sigma), 2,2-Diphenyl-1-Picrylhydrazyl (DPPH, Sigma). 

Ultrasound-assisted extraction: Each crushed plant sample is covered 
with sunflower oil in a plant-oil ratio of 1:10(w/w) and is ultrasonicated at room 
temperature (23–25°C) for 3hours, in a ultrasonic bath Bandelin Sonorex 
(ultrasounds were applied with a frequency of 35 kHz). Each extract is filtered 
and stored at 4 °C in airtight brown containers until further use.  
 

Samples for thin layer chromatography analysis 
Every extract was homogenized in methanol (HPLC grade) by 

ultrasonication, then centrifuged. An aliquot of the methanol layer was 
applied on the chromatographic plate. 

For comparison, each crushed plant sample was mixed with methanol 
(HPLC grade), ultrasonicated, filtrated, and the filtrate was used for TLC analysis. 

For identification, four mixtures of standard substances were prepared: 
Standard 1 - Rutin, Chlorogenic acid, Apigenin-7-glucoside, Apigenin; Standard 2 
- Isoquercetin, Kaempferol, Kaempferol-3-glucoside; Standard 3 - Luteolin, 
Luteolin-7-glucoside; Standard 4-Izoramnetin-3-rutinoside, Chlorogenic acid, 
Hyperoside. 

Samples for UV-VIS spectrophotometry analysis: Every UAE sample 
was mixed with purified water, ultrasonicated for 15 minutes for flavonoids 
extraction, then transferred into a separation funnel for layers separation. The 
aqueous layer was filtrated through 0.45µm Nylon syringe filter and used for 
quantitative UV-VIS spectrophotometry analysis. 

In parallel, an amount of each crushed plant was mixed with purified 
water, ultrasonicated for 15 minutes, filtrated through 0.45µm Nylon syringe 
filter and used for analysis. 
 

Qualitative analysis by thin layer chromatography (TLC) 
The analysis method was adapted, starting from the European 

Pharmacopoeia method (11th edition, monograph 1297 "Calendula flower 
(Calendula flos)"[20-22]. 
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TLC separation was performed on HPTLC Silicagel 60 F254 
chromatographic plates, 2-10µm, 20x20cm (Merck). 4µL of each sample 
prepared for TLC analysis were applied. Then, the plates were developed in 
the mobile phase: anhydrous formic acid - water - ethyl acetate (10:10:80 
v/v/v) on a migration distance of 70mm from the lower edge of the plate. The 
plates were dried for 5 minutes in air flow, at room temperature and then 
heated at 100-105°C for 5 minutes. The detection was carried out immediately 
by spraying with a solution of aminoethyl diphenylboric acid ester 10g/L in 
methanol R, and then with a solution of macrogol 400 R 50g/L in methanol, 
after which it was left to dry in the air for 1 minute. Finally, the plates were 
visualized by ultraviolet examination at a wavelength of 366nm. 
 

Quantitative analysis of TFC by UV-VIS spectrophotometry 
TFC was determined using aluminium chloride in a colorimetric method 

described in the Romanian Pharmacopoeia X [23] modified for this work . 

The determination was based on a complexation reaction of flavonoids 
with aluminum chloride and measuring the complex absorbance at a wavelength 
of 430nm [24, 25]. UV-VIS measurements were carried out on Specord 250 
Plus instrument using 10mm optical path cells.  

To a volume of 5mL of each sample for UV-VIS spectrophotometry 
analysis 5mL of sodium acetate solution 100g/L was added, then filtered on a 
0.45µm nylon filter membrane. In each test tube 5mL of this filtrate were mixed 
with 2mL of AlCl3 25g/L solution and 3mL of purified water. The complex was 
stirred for 5 seconds, left to rest for 45 minutes and then the absorbance was 
measured at 430nm against a control sample in which aluminium chloride is 
replaced by purified water. The total flavonoid content was calculated using a 
calibration curve for rutin as standard. The result is expressed as mg rutin 
equivalents per gram and reported as the mean ± standard deviation 
(Mean±SD, n=3). 
 

Quantitative analysis of alpha-tocopherol 
The determination of the content in alpha-tocopherol is based on its 

separation by gas chromatography with mass spectrometry detection. 
Quantification was performed by the method of the external standard. 
Identification is based on the retention time of standard substance and confirmed 
with the help of the NIST mass spectra library. The equipment used was a 
7890A gas chromatograph coupled with MSD 5975C (“Mass Selective Detector”; 
electron impact ionization source and quadrupole mass analyzer).  

Chromatographic separation was achieved on a capillary column ZB-
5MS (60mx0.25mmx0.25µm) [26], using helium with a flow rate of 1.2mL/min 
and sample injection in split mode (split ratio of 20:1). The mass spectra were 
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acquired in full scan mode with mass range of 50-600 a.m.u. The oven program 
increases from 100°C to 300°C with a rate of 10°C /min, where it stays for 
30 min. The inlet temperature was 250°C, the interface temperature 260°C, 
ionization source temperature: 230°C and quadrupole temperature 150°C. 

All samples were solubilized in hexane by ultrasonication for 10 min 
and centrifugation for 15min at 20°C. 1µL of the hexane layer was injected 
into the GC-MS. The concentration of alpha-tocopherol was calculated on 
from a calibration curve plotted in the concentration range 0.102-0.340mg/mL 
(R2=0.9908). The limit of quantification LOQ was 0.102mg/mL. The result is 
expressed as mg alpha-tocopherol per gram and reported as the mean ± 
standard deviation (Mean±SD, n=3). 
 

Antioxidant/antiradical activity 
The evaluation of the antioxidant/antiradical activity of the plant extracts 

in sunflower oil was performed by applying the indirect DPPH spectrophotometric 
method, according to M. Rahmani et all [27], which involves recording the 
decrease in absorbance at wavelength λ= 520nm (maximum DPPH absorption). 
This decrease is proportional to the concentration of free radicals reduced in 
solution. The ability of extracts to capture the DPPH* radical is determined by the 
magnitude of the oxidation-reducing potential of molecules with antioxidant 
properties present in the composition of the extract. Antiradical activity (AAR) 
was defined as the amount of antioxidant needed to reduce the initial concentration 
of DPPH* by 50% and represents the effective concentration, EC50. The absorbance 
was recorded using a PerkinElmer Lambda 25 UV-Vis spectrophotometer 
equipped with a sample thermostat system. 

All samples were solubilized in DMSO, then different volumes of sample 
solution were incubated for 30min with 0.004% DPPH solution. After 30min, 
the absorbance was measured at wavelength λ = 520nm. A curve is plotted 
for different sample volumes and the absorbance measured values. The volume 
required for EC50 inhibition was estimated based on this curve. The antioxidant 
activity is expressed as EC50 in mL. The results are reported as the mean ± 
standard deviation (Mean±SD, n=3). 
 

Physicochemical tests for the formulated cream 
Physical appearance and color were evaluated by visual observation. 

Homogeneity and texture were tested by pressing a small quantity of the formulated 
cream between the thumb and index finger. The consistency of the formulation 
and presence of coarse particles (particule grosiere) were used to evaluate 
the texture and homogeneity of the formulation. 
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Viscosity Measurement 
A Brookfield viscometer DV-I (Brookfield Engineering Laboratories, 

Middleboro, MA) was used with a concentric cylinder spindle to determine 
the viscosity of the formulated cream. The tests were carried out at 21°C. 
The spindle was rotated at 0, 0.5, 1, 2, 2.5, 4, 5, 10, 20, 50, and 100 rpm values. 
All measurements were made in triplicate. 

 
pH Values 
The pH was determined using a pH-meter (Mettler-Toledo Seven470). 

Measurements were made in triplicate. The InLaB ISM sensor was calibrated 
with standard buffer solutions (pH 2, 4, 7 and 9.21) before each use. 
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GOLD NANOPARTICLES SYNTHESIZED WITH NATURAL 
COMPOUNDS: ASSESMENT OF ANTIOXIDANT ACTIVITY 

AFTER IN VITRO DIGESTION 
 
 

Dalina Diana ZUGRAVU (POP)a, Teodora MOCANa,  
Andrei Vasile POPb, Valentina MOROSANc*, Luminita DAVIDc, 

Simona Valeria CLICHICIa 
 
 

ABSTRACT. Currently, gold nanoparticles (GNPs) are considered an ideal 
delivery system due to their physiological stability, high bioactivity, and 
controlled release of biological component. Our primary objective was to 
comprehend the behavior of gold nanoparticles obtained with specific 
natural compounds in the gastrointestinal tract. We investigated the conduct 
of GNPs synthesized with natural compounds from Cornus mas L. (GNPs-
CM) or Sambucus nigra (GNPs-E) fruits, during the oral, gastric, and intestinal 
phases of the in vitro simulated gastrointestinal digestion. Additionally, we 
assessed their antioxidant capacity, phenolic content, and their potential to 
mitigate damages caused by nitro-oxidative stress after each phase of in vitro 
digestion. Results indicated that both GNPs-CM and GNPs-E maintained 
stability throughout simulated digestion, with some observed differences 
between them. Upon measuring antioxidant capacity, the GNPs-CM exhibited 
the lowest percentage of inhibition from hydrogen donor measurements 
(12.08%) after the simulated intestinal phase. Conversely, the GNPs-E 
displayed the highest inhibition percentage (65.3%) after the simulated oral 
phase. Concerning phenolic content, GNPs-CM showed a polyphenol 
content of 39.53 mg of gallic acid equivalents (GAE)/L, decreasing during 
gastrointestinal phases. GNPs-Eexhibited a polyphenol content of 100.99 
mg GAE /l, also decreasing during gastrointestinal phases.  
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content. 

 
 
 
INTRODUCTION 
 

Gold nanoparticles (GNPs) have emerged as a versatile and promising 
platform in the realm of nanotechnology for a multitude of applications, 
particularly in the field of drug delivery and therapeutics [1,2]. Their unique 
physicochemical properties, including size, shape, and surface characteristics, 
make them ideal candidates for functionalization with biocompatible ligands 
[3,4]. 

In recent years, the integration of natural compounds, derived from 
plants and recognized for their inherent biocompatibility and diverse biological 
activities, has significantly advanced the capabilities of GNPs in the context 
of medical applications. The gastrointestinal tract, encompassing the stomach, 
small intestine, and large intestine, represents a critical portal for the oral 
administration of drugs and therapeutic agents [3,4]. Effective delivery of 
these agents to specific sites within the gastrointestinal system relies on 
understanding and harnessing the behavior of nanoparticles in this dynamic 
and complex environment. 

Factors including pH gradients, enzymatic activity, mucosal barriers, 
and transit times present substantial challenges to the efficacy of nanoparticle-
based drug delivery systems. Consequently, there is a pronounced need for 
strategic approaches tailored to augment nanoparticle stability and bioavailability 
to overcome these challenges. 

Joining nanoparticles and bioactive compounds promises to revolutionize 
the field of oral drug delivery. This offers opportunities for tailored therapies 
that exhibit enhanced bioavailability, reduced side effects, and improved 
patient compliance. It can contribute to the development of personalized 
medicine, where therapies can be fine-tuned to individual patient needs and 
conditions. For instance, a recent study demonstrated the synthesis of GNPs 
with different sizes and morphologies using a single LTCC-based microfluidic 
system for point-of-care use in personalized medicine. The study showed 
that depending on the temperature, residence time, and citrate concentration 
chosen during synthesis, a range of nanoparticle sizes and shapes were 
consistently produced. This indicates that the process could be suitable for 
the production of nanoparticles for personalized medicine [3]. 
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The behavior of GNPs functionalized with natural compounds in the 
gastrointestinal tract opens a gateway to innovative approaches in 
pharmaceutical science, with far-reaching implications for drug delivery. 

Nanotherapy is a cutting-edge therapeutic approach that uses 
nanoparticles to deliver drugs into specific targeted cells. The process is 
based on nanoparticles specific characteristics including their size, core 
composition, shape and surface functionalization. Due to their capacity to 
cross numerous biological barriers and release a therapeutic load in the ideal 
dosage range, nanoparticles drug delivery systems (5-250 nm) have the 
potential to revolutionize current disease therapies. [5] 

Nanostructured coatings and surface tailoring can be applied to the 
outside of a matrix to improve or enhance its efficiency. Gold nanoparticles 
can deliver a variety of drug molecules, from tiny ones to large biomolecules 
like peptides, proteins, or nucleic acids like DNA or RNA. Numerous molecules 
with the proper functional groups could be used to functionalize gold 
nanoparticles. The synthesis of GNPs is achieved with nontoxic effects, 
obtaining unique biological, physiochemical, and optical features [6,7]. 

In various in vitro and in vivo experiments, multiple studies have 
consistently observed no adverse biological effects associated with GNPs. It 
is noteworthy that certain observed effects are attributed to compounds 
linked to the GNPs, rather than the GNPs themselves. Recent research has 
showcased the anti-inflammatory effects of GNPs functionalized with natural 
compounds in mice, evidencing a reduction in IL-6 mRNA and TNF-α levels 
[8]. Investigations on gold nanoparticles (GNPs) have underscored the 
significance of composition, surface derivatization, charge, size, and shape 
in determining their interaction with biological systems. The toxicity of GNPs 
is influenced by surface functionalization, necessitating individual evaluation 
of each unique nanomaterial. The application of DNA-GNPs for genetic 
regulation and amine-functionalized conjugates for drug delivery exemplify 
the potential of GNPs, with toxicity lower than polymer delivery systems. The 
field of functionalized gold nanoconjugates continues to evolve, offering 
potential applications in biology and medicine [9]. 

Belonging to the Cornaceae family, Cornus mas is native to South-
West Asia and South-East Europe. Employed in traditional medicine for over 
a millennium, it has been particularly utilized for addressing digestive disorders 
[10]. The therapeutic potential of Cornus mas is substantial, primarily owing 
to its remarkable antioxidant capabilities derived from a rich composition of 
phytochemical compounds [11,12]. Noteworthy among these are significant 
amounts of phenolic compounds such as caffeic acid, ellagic acid, anthocyanins, 
and flavonoids [13]. Cornus mas finds widespread application in treating 
various conditions, including gastrointestinal disorders, diabetes, malaria, 
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inflammatory processes, and obesity [14]. The consumption of CM is deemed 
safe with no reported side effects, as indicated by toxicity studies. However, 
before categorizing CM as an herbal drug, it is essential to conduct extensive 
toxicity research and evaluate the effects of high doses [15]. 

Given its positive impact on gastrointestinal disorders coupled with its 
antioxidant and anti-inflammatory attributes, we explored the potential synergies 
by associating Cornus mas phytocomponents with GNPs. The aim was to 
leverage the combined effects of natural compounds of Cornus mas fruits and 
GNPs. Building on this premise, we investigated the behavior of nanoparticles 
synthesized with Cornus mas fruit extract in the digestive tract [16]. 

Elderberry, scientifically known as Sambucus nigra L., is a prevalent 
species within the Caprifoliaceae family, thriving in sunlit areas across Europe, 
Asia, North Africa, and the USA. The concentrated presence of health beneficial 
compounds in elderberries suggests that their consumption may contribute 
to the prevention of various degenerative illnesses, including diabetes, cancer, 
inflammatory diseases, and cardiovascular conditions [17]. Sambucus nigra 
assumes significance in medicine due to its chemical composition, encompassing 
phenolic acids, essential oils, flavonoids, free fatty acids, glycosides, vitamins, 
carotenoids, and minerals [18]. 

Phenolic acids represent key metabolites found in elderberry flowers 
and fruits, displaying significant antioxidant activities both in vivo and in vitro 
[19]. These compounds exhibit diverse biological effects, including antiviral, anti-
carcinogenic, vaso-protective, anti-allergic, and anti-inflammatory properties 
[20]. Noteworthy for their antibacterial and antiproliferative activities, these 
compounds contribute to the antioxidant role of Sambucus nigra compounds. 
Given its antiproliferative and antioxidant properties, Sambucus nigra fruits 
emerged as a suitable candidate for our study [21,22]. 

To effectively apply gold nanoparticles in the real biological context, 
a deeper understanding of the potential interactions between biomolecules 
and gold nanoparticle materials, both in vivo and in vitro, is imperative. A key 
focus of research involves exploring the interactions among various biomolecules 
and nanoparticle materials. These interactions play a pivotal role in influencing the 
biological activity, stability, outcomes, and toxicity of nanoparticle bioconjugate 
materials in both in vitro and in vivo settings [23]. 

Aim: Our primary objective was to elucidate the behaviour of gold 
nanoparticles synthesized with specific natural compounds within the 
gastrointestinal tract. We investigated the conduct of GNPs obtained with 
either Cornus mas L. or Sambucus nigra fruits extracts throughout the oral, 
gastric, and intestinal phases, employing simulated gastrointestinal fluids. 
The secondary aim was to evaluate their antioxidant capacity following each 
phase of in vitro digestion, along with assessing their phenolic content. 
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RESULTS AND DISCUSSION 
 

I. Synthesis and characterization of gold nanoparticles 
 

The synthesis of gold nanoparticles was achieved by reducing gold 
ions from the tetrachloroauric acid by natural compounds from Cornus mas 
and Sambucus nigra fruits extracts. 

The development of the gold ions reduction reaction and the 
formation of colloidal gold was spectroscopically monitored. In both cases, 
the UV-Vis spectrum of the biosynthesized gold nanoparticles exhibits the 
characteristic SPR band for metallic gold: λmax = 541 nm for GNPs-CM and 
543 nm for GNPs-E (Figure 1). 
 

 

Figure 1. UV-Vis spectra of green synthesized gold nanoparticles 

 
Transmission electron microscopy was used to determine the size and shape 
of newly obtained gold nanoparticles which, according to TEM images 
(Figure 2), were almost spherical, with a mean diameter of 42 ± 2.42 nm 
(GNPs-CM) and 44 ± 1.48 nm (GNPs-E), respectively. 
 

 

Figure 2. TEM images of: a) GNPs-CM; b) GNPs-E 
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II. In-vitro simulation  

II.1. Macroscopic observation 

Phytoreduced nanomaterial GNPs-CM demonstrated physical 
stability across all three phases of in vitro digestion. No color shifts were 
observed across phases. (Figure 3) No visible sediment, as a mark of particle 
aggregation, could be detected following the individual phases of in vitro 
simulated digestion for GNPs-CM / GNPs-E. Progressive dilution protocol 
resulted in decreased color intensity as the experiment moved toward the 
last step. However, color range remained stable, no significant red of blue 
shift could be observed across phases.  
 

   
Figure 3. Macroscopic aspect of GNPs-CM and GNPs-Esolutions at various steps 

of in vitro gastrointestinal transit simulation. 

 
 

II.2. UV-Vis Spectroscopy Evaluation 
 

The UV-Vis spectra demonstrate stability for both structures across 
the digestive transit simulation (Figure 4 and 5). 

 
II.3. Dynamic Light Scattering  

Dynamic Light Scattering (DLS) analysis before the digestive in vitro 
simulation as well as at the end of each phase reveals a polydispersed 
solution. The pre-digestion sample of GNPs-CM presented a polydispersity 
index (PdI): 0.696, Peak 1: 294.9 ±67.20 nm cumulating 70.9 % of particles, 
Peak 2: 76.76±12.76 nm cumulating 29.1%. Following the oral phase, the 
obtained values were: PdI: 0.411, Peak 1: 514.0±99.56 nm cumulating 85.6% 
of nanostructures, Peak 2: 182.2±35.39 nm joining 14.4% of nanoparticles. At 
the end of the gastric phase, we obtained PdI: 0.488, Peak 1: 288.8± 165.8 
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nm cumulating 98.7% of nanostructures, Peak 2: 5289± 411.3 nm for 1.3% of 
nanoparticles. At the end of the experiment, PdI: 0.572, the initial Peak 1: 
125.2± 39.35nm is found as cumulating 62.8%, Peak 2: 457.8± 124.5 nm 
appeared cumulating 27.7%, and Peak 3: 24.03± 4.42 nm cumulating 7.8% of 
nanoparticles. The complete disappearance of the smaller population, visible 
before the intestinal phase was observed. (Figure 5a). 

 
 

 
a) 
 

 
b) 

 
Figure 4. UV-VIS spectra of a) GNPs-CM and b) GNPs-E samples resulting from 

in vitro digestive exposure steps. A. Sample at the end of SSF exposure.  
B. Sample at the end of SSF and SGF exposure steps, in respective order.  

C. Sample at the end of SSF, SGF and SIF exposure steps, in respective order. 
 



DALINA DIANA ZUGRAVU (POP), TEODORA MOCAN, ANDREI VASILE POP, VALENTINA 
MOROSAN, LUMINITA DAVID, SIMONA VALERIA CLICHICI 

 

 
88 

    
a)                                                   b) 

Figure 5. DLS analysis of samples following exposure of: a) GNPs-CM and b) 
GNPs-E to digestive simulated fluids. A. Sample before exposure to simulated 

digestive fluids. B. Sample at the end of SSF exposure. C. Sample at the end of 
SSF and SGF exposure steps, in respective order. D. Sample at the end of SSF, 

SGF and SIF exposure steps, in respective order. 
 
 

For GNPs-E, DLS analyses before the digestive in vitro simulation as 
well as after each phase of the in vitro digestion process reveal a 
polydispersed solution. A small population of nanoparticles is also visible. 
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Control sample returned a polydispersity index (PdI): 0.314, Peak 1: 153.1± 
36.30 nm cumulating 98.1% of particles. Following the oral phase values 
remained similar: PdI: 0.411, Peak 1: 233.4± 31.06 nm cumulating 82.1% of 
nanostructures, Peak 2: 93.5± 9.52nm nm joining 17.9% of nanoparticles. At 
the end of gastric phase, we have obtained PdI: 0.488, Peak 1: 180.2± 47.18 
nm cumulating 80.1% of nanostructures, Peak 2: 64.08± 13.13nm for 19.9% 
of nanoparticles. Interestingly, the last intestinal step in digestive in vitro 
simulation induced a modification of the hydrodynamic diameter. At the end of 
the experiment, PdI: 0.572, the initial Peak 1: 174.6±69.66nm is found as 
cumulating 100%. Disappearance of the smaller population, visible before the 
intestinal phase was also observed at the end of the experiment (Figure 5b). 

 
II.4. Assessment of Antioxidant Capacity through DPPH Inhibition 

 
After measuring the antioxidant capacity, the lowest percentage of 

inhibition of DPPH from the measurements of hydrogen donors was presented 
by the GNPs-CM (12.08%) after simulated intestinal phase, followed by 
GNPs-CM exposed at simulated gastric phase (13.76%) and GNPs-CM 
exposed to simulated salivary fluids (20.79%) (Figure 8). It was observed that 
the GNPs-E after simulated oral digestion presented the highest inhibition 
percentage (65.3%), followed by GNPS-E before digestion (50.5%) and 
GNPs-E after simulated gastric phase (33.39%). A close percentage of 
inhibition was determined for both GNPs-CM (21.68%) and GNPs-E(22.57%) 
exposed at simulated intestinal fluid (Figure 6).  
 
 

 

Figure 6. Inhibition percentage for: a) GNPs-CM and b) GNPs-E during 
gastrointestinal phases; GNPSs-CM, GNPs-E= gold nanoparticles before 
digestion; GNPs-CM-SSF, GNPs-E-SSF = gold nanoparticles exposed to 

simulated salivary fluid; GNPs-CM-SGF, GNPs-E-SSF = gold nanoparticles after 
simulated gastric digestion; GNPs-CM-SIF, GNPs-E-SSF = gold nanoparticles 

exposed to simulated intestinal fluid 
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II.5. Polyphenolic content 

Regarding the polyphenolic content, our results showed that GNPS-
CM have a polyphenol content in the amount of 39.53 mg of gallic acid 
equivalents (GAE)/L, this amount decreasing during the gastrointestinal 
phases, after exposure at SSF being 24.25 mg GAE/L, after exposure at SGF 
being 18.65 mg GAE/L and after the final phase of digestion being 8.43 mg 
GAE/L (Figure 7).  

 

 

Figure 7. Phenolic content of: a) GNPs-CM and b) GNPs-Eduring  
gastrointestinal phases. 

 
As far as GNPs-E is concerned, it has a polyphenol content of 100.99 

mg gallic acid equivalents/L, also decreasing during the gastrointestinal phases: 
SSF 51.64 mg GAE/L, SGF 25.78 mg GAE/L, and SIF 12.11 mg GAE/L.  

Both GNPs-CM and GNPs-E were stable across simulated digestion. 

However, differences were observed between the two. GNPs-E demonstrates 

stable interactions between natural compounds from the fruit extract and 

metallic component. It furthermore slightly increased the hydrodynamic 

diameter of the particles along the experiment, up to the end of the intestinal 

phase. Detachment of natural compounds from the metallic core is observed in 

the gastric stage. End-experiment sizes of particles are slightly larger than the 

pre-experiment dimensions. All data suggest a stabilization and reattachment of 

extract molecules in the intestinal phase, following a previous separation 

during the gastric phase. 

By contrast, GNPs-CM nanoparticles transiently increase their dimension 

during the salivary phase, most likely by attachment of amylase onto the 

surface of the metallic core. Next, the gastric phase is associated with a decrease 

in hydrodynamic diameter, as a sign of detachment of extract’s biomolecules 

from the nanoparticles’ surface. This aspect is similarly present in most 
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nanoparticles (98.7%). Following this step, the intestinal phase induces a 

different result. Multiple particle populations are seen at the end of the 

experiment. A distinct fraction of components has small dimensions, the 

aspect suggesting detachment of extract molecules from the metallic surface 

of nanoparticles.  

Up to now, we have found in vitro digestive studies only on other 

nanoparticles (NPs) such as Ag and ZnO NPs exposed to the salivary fluid. 

A study conducted by Pokrowiecki et al. [24] showed that this type of 

nanoparticles, when placed in salivary fluid for over 24 hours, presented high 

destabilization due to the salivary composition. In our study the exposure to 

salivary fluid was for 2 minutes to avoid the long persistence of GNPS in the 

salivary fluid. In the study conducted by Pokrowiecki et al., when nanoparticles 

were introduced into the artificial saliva, they agglomerated rapidly, which is 

different from our study where this agglomeration of gold nanoparticles was 

not present [24]. 

To the best of our knowledge, the assessment of GNPs-CM in the 

gastrointestinal tract has not been previously studied. Although the behavior 

GNPs in gastric condition, or in intestinal fluid has been reported, the complexity 

of in vitro digestive transit simulation could provide valuable information 

regarding GNPs stability and behavior in oral administration applications [25]. 

The results of our study align with existing literature, showing a high total 

phenolic content in Sambucus nigra (ranging from 91.09 to 746.63 mg gallic 

acid/l) [26].  

 
 
CONCLUSION 
 

Good stability of investigated GNPs along exposure to different 
simulated digestive fluids was observed on the analyzed nanoparticles. Along 
the transit, the gold nanoparticles have the tendency to additionally attach 
Cornus mas and Sambucus nigra functional moieties on their surface, 
increasing their diameter while proportionally reducing the free Cornus mas 
and Sambucus nigra molecule fraction in the solution. The significantly improved 
hydrodynamic diameter homogeneity of solution at the end of the experiment 
represents a consequence of this phenomena, providing the evidence for a 
good potential of the nanomaterial in human application with involving oral 
administration. Our study showed that Sambucus nigra contained more 
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abundant phenolic compounds than Cornus mas. This study has shown that 
elderberries can be an important source of antioxidant.  
 
 
EXPERIMENTAL SECTION 
 

I. Synthesis of nanoparticles  

Due to their high content in antioxidant compounds, the fruits of 
Cornus mas L. and Sambucus nigra L. fruits are valuable sources of reducing 
agents of the gold ions and of capping agents of the obtained gold 
nanoparticles. The green synthesis of gold nanoparticles was achieved 
according to the protocol applied by Moldovan and co-workers [27]. Thus, 
the fruit extract was mixed under stirring with boiling 1 mM solution of 
tetrachloroauric acid in a 1:4 (vol/vol) ratio. After 15-30 minutes, the mixture’s 
colour changed from red to purple, indicating the formation of colloidal gold. 
The Cornus mas fruit extract was prepared according to the method of 
Baldea et al. [28]. Obtaining the fruit extract of Sambucus nigra followed the 
same procedure, except for the amount of fruits used, which was twice as 
low as in the case of Cornus mas fruits. 

 
II. Characterization of metallic nanoparticles  

The monitoring of the formation of gold nanoparticles was achieved 
by UV-Vis spectroscopy (using a Perkin Elmer Lambda 25 double beam 
spectrometer), while transmission electron microscopy (TEM), was used to 
investigate their shape and size (by a Hitachi Automatic H-7650 microscope 
operated at 120 kV).  

 
III. In vitro digestion 

Gold nanoparticles obtained with Cornus mas (GNPs-CM] or with 
Sambucus nigra (GNPs-E) fruits extracts have been subjected to preliminary 
testing using in vitro digestive method, according to protocol developed by 
Minekus and co-workers [29]. 

Oral phase: Simulated salivary fluid (SSF) was prepared as to contain 
standard electrolyte and enzyme concentration (K+:18.8 mmol/L, Na+:13.6 
mmol/L, Cl-:19.5 mmol/L, H2PO4

-: 3.7 mmol/L, HCO3
-, CO3

2-: 13.7 mmol/L, 
Mg2+: 0.15 mmol/L, NH4

+: 0.12 mmol/L, Ca2+: 1.5 mmol/L, amylase: 75 U/mL). 
The final pH of SSF was 7. According to the protocol, the nanomaterial was 
mixed with SFF using a 50:50 (vol/vol) ratio, for a period of 2 minutes 
incubation (37°C). 
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Gastric phase: Simulated gastric fluid (SGF) was prepared according 
to protocol. The electrolyte and enzymatic content of SGF included: K+: 7.8 
mmol/L, Na+: 72.2 mmol/L, Cl-: 70.2 mmol/L, H2PO4

-: 0.9 mmol/L, HCO3
-, CO3

2-: 
25.5 mmol/L, Mg2+: 0.1 mmol/L, NH4

+: 1.0 mmol/L, Ca2+: 0.15 mmol/L, pepsin: 
2000 U/mL). The pH of final SGF solution was 3. The gastric phase included 
the collection of the mixture resulting from previous step and mixing it with SGF 
using a 50:50 (vol/vol) ratio. Incubation of 2 hours at 37°C was allowed. 

Intestinal phase: Simulated intestinal fluid (SIF) was prepared. The 
solution presented a pH of 7 and included electrolytes such as: K+: 7.6 
mmol/L, Na+: 123.4 mmol/L, Cl-: 55.5 mmol/L, H2PO4

-: 0.8 mmol/L, HCO3
-, 

CO3
2-: 85 mmol/L, Mg2+: 0.33 mmol/L, Ca2+: 0.6 mmol/L. Also, individual 

enzymes were added to the solution: trypsin: 100 U/mL, chymotrypsin: 25 
U/mL, pancreatic lipase: 2000 U/mL, colipase (2:1 molar ratio with lipase), 
pancreatic amylase 200U/mL, bile (10mM). The intestinal phase included 
collection of aqueous mixture resulted from gastric phase and mixing it with 
SIF using 50:50 (vol/vol) ratio. Incubation of 2 hours at 37°C was allowed to 
the resulting mixture. 

III.1 Evaluation of fluids obtained after each phase of in vitro digestion. 

After each phase the samples were analyzed using macroscopical 
observation (color, sediment), spectral analysis (UV-Vis spectroscopy), and 
by assessing hydrodynamic diameter (DLS). 

III.1.1. Macroscopic observation 
Color changes and the presence of observable sediment at the bottom of 
containers were evaluated. 

III.1.2. UV-Vis spectroscopy 
UV-Vis spectra were recorded using a Shimadzu UV-1800® instrument. 
Samples were subjected to dilution (1:10 vol/vol) prior to the measurements. 
Normalization of spectra was performed using OriginLab software® 7.0. 

III.1.3 Dynamic Light Scattering 
The hydrodynamic diameter was measured using dynamic light scattering 
technique, using a Malvern Zetasizer NanoZS90 (Malvern, Instruments, 
Westborough, UK) equipment. Measurements were performed at a 90° 
diffraction angle, 25°C temperature, 0.2 refraction index, and 3.320 
absorbance. 

III.1.4. Assessment of antioxidant capacity of fluids obtained after 
each phase of in vitro digestion. 

The measurement of hydrogen donor capacity is based on the 
reduction of the stable radical 1,1-diphenyl-picrylhydrazyl (DPPH) by a 
number of nonenzymatic antioxidants such as glutathione, tocopherol, 
ascorbic acid. This reduction can be tracked by changing color from purple 
to pale yellow, monitored by changes of samples absorbance at 520nm. 
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Samples are diluted with phosphate buffer 10 mM, pH 7,4. Then 0,5 
ml of the solution 0.1mM of DPPH was added left for 30 min at room 
temperature and the absorbance against the blanks was read. Blanks consist 
of samples treated in the same way as samples, but in which absolute 
methanol has been added instead of DPPH solution. In parallel, the 
absorbance of some control samples that do not contain serum, but an 
appropriate volume of phosphate buffer is determined.  Hydrogen donor 
capacity is expressed as Inhibition % in relation to the control samples 
according to the following calculation formula: 
Inhibition% = [(Control absorbance – Serum sample absorbance) / Control 
absorbance] x 100 [30].  

III.1.5. Polyphenolic content assessment 
Folin-Ciocalteu method [31] was used to determine the total phenolic 

content. 3 mL Folin-Ciocalteu reagent was mixed with a sample of 0,5 mL of 
the diluted sample and permitted to react for 5 min in the dark, adding then 
2,4 mL of 0.7 M Na2CO3 solution.  The solution was incubated 2h in the dark 
at room temperature (22°C). 

The absorbance of the mixture was measured with UV-Vis spectro-
photometer Perkin Elmer Lambda 25 (Perkin Elmer, Shelton, CT USA) on a 
double beam against a blank sample. Using the gallic acid (GA) standard 
curve (0-100mg/mL), the total phenolic content of the extract is expressed as 
mg GA equivalents/mL. [32] 
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ABSTRACT. Coal auto-oxidation is an undesirable chemical phenomenon 
that occurs due to the interaction of coal with atmospheric oxygen, a 
phenomenon that takes place during the coal life cycle, from the extraction 
moment until it is used. Thus, it is imperative to understand this process not 
only for the prevention of coal autoignition in the mining industry, but also 
for the optimization of the coal storage. The aim of this work was to assess 
the chemical behavior such as the oxidation, self-heating, and auto-ignition 
characteristics of coal in Oltenia Basin, Romania during its storage period. 
The hydrogen peroxide oxidation testing was used to determine the auto-
oxidation tendency of lignite, while for the monitoring of coal quality during 
the storage process, coal samples were taken from a coal stack after 0, 5, 
10, 20 and 30 days of storage and analyzed regarding the moisture 
(39,71%), ash content (35.21 – 37,11%), calorific value (1940 – 1875 kcal/kg), 
and volatile compounds (36.71 – 37,27%). A good correlation between the 
autoxidation and the content of volatile matter was observed. Compared to 
the initial values measured in initial coal samples (day 0), the carbon 
content and the superior calorific value decreased, while the ash content 
increased after a period of 30 days of storage.Thus, it can be concluded 
that knowing the self-ignition characteristic of lignites is important both for 
managing coal stocks and for evaluating the impact that coal storage can 
have on the environment. 
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INTRODUCTION  
 
Coal oxidation is an undesirable phenomenon occurs due to the 

interaction of coal with atmospheric oxygen [1,2]. From an economic point of 
view, the oxidation of coal causes significant losses of qualitative and 
quantitative nature, both in the production and in the consumption units, 
because of the degradation of the initial parameters existing in the deposit 
[3,4]. In addition, the oxidation of coal results in emissions of toxic gases, 
such as carbon monoxide [5]. The behavior of the oxidation process for 
diverse types of coal samples can be observed by simultaneous monitoring 
of several parameters: the loss of the content of CO2, CO, and H2O [5]. It 
was reported that even after 20 years of oxidation, coal still produces carbon 
oxides. The release of CO2 during these experiments was estimated to be 
88% of the absorbed oxygen. In the same time, under normal conditions, the 
production of CO is between 1 and 4% of the absorbed oxygen [6]. 

Among the existing coals, lignite has several main characteristics that 
explain its auto-oxidation and auto-ignition tendency, such as: the high 
oxidation rate, high friability, and the presence of finely divided pyrites in the 
coal mass [7,8]. The alteration of coal properties results in: decrease of the 
calorific value, decrease of agglutination and coking capacities, decrease of 
the carbon and hydrogen content; increase of the amount of oxygen and ash 
content, etc. [9]. 

The occurrence of the phenomenon of oxidation and auto-ignition 
may have several causes. The large contact surface of the coal leads to a 
faster oxidation process, which explains why the coal in powder form or 
broken into small fragments auto-ignites more easily. Moreover, volatile 
components react with oxygen more easily, increasing the auto-ignition 
tendency of the respective coals [10]. The state of the coal surface influences 
the auto-ignition phenomenon, since oxygen absorption does not take place 
if the surface is occupied with water molecules in an absorbed state. This 
explains why, with coals that form humic acids in a humid environment, water 
can favor the auto-ignition phenomenon. The coals with a higher content of 
oxygen and a lower content of hydrogen have a greater tendency towards 
auto-ignition [9].  

Previous works have shown that, following the oxidation reaction, the 
coal gains in weight by up to 12% of the initial weight [11]. This shows that 
the weight of oxygen remaining in the coal-oxygen complex is higher than 
the weight of the carbon and hydrogen eliminated in the gaseous products. 
It was reported that mineral bassanite (CaSO4×1/2H2O), which comes from 
the calcite in coal, can be used as an oxidation indicator [12]. 
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Humidity is one of the basic parameters in the oxidation process with 
major influence not only on the oxidation of pyrite, but also on the organic 
part of the coal. Water can play an important role in the oxidation of coal in 
which it induces the formation of (hydro)peroxides, initiating oxidative 
reactions in organic macerals. At a temperature of 150°C, oxidation is slower 
in humid air than in dry air [13].  

The drying of coal can affect its reactivity to O2 and can initiate other 
chemical changes. The most conclusive evidence on this subject was 
brought by Dack and collaborators [14], when examined the effects of the 
variations of the dry temperature (-15°C to 150°C) on the content of free 
radicals. It was shown that bulk drying at 100°C produces irreversible (albeit 
slight) chemical changes of the (acid-base) capacitor type, a phenomenon 
that occurs when the coal is heated. The results show that, even around the 
temperature of 100°C, thermal chemical reactions take place. Carbonyl 
species can be lost through thermal reactions even if they were formed 
through oxidation. It is considered that oxygen is added to the centers of free 
radicals, and the addition of O2 is reversible [15]. The increase in temperature 
favors the formation of carboxyl groups. 

The smallest particles of coal have a weak alkanes content higher 
than the larger particles that are collected from the base of the stack [16]. 
Macropore oxidation occurs when the determined rate of the oxidation stage 
of coal particles is made by the diffusion of oxygen through the core of the 
entire lump. In the coal oxidation in micropores, the oxidation of coal particles 
is 'open' and the oxidation is not limited to diffusion. The oxidation of the 
macropores depends on the granulation. The depth of oxygen penetration in 
the coal varies between 2 and 4.5 µm and in the hottest areas they could 
reach even 20-50 µm, if the smallest particles in the hottest areas are 
completely exposed to oxygenation [16]. These small particles can lose the 
carbonyl groups after all the active sites have reacted.  

Coal oxidation is not a singular reaction but a group of sometimes 
competing reactions. Moreover, given the heterogeneity of the coal, 
differences between the data are usually reported [17]. Coal oxidation can 
occur through exposure to air after the coal is mined. It was found that the 
occurrence of an increased amount of phenolic-OH and carboxylic groups in 
the oxidized coal is likely a major factor reducing the hydrophobicity of the 
coal. The scheme of the coal oxidation process is presented in Figure 1 [18]. 
Reasons for the observed variation of coal hydrophobicity with rank 
undoubtedly reflect differences in the chemical composition of the coal, 
particularly the oxygen containing functional groups of the coal [19]. 
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Figure 1. Scheme of the coal oxidation process 

 
 

Coal autoignition is a serious problem in coal mining. Due to the very 
large loss of high-quality coal caused by spontaneous combustion, extensive 
research was conducted on the mechanism of spontaneous combustion of 
coal [20−24]. Many works have studied the activities of aliphatic chains and 
oxygen-containing functional groups, such as −OH, −CHO, −COOH, C=O, 
C– O, −CH3 and −CH2 in coal [25−27]. As a harmful element of coal, sulfur 
can not only produce H2S and SO2, which would cause environmental 
pollution during the burning process, but also limit the rational use of coking 
coal resources. The sulfur-containing components of coal are mainly divided 
into two categories [28]: inorganic sulfur, which exists mainly in the form of 
mineral sulfur, such as pyrite; and organic sulfur, which generally exists in 
the molecular structure of coal through chemical bonds. According to the 
theory of molecular orbitals, sulfur atoms and other atoms could form π 
bonds by using the 3p orbitals. The valence electron shell is far from the 
atomic nucleus and is less bound to the atomic nucleus, so C–S bonds and 
S–H bonds are prone to breaking. Because of this, the sulfur atom oxidizes 
more easily than the carbon atoms [28]. 

The results of the research on the oxidation of different types of coal 
carried out by specialists in the field over the years have not been quite 
conclusive due to the multitude and the complexity of the factors and the 
investigations involved. Knowledge of the phenomena that favor the oxidation 
of coal requires a careful analysis of the variation of the physical and chemical 
properties of lignite, depending on the duration of storage and preservation. 
The aim of the current study is to assess the characteristics specific to each 
type of coal within the mining perimeters of Oltenia basin, Romania, from the 
point of view of oxidation, self-heating and auto-ignition capacity, with a view 
of preventing qualitative losses in time. 
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RESULTS AND DISCUSSION 
 

Self-heating and auto-ignition of lignite 
To ensure the prevention of quality losses over time, in the coal 

industry it is recommended to determine several quality parameters specific 
to each type of coal. Usually, these parameters refer to autooxidation, self-
heating and auto-ignition capacity of coals. 

In our study, the autoxidation tendency was assessed using coal 
granules with a grain size of 0.2 mm reacted with a perhydrol solution (H2O2 
20% - obtained by dilution of H2O2 30% from Merck Millipore catalog number 
107209) as oxidant, through the methodology described by Ionescu and 
collaborators [29]. The increase of the temperature of coal mixture following 
the perhydrol addition was registered. In identical working conditions (initial 
temperature, weight, granulation), the coals may have different behavior 
because of the different characteristics (petrographic, elemental composition, 
etc.). 

The experiments were carried out on coal samples taken from two 
representative quarries in the mining basins of Oltenia, in order to find some 
notable similarities or differences between them, knowing in advance the 
specific geological characteristics of each mining area. The lignite samples 
for the experiment were taken from ten points (from holes dug 30 cm deep) 
on each coal stacks (finished production) belonging to the two quarries, 
which were then put together, to form two representative samples, according 
with the former Romanian standard SR ISO 1988:1996 and ISO 18283:2022 
- Coal and coke - Manual sampling.  

In the studied area the climate is temperate. The mild climate with 
moderate temperatures and abundant precipitation is also due to the circuit 
of southern, southwestern and western air masses. From the analysis of the 
monthly air temperature averages, it is found that the coldest month of the 
year is January (the average temperature being -2.5°C). The warmest month 
is July (average values between 20.6-21.4°C). During the year, the highest 
average monthly precipitation amounts are recorded at the end of spring (in 
May, between 86-103 l/m2) and at the beginning of summer (in June, 
between 92-98 l/m2) [31]. 

The Roşia and Pinoasa quarries belong to the Rovinari Mining Basin 
and the obtained results showed that the differences between them in terms 
of the heating-cooling time and the heating-cooling speed are insignificant, 
as presented in Figure 2.  
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Figure 2. The variation of the heating-cooling temperature of the coal from 

the Rosia and Pinoasa in Rovinari basin 
 
 
 
The results of the experiments regarding the auto-heating of the 

lignite from Rovinari (Roşia and Pinoasa quarries) are presented in Table 1. 
 
 
 

Table 1. Auto heating parameters of the lignite from Roşia and Pinoasa quarries 

Coal 
source 

Tin 
[°C] 

Tmax 
[°C] 

Time 
[min] 

Gradient 
[°C/min] 

Roșia 21.4 92.0 10.6 7.37 

Pinoasa 21.4 97.0 11.1 6.85 
 
 
 
According to the previously presented model, tests were carried out 

to determine the auto-oxidation capacity for coals from the Rosia quarry, for 
different values of the volatile matter content. The obtained experimental 
results are shown in table 2. 
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Table 2. Moisture, ash content, net colorific power, volatile mater content and 

results for the autooxidation tests on lignite from Roșia quarry  
 

Sample Moisture 
W [%] 

Ash content 
Aanh [%] 

Net caloric 
power 

Qinf [kcal/kg] 

Volatile 
mater 

content 
V [%] 

Autooxidation 
rate 

[°C/min] 
1 41.03 36.39 1838 39.70 7.4 
2 37.64 35.41 2006 40.93 7.5 
3 40.12 38.11 1812 39.40 7.3 
4 42.69 39.43 1692 38.52 7.3 
5 39.35 39.35 1817 37.79 7.2 
6 42.53 38.76 1719 38.18 7.2 
7 40.26 35.97 1897 40.11 7.4 
8 42.00 38.81 1726 39.70 7.3 
9 38.27 35.97 1977 40.10 7.3 

10 40.48 38.44 1787 40.12 7.4 
11 38.57 36.51 1932 42.15 7.6 
12 38.62 37.72 1889 41.21 7.5 

Average 40.13 37.57 1841 39.83 7.4 

Min 37.64 35.41 1692 37.79 7.2 

Max 42.69 39.43 2006 42.15 7.6 
Standard 
deviation 1.70 1.44 101 1.26 0.12 

RSD% 4.23 3.84 5.53 3.17 1.67 
 
 

In the 12 analyzed lignite samples from Roșia quarry, the moisture 
content varied between 37.64 – 42.69 %. The ash content was in the range 
of 35.41 – 39.43 %, while the net calorific value ranged between 1692 – 2006 
kcal/kg. In general, a very low variability of the measured parameters was 
observed, with a relative standard deviation (RDS %) below 5 %, which 
indicates a homogenous composition of the coal in the studied quarry. In the 
specific literature, there are extremely poor data on the autoxidation 
characteristics of lignite from Oltenia. Only Bacalu Ion [30] has carried out 
tests to determine this characteristic, obtaining values of the heating speed 
between 2.8 ÷ 7.1 °C/min. 
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The variation of the autoxidation rate of the lignite from the Roșia 
quarry, depending on the content of volatile substances, is shown in figure 3. 
From this figure, the autoxidation rate of coal samples increased with the 
increase in the volatile matter content; that is, the coal samples with a high 
volatile content exhibited a higher tendency to autoxidation. Thus, by 
measuring the volatile content of the coal, itsr autooxidation behavior may be 
predicted.  

 

 
Figure 3. Variation of autooxidation rate versus volatile matter content in lignite 

Roșia quarry 
 
 
According to Figure 3, it can be observed that there is a good 

correlation between the speed of autoxidation and the content of volatile 
matter. 

 
Modification of lignite characteristics depending on the storage 

time 
The analyses carried out regarding the auto-heating and the 

autooxidation capacity of the coals from the Oltenia Mining Basin revealed 
that the coal with the highest exposure to qualitative depreciation is the one 
from the Rovinari Quarries. This study is based on laboratory scale experiments 
through the analysis of the coal samples from Roșia and Pinoasa quarries. 

It was found that, from a qualitative point of view, the coal from 
Pinoasa Quarry is superior to that from Roșia Quarry. This is highlighted by 
the results obtained based on chemical and technical analyses (Table 3), as 
well as by the way in which the parameters evolve under given experimental 
humidity conditions, in correlation with the period of storage in warehouses. 
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Table 3. The evolution of the quality parameters of lignite according to the storage 

duration (The Roșia Quarry) 
 

Period 
[days] 

Wtot 
[%] 

Aanh 
[%] 

Qinf 
[kcal/kg] 

Qsup 
[kcal/kg] 

Ctot 
[%] 

Vanh 
[%] 

0 39.71 35.21 1940 3580 57.03 36.61 
5 39.71 36.48 1896 3507 55.69 36.94 

10 39.71 36.75 1887 3492 55.39 37.09 
20 39.71 36.90 1882 3483 55.21 37.24 
30 39.71 37.11 1875 3471 54.99 37.27 
 
 
Compared to the initial values of the analyses (Vanh=36.61, 

Ctot=57.03, Wtot=39.71%, Aanh=35.21 şi Qsup=3580 Kcal/Kg), under the 
conditions of a storage period of 30 days, it can be observed that the content 
of volatile substances (Vanh) increased by 1.8 %, while the carbon content 
(Ctot) decreased by 3.6 %. The ash content (Aanh) increased by 5.4 %, though 
the superior calorific value (Qsup) decreased by 3.1 % when compared to the 
initial value. The loss of coal estimated after 30 days of storage is 5,1% from 
initial mass, that which is mainly found in the reduction of carbon content. 

Taking into account that 4.3 % of the oxidized carbon forms carbon 
monoxide, it follows that, by storing lignite for 30 days, there is an emission 
of 5.2 kg CO/ton of coal/month. Reported to the amounts of tens of 
thousands of tons of stored coal, it follows that the emissions of this toxic gas 
are significant for the storage area. 
 
 
CONCLUSIONS 

 
According to the experimental results, the coal storage time depends 

on two main factors: the production deposited in the stacks and the amount 
of coal delivered daily. The phenomenon is characterized by a continuous 
movement of the coal stock in the warehouses. The more deliveries increase, 
the shorter the downtime, and the quality parameters of the excavated coal 
keep their initial values. In the case of keeping the coal in the warehouse for 
an average duration of 30 days, the quality of the coal decreases by more 
than 3 %.  

The time the coal stays in the warehouses is different from one day to 
another and from one month to another, varying from a minimum duration of a 
few days to approx. 50 days of storage. The initiation of the oxidation process 
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and, implicitly, the qualitative deterioration of the coal, takes place around the 
value of 1900 Kcal/Kg (corresponding to the quality determined during testing), 
and decreases proportionally with the increase in storage time, reaching a 
quality loss of approx. 2.6 % after an average storage period of 10 - 15 days. 
The essential element in the analysis of coal depreciation is the duration of the 
storage process. The auto-oxidation phenomenon also has an impact on the 
quality of the environment, mainly the air, through carbon monoxide emissions, 
which can reach values of 5.2 kg CO/ton of coal/month. 

 
 

EXPERIMENTAL SECTION 
 

Evaluations of auto-oxidation tendency.  
The hydrogen peroxide oxidation method was used to determine the 

auto-oxidation tendency of lignite. Already in 1952 Orleanskaya described the 
use of oxygenated water for evaluating the self-ignition capacity of coals, but 
by a different procedure [32]. The method was developed by the University of 
Petroșani in the 70’s, and has been widely used to identify coals that are at 
risk of spontaneous combustion [29]. At that time, it was considered so 
important that it was also included in the chemistry laboratory curriculum. 
This method consists of placing 3 g of coal sample in 20 ml of 20% H2O2 in 
a glass container and monitoring the temperature over time. The maximum 
temperature obtained and the time in which it is reached are measured.  

 
Monitoring of coal quality evolution during storage 
Coal samples were taken from a coal stack initially, and after 5, 10, 

20 and 30 days. The samples were processed to determine certain technical 
characteristics in accordance with the standards in force as follows: SR ISO 
1988:1996 [33] (The standard refers to coal sampling methods, as well as 
obtaining and preparing samples for analysis and moisture), SR 5264:1995 
[34] (The standard establishes the methods for determining the humidity of 
solid mineral fuels by drying at 105°C), SR ISO 1171 [35] (The standard 
establishes a method for the determination of ash for all solid mineral fuels, 
using the gravimetric method, by calcination at 825°C), ISO 1928-2020 [36] 
(This document specifies a method for the determination of the gross calorific 
value of a solid mineral fuel at constant volume and at the reference 
temperature of 25 °C in a combustion vessel calorimeter calibrated by 
combustion of certified benzoic acid.) and STAS 5268 [37].( The determination 
consists of heating the sample, in the absence of air, at 850°C for 7 minutes 
and calculating the mass loss) 
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ABSTRACT. The article discloses the AMS (accelerator mass spectrometry) 
radiocarbon dating results of the well-known African baobab of Dalkut, 
Dhofar Governorate, Oman. The investigation shows that the baobab has a 
cluster structure and is composed of 3 perfectly fused stems. Three wood 
samples were collected from primary branches and one sample was collected 
from the exterior of a stem. Eight tiny segments were extracted from the 
samples and dated by radiocarbon. The oldest dated sample segment, which 
originates from a primary branch of the southern stem, had a radiocarbon 
date of 590 ± 18 BP, which corresponds to a calibrated age of 685 ± 15 
years. This result indicates that the southern stem of the baobab of Dalkut 
is 800 ± 30 years old. According to other radiocarbon dating results, the two 
northern stems are younger and emerged from the southern stem around 
550 years ago. The tree of Dalkut is a solitary baobab. The nearest baobab 
is over 150 km away, to the north.  
 
Keywords: AMS radiocarbon dating, Adansonia digitata, Oman, multiple 
stems, age determination.  
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INTRODUCTION 
 

The Adansonia genus, a subdivision of the Bombacoideae subfamily 
of Malvaceae, consists of eight generally recognised species. One species 
originates from mainland Africa, six species are endemic to Madagascar, 
while one species grows only in northern Australia. The African baobab 
(Adansonia digitata L.) is the best-known and most widespread of these 
species. Although it is endemic to the arid savanna of mainland Africa 
between the latitudes 16º N and 26º S, the African baobab can also be found 
on several African islands and outside Africa, in different areas throughout 
the tropics, where it has been introduced [1-5]. 

In 2005, we started a comprehensive research project aimed to  
clarify several controversial and poorly understood aspects related to the 
architecture, growth, and age of the African baobab. Our research relies on 
AMS radiocarbon dating of very small wood samples extracted especially from 
inner cavities, deep incisions in the stems, fractured stems or from the exterior 
of large baobabs. This methodology allows to investigate and date not only 
demised or fallen specimens, but also live and standing individuals [6-19]. 

According to our research, all superlative, i.e., large and/or old baobabs, 
are multi-stemmed and exhibit preferentially closed or open ring-shaped 
structures. The largest and oldest individuals may have wood volumes up to 
300-500 m3 and may reach ages up to 2,500 years [8, 9]. 

Since 2013 we extended our research on superlative individuals of 
the three best-known species of Madagascar, namely the fony (Adansonia 
rubrostipa Jum. & H. Perrier), the za (Adansonia za Baill.) and the Grandidier 
baobab (Adansonia grandidieri Baill.) [20-27]. 

The Sultanate of Oman has an interesting and unexpected African 
baobab population. With one exception, all specimens are located in southern 
Oman, in the Dhofar Governorate (region). Certain researchers consider 
these baobabs a botanical reminder of Dhofar’s links with Africa. 

The largest number of trees can be found in the wilayat (province) of 
Mirbat, in the so-called Baobab Forest of Wadi Hinna. Wadi Hinna is a small 
semi-arid valley (3 km2) at the edge of the Dhofar Mountains (17º03’ N, 
54º36’ E, altitude 300-360 m) and at 20 km from the coastal plain. The 
precipitation (annual rainfall 130 mm) falls almost exclusively during the rainy 
season (mid-June to mid-September), in which moist air from the Indian 
Ocean, i.e., the southwest monsoon (called khareef), encounters the 
mountains leading to clouds and dense fog [28]. The 106 trees of the Baobab 
Forest grow on a slope among huge stones of sedimentary rocks. In recent 
years, Wadi Hinna was divided into two parts, located at lower and higher 
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altitudes, namely Wadi Hinna (with 73 baobabs) and Wadi Hasheer (with 33 
baobabs), according to the stratigraphic origin and composition. Other 3 
baobabs can be found lower than Wadi Hinna, just above the Salalah Plain 
(altitude 90 m), in Wadi Al Ghazir.  

A well-known baobab grows completely isolated in the town and 
wilayat of Dalkut, close to the border with Yemen.  

Finally, there is a single baobab in the extreme north, close to Al 
Zahaimi, in the wilayat of Sohar in the Al Batinah North Governorate. 

Here we present the investigation and AMS radiocarbon dating 
results of the baobab of Dalkut. 

 
 

RESULTS AND DISCUSSION 
 
The baobab of Dalkut. As mentioned, Dalkut (also written Dhalkut, 

Dalqut, Dhalqut or Dhalkout) is a fishing town and also a wilayat in the Dhofar 
Governorate of Oman. The town of Dalkut is located below the Al Qamar 
Mountains and can be reached by descending the highway towards Dalkut 
Beach. Dalkut is positioned on the western side of Salalah, the capital of 
Dhofar, at 154 km (via the hairpin bend road) and 102 km (flight distance). 
The border with Yemen is at only 15 km (flight distance) toward west. 

The annual rainfall in Dalkut is only 110 mm. The rain falls especially 
during the khareef season, when there is lot of fog and low visibility. 

A main tourist attraction in Dalkut is the solitary baobab called by the 
locals “Hiroum Dheeri” (in Arabic, “The Tree from Very Far Away”), hinting at 
its allochthonous nature. The nearest baobab is in Wadi Hinna, over 150 km 
away. 

The GPS coordinates of the baobab of Dalkut are 16º42.498’ N, 
053º15.588’ E and the altitude is 67 m. It has a maximum height (h) of 13.5 m, 
the circumference at breast height (cbh; at 1.30 m above ground level) is 
13.43 m and the total wood volume (V) is 60 m3. Its height decreased to  
only 7.4 m after the tallest branch broke during the period of 2018-2019. The 
baobab is composed of 3 perfectly fused stems and has a cluster structure. 
The tri-stemmed trunk consists of two parts: the northern part has two stems, 
while the southern part is single-stemmed (Figures 1 and 2). 
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Figure 1. General view of the baobab of Dalkut taken from the east in 2022. 

 

 
Figure 2. View of the baobab of Dalkut taken in 2017 before its tallest branch broke. 
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The wide canopy, with the horizontal dimensions of 24.20 (NS) x 

29.50 (WE) m, has five primary branches with diameters up to 1.2 m. 
We consider it highly possible that the current ground level around 

the baobab is 0.50 m higher than the initial ground level, due to the cement 
annexes/elements erected around the tree. In this case, the circumference 
cbh becomes 14.02 m and all height values increase by 0.50 m. 

 
Wood samples. Four wood samples were collected from the 3 stems 

using an increment borer. Each sample has a code composed of a digit 
indicating the trunk it came from (1, 2, or 3) and a capital letter indicating 
whether it was collected directly from the stem or from a primary branch (S 
or B). Several tiny segments, each 10-3 m long, extracted from determined 
positions of the collected samples. The closest and youngest segment from 
each sample was noted by x, while the deepest and oldest segment was 
noted by y. An intermediate segment was noticed by i.  

 
AMS results and calibrated ages. Radiocarbon dates of the eight 

sample segments are presented in Table 1. The radiocarbon dates are 
expressed in 14C yr BP (radiocarbon years before present, i.e., before the 
reference year 1950). Radiocarbon dates and errors were rounded to the 
nearest year.  

Calibrated (cal) ages, expressed in calendar years CE (CE, i.e., 
common era), are also listed in Table 1. The 1σ probability distribution (68.3%) 
was selected to derive calibrated age ranges. For two sample segments 
(1By, 3Sx), the 1σ distribution is consistent with one range of calendar years. 
For one segment (3By), the 1σ distribution corresponds to two ranges of 
calendar years, for one segment (2By) it is consistent with three ranges, 
while for another segment (3Bi) it corresponds to four ranges. In these cases, 
the confidence interval of one range is considerably greater than that of the 
other(s); therefore, it was selected as the cal CE range of the segment for 
the purpose of this discussion. For obtaining single calendar age values of 
sample segments, we derived a mean calendar age of each sample segment, 
called assigned year, from the selected range (marked in bold). Sample/ 
segment ages represent the difference between the current year 2024 CE 
and the assigned year, with the corresponding error. Sample ages and errors 
were rounded to the nearest 5 yr.  

We used this approach for selecting calibrated age ranges and single 
values for sample ages in all our previous articles on AMS radiocarbon dating 
of large and old angiosperm trees [6-27]. 
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Table 1. AMS Radiocarbon dating results and calibrated ages of samples collected 
from the baobab of Dalkut. 

 
Sample/ 
segment 

code 

 

Depth1 

[height2] 

(m) 

Radiocarbon 
date [error] 
(14C yr BP) 

Cal CE range 
1σ 

[confidence 
interval] 

Assigned 
year 

[error] 
(cal CE) 

Sample 
age 

[error] 
(cal CE) 

Dk-1Bx 
 

0.01 
[2.50] - - - >Modern 

Dk-1By 
 

0.34 
[2.50] 259 [± 10] 1643-1655 [68.3%] 1649 

  [± 6] 
375 
[± 5] 

Dk-2Bx 
 

0.01 
[2.65] -  

- - >Modern 

Dk-2By 
 

0.60 
[2.65] 206 [± 18] 

1658-1683 [22.3%] 
1743-1750 [5.3%] 

1765-1799 [40.7%] 
1772 
[± 17] 

250  
[± 15] 

Dk-3Bx 0.01 
[3.09] - - - >Modern 

Dk-3Bi 0.15 
 [3.09] 193 [± 10] 

1665-1676 [19.1%] 
1743-1751 [11.2%] 
1765-1784 [33.1%] 
1794-1797 [4.9%] 

1774 
[± 9] 

250  
[± 10] 

Dk-3By 0.35 
[3.09] 590 [± 18] 1324-1355 [60.2%] 

1387-1405 [8.1%] 
1649 
[± 15] 

685  
[± 15 ] 

Dk-3Sx 0.01 
[1.40] 11 [± 10] 

 
1897-1903 [68.3%] 

 

1900 
[± 3] 

125  
[± 5] 

1 Depth in the wood from the sampling point. 
2 Height above ground level. 
 

Dating results of sample segments. The baobab of Dalkut does not 
have fractured stems, deep entrances in the trunk, open false or normal 
cavities, nor an open or closed ring-shaped structure, to allow for the 
collection of very old samples, close to the age of the tree. 

In such cases, we consider it is possible to investigate and date primary 
branches which are comparable in age to that of the stem from which they 
emerged. Thus, 3 samples, noted with the capital letter B, were extracted from 
3 primary branches where each originates from one of the 3 stems. 

The oldest sample segment was extracted from a primary branch 
which originates from the southern stem 3. Sample Dk-3B was collected at 
the height of 3.09 m above the ground and had a length of 0.35 m (Figure 3). 
The deepest segment Dk-3By, which represents the sample end, has a 
radiocarbon date of 590 ± 18 BP, which corresponds to a calibrated age of 
685 ± 15 yr. At sampling height, the diameter of the primary branch (in 
sampling direction) is 0.95 m. The age of the oldest part of this primary 
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branch can be calculated by extrapolating the position and age of the oldest 
sample segment, Dk-3By, to the theoretical point of maximum age of the 
branch; this corresponds to its center at sampling height, which is positioned 
at 0.475 m from the sampling point. Based on our previous research on growth 
rates of baobabs, we consider that this branch and also its corresponding 
stem 3 are 800 ± 30 yr old. 
 The intermediary segment Dk-3Bi, which originates from a distance 
of 0.15 m from the sampling point, has a radiocarbon date of 193 ± 10 BP, 
which corresponds to a calibrated age of 250 ± 10 yr. 
 The sample Dk-1B was extracted from a primary branch of the 
northern stem 1. It was collected at the height of 2.50 m above the ground 
and had a length of 0.34 m. The deepest and oldest segment Dk-1By, which 
represents the sample end, has a radiocarbon date of 259 ± 10 BP, which 
corresponds to a calibrated age of 375 ± 5 yr. At sampling height, the diameter 
of this primary branch (in sampling direction) is 1.04 m. Thus, the theoretical 
center of the branch at sampling height is located at 0.52 m from the sampling 
point. These results indicate that the branch and its corresponding stem 1 
are 550 ± 30 yr old. 

The sample Dk-2B originates from a primary branch of the northern 
stem 2. It was collected at the height of 2.65 m above the ground and had a 
length of 0.24 m. The deepest and oldest segment Dk-2By, which represents 
the sample end, has a radiocarbon date of 206 ± 18 BP, which translates to 
a calibrated age of 250 ± 15 yr. At sampling height, the diameter of this primary 
branch (in sampling direction) is 1.02 m. Consequently, the theoretical center 
of the branch at sampling height is located at 0.51 m from the sampling point. 
The results indicate that the branch and its corresponding stem 2 are also 
550 ± 30 yr old. 
 For the nearest segments of the 3 samples (adjacent to the bark), 
namely Dk-1Bx, Dk-2Bx and Dk-3Bx, the age falls after the year 1950 CE, 
i.e. the 14C activity, expressed by the ratio 14C/12C, is greater than the standard 
activity in the reference year 1950. Such values, which correspond to negative 
radiocarbon dates, are termed greater than Modern (>Modern). In such cases, 
the dated wood is young, being formed after 1950 CE. These results show 
that there are no arguments to claim that the 3 dated primary branches would 
have stopped their growth. 
 Eventually, we extracted one sample directly from the largest stem 3. 
The sample Dk-3S was collected at the height of 1.40 m and had a length of 
only 0.16 m. The sample was too short to provide interesting information 
about the age of this stem. That is why we dated only the nearest segment 
Dk-3Sx. It has a radiocarbon date of 11 ± 10 BP, which corresponds to a 
calibrated age of 125 ± 5 yr. According to this result, the largest stem 3 stopped 
growing 125 years ago. 
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Figure 3. Collecting the oldest sample Dk-3B. 

  
Age of the baobab of Dalkut. The dating result of segment Dk-3By 

indicates that the maximum age of the southern part of the baobab of Dalkut, 
that consists only of stem 3, is 800 ± 30 calendar yr, i.e., 770 – 830 yr. The 
results of segments Dk-1By and Dk-2By show that stems 1 and 2, which form 
the northern part of the baobab are both 550 ± 30 calendar yr, i.e., 520 – 580 
yr old. It can be stated that the baobab of Dalkut started growing around the 
year 1225 CE. 
 
 
CONCLUSIONS 
 

The research presents the AMS radiocarbon dating results of the 
baobab of Dalkut from the Dhofar Governorate, Oman. Even if it is neither the 
biggest nor the oldest baobab in Oman, the baobab of Dalkut is likely the 
best known. It exhibits a cluster structure and is composed of 3 fused stems. 
Three wood samples were collected from primary branches, while one 
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sample was extracted from the outer part of a stem. The oldest dated sample 
has a radiocarbon date of 590 ± 18 BP, corresponding to a calibrated age of 
685 ± 15 years. This value indicates that the single-stemmed southern part 
of the baobab is 800 ± 30 years old. On the other hand, the results show that 
the double-stemmed northern part of the baobab is younger and emerged 
from the southern stem 550 ± 30 years ago. In addition, the results indicate 
that the southern stem stopped growing 125 years ago, while the two northern 
stems, as well as all primary branches, continue to grow. 

The baobab of Dalkut is a solitary African baobab. The nearest baobab 
is over 150 km to the north in Wadi Hinna. We consider that the baobab of 
Dalkut was planted by an African traveler passing through the area 800 years 
ago, around the year 1225. This classifies the baobabs of the Arabian Peninsula 
as archaeophytes. 

The current condition of the baobab is not good. Many branches are 
partially or totally broken. We also observed that this tree was periodically 
infested with mealybugs (Pseudococcidae), which may be negatively affecting 
its growth. The bark is heavily damaged and missing in some parts. Therefore, 
we speculate that the baobab of Dalkut could be close to the end of its life 
cycle. 

 
 

EXPERIMENTAL SECTION  
 

Sample collection. The investigated wood samples were collected 
with a Haglöf CH 800 increment borer (0.80 m long, 0.0108 m inner diametre). 
After each coring, the increment borer was cleaned and disinfected with 
methyl alcohol. The small coring holes were sealed with Steriseal (Efekto), a 
special polymer sealing product which prevents any infection of the trees. 
Several tiny segments of the length of 10-3 m were extracted from the collected 
samples. The segments were processed and investigated by AMS radiocarbon 
dating. 

 
Sample preparation. The α-cellulose pretreatment method was used 

for removing soluble and mobile organic components. The resulting samples 
were combusted to CO2 with MnO2 as oxidant in a modified sealed combustion 
tube. The gaseous CO2 was analyzed by 14C AMS [29-31]. 

 
AMS measurements. The AMS radiocarbon measurements were 

performed at the Ede Hertelendi Laboratory of Environmental Studies 
(HEKAL), Debrecen, Hungary, by an EnvironMICADAS, which is a coupled 
AMS mini carbon dating system (200 kV power system) with enhanced gas 
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ion source (GIS). The GIS allows measurements directly from gaseous CO2. 
The EnvironMICADAS was developed and built by ETH Laboratory, Zürich, 
Switzerland, especially for Environmental studies [30,32]. 

The obtained fraction modern values were finally converted to a 
conventional radiocarbon date. The radiocarbon date values are corrected 
with the value -25‰ for δ13C isotopic fractionation. The radiocarbon dates 
and errors were rounded to the nearest year. 

 
Calibration. Radiocarbon dates were calibrated and converted into 

calendar ages with the OxCal v4.4 for Windows [33], by using the IntCal20 
atmospheric data set [34]. 
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WEAK INTERACTIONS BETWEEN HYDRACIDS / BINARY 
ACIDS: SOME CONSIDERATIONS FROM A DFT ANALYSIS 

 
 

Luana RADUa, Alexandru LUPANa, Maria LEHENEa,  
Radu SILAGHI-DUMITRESCUa* 

 
 

ABSTRACT. Non-covalent interactions involving element-hydrogen contacts 
are a central part in supramolecular chemistry and play essential roles in 
biomolecular structure. Reported here is a systematic computational analysis 
of such interactions within XHn---YHm dimers, where X and Y are C, Si, N, 
P, O, S, F and Cl, respectively. Two functionals are employed – the widely 
used BP86 and the M06-2X functional especially designed for describing 
noncovalent interactions. The interaction energies are found to be correlated 
with charge separation to a degree of 80%, suggesting that these noncovalent 
interactions can be reasonably explained/predicted by their electrostatic 
component. Energy decomposition analyses on the other hand suggest that 
correlation effects are the underlying root of the interaction. The rarely 
discussed intermolecular vibrations are also analyzed and noted to sometimes 
intercede in the typical observation windows for molecular spectroscopy. 
Moreover, in some cases notable effects of the non-covalent interactions are 
noted upon internal vibrations of the partners. 
 
Keywords: hydracid, binary acid, noncovalent, DFT, supramolecular 

 
 
INTRODUCTION 

 
Non-covalent interactions involving element-hydrogen contacts are a 

central part in supramolecular chemistry and play essential roles in 
biomolecular structure. Their accurate computational description has been 
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described extensively, with the importance of very high-level / accurate 
methods often highlighted.1–4 We have, on the other hand, shown elsewhere 
that accurate description of larger, real-life systems whose geometry is based 
dominantly on hydrogen bonds or on other non-covalent interactions is still 
elusive despite overconfident statements to the contrary.5–14 
 Chemical Reviews was among the first review journals to recognize 
the significance of non-covalent interactions and published the first thematic 
issue on the subject in 1988. Similar reviews followed in 1994, 2000 and 
2016.15 
 A series of dimers analyzed in this paper have been also studied in 
literature, such as: H2O•••NH3, HF•••CH4, H2O•••CH4, HF•••HCl, H2O•••H2O, 
H2O•••HF, HCl•••H2O, etc. The dimers of H2O and HF are among the most 
studied systems for hydrogen bonding. The investigation of the H2O•••HF 
dimer dates back to 1969 when Kollman and Allen performed the first 
semiempirical and later ab initio studies of this dimer. The existence of this 
dimer was confirmed by microwave spectroscopy in 1975. The energies and 
frequencies of the H2O•••HF dimer have been calculated with CCSD(T) and 
MP2 methods, and the results from this level of theory provide dissociation 
energies and frequencies appropriate to experimental values.16 
 The heterogenous dimer, HF•••HCl was first characterized in 1977, 
but the only configuration detected was ClH•••FH in the microwave spectra 
of the molecular beam electric resonance experiments. Several years later, 
Fraser and Pine observed the FH•••ClH configuration in the microwave and 
infrared (IR) spectra of molecular beams created by expanding a mixture of 
HCl and HF in helium. Following the characterization (through full geometry 
optimizations and vibrational frequency analyses) of this system it was 
concluded that there is an electronic preference of HF to donate and of HCl 
to accept a hydrogen bond in this dimer.16 

Reported here is a systematic computational analysis of the non-
covalent interactions within HnX---HnY dimers, where n=1-4 and X and Y are 
C, Si, N, P, O, S, F and Cl, respectively. Two functionals are employed – the 
widely used BP86 and the M06-2X functional especially designed for 
describing noncovalent interactions.2 
 
 
RESULTS AND DISCUSSION 

 
DFT calculations were performed with two functionals, M06-2X and 

BP86, to explore the order of magnitude of the dependence of the results on 
methodology. The M06-2X functional was designed specifically for the study 
of non-covalent interactions, and thus parametrized to take into account long-
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range dispersions. To this extent, at least in its initial report, corrections now 
common for other functionals (such as Grimme’s dispersion) were deemed 
superfluous for M06-2X.1,2,17,18 Its performance on describing structures that 
rely primarily on supramolecular interactions has previously been shown to 
be distinctly better than that of other methods.11,12 The BP86 functional was 
chosen as an example of functional in general use, with the observation that 
the M06-2X functional in known to far outperforms BP86 and other classical 
functionals in describing weak interactions; however, in most cases of 
practical interest classical functionals are still the choice – as M06-2X fails 
dramatically in, e.g., describing spin states and geometries at transition metal 
systems.8–13,19–27 In this context, the BP86 data may be taken as illustrating 
the degree to which DFT functionals can deviate from the optimum results – 
while the M06-2X data would be (one of) the optimal functional(s) to employ 
for the task (of examining systems whose geometry relies entirely on non-
covalent interactions). Tables 1 and 2 show the key geometrical parameter 
in the dimers examined here – i.e. the intermolecular H---X contact, alongside 
the binding energy between the two monomers. In order to evaluate the 
computed H---X distance (D), the Tables also shows the sums of van der 
Waals radii for the respective H---X pair; an attractive interaction should 
entail a value of D lower than this sum. To offer a measure of the significance 
of the difference between the DFT-calculated distance D, and the sum of van 
der Waals radii, also listed in the Tables is a value R defined as the average 
between the sum of the van der Waals radii and the sum of the covalent radii 
of the respective atoms. In the ensuing discussion, unless otherwise specified, 
the M06-2X data are interpreted.  

With few exceptions, the distances between atoms that are involved 
in non-covalent interactions increase as a larger molecule is involved in the 
system and if the number of hydrogen atoms in the molecule increases. The 
average distances (obtained by calculating the arithmetic mean of all interactions 
of the same type from different systems) for each type of interaction are:  
H---Cl 3.10 Å, H---F 2.39 Å, H---O 2.16 Å, H---S 2.77 Å, H---N 2.25 Å, H---P 
3.05 Å, H---C 2.87 Å, H---Si 3.30 Å. The smallest distances (D) identified for 
each type of interaction are: H---Cl 2.45 Å, H---F 1.82 Å, H---O 1.75 Å, H---S 
2.4 Å, H---N 1.67 Å, H---P 2.49 Å, H---C 2.38 Å, H---Si 2.58 Å. The largest 
distances identified for each type of interaction are: H---Cl 3.33 Å, H---F 2.91 Å, 
H---O 3.29 Å, H---S 3.04 Å, H---N 3.04 Å, H---P 3.64 Å, H---C 3.33 Å, H---Si 
3.66 Å. 

Thus, it is observed that the stronger interactions generally settle at 
values around 2.5 Å; however, there are non-covalent interactions even at 
distances of about 1.75 Å, while the weaker interactions settle at 3.04 Å, 3.33 Å, 
3.66 Å, i.e. at distances greater than 3 Å. Compared to R (R representing the 
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average between the sum of the van der Waals radii and the sum of the covalent 
radii of the atoms involved in a non-covalent interaction), the closest and most 
distant interactions are established at the following distances for each type of 
interaction: H- --Cl 0.3 Å, respectively 1.18 Å, H---F 0.05 Å, respectively 1.04 Å, 
H---O 0.04 Å, respectively 1.38 Å, H--- S 0.21 Å and 1.02 Å respectively, H---N 
0.05 Å and 1.11 Å respectively, H---P 0.28 Å and 1.43 Å respectively, H---C 
0.38 Å and 1.33 Å, H---Si 0.47 Å and 1.08 Å, respectively. Compared to the 
calculated average distances, the closest and the farthest interactions are set 
at the following distances for each type of interaction: H---Cl 0.23 Å and 0.65 Å, 
respectively, H---F 0.51 Å, respectively 0.57 Å, H---O 0.41 Å, respectively 
1.12 Å, H---S 0.37 Å, respectively 0.43 Å, H---N 0.57 Å, respectively 0.79 Å, 
H---P 0.55 Å respectively 0.59 Å, H---C 0.46 Å respectively 0.49 Å, H---Si 
0.25 Å respectively 0 .35 Å. Marked in Tables 1 and 2 in italics are the instances 
where the predicted intermolecular contacts are larger than the sums of van 
der Waals radii: ClH---ClH, OH2--- SiH4, SH2---ClH, SH2--- SiH4, PH3---ClH, 
PH3---FH, PH3---SH2, PH3--- PH3, PH3---CH4, PH3---SiH4, NH3---ClH, NH3---PH3, 
NH3---SiH4, CH4---ClH, CH4---FH, CH4---PH3, CH4---CH4, CH4--- SiH4, SiH4---ClH, 
SiH4---FH, SiH4---OH2, SiH4---SH2, SiH4---NH3, SiH4---PH3, and SiH4---CH4. 
This list thus includes 11 of the Si models (~70% of the total of 15 Si models), 
9 of the P models, 4 of the S models, and 3 of the Cl models. There is thus a 
clear trend for heavier and softer elements to not engage in well-defined 
intermolecular element-hydrogen interactions – and this is especially true for Si 
and P. In the case of Si, this expectedly involves the Si in SiH4 as an acceptor 
(due to sterical constraints by the tetrahedral coordination geometry at Si), but 
also the protons in SiH4. Also marked in Tables 1 and 2 are the cases where D 
is smaller than R – i.e. cases where the intermolecular distance would be closer 
to the sum of covalent radii than to the sum of van der Waals radii. These 
particularly strong interactions involve the pairs ClH---OH2, ClH---NH3, FH---FH, 
FH---OH2, FH---NH3, OH2---ClH, OH2---FH, and NH3---FH –dominantly involving 
the two most electronegative elements of the set examined here – fluorine (5 out 
of 8 pairs on the list) and oxygen (4) , followed closely by their neighbors nitrogen 
and chlorine (3 instances each). 

For the H---Cl the interaction energy is in most systems ~0.6 kcal/mol, 
with values ranging from 0.4 kcal/mol for the HCl dimer HCl to 2.5 kcal/mol 
for the HF/HCl pair. For the H---F interaction, the values range from 5.7 kcal/mol 
in the HF dimer to 0.6 kcal/mol in the pairs with CH4 and PH3. For H---O, the 
energies range from 9.4 kcal/mol in the H2O/HF pair, to 1.4 kcal/mol in the 
HF/SiH4 pair. For the H---S interaction, the values range from 4.4 kcal/mol 
for the H2S/HF pair to 0.6 kcal/mol with PH3. For the H---N interactions, 
energies range from 13.2 kcal/mol in the NH3 pairs with HCl or HF, to 0.6 
kcal/mol in the pairs with PH3, CH4 and SiH4. For the H---P interaction, the 
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lowest energy is found in the PH3/CH4 pair with 0.2 kcal/mol, while the strongest 
interaction is in the PH3/HF pair, with 4.4 kcal/mol. The H---C interaction is a 
weak one regardless of the system components, ranging from 0.5 kcal/mol 
in the methane dimer to 1.3 in the CH4/HF pair. The H---Si interaction is also 
of weak intensity, ranging from 0.6 kcal/mol (in the SiH4 pairs with HF or CH4) 
to 2.5 kcal /mol in the water/SiH4 pair. 

 
 

Table 1. H---X intermolecular distances (D, Å), sums of van der Waals radii (vdW, Å), 
average between vdW and the sums of covalent radii (R, Å) and interaction energies 

(kcal/mol) for XHn---YHm systems with X = Cl, F, O, S. BP86 data are shown  
in grey. Italics: D>vdW; bold: D<R. 

 

dimer contact R vdW D ΔE D ΔE 
ClH---ClH H---Cl 2.15 2.95 3.27 0.41 4.8 0.15 
ClH---FH H---F 1.87 2.67 1.97 3.8 1.9 3.61 
ClH---OH2 H---O 1.91 2.72 1.85 7.28 1.75 7.83 
ClH---SH2 H---S 2.19 3.00 2.50 3.55 2.34 3.93 
ClH---NH3 H---N 1.93 2.75 1.67 11.71 1.62 13.25 
ClH---PH3 H---P 2.21 3.00 2.58 3.51 2.42 3.66 
ClH---CH4 H---C 2.00 2.90 2.52 1.11 2.63 0.20 
ClH---SiH4 H---Si 2.58 3.30 3.12 0.71 9.27 0.00 
FH---ClH H---Cl 2.15 2.95 2.45 2.51 2.45 1.88 
FH---FH H---F 1.87 2.67 1.82 5.65 1.81 5.02 
FH---OH2 H---O 1.91 2.72 1.75 9.41 1.74 8.79 
FH---SH2 H---S 2.19 3.00 2.40 4.39 2.35 4.39 
FH---NH3 H---N 1.93 2.75 1.75 13.18 1.73 13.18 
FH---PH3 H---P 2.21 3.00 2.49 4.39 2.43 3.77 
FH---CH4 H---C 2.00 2.90 2.38 1.26 2.49 0.63 
FH---SiH4 H---Si 2.58 3.30 3.05 0.63 3.23 0.63 
OH2---ClH H---O 1.91 2.72 1.85 7.53 1.75 7.53 
OH2---FH H---O 1.91 2.72 1.76 9.41 2.01 2.51 
OH2---OH2 H---O 1.91 2.72 1.95 6.28 1.94 5.02 
OH2---SH2 H---S 2.19 3.00 2.61 3.14 2.60 2.51 
OH2---NH3 H---N 1.93 2.75 1.98 7.53 1.94 6.90 
OH2---PH3 H---P 2.21 3.00 2.71 2.51 2.73 1.88 
OH2---CH4 H---C 2.00 2.90 2.56 0.63 2.90 0.00 
OH2---SiH4 H---Si 2.58 3.30 3.54 2.51 4.73 0.00 
SH2---ClH H---Cl 2.15 2.95 3.06 0.63 2.87 0.63 
SH2---FH H---F 1.87 2.67 2.19 1.88 2.19 1.26 
SH2---OH2 H---O 1.91 2.72 2.11 3.77 2.04 3.14 
SH2---SH2 H---S 2.19 3.00 2.86 1.88 2.73 1.26 
SH2---NH3 H---N 1.93 2.75 2.12 5.02 1.99 5.65 
SH2---PH3 H---P 2.21 3.00 2.92 1.88 2.84 1.26 
SH2---CH4 H---C 2.00 2.90 2.76 0.63 5.42 0.00 
SH2---SiH4 H---Si 2.58 3.30 3.66 1.26 6.73 0.00 
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Table 2. H---X intermolecular distances (D, Å), sums of van der Waals radii (vdW, Å), 
average between vdW and the sums of covalent radii (R, Å) and interaction energies 

(kcal/mol) for XHn---YHm systems with X = P, N, C, Si. BP86 data are shown  
in grey. Italics: D>vdW; bold: D<R. 

 

dimer contact R vdW D ΔE D ΔE 
PH3---ClH H---Cl 2.15 2.95 3.21 0.63 5.65 0.00 
PH3---FH H---F 1.87 2.67 2.77 0.63 2.43 3.77 
PH3---OH2 H---O 1.91 2.72 2.44 1.26 2.52 0.63 
PH3---SH2 H---S 2.19 3.00 3.21 0.63 5.4 0.00 
PH3---NH3 H---N 1.93 2.75 2.52 1.26 2.44 1.26 
PH3---PH3 H---P 2.21 3.00 3.61 1.26 3.69 0.00 
PH3---CH4 H---C 2.00 2.90 3.23 0.63 6.08 0.00 
PH3---SiH4 H---P 2.21 3.00 3.26 1.26 8.05 0.00 
NH3---ClH H---Cl 2.15 2.15 3.10 0.63 1.62 13.18 
NH3---FH H---N 1.93 2.75 1.75 13.18 1.73 13.18 
NH3---OH2 H---N 1.93 2.75 1.98 7.53 2.18 2.51 
NH3---SH2 H---N 1.93 2.75 2.12 5.02 1.99 5.65 
NH3---NH3 H---N 1.93 2.75 2.21 3.77 2.19 3.14 
NH3---PH3 H---N 1.93 2.75 3.04 0.63 3.07 2.51 
NH3---CH4 H---N 1.93 2.75 2.60 0.63 5.25 0.00 
NH3---SiH4 H---Si 2.58 2.58 3.35 1.26 13.38 0.00 
CH4---ClH H---Cl 2.15 2.95 3.31 0.63 5.85 0.00 
CH4---FH H---F 1.87 2.67 2.69 0.63 3.90 0.00 
CH4---OH2 H---O 1.91 2.72 2.46 0.63 2.74 0.00 
CH4---SH2 - - - -  5.88 0.63 
CH4---NH3 H---N 1.93 2.75 2.57 0.63 2.66 0.63 
CH4---PH3 H---P 2.21 3.00 3.64 0.23 5.80 0.01 
CH4---CH4 H---C 2.00 2.90 3.30 0.49 5.68 0.38 
CH4---SiH4 H---Si 2.58 3.30 3.23 0.63 7.30 0.00 
SiH4---ClH H---Cl 2.15 2.95 3.33 0.21 6.27 0.00 
SiH4---FH H---F 1.87 2.67 2.91 1.26 4.03 0.00 
SiH4---OH2 H---O 1.91 2.72 3.29 0.00 4.08 0.00 
SiH4---SH2 H---S 2.19 3.00 3.06 1.26 6.37 0.00 
SiH4---NH3 H---N 1.93 2.75 2.92 3.14 11.51 0.00 
SiH4---PH3 H---P 2.21 3.00 3.18 1.26 6.70 0.00 
SiH4---CH4 H---C 2.00 2.90 3.33 0.63 6.65 0.00 
SiH4---SiH4 H---Si 2.58 3.30 3.17 1.26 7.11 0.00 

 

 

In the following, the results obtained with the BP86 functional will be 
briefly discussed, specifying that the assemblies in which the intermolecular 
distance is greater than 5 Å have been excluded from the discussion. The average 
distances (obtained by calculating the arithmetic mean of all interactions of the 
same type from different systems) for each type of interaction are: H---Cl 
3.37 Å, H---F 2.64 Å, H---O 2.30 Å, H---S 2.505 Å, H---N 1.99 Å, H---P 2.80 Å, 
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H---C 2.67 Å, H---Si 3, 98 Å. Compared to the calculated average distances, 
the closest and most distant interactions are found at the following distances 
for each type of interaction: H---Cl 0.50 Å, respectively 1.43 Å, H---F 0.45 Å, 
respectively 1.39 Å, H---O 0.12 Å, respectively 1.78 Å, H---S 0.10 Å, 
respectively 0.23 Å, H---N 0 Å, respectively 0 .67 Å, H---P 0.07 Å and 0.89 Å 
respectively, H---C 0.04 Å and 0.23 Å respectively, H---Si 0.75 Å. Relative to 
R, the closest and most distant interactions are found at the following 
distances for each type of interaction: H---Cl 0.30 Å and 2.65 Å respectively, 
H---F 0.03 Å, respectively 2.03 Å, H---O 0.03 Å respectively 2.17 Å, H---S 
0.15 Å respectively 0.54 Å, H---N 0.01 Å respectively 0 .73 Å, H---P 0.21 Å, 
respectively 1.48 Å, H---C 0.49 Å, respectively 0.9 Å, H---Si 0.65 Å, respectively 
2.15 Å. The smallest distances identified for each type of interaction are: H---Cl 
2.45 Å, H---F 1.81 Å, H---O 1.74 Å, H---S 2.34 Å, H---N 1.62 Å, H---P 2.42 Å, 
H---C 2.49 Å, H---Si 3.23 Å. The BP86 functional often fails to give ΔE of the 
order of kcal/mol, in many cases ΔE being approximated to 0 kcal/mol. 
Overall, we find that in general the BP86 functional leads to energy differences 
ΔE that are smaller than those obtained using the M06-2X functional. Regarding 
the distances between the atoms involved in the non-covalent interaction, there 
are significant differences between the results obtained with the two functionals, 
especially in the case of systems containing larger molecules. If one averages 
all the distances obtained with the two functionals, a value of 2.68 Å is obtained 
for the M06-2X functional and an average of 3.94 Å for the BP86 functional. In 
the case of energies, an average of 2.9 kcal/mol is obtained for the M06-2X 
functional, and 2.5 kcal/mol for the BP86 functional. Even if the difference 
between these averages does not seem large at first glance, upon closer 
analysis we find that in fact the higher values obtained compensate for those 
approximated by 0. As a general note, the very small values seen even with 
M06-2X should be interpreted with caution – especially when below 2 kcal/mol. 
While the trends are expected to be correctly reproduced, the exact values 
may still be in error and in principle even improved by more accurate post-HF 
approaches and/or further corrections (e.g., counterpoise, dispersion). 

Figure 1 illustrates the correlations between the Mulliken partial atomic 
charges on the two units – which are an indication of the degree of polarity 
of the interaction - and the binding energies, at R2~0.7. Better correlations are 
seen in the pairs with stronger overall interactions and with more linear X-H---Y 
geometries (e.g., 0.97 for ClH---YHm in Figure 2). These numbers illustrate the 
predominantly/majorly electrostatic nature of the non-covalent intermolecular 
interactions examined here, in line with considerations consistently made 
about hydrogen bonds in general, but not only.5,6 
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Figure 1. Correlation between the binding energies (ΔE) and Mulliken atomic 

charges, from M06-2X (left) and BP86 (right) calculations. 
 
 

   

  
Figure 2. Correlations between the binding energies (ΔE) and Mulliken charges, 

from M06-2X (left) and BP86 (right) calculations for the ClH-YHm (top) and  
OH2---YHm (bottom) sets of models. 
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The vibration frequencies for all models have been compared with the 
frequencies seen in the molecule whose hydrogen was involved in the 
interaction in the initial geometry. A large number of intermolecular vibrations 
may be noted; this is expected to impact the total energy of the system. Most 
of these frequencies occur in regions rarely explorable experimentally for large 
molecules of practical interest (i.e., below 400 cm-1 – although this is somewhat 
of a circular comment since such vibrations from the solvent/ medium will be 
those responsible for the experimental limitations). However, larger values are 
seen for the models where the proton donors in the XHn---YHm dimers are NH3, 
FH or ClH (up to~1000 cm-1), OH2 (up to ~800 cm-1), SH2 and PH3 (up to ~5-
600 cm-1). It is expected that such frequencies should be observable not only 
in such dimeric mixtures as analyzed here, but also in more complex 
environments, including ones where the element-hydrogen bonds examined 
here are in fact parts of more complex molecular structures (indeed, while most 
of the larger frequencies involve the strong acids HF and HCl which would be 
dissociated in water, several of them also only involve only water, hydrogen 
sulfide and ammonia – which may be taken as prototypes of hydroxyl, amino 
and sulfhydryl groups, respectively). Such intermolecular vibrations are 
inherently ignored in most rationalizations of vibrational spectra when (as 
usually is the case) monomolecular models are employed. 

Also of practical interest, we may note that the inherent vibrations of 
the hydrogen-donating molecule shift upon interaction with the various 
partners by a various degrees: up to 10 cm-1 in CH4 but with a few exceptions 
of up to 200 cm-1 at high frequencies, similarly in SiH4 (but with exceptions 
only going up to ~20 cm-1), NH3 (one exception of ~70 cm-1 at ~1100 cm-1), 
and PH3 (exceptions of up to ~40 cm-1). For OH2, distinct effects are seen, of 
40 and 130 cm-1 for two of the total of three bands ion the spectrum; SH2 
behaves somewhat similarly, although with smaller effects than seen in OH2. 
For FH and ClH, the effects are even larger (600 and 900 cm-1, respectively). 
Overall, the strength of the intermolecular effects on the vibrational spectrum 
is thus (expectedly) seen to increase with the strength of the intermolecular 
interaction and to be more efficient in systems with well-aligned Hn-1X-H---YHm 
units (especially those involving diatomics, and more efficiently for lower values 
of n and m).  

The importance of solvation is well recognized in predicting molecular 
structures and properties, including spectra.28–30 However, in most cases 
implicit solvation models are employed, or, more rarely, relatively small explicit 
models. The results shown here may suggest that explicit solvation may be 
essential for describing spectroscopic properties in cases where stronger 
and directionally well-defined supramolecular interactions occur. 
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On a methodological note, when comparing the M06-2X functional to 
BP86, a decrease in vibration frequency values by 3-5% is observed. The 
largest discrepancy occurs in the case of the SiH4 molecule, 6.5%, and the 
smallest in the case of the water molecule, 0.8%. 

Further on methodological aspects, Tables 3 and 4 illustrate 
representative data from energy decomposition analyses on two extreme cases 
from our set of dimers – CH4---CH4 and HF---HF from M06-2X calculations (with 
similar data available for BP86 calculations). The electrostatic component of the 
interaction energy in Tables 3 and 4 is in fact seen to be almost identical 
between the methane dimer vs. the HF dimer – despite the fact that the total 
interaction energy is stronger by ~5 kcal/mol in the HF case (and essentially 
zero in the methane case). The above-discussed data on Mulliken charges 
does convincingly show correlations between the interaction energies and the 
magnitude of charge separation. Interestingly, Tables 3 and 4 suggest this to 
be mere correlation and not causation. Instead, a notable part of the ~5 kcal/mol 
interaction energy within the HF dimer appears to originate from the difference 
between the sterical and the quantum effects. These two terms in turn  
are derived from quantities enumerated in the upper rows of Tables 3 and 4.  
 
 

Table 3. Extended Transition State - Natural Orbitals for Chemical Valence  
(ETS-NOCV) analysis and Shubin Liu’s energy decomposition analysis (EDA-SBL) 

for the CH4---CH4 structure optimized with M06-2X. 
 

Type of Energy Energy (Hartree) Energy 
(kcal/mol) 

ETS-NOCV energy decomposition terms 
Full 

structure 
CH4—CH4 

Fragment 
1 

CH4 

Fragment 
2 

CH4 
ΔE 

Electronic kinetic energy (ET) 80.639 40.321 40.317 -0.137 
Weizsacker kinetic energy (TW) 65.539 32.780 32.780 -13.368 
Interelectronic Coulomb repulsion energy (EJ) 77.694 32.852 32.842 7530.332 
Internuclear Coulomb repulsion energy (ENuc) 39.045 13.526 13.516 7531.834 
Nuclear-electronic Coulomb attraction energy (EV) -264.602 -120.311 -120.288 -15061.920 
Energy without electronic correlation 
(ET+EV+EJ+ENuc) -67.224 -33.612 -33.613 0.109 

Exchange correlation energy (Ex) -13.065 -6.533 -6.532 0.315 
Coulomb correlation energy (Ec) -0.776 -0.388 -0.388 -0.312 
Pauli kinetic energy (ET-TW) 15.100 7.542 7.537 13.230 
EDA-SBL energy decomposition terms     
E_steric: 65.539 32.780 32.780 -13.368 
E_electrostatic: -147.863 -73.933 -73.930 0.246 
E_quantum: 1.259 0.620 0.617 13.233 
E_total: -81.065 -40.533 -40.533 0.111 
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Some of the latter are dependent on the total number of particles in the system, 
but one may note that the correlation effects are essentially zero on the methane 
dimer, but amount to ~70% of the total interaction energy in the HF dimer. The 
intrinsic asymmetry of the monomeric units (HF vs. methane) may in principle 
be a common cause for both the subsequent charge separation and correlation. 
However, confirmation and full exploration of such hypotheses would require a 
systematic analysis of the set of dimers, as opposed to only the two extremes – 
which is within the scope of a subsequent report. 
 
 

Table 4. Extended Transition State - Natural Orbitals for Chemical Valence  
(ETS-NOCV) analysis and Shubin Liu’s energy decomposition analysis (EDA-SBL) 

for the FH---FH structure optimized with M06-2X. 
 

Type of Energy Energy (Hartree) Energy 
(kcal/mol) 

ETS-NOCV energy decomposition terms 
Full 

structure 
FH--FH 

Fragment 1 
FH 

Fragment 2 
FH ΔE 

Electronic kinetic energy (ET) 200.834 100.419 100.419 -2.172 
Weizsacker kinetic energy (TW) 146.106 73.124 73.124 -89.795 
Interelectronic Coulomb repulsion energy (EJ) 131.979 56.050 56.050 12473.902 
Internuclear Coulomb repulsion energy (ENuc) 30.883 5.412 5.412 12587.314 
Nuclear-electronic Coulomb attraction energy (EV) -542.861 -251.462 -251.462 -25060.665 
Energy without electronic correlation 
(ET+EV+EJ+ENuc) -179.165 -89.581 -89.581 -1.621 

Exchange correlation energy (Ex) -20.842 -10.420 -10.420 -1.524 
Coulomb correlation energy (Ec) -0.935 -0.466 -0.466 -1.912 
Pauli kinetic energy (ET-TW) 54.729 27.294 27.294 87.623 
EDA-SBL energy decomposition terms     
E_steric: 146.106 73.124 73.124 -89.795 
E_electrostatic: -379.999 -190.000 -190.000 0.551 
E_quantum: 32.951 16.409 16.409 84.187 
E_total: -200.942 -100.467 -100.467 -5.057 
 
 
 
EXPERIMENTAL SECTION 

 
Dimeric models XHn---YHm, where n,m=1-4 and X and Y are C, Si, N, 

P, O, S, F and Cl, respectively (i.e., involving HF, HCl, H2O, H2S, NH3, PH3, 
CH4 and SiH4), were built using the Spartan31 graphical interface so that there 
would be a linear X---H-Y unit, with the X---H distance slightly below the sum 
of van der Waals radii. Geometries were optimized using the M06-2X and 
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BP86 functionals and the 6-311G(d,p) basis set within the Gaussian software 
package.32 Vibrational spectra were verified so that no negative frequencies 
would be present (i.e., the structures were true energy minima). Solvation 
was not included, as most of the systems examined here would not be viable 
in usual solvents (either because of dissociation, or because of solvation). 
Relative energies (ΔE) listed in Tables 1 and 2 represent the difference 
between the energy of the energy of the XHn---YHm pair and the isolated XHn 
and YHm systems calculated separately; positive values imply an attractive 
interaction. 

For the energy decomposition analysis Multiwfn33 was used. With the 
Extended Transition State - Natural Orbitals for Chemical Valence (ETS-
NOCV) analysis34–36 method, the energy decomposition terms were calculated, 
where the structures was separated in two main fragments. The steric, 
electrostatic, quantum and total energies were calculated with Shubin Liu’s 
energy decomposition (EDA-SBL)37 method. 
 
 
CONCLUSIONS 
 

Reported here is a systematic computational analysis of such 
interactions within XHn---YHm dimers, where X and Y are C, Si, N, P, O, S, F 
and Cl, respectively. The interaction energies are found to be correlated with 
charge separation to a degree of 80%, suggesting that these noncovalent 
interactions can be reasonably explained/predicted by their electrostatic 
component – though energy decomposition analyses exploring the 
phenomenon in more detail appear to indicate a role for correlation effects 
more so than electrostatics. The rarely discussed intermolecular vibrations 
are also analyzed and noted to sometimes intercede in the typical 
observation windows for molecular spectroscopy. Moreover, in some cases 
notable effects of the non-covalent interactions are noted upon internal 
vibrations of the partners. 
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ABSTRACT. Variation of common bean (Phaseolus vulgaris L.) core collection 
was assessed based on the main nutritive and bioactive components. Nutritional 
profile was described for each cultivar and landrace. Protein content was in 
the familiar range for common bean (19.6-31.6%). Detected variability for 
potassium, sulphur, iron and zinc was 7.78, 16.7, 14.99, and 40.17%, respectively. 
Total phenolic content ranged from 1.8 to 14.1 mg GAE /g DW, with high variation 
(CV = 41.3%). Likewise, antioxidant tests DPPH, ABTS and FRAP had high, 
genotype-based, CV in range 29-46%. With the application of PCA and cluster 
analysis, better insight in underlying germplasm structure was acknowledged, 
as well accession’s grouping based on the studied traits. Cultivars Vulkan 
and Panonski tetovac, breeding line HR45, landraces L24, L92, L119, L120, 
and L125 had larger amounts of iron, nitrogen, and proteins. Elevated phenolic 
content was observed in cultivars Balkan and Spinel, as well as landraces 
L19, L29, L41 and L60. In addition, cultivar Royal Dutch was recognized for 
higher levels of zinc, and higher antioxidant capacity revealed by DPPH, ABTS, 
and FRAP assays. Therefore, these tests could be used in the selection of the 
accessions for breeding for nutritive quality enhancing. 
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INTRODUCTION 
 
Due to its high nutritional value, common bean (Phaseolus vulgaris L.) 

is one of the most valuable legumes for human consumption worldwide. Moreover, 
it is recognized as a very diverse crop in terms of different types of cultivation 
methods, phenotypic and genotypic variability, as well as a wide range of 
environments to which it is adapted [1]. All these traits have established this 
species as a significant component in the traditional diet and life of many 
nations, keeping in mind that it is usually the only source of proteins and other 
nutrients in developing countries and people living in rural and marginal areas. 
It is also getting higher in demand as a source of vegetable proteins in the 
nutrition of urban population due to the rise in the adoption of flexitarian, vegetarian 
and vegan diets [2].  

The species Phaseolus vulgaris is also recognized for the existence 
of Mesoamerican and Andean gene pools which derived from two independent 
domestication events in Middle and South America [3]. Accessions belonging 
to these two gene pools distinguish between themselves according to their 
phenotypic, biochemical, nutritional, adaptive and genotypic differences [4,5]. 
A great diversity of the common bean is identified in Europe, mainly as a result 
of beans' evolution under diverse cropping systems, agro-ecological conditions 
and farmer’s preference in term of types of seeds (market classes) and use [6]. 
Genetic collections of the species Phaseolus vulgaris in Serbia are maintained 
within breeding institutes. These collections accommodate the seeds of traditional 
and modern domestic and foreign cultivars, breeding lines and landraces from 
the territory of Serbia and neighbouring countries. These genetic collections 
have been characterized for their phenotypic, agronomic and genotypic variability; 
however, information on nutraceutical value is missing. Nutritional value is an 
important component in breeding, both from the aspect of increasing the content 
of certain nutrients, but also from selection of high yielding genotypes of good 
nutritive and bioactive properties. 

Common bean is rich in proteins, carbohydrates, fibres, vitamins, and 
minerals, as well as a variety of bioactive compounds [7]. Even though common 
beans are considered vegetables due to the high fibre and mineral content, 
it is also a protein crop. Dry seed of the beans contains 20-35% of crude proteins, 
which is more than any other plant-based food. These are high-quality proteins, 
with almost all essential amino acids in higher quantities, except for methionine 
and tryptophan. As for carbohydrates, they make up to 70% of seeds’ dry matter, 
with starch being the major component of complex sugars which degrades 
slowly, making beans low glycaemic index food. Dietary fibres (18-20%) are 
another component of beans’ seed, important for the health of the human 
digestive tract and cardiovascular system. In addition to this, most of the fat 
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found in bean seeds are unsaturated fats, essential for the prevention of coronary 
heart disease, high blood pressure and stroke [8]. Common bean is also recognized 
for high amount of minerals which are required for proper function of human 
body system, including macronutrients (sulphur, potassium, phosphorus, calcium, 
magnesium) and micronutrients (iron, zinc, copper, manganese, iodine). Moreover, 
beans are rich in vitamins, especially B group vitamins (folates), vitamins E 
and K [9].  

Beans are good sources of bioactive compounds with antioxidant 
properties, including plant phenolics, tannins, flavonoids, anthocyanins, among 
others [10]. These phenolic compounds play an important role in antioxidative 
response through free radicals scavenging activity against harmful effect of 
ROS [11]. Moreover, the antioxidative activity of the common bean secondary 
metabolites could protect human cells against damages caused by oxidative 
stress [12]. Other health effects of beans include prevention of diabetes type 2, 
peripheral vascular diseases, hypertension, heart attack and in combat of 
Alzheimer’s, Parkinson’s disease and various type of cancers [13]. Many products 
are developed from common bean, including gluten-free flour, biscuits with 
lower antinutrient contents, high-nutritional bread and other [14]. Therefore, the 
main objective of this study was to assess nutritional value of a selected set 
of common bean accessions comprising Phaseolus vulgaris core collection 
with greatest phenotypic and genetic variation. 
 
 
RESULTS AND DISCUSSION 

 
Variability of common bean accessions based on studied nutritive traits 

was presented in Table 1. For all the studied samples, mean values of protein, 
nitrogen, phosphorus, and sulphur contents were 23.22%, 3.71%, 0.40% and 
0.26%, respectively. Cultivar Balkan had the lowest protein (19.62%) and nitrogen 
(3.14%) content, while the least amount of phosphorus was found among the 
breeding line BAT477 and landrace L9 (0.33%). On the other hand, landrace 
L92 distinguished with the largest amount of proteins (31.61%), nitrogen 
(5.06%) and phosphorus (0.51%) in its seeds. The largest potassium content 
was found among the cultivar Poboljšani gradištanac and landrace L120 (1.33%), 
while for the sulphur it was in landrace L29 (0.47%). On the contrary, breeding 
line BAT477 had the lowest seed amount of both potassium (0.93%) and sulphur 
(0.20%). Iron content ranged from 45.93 mg/kg in cultivar Dobrudžanski 7 to 
104.70 mg/kg in landrace L125, with mean value of 64.18 mg/kg for all studied 
samples. Other genotypes with increased iron content were landrace L24 
(85.63 mg/kg) and breeding line HR45 (83.78 mg/kg). Landrace L120 had 
the largest zinc content (101.60 mg/kg), as opposed to landrace L10 with the 
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smallest value (24.17%). Moreover, cultivars Royal Dutch and Vulkan were 
recognized for elevated zinc content (84.22 mg/kg and 90.02 mg/kg, respectively) 
compared to average found for all the samples (38.16 mg/kg). The highest 
variability was observed for zinc (CV = 40.17%); moderate variation was recorded 
for sulphur (CV = 16.70%) and iron (CV = 14.99%) contents while the lowest 
variability was found for the contents of protein (CV = 10.33%), nitrogen (CV = 
10.33%), phosphorus (CV = 8.49%) and potassium (CV = 7.78%). 

Table 1. Variability of studied nutritive traits in IFVCNS  
common bean core collection 

 Proteins N P K S Fe Zn 

% mg/kg 
Mean 23.22 3.71 0.40 1.12 0.26 64.18 38.16 
SE 0.32 0.05 0.005 0.001 0.001 1.27 2.03 
CV% 10.33 10.33 8.49 7.78 16.70 14.99 40.17 
Range 19.62 3.14 0.33 0.93 0.20 45.93 24.17 
 31.61 5.06 0.51 1.33 0.47 104.70 101.60 

Observed amounts of both nitrogen and protein contents were in the 
variation range recorded for common bean worldwide [14,8]. However, bean 
accessions in our study had slightly more nitrogen and protein contents, with 
greater variability, when compared to the results of Celmeli et al. [15] and de Lima 
et al. [16]. This could be due to the nature of the studied material, conferring 
greatest captured phenotypic and genotypic diversity of larger collection, but 
can also be related to more samples analysed in our study. Plant based 
proteins make up to 65% of the world’s total supply of protein for human 
consumption, of which 45-50% come from legumes and cereals [17]. This 
indicates the importance of investigation of new sources of this type of proteins, 
but also making attempts in increasing protein contents through breeding. Results 
of this research showed that some landraces had more proteins compared 
to commercial cultivars, which makes them valuable components in breeding 
with aforementioned purpose. On the other hand, even though the accessions 
in the core collection were chosen according to their variability, not significant 
differences were observed for phosphorus and potassium contents. Recorded 
values of these two macronutrients were similar to those found in Paredes et 
al. [18]. Obtained results argue that investigated core collection is not a suitable 
source of variability for increasing phosphorus and potassium contents via breeding.  

Iron and zinc contents recorded in this study were in the same range 
as observed in research of Islam et al. [19] and Guzman-Maldonado et al. [20]. 
In addition, the average zinc value corresponded to that found in research of 
1000 common bean genotypes from the CIAT’s common bean collection [21], 
while iron content was even higher. As for newer research, iron and zinc contents 
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were higher compared to the results of Ramirez-Ojeda et al. [22] and de Lima 
et al. [16]. Therefore, results of this study demonstrated great variability and 
accumulation of iron and zinc in evaluated bean germplasm, which, in turn, 
gives the possibility of the selection of cultivars with large quantities of these 
nutrients. It is estimated that 17% of the population worldwide suffer from zinc 
deficiency, while for the iron that number reaches 30%. A large percentage 
of child deaths are associated with zinc insufficiency, while anaemia often 
occurs due to low iron bioavailability, especially in food of plant origin [23]. 
By providing sufficient amounts of these micronutrients into the human diet, 
normal pregnancies may be ensured, as well as adequate child growth and 
development, immune system function and neurobehavioral development [24]. 

The total phenolic content ranged from 1.80 mg GAE/g DW (cultivar 
Biser) to 14.1 mg GAE/g DW (landrace L29), with mean value of 6.46 mg 
GAE/g DW and relatively large variation (CV = 41.3%). The highest amount 
of total tannins content was observed in landrace L48 (5.70 mg GAE/g DW 
and the lowest in landrace L73 (2.70 mg GAE/g DW, with moderate variability, 
CV = 18.6% (Table 3). Carbas et al. [14] observed similar values for total phenolic 
contents, while de Lima et al. [16] found similar total tannin values in bean 
landraces from Brazil. On contrary, Sahaskul et al. [25] recorded smaller 
variation of total phenolic content, (0.72 to 3.12 mg GAE/g DW, in range), in 
the study of more than one legume species (2 Phaseolus, 4 Vigna and one 
Glycine species). Moreover, reported concentrations of these compounds are 
higher in common beans compared to lentils, chickpea, soybeans, which is 
related to the better antioxidant and nutraceutical properties of beans and 
implication on human health [10]. Total phenolic and tannins content, alone or 
in combination with other constituents, are a potential candidate as a selection 
criterion for antioxidant activity in beans. 

Results of seven non-enzymatic antioxidant assays (DPPH, ABTS, FRAP, 
NBT, TAA, TRC, and NO inhibitory), involving the measurement of the ability 
of compound to act as free radical scavengers, and one enzymatic assay LP 
(lipid peroxidation) are represented in Table 2. Landrace L29 was with highest 
DPPH and ABTS values (59.20 and 94.00 µmol TE/g DW, while the highest 
FRAP level was observed in landrace L40 (94.80 µmol TE/g DW. On the contrary, 
cultivar Biser had the lowest values for DPPH, ABTS and FRAP, with 9.60, 
6.80 and 18.00 µmol TE/g DW, respectively. In comparison to the results of 
Carbas et al. [16] twice as high mean DPPH and FRAP values were observed 
in our study, and therefore better antioxidant potential. Good free radical 
scavenging properties with protective roles in cellular oxidative stress caused 
by dietary habits, inflammation, microbial interactions and other were detected 
among investigated common bean germplasm. NBT levels ranged from 0.03 
U/g DW in breeding line BAT 477 to 0.26 U/mg DW in landrace L120, with mean 
value of 0.23 U/mg DW. 
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Table 2. Variability of bioactive compounds in IFVCNS  
common bean core collection 

 TPC 
mg 

GAE 

TTC 
mg 

GAE 

DPPH 
µmol 
TE 

ABTS 
µmol 
TE 

FRAP 
µmol 
TE 

NBT 
U 

TAA 
µmol 
TE 

TRC 
µmol 
TE 

NO 
% 

LP 
nmol 

MDA/ mg 

protein g DW mg DW g DW 
Mean 6.46 4.14 35.27 51.48 51.94 0.23 210.1 113.6 0.02 0.12 
SE 0.4 0.1 1.2 0.4 0.4 0.01 0.4 1.2 0.01 0.01 
CV % 41.3 18.6 29.2 46.1 32.5 13.4 10.9 8.3 12.1 5.2 
Range 1.80 2.70 9.60 6.80 18.00 0.03 262.8 134.8 0.01 0.11 
 14.1 5.70 59.20 94.00 94.80 0.26 144.8 85.2 0.03 0.13 

TPC – total phenolic content, TTC – total tannin content, NBT – nitroblue tetrazolium test, TAA – total 
antioxidant activity, TRC – total redox capacity, NO – nitric oxide test, LP – lipid peroxidation 

 
Total antioxidant activity ranged from 144.8 µmol TE/g DW in cultivar 

Vulkan to 262.8 µmol TE /g DW in cultivar Naya Nayahit, with mean value of 
210.1 µmol TE/g DW and variability of CV = 10.9%. Landrace L18 exhibited 
the lowest total redox capacity (85.2 µmol TE/g DW) compared to landrace 
L5 with the highest value (134.8 µmol TE/g DW). On the contrary, the same 
landrace L5 displayed the lowest potential for nitric oxide inhibition (0.01%), 
while the landrace L120 (0.03%) was distinguished as best for the value of 
this bioactive compound. Nitric oxide acts in plant–microbe interactions, 
responses to abiotic stress, stomatal regulation and a range of developmental 
processes [26]. Additionally, nitric oxide plays an important role in symbiotic 
organisms, particularly between legumes and Sinorhizobium [27]. In beans, NO 
is involved in lipid and photosynthesis recovery under Mn stress conditions, 
it is assumed that NO beneficial effects are attributable to NO/Mn cross-talk [28]. 
According to only enzymatic assay performed in this study, lipid peroxidation 
ranged from 0.11 nmol MDA/mg protein in landrace L121 to 0.13 nmol MDA/mg 
protein in landrace L124, with variability of only CV = 5.2% (Table 3). Low 
variability (CV below 10%) in TRC and LP indicates that differences for these 
parameters among tested genotypes could be obtained only under stress conditions. 

Different nutritional and bioactive profiles were observed between 
groups generated according to the seed coat traits (market classes). In general, 
accessions from the Albus group had the lowest level of radical scavenging 
compounds revealed by ABTS and FRAP assays (36.04 μmol TE/g DW and 
41.36 μmol TE/g DW respectively), but relatively large amounts of zinc (42.12 
mg/kg). On the other hand, Roseus group was recognized for the large levels 
of total phenolics (8.50 mg GAE/g DW), DPPH (39.0 µmol TE/g DW), ABTS 
(83.0 µmol TE/g DW), NBT (0.24 U/g DW) and TRC (124.4 µmol TE/g DW), but 
the smallest amounts of both iron (58.21 mg/kg) and zinc (29.21 mg/kg). The 
least amounts of proteins (21.61%), nitrogen (3.46%) and potassium (1.02%) 
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were found in the Griseus group. Conversely, accessions from Aureus seed 
form displayed largest amounts of nitrogen (4.09%) and proteins (25.59%), 
with elevated levels of sulphur (0.30%) and iron (70.72 mg/kg). Highest amounts 
of iron (83.52 mg/kg) and TAA (242.6 µmol TE/g DW), but lowest amounts 
of zinc (29.22 mg/kg) were observed in the Niger group. Highest value for zinc 
content (45.75 mg/kg), total phenolic content (10.46 mg GAE/g DW), DPPH 
(48.72 µmolTE/ g DW) and FRAP (77.60 µmol TE/g DW) was recorded for Crepito 
accessions (Table 3). Differences between common bean seed forms (market 
classes) in terms of their nutritive value were observed in other studies [29,14]. 
Even though it was suggested that dark-coloured beans have overall better 
antioxidant properties, that was not completely the case in our study. 

 

Table 3. Nutritional and bioactive profile of different bean groups  
generated according to seed coat traits 

 Albus Roseus Versicolor Griseus Aureus Niger Crepito Vinosus Brunneus 

N % 3.71 3.69 3.76 3.46 4.09 3.64 3.66 3.91 3.53 

P % 0.41 0.40 0.40 0.37 0.43 0.39 0.42 0.40 0.40 

K % 1.13 1.13 1.15 1.02 1.18 1.12 1.12 1.12 1.05 

S % 0.26 0.23 0.25 0.23 0.30 0.25 0.34 0.29 0.30 

Fe mg/kg  63.27 58.21 62.13 65.46 70.72 83.52 59.86 60.89 64.28 

Zn mg/kg  42.12 29.21 36.33 33.08 31.42 29.22 45.75 40.06 35.39 

Proteins % 23.17 23.06 23.53 21.61 25.59 22.74 22.90 24.46 22.05 

TPC mg GAE/g DW 5.44 8.50 5.39 7.13 6.64 5.30 10.46 7.30 8.85 

TTC mg GAE/ g DW 4.47 4.25 3.73 4.21 3.72 3.30 3.92 4.30 4.40 

DPPH µmol TE/g DW 32.27 39.0 34.52 36.74 31.92 32.0 48.72 37.60 38.80 

ABTS µmol TE/g DW 36.04 83.0 52.12 61.14 61.52 43.6 78.64 58.8 60.4 

FRAP µmol TE/g DW 41.36 67.6 54.4 55.54 47.20 61.20 77.60 66.40 51.40 

NBT U/mg DW 0.22 0.24 0.23 0.20 0.23 0.23 0.23 0.23 0.23 

TAA µmol TE /g DW 205.5 216.6 207.9 214.6 207.6 242.6 206.9 218.4 222.6 

TRC µmol TE g/DW 112.4 124.4 111.8 115.1 117.2 117.4 111.5 115.4 110.2 

NO % 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

LP nmol MDA/mg 
protein 

0.12 0.13 0.12 0.12 0.12 0.11 0.12 0.12 0.12 

TPC – total phenolic content, TTC – total tannin content, NBT – nitroblue tetrazolium test,  
TAA – total antioxidant activity, TRC – total redox capacity, NO – nitric oxide test,  

LP – lipid peroxidation 
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Principal component analysis reduced the initial number of studied variables 
(traits) from 16 to 6 with eigenvalues (λ) larger than 1, which explained 69.3% 
of variability of the examined dataset, in total (Table 4). First two principal 
components explained 18.46% and 18.09% total variability, respectively, and 
were separated for graphical representation of relationships among studied 
traits and accessions. The first principal component was associated with traits 
such as total phenolics, DPPH, ABST and FRAP. Nitrogen, phosphorus and protein 
content defined second principal component. The third main component was 
related to the total antioxidant activity, sulphur and zinc contents. NBT and LP 
defined forth, while total tannins and iron content defined fifth and sixth principal 
component, respectively. 

Table 4. Principal component analysis of studied common bean core collection: 
eigenvalues, total variance, and cumulative variance 

Principal 
component Eigenvalue Total variance % Cumulative variance % 

1 3.14 18.46 18.46 
2 3.07 18.09 36.55 
3 1.69 9.95 46.51 
4 1.46 8.57 55.08 
5 1.29 7.60 62.69 
6 1.12 6.61 69.29 

Vector projections of studied traits and position of accessions on biplot 
graph enable identification of their relationships according to investigated nutritive 
value. Therefore, positive correlations could be observed between the traits that 
defined first PC (TPC, ABTS, FRAP, DPPH) which were in negative association 
with traits of the second PC (proteins, nitrogen, phosphorus). Majority of accessions 
grouped in the middle of the biplot chart (G1), comprising of 28 landraces, 
one breeding line and six cultivars (Naya Nayahit, Spinel, Alubia, Poboljšani 
gradištanac, Gerle and Harwood). Both nutritive and bioactive compounds levels 
found in these accessions were around the average for the entire core collection. 
Second group (G2) consisted of six cultivars (Žutotrban, Dobrudžanski 7, Balkan, 
Pasuljica P1, Biser, C-20) and one landrace (L12). Main features of these cultivars 
and landrace were the lowest observed values for total phenolics content 
(2.80 mg GAE/g DW), DPPH (14.97 µmol TE/g DW), ABTS (25.14 µmol TE 
(g/DW) and FRAP (24.34 µmol TE/g DW) in average. Two cultivars (Vulkan 
and Panonski tetovac), one breeding line (HR45) and four landraces (L14, L76, 
L119 and L120) comprised third group (G3) and were characterized with 
largest mean content of TRC (120.80 µmol TE/g DW), nitrogen (4.27%), 
phosphorus (0.44%), zinc (52.21 mg kg-1) and protein (26.73%) contents. The 
largest average amount of total phenolics content (11 mg GAE/gDW), DPPH 
(47.00 µmol TE/g DW), ABTS (78.37 µmol TE/g DW) and FRAP (77.93 µmol 
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TE/g DW) were recorded in accessions of the fourth group (G4) that clustered 
around the same vectors on biplot graph. This group included one breeding 
line (BAT 477) and five landraces (L29, L35, L40, L121, and L122). Two accessions 
had separate position, cultivar Royal Dutch which distinguished according to 
higher amounts of DPPH (50 µmol TE/g DW), ABTS (86.4 µmol TE/g DW), 
FRAP (83.2 µmol TE/g DW) and zinc content (84.22 mg/kg) and landrace L92 
with elevated levels of nitrogen (5.06%), phosphorus (0.51%), potassium (1.26%) 
and proteins (31.61%) contents (Fig. 1). 

 
TPC – total phenolic content, TTC – total tannin content, NBT – nitroblue tetrazolium test,  

TAA – total antioxidative activity 

Figure 1. Principal component analysis biplot representing distribution of nutritional  
and biochemical characteristics and common bean accessions  

in the first and second dimension 

Hierarchical cluster analysis based on squared Euclidean distance was 
applied in order to assess the relationships among accessions in more detail 
(Figure 2). The dendrogram divided landraces and cultivars in three main 
clusters (A, B, C), with additional subdivision within the third cluster (C1, C2, C3). 
Cluster A included only two cultivars of Bulgarian origin, Vulkan and Dobrudzanski 7 
and one landrace (L120). These genotypes are recognized for the largest 
amount of zinc content on average (91.95 mg/kg). Four accessions were organized 
within cluster B, one breeding line, HR45, and three landraces (L24, L92 and L125). 
Largest amount of iron (88.36 mg/kg), nitrogen (4.29%) and protein content 
(26.84%) was observed in this group. Accessions comprising cluster C accounted 
for 87.7% of the studied core collection. Most of these accessions had values 
of studied traits around or below the average, with certain deviation. Subcluster 
C1 included cultivars Balkan and Spinel, and landraces L19, L29, L41, L60. 
Main features of these accessions were higher values of total phenolics content 
(7.85 mg GAE/g DW). Largest group was subcluster C2, which, together with 
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subcluster C3 had better total antioxidant activity (213.53 and 212.34 µmol 
TE/g DW), respectively), while C3 subcluster also had in average more iron 
(73.07 mg/kg) and total phenolics (7.27 mg GAE/ g DW) in their seeds. 

 
Figure 2. Hierarchical cluster analysis based on squared Euclidean  

distance of common bean core collection 

After describing each accession according to its nutritional profile, 
application of PCA and cluster analysis revealed underlying structure of studied 
common bean germplasm. With the deployment of cultivars and landraces in 
several small homogenous groups, accessions with specific combinations of 
nutritional compounds were acknowledged. It was possible to distinguish accessions 
with superior composition in terms of specific nutritional and bioactive compounds. 
This information is important for the selection of preferable accessions for 
nutritive quality enhancing through breeding. Moreover, results of this research 
will enable accessions of already known good agronomic performance associated 
with elevated nutritional value to be advanced in production as functional food. 
 
 
CONCLUSIONS 

 
Bean accessions proved to have high nitrogen and protein contents, 

with greater variability. However, some landraces (L92, L14, L67, and L119) had 
more proteins compared to commercial cultivars, which makes them valuable 
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components in breeding with afore mentioned purpose. Results of this study 
demonstrated great variability and accumulation of iron and zinc in evaluated 
bean germplasm, which, in turn, gives the possibility of the selection of cultivars 
with large quantities of these nutrients. Among different antioxidant tests applied 
DPPH, ABTS and FRAP had high, genotype-based, CV in range 30-40%.  

Therefore, these tests could be used in the selection of accessions 
according to non-enzymatic antioxidant capacity. With the application of PCA and 
cluster analysis, nutritive profile was determined for each accession, while underlying 
structure and grouping patterns of studied germplasm were revealed. All of these 
results could help in the choice of new genotypes with desirable traits in further 
nutritive quality breeding. 
 
 
 
EXPERIMENTAL SECTION 

 
A total of 57 accessions from the common bean core collection maintained 

at the institute of Field and Vegetable Crops, Novi Sad (IFVCNS), Serbia was 
analysed in this paper. 

The material was selected based on the greatest phenotypic and genetic 
variability detected in previous studies. This included 33 landraces collected from 
various locations in Serbia, 5 landraces of foreign origin and 1 landrace of unknown 
origin, 6 domestic cultivars, 9 foreign cultivars and 3 foreign breeding lines. 
Landraces, cultivars and breeding lines were also classified according to the seed 
traits (seed coat colour, seed coat patterns) in several seed forms, most commonly 
grown in Serbia: Roseus (pink seed colour), Versicolor (seed coat pattern), Griseus 
(greenish-yellow seed colour), Aureus (yellow and golden-yellow seed colour), 
Albus (white seed colour), Niger (black seed colour), Crepito (cream seed colour), 
Vinosus (red seed colour) and Brunneus (brown seed colour). In addition, gene 
pool for each accession was determined based on phaseolin types in previous 
studies [30] and accessions were designated as Mesoamerican or Andean 
(Table 5; Figure 3). 

Bean accessions were grown in a one-year trial under field conditions, 
since the primary goal was to make comparison between the accessions grown 
under the same environmental conditions. Field trial was set as a randomised 
complete block design with three replications at the experimental field of IFVCNS. 
The plot was arranged in three rows, 2 m long, with a distance between the rows 
of 60 cm and 5 cm in the row. The beans have been sown in the beginning of 
May and harvested in September. After harvest, air-dried 100 g seeds of each 
bean accession were grounded using a hand mill for the following analyses. 
The analyses were carried out by the IFVCNS and Faculty of Agriculture, University 
of Novi Sad. 
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Table 5. List of the accessions from IFVCNS common bean core collection chosen for the study 
 

No Accession / 
origin 

Seed 
form 

Gene 
pool No Accession / origin Seed 

form 
Gene 
pool 

1 L3 (SRB1) Roseus A* 30 L106 (SRB) Albus A 
2 L5 (SRB) Roseus A 31 L112 (SRB) Albus A 
3 L9 (SRB) Griseus A 32 L117 (SRB) Albus A 
4 L10 (SRB) Griseus A 33 L119 (SRB) Aureus M 
5 L12 (SRB) Albus M 34 L120 (KAZ) Albus A 
6 L14 (SRB) Versicolor A 35 L121 (BIH) Versicolor A 
7 L18 (SRB) Versicolor A 36 L122 (BIH) Crepito A 
8 L19 (SRB) Versicolor A 37 L123 (HRV) Aureus A 
9 L24 (SRB) Griseus A 38 L124 (BIH) Versicolor A 

10 L29 (SRB) Crepito A 39 L125 (N/A) Niger M 
11 L35 (SRB) Brunneus A 40 C2 (Žutotrban, SRB) Versicolor A 
12 L40 (SRB) Crepito A 41 C4 (Balkan, SRB) Albus M 
13 L41 (SRB) Vinous A 42 C6 (Pasuljica P-1, SRB) Albus M 
14 L44 (SRB) Aureus A 43 C7 (Biser, SRB) Albus M 
15 L46 (SRB) Aureus A 44 C11 (Panonski tetovac, SRB) Albus A 

16 L48 (SRB) Albus A 45 C13 (Poboljšani 
gradištanac, SRB) Albus M 

17 L56 (SRB) Versicolor A 46 C19 (Naya Nayahit, USA) Niger M 
18 L59 (SRB) Albus A 47 C20 (Royal Dutch, NLD) Crepito A 
19 L60 (SRB) Griseus A 48 C21 (Vulkan, BGR) Albus M 
20 L63 (SRB) Griseus A 49 C22 (Dobrudžanski 7, BGR) Albus A 
21 L67 (SRB) Vinosus A 50 C23 (C-20, USA) Albus M 
22 L71 (SRB) Crepito A 51 C24 (Spinel, USA) Albus M 
23 L73 (SRB) Griseus A 52 C25 (Alubia, BRA) Albus A 
24 L76 (SRB) Versicolor A 53 C26 (Gerle, BGR) Versicolor M 
25 L79 (SRB) Albus M 54 C27 (Harwood, CAN) Albus M 
26 L83 (SRB) Albus M 55 BL1 (BAT 477, BGR) Griseus M 
27 L90 (SRB) Brunneus M 56 BL2 (HR45, CAN) Albus M 
28 L92 (SRB) Aureus M 57 BL3 (Oreol L-xan, BGR) Albus A 
29 L99 (SRB) Versicolor A     

* A – Andean, M - Mesoamerican 
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Figure 3. Studied accessions from the IFVCNS, Serbia,  

common bean core collection 
 
The main common bean nutritive quality parameters assessed in this study 

included content of proteins (%), nitrogen (%), phosphorus (%), potassium (%), 
sulphur (%), iron (mg/kg-1) and zinc (mg/kg-1), with the application of the 
following methods. Nitrogen and sulphur content were determined in the elemental 
analysis with the application of CHNS elemental analyser Elementar III Vario 
El; protein content was determined with the conversion factor (N × 6.25), where 
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nitrogen content was multiplied by 6.25. Potassium, phosphorus, iron and zinc 
contents were determined with the method of inductively coupled plasma on 
the apparatus ICP-OES Varian. Content of the metals was assessed after 
the destruction of organic matter by mineral acids (10 ml HNO3 and 2 ml 
H2O2) in the process of microwave decomposition at 180°C, in the apparatus 
Ethos1-MILESTONE.  

Analysis of biochemical parameters was performed in the Laboratory 
for Biochemistry, Faculty of Agriculture Novi Sad (Serbia). Grounded seed 
material of each accession (500 mg) was extracted with methanol solution 
(50 ml) by sonication for 20 minutes in an ultrasonic bath at ambient temperature. 
The extracts were rapidly vacuum-filtered through a sintered glass funnel and 
kept refrigerated until assayed. The total phenolic content (TPC) was determined 
using a Folin-Ciocalteu colorimetric method [31].  Total tannins content (TTC) 
was determined by the Folin-Ciocalteu procedure, after removal of tannins by 
their adsorption on insoluble matrices [32]. Calculated values were subtracted 
from TPC and TTC and expressed as mg of gallic acid equivalent per g of seed 
dry weight (mg GAE/g DW). The scavenging efficiency of free radicals was 
tested in a DPPH (2,2-diphenyl-1-picrylhydrazyl) methanol solution [33]. 
Ferric-reducing antioxidant power (FRAP) assay was carried out according to 
Valentao et al. [34]. 

The ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) assay 
was based on a method developed by Miller et al. [35]. The total antioxidant 
activity (TAA) and NBT (nitroblue tetrazolium test) were evaluated by method 
of Kalaskar and Surana [36]. A reducing power assay (total reduction capacity) 
(TRC) was performed by the method of Saha et al [37]. A methanol solution 
of known trolox concentrations was used for calibration and formation of 
standard curve. The DPPH, FRAP, ABTS, TAA and TRC are expressed in µmol 
trolox equivalent antioxidant capacity per g seed dry weight (µmol TE/g DW). 
NBT is expressed as U per mg of seed dry weight (U/mg DW). Protein content 
in homogenates was determined using bovine serum albumin as a protein 
standard test [39]. Lipid peroxidation (LP) was measured at 532 nm using 
the thiobarbituric acid (TBA) test [39] and expressed as nmol malondialdehyde 
equivalents per mg protein (nmol MDA (mg/protein). NO-nitric oxide test was 
performed according to Shirinova et al [40]. Percentage was calculated based 
on the ability of extracts to inhibit NO formation. 

Statistical analysis was performed using software Statistica, version 
13.2 (Dell Inc., USA). Descriptive statistics, including mean, standard error 
(SE) of mean, range and coefficient of variation was estimated for all studied 
traits. Principal component analysis (PCA) was performed based on correlation 
variances to identify significant traits responsible for overall variability, as well 
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as to identify underlying structure of studied collection. In addition, for better 
assessment of genotypes grouping cluster analysis based on complete linkage 
and squared Euclidean distance was performed. 
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