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The marine shallow Cretaceous—Paleogene boundary (KPB) sections at Kirkevig consist of a very thin reddish
smectite-rich carbonate-poor ejecta layer overlain by black marl. Similar sections with a thin reddish layer are found
in other KPB sites at Stevns Klint. The metal oxide fractions of the ejecta layer have a relatively high Fe
concentration (0.03 %) and trace concentrations of: Mn (30 ppm), Cu (45 ppm) and Zn (850 ppm). Most of these
metals are located in this fraction: Fe (90 %), Mn (85 %), Cu (80 %) and Zn (90 %). Trace Mn, Cu and Zn were
probably absorbed on the Fe oxides present. It is speculated that most of the Fe oxides were sourced by the
chondritic component of the impact fallout. The smectite fraction includes lower Fe (10 %), Mn (15 %), Cu (10 %)
and Zn (5 %) contents but a high V (90 %) content. This component is most likely of local (marine or terrestrial)
provenance and was probably redeposited, after its formation, from the original site to its present location. The
carbonate fraction of the ejecta layer shows minor concentrations of these metals.
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INTRODUCTION

In their seminal paper, Alvarez et al. [1] reported
anomalously high Ir in the Cretaceous-Paleogene
boundary (KPB) clays from Iltaly (Gubbio),
Denmark (Stevns Klint) and New Zealand
(Woodside Creek). According to these authors, this
enhanced Ir concentration was produced by a large
asteroid impact in the late Cretaceous that was
probably largely responsible for one of the greatest
biological extinctions in Earth history. It has been
suggested that the impactor was a C1 chondrite-type
body [2] and the impact occurred at Chicxulub
(Yucatan Penninsula, Mexico) [3].

The Fish Clay is a thin grey-to-black marl
forming KPB at Stevns Klint (eastern Denmark),
Fig.1a. Here it occurs in small marine basins
between the Cretaceous white chalk and the
overlying calcareous Tertiary formation. The most
prominent sites of the Fish Clay at Stevns Klint are
near village of Hejerup. Alvarez et al. [1] studied
this clay from the most famous site near the
Hgjerup old Church.

The Kirkevig boundary section is similar to the
neighboring Hejerup Church section in lithology.
The Kirkevig boundary section is comprised of a
dark clay with a basal Fe-rich (ejecta) red layer
(Fig. 1b).The lower "reddish™ unit (red layer) of this
clay would be informally called the "ejecta layer"
and the upper overlying "darkish™ unit (black marl)

* To whom all correspondence should be sent:
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- the "boundary layer". The ejecta and boundary
layers at Kirkevig are up to about 0.5 cm and up to
3 cm thick, respectively, (Fig. 1b). The contact
between these two layers is generally sharp and
records a significant change in depositional regime.
Ejecta layer is underlain by a Maastrichtian
bryozoan-rich chalk and the boundary layer is
overlain by the lower Danian (Cerithium)
limestone. In general, the Ir anomaly of the
prominent marine and continental KPB clays is
largely concentrated in the ejecta layers. Our
preliminary results indicate that Ir is relatively
abundant (ca. 15 ppm) in the ejecta layer of
Kirkevig.

In this paper we focus our attention on Fe, Mn,
V, Cu and Zn in the ejecta layer of the Kirkevig
boundary section (hereinafter KEL) for which
otherwise there are no previously published
geochemical data. Essentially, this paper is
complementary to our previous studies [5-7].

EXPERIMENTAL
Spectrochemical instrumentation

Inductively coupled plasma—optical emission
spectroscopy (ICP—OES) analysis. The various
fractions of KEL were analyzed for Fe, Mn, V, Cu
and Zn by a Spectroflame ICP—-OES instrument
using Ar as the plasma gas.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Figure 1. a) Geographic location map of the Fish Clay samples from Stevns Klint; b) a simplified lithological
column of the KPB section at Kirkevig.

Relative error in the precision of the analyses
ranged from 5 to 10 %. Total uncertainties
(including accuracy errors) were up to 20 %.

X-Ray diffraction (XRD) analysis. XRD patterns
were obtained with a Siemens D500 vertical
goniometer using CoKa radiation (35 kV, 20 mA).
Powder diffractograms were acquired in the 4-75
°C 20 range, with 7-20 s counting per 0.02° 260
step. The samples were prepared using the back-
loading procedure according to Moore and
Reynolds [6], which provides significant
disorientation of the clay layers.

Fourier transform infrared (FTIR) spectrometry.
FTIR spectra were recorded in the absorbance mode
using a BOMEM Michelson Series MB FTIR
spectrometer set to give undeformed spectra. The
resolution was 4 cm? in the 400-4000 cm
analyzed range. The spectra were obtained at room
temperature from KBr pressed pellets prepared by
mixing 1.5 mg of a KEL fraction (see below)
sample with 150 mg of KBr.

Scanning electron microscopy (SEM)-energy
dispersive spectrometry (EDS). All SEM-EDS work
was carried out using a scanning microscope Philips
XL 30 ESEM/TMP, coupled to an energy-
dispersive spectrometer (EDAX type Sapphire).The
backscattered electron (BSE) mode was done before
microprobing. Analytical conditions were as
follows: accelerating voltage 15 or 20 kV, probe
current 60 nA, working distance ca. 1 cm, counting
time 100 s. Individual parameters: acceleration of
electron beam and magnification are printed on the
photos. Samples were coated with gold and stuck to
a carbon tape.

FTIR, XRD, Siiiole
SEM/EDS amp'e

CH,COONa (pH=5, using CH,COOH)

FTIR

SEM/EDS ICP-OES

NH,OH-HCI + (HCI or CH,COOH)

Metal-oxide
fraction

ICP-OES

22 M HF/12 M HCI (3:1, v/v, 80°C)

Smectite fraction

Na,CO; (platinum pot, 900°C)

Insoluble fraction ICP-OES

Figure 2. Flow chart of the selective extraction
procedure.

FTIR ICP-OES

Analysis and fractionation

The modified fractionation procedure (selective
extraction) of KEL was similar to that used by
Premovi¢ [8], Tessier et al. [9] and Zakiri [10]. The
flow chart in Fig. 2 outlines the major steps in
preparing its four fractions.

Thus, powdered sample (1 g) was treated (room
temperature, 12 h) with Na acetate using acetic acid
(1 M, pH 5.0) to remove most of the carbonates.
The soluble material constitutes the carbonate
fraction. Carbonate removal was checked by
FTIR/SEM-EDS analyses.

The insoluble residue (I1) was demineralized
with boiling hydrofluoric/hydrochloric acid HF/HCI
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(22 and 12M, respectively, 3:1 v/v, 80 °C, 12 h).
This acid mixture removes SiO; and A1,0s.

The removal of SiO, and Al,O; was checked by
FTIR analysis. The soluble part constitutes the
smectite fraction or phase.

The insoluble residue (I11) was demineralized by
annealing using sodium carbonate at high
temperature (900 °C). The soluble part constitutes
the insoluble fraction.

RESULTS AND DISCUSSION

Demineralization and ICP-OES analysis. The
first demineralization step (CH3;COONa) removed
only 10 wt. % of KEL. This mass loss was due to
the total dissolution of carbonates. The second
demineralization step (NH2OH-HCI) removed 35
wt. % of the sample, mainly Fe oxides. SiO, and
Al,Os3, the dominant constituents of the sample seem
to have been unaffected by the demineralization
steps. Geochemical analysis also indicated that 50

wt. % of the sample is the smectite fraction which
was removed by the HF/HCI step.

Iron. Simple chemical analyses showed that KEL
is composed of carbonate (10 %), metal oxide (35
%), smectite (50 %) and insoluble (5 %)
components. The distribution of Fe among these
four fractions is also given in Table 1. This table
shows that Fe was relatively abundant (0.03 %) and
that about 90 wt. % of this metal was associated
with the metal oxide phase. Indeed, the SEM-EDS
analyses of KEL show also abundant presence of Fe
oxides, probably hematite, Fig. 3.

The insoluble residue (I) was further
demineralized by repeated treatment with
hydroxylammonium chloride (NH,OH'HCI) in 0.25
M HCIl and 25 % CH3COOH. This treatment
removed metal oxides, including amorphous and
crystalline Fe-oxides. The soluble part constitutes
the metal-oxide fraction.

Table 1. Geochemical distribution of Fe, Mn, V, Cu and Zn in the sample fractions

Total Carbonate Oxide Smectite Insoluble
Metal
[%] [ppm] [%] [%] [ppm]
ppm 0.03 <1 0.03 0.003 <1
Fe
100 <1 90 10 <1
Total Carbonate Oxide Smectite Insoluble
% 100 <1 90 10 <1
ppm 35 <1 30 5 <1
Mn
% 100 <1 85 15 <1
ppm 110 <1 10 100 <1
Vv
% 100 <1 10 90 <1
ppm 55 <1 45 5 5
Cu
% 100 <1 80 10 10
ppm 940 40 850 45 5
Zn
% 100 5 90 5 <1
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Abundant Fe oxides in KEL indicate that its
deposition probably occurred under well (aerated)
oxygenated conditions.
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Figure 3. SEM micrographs of Fe oxide (probably
hematite) and smectite phase.
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Figure 4. SEM micrographs of probably goethite-
rich microspherules.

Premovi¢ [11] hypothesized that the massive
amount of Fe oxides of the ejecta fallout is
generated by the Chicxulub chondritic impactor.
Indeed, SEM-EDS analyses of KEL show a
presence of few Fe-oxide (probably goethite)
microspherules, Fig. 4. Similar microspherules were
found in Fish Clay near the Hgjerup Old Church
which is interpreted to be derived from the
Chicxulub impact fallout [12].

Premovi¢ [11] estimated that global fluency of
Fe-oxides derived from the chondritic Fe was
approximately 20 g cm. He speculated that most of
these oxides were probably originally deposited on
the local (topographically high) oxic soils and then
laterally transported to the KPB sites by the impact
induced surface (acid?) waters. Indeed, Schmitz [13]
reported that the ejecta layers at two of the
worldwide most prominent KPB sites at Caravaca
(Spain) and at Woodside Creek (N. Zealand) contain
about 5 % of Fe. As KEL, both of these layers are
8

formed under well oxygenated conditions. For
comparison, KEL contains about 8 % of Fe. This is
about 10 times higher than in their underlying
decarbonated latest Maastrichtian and overlying
lower Danian limestone.

Manganese. Mn range in KEL is predominantly
(85 %) associated with the metal oxide fraction. In a
well oxygenated environment Mn geochemically
behaves similar to Fe [14]. In this case, Mn shows
only IV oxidation state, forming mainly oxide
MnOs.. It is highly likely that in this form Mn is
associated with the metal oxide fraction of KEL
probably absorbed by its Fe oxides.

Vanadium. KEL contains a relatively high
concentration (110 ppm) of V, Table 1. Most of this
V (90 %) is incorporated within the smectite
structure. The KEL vanadium content is comparable
to the vanadium contents of ejecta layers of other
Danish boundary rocks [5]. The study by Premovic¢
et al. [11] indicates that the smectite component of
these rocks is most likely of local (marine or
terrestrial)  provenance and was  probably
redeposited, after its formation, from the original
site to its present location. So there is no reason to
believe that smectite of the Kikevig boundary
section would be of different origin.

Copper and Zinc. We primarily selected to
analyze KEL for Cu and Zn because of their
distinctive (but relatively simple) geochemical
activities and properties. Indeed, Zn and Cu show a
similar geochemical behavior in sedimentary
environments, which is distinctively different from
the geochemical behavior of Fe and V [14].

Table 1 lists the KEL concentrations of Cu (55
ppm) and Zn (940 ppm). The concentration of Zn is
much higher than the Zn content in the sedimentary
rock which ranges from 100 to 120 ppm [14]. This
table also shows that most of Cu (80 %) and Zn (90
%) reside in the metal oxide fraction containing
mainly Fe oxides. They are most likely absorbed on
these oxides.

CONCLUSIONS

Main carrier of Mn, Cu and Zn in KEL is its
metal oxide component enriched with Fe (0.03 %).
These trace metals were probably adsorbed on the
Fe oxides. Most V is associated with the KEL
smectite component. This component is most
likely of local (marine or terrestrial) origin and was
probably redeposited, after its formation, from the
original site to its present location.
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In this study, FesO.@TiO; core-shell nanospheres synthesized by a ultrasound-assisted co-precipitation method and
their performance in removal of Congo red dye from industrial wastewater under ultrasonic waves were investigated.
The structural and morphological properties of the nanospheres were studied by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The XRD analysis confirmed the high purity of the nanospheres synthesized
under ultrasound assistance. According to the TEM images, the diameters of FesO0.@TiO, nanospheres were about 5 -
15 nm. The adsorption rate of the Congo red dye using these nanoparticles is significantly dependent on the sonicator
power and the adsorption rate reached 100% at a power above 30 W.

Keywords: Ultrasound waves, Water treatment, Congo red, Nanoparticles, Core-shell nanospheres, Fes0s@TiOs.

INTRODUCTION

In recent years, shortage of water resources and
the ever-increasing development of industrial units
has increased the production of industrial
wastewater and contaminated water resources,
which is considered a major socioeconomic
problem [1]. Chemicals affect water quality indices
such as color, taste and smell. It is necessary to
control such compounds because they may produce
undesired carcinogenic substances such as
trihalomethanes. Among various industries, textile,
pulp and paper, pharmaceutical, and leather
industries are major producers of dye pollutants due
to the consumption of thousands of tons of dyes [2-
4]. Most dyes are resistant to biodegradation
processes. The presence of dyes in the wastewater
from such industries prevents the sunlight from
penetrating into the water and consequently reduces
the rate of photosynthetic processes in surface
water [5]. The removal of organic compounds from
aqueous environments has been widely studied [6-
10]. The most common methods for the removal of
such  compounds include ozonation [11],
coagulation [12], ion exchange [13], biodegradation
[14], use of membranes [15], and adsorption [16].
The high cost of advanced oxidation and membrane
processes, the need for a large amount of
coagulants and production of large volumes of
sludge in the coagulation process to remove humic

* To whom all correspondence should be sent:
E-mail: pasiran@gmail.com
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acids, and the low degradation efficiency are
among the disadvantages of these methods.
Therefore, the use of inexpensive and cost-effective
methods for the removal of dyes from the
wastewater of textile and dye manufacturing plants
is of special importance in developing countries to
maintain human and environmental health [17]. The
use of adsorption process has received much
attention as a simple and cost-effective method [18].
The adsorption process is known as the most
suitable method for removing dye pollutants and
improving the quality of industrial wastewater
because of low cost, simple design, simple
operation, and insensitivity to toxic materials [19].
Recently, magnetic particles have been extensively
used as a new adsorbent due to magnetic properties
and separability by magnets, large number of active
surface adsorption sites, and high pollutant removal
efficiency [20-22]. In this regard, iron oxide
nanoparticles are known as an effective adsorbent
for the removal of pollutants from aqueous
environments and are widely used for the removal
of organic pollutants and heavy metals from such
environments [23]. Absalan et al. studied the
removal of a reactive red dye from aqueous
medium using surfactant-modified iron oxide
nanoparticles. According to their results, more than
98% of the dye was removed using this method
[24].

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Figure 1. Schematics of the ultrasonic-assisted synthesis of Fes04@TiO- core-shell nanospheres.

Shen et al. conducted a study on the removal of
nickel, copper, cadmium, and chromium ions and
obtained a removal efficiency of more than 90%
using iron oxide nanoparticles [25].The aim of the
present study is to remove Congo red dye from the
textile industry wastewater by synthesized
Fe;0.@TiO- core-shell nanospheres in the presence
and absence of ultrasound waves.

EXPERIMENTAL
Materials

All chemical reagents were purchased from
Merck Chemical Co. FeCls.6H;0, FeCl;.4H,0,
cetyl trimethyl ammonium bromide (CTAB),
sodium dodecyl sulfate (SDS), titanium tetra-
isopropoxide (TTIP), 28% ammonium hydroxide
solution, Congo red (CR), ethanol, hydrochloric
acid and sodium hydroxide were used as received.
Double distilled water (DDW) was used in all
experiments.

Methods

First, 2.01 g of FeCl;.6H,O and 0.7923 g of
FeCl2.4H,O were added to 40 ml of deoxygenated
water purged with argon gas for 15 min. Once a
transparent solution was obtained, 45.1 ml of 0.1 M
sodium hydroxide solution was added to the
mixture. Finally, the pH was adjusted in the range
of 11-12. After precipitation, 0.1 g of CTAB was
added to the solution as a surfactant. The resulting
mixture was stirred using a magnetic stirrer at
ambient temperature under continuous argon purge
(Figure 1). After 20 min, the precipitate was
separated using a magnet and washed firstly with
water and dilute nitric acid and then with ethanol to
remove impurities and reach neutral pH (7.0). The
resulting precipitate was dried in an oven at 130°C
for 30 min. Then, 0.7 g of CTAB or SDS was
added to a mixture of 90 ml ethanol, 35 ml
deionized water, and 3 ml 28% ammonium
hydroxide. After that, 0.7 g of FesO4 prepared in the
previous step was added to the resulting mixture.

The mixture was further treated using a sonicator
for 20 min. The sonication power was maintained at
20 W during mixing. A certain amount of TTIP was
added to the mixture and further sonicated for an
hour. The resulting precipitate was separated using
a magnet and then washed several times with water
and ethanol to remove impurities. The nanoparticles
were then dried in an oven at 55°C for 5 h. Figure 1
shows schematically the ultrasonic-assisted
synthesis of Fe;0,@TiO- core-shell nanospheres.

RESULTS

Figure 2 shows the XRD spectrum of the
synthesized nanoparticles. The XRD analysis
confirms the inverse spinel cubic structure of Fe3;O..
The peaks appeared at 20 = (220), (311), (400),
(422), (511), and (440) are fully consistent with the
standard cubic structure of the magnetic iron oxide
(JCPDS, No. 19-0629). Obviously, FesO4 is the
only phase detected in the XRD spectra and no
characteristic peaks of y-Fe.Os, another co-
precipitation product with peaks very close to this
structure, are observed. The FesO4 crystalline lattice
consists of tetrahedral and octahedral sites in which
iron ions are surrounded by 4 and 6 ions of oxygen,
respectively. As can be seen, the peaks only
correspond to the FesOs structure, but the intensity
of peaks is reduced due to overlapping of peaks.
However, since no characteristic peaks of TiO;
crystalline structure are observed, it can be
concluded that amorphous titanium dioxide
nanoparticles cover the FesO4 surface.

A000

XS

1500 -

Intensity

20 30 a0

PDSiﬂOH[ZTI'::‘KB](CD(;;)ET(CUI]‘;
Figure 2. X-ray diffraction spectrum of iron oxide-
titanium dioxide core-shell nanospheres.
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Figure 3 shows the TEM image of Fez0.@TiO-
nanoparticles. Most particles are spherical with a
mean diameter of 5-15 nm. It can be stated that the
in smaller
showing a

ultrasonic-assisted synthesis results
Fes0.@TiO,  nanospheres
agreement with XRD results.

good

Figure 3. TEM micrograph of Fes0.@TiO>
nanoparticles synthesized under ultrasound assistance.

Removal of dye pollutants by Fe;0.@TiO;
nanoparticles

To evaluate the performance of Fe;0.@TiO;
nanospheres synthesized under ultrasound assistance in
the removal of dye pollutants, a certain amount of

~a

105 T T T T T T T T T T

the adsorbent was poured into the cell and mixed by
a sonicator at a certain pH and temperature. Each
experiment was repeated three times to verify the
results. Figure 4 shows the chemical structure of
Congo red dye. Dye removal was carried in
different conditions. It is noteworthy that Congo
red is one of the most widely used dyes in the
textile industry. Because of its chemical structure,
Congo red is among the stable and very toxic dyes
in terms of degradability.

Effect of ultrasonic waves’ intensity

The effect of various factors on the removal of
Congo red dye from an aqueous solution of 150
mgr/l Congo red dye in deionized water (with an
initial pH of 9-9.5) using the Fes0.@TiO;
adsorbent was studied. As clearly seen in Figure 5,
dye removal decreases at low intensities but
increases at intensities higher than 28 W. An
increase in the number of bubbles at high ultrasonic
intensities improves the cavitation process, which
in turn significantly affects the mass transfer from
the adsorbent surface. Therefore, the effect of other
factors on the dye removal was studied at the
optimal intensity of 28 W. The following chart was
plotted using the sonicator power calculated by
calorimetry.
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Figure 5. Effect of ultrasonic intensity on the removal of Congo red dye (concentration: 150 mg/l, adsorbent: 0.09 g,
temperature: 21-24°C, time: 3 min).
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Figure 6. Effect of adsorbent concentration on Congo red dye removal (concentration: 150 mg/I, temperature: 21-
24°C, time: 3 min)

The effect of different concentrations of the
adsorbent (0.01 to 0.15 g) on the removal of Congo
red dye from 65 ml of a 150 mg/l dye solution was
studied at the initial pH of the dye for 3 min. As
shown in Figure 6, with increasing the adsorbent
level up to 0.15 g, the reaction rate in the classical
method increases resulting in a dye removal
percentage of 99.55%. The reaction rate also
increases in the ultrasonic-assisted dye removal
method with increasing the adsorbent level, but a
dye removal rate of 99.7% was obtained with 0.09
g of Fe;0.@TiO; nanoparticles.

Since the amorphous structure of titanium
dioxide contains Ti* and O? ions (based on the
XRD results), the surface atoms cannot be fully
coordinated leading to an increase in the degree of
coordination unsaturation. Furthermore, surfactants
may affect the arrangement of this configuration.
The minimum configuration energy for the surface
atoms occurs when they are in close contact with
the surroundings at the atomic scale. With
increasing degree of unsaturation, driving forces for
chemical and physical adsorption will increase. The
main driving forces for molecular adsorption
include: (1) coordination of surface atoms with the
surrounding atoms and (2) interaction of the surface
charges with counter-ions. Obviously, an increase
in the adsorbent level leads to an increase in the
adsorption rate due to the increased contact surface
of the adsorbent. With increasing adsorbent level,
the contact surface of the adsorbent particles will
increase. As a result, a larger number of dye
molecules can be accomodated on the adsorbent
surface leading to an increase in the adsorption rate.
Moreover, the burst of cavitation bubbles causes
the formation of high-pressure turbulent currents

and high-speed microjets which reduce the size of
larger particles. This in turn increases the contact
surface and surface reactivity. In addition, the mass
transfer process is improved by ultrasonically
induced turbulence due to the mechanical pressures.
Bubble bursting can also affect the surface
diffusion and structure in this system. Therefore, an
optimal adsorbent level of 0.1 g was used to
investigate the effect of other factors.

DISCUSSION

According to the results, the initial intraparticle
diffusion rate in the stirring method is higher than
that of the ultrasonic method. This can be attributed
to the larger thickness of the boundary layer in the
ultrasonic method due to the increased number of
dye molecules on the external surface of the
adsorbent. Moreover, as temperature increases in
the stirring method, intraparticle diffusion rate
decreases due to increased ion mobility and
eventually increased number of dye molecules in
the boundary layer and on the external surface. In
contrast, the intraparticle diffusion rate increases in
the ultrasonic method because of accelerated mass
transfer into the pores as a result of mechanical
pressures.

CONCLUSION

It can be concluded that with increasing
temperature, layer diffusion becomes the dominant
mechanism in the presence or absence of ultrasonic
waves. However, intraparticle diffusion is faster in
the stirring method than in the ultrasonic method
considering the boundary layer thickness.
Nonetheless, the adsorption rate in these steps is
very low compared to that on the surface. This can

13
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be attributed to interactions between the dye

molecules and

the adsorbent surface. It is

noteworthy that the dye-adsorbent interactions are
stronger in the ultrasonic method.
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In this study, pKa values are determined relying on density functional theory, its related methods such as WB97XD,
MO062X, B3LYP with 6-31+Gdp and 6-311++Gdp basis sets for three pyridine derivatives, namely isoniazid,
nicotinamide and pyridoxine. When investigating the obtained values, the most accurate values are found to be obtained
via the WB97XD method with 6-31+Gdp basis set in water phase. The pK, values calculated in the gas phase were not
satisfactory enough to compare with the experimental results.

Keywords: pKa, DFT, M06-2X, WB97XD, B3LYP, pyridine

INTRODUCTION

Pyridine with CsHsN chemical formula is a
basic heterocyclic aromatic compound [1]. Pyridine
became a much interested compound in 1930s with
the importance of its role in the disease treatment
[2]. It’s derivatives have been reported for a variety
of biological activities and were used in clinical
uses, such as anti-microbial [3-5], anti-viral [6-8],
antioxidant [9], anti-diabetic [10] anti-cancer
activities  [11], anti-malarial agents [12],

.
9 @ 9
(a) (b)

Acid dissociation constants, K,, are essential for
understanding many fundamental reactions in
chemistry and biochemistry of a drug precursor,
such as tautomeric equilibrium, activity searches
and determination of certain physical parameters.
Especially determination of pK, values of drugs
gains paramount significance from the perspective
of dosage form formulation, pharmaceutical
analysis, and studying of drug pharmacokinetics.
Solubility, lipophilicity, protein binding and
membrane permeability of a given drug are also
influenced by its pK, value [17]. Several techniques

* To whom all correspondence should be sent:
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psychopharmacological antagonistic [13], iron
overload disease [14], anti-amoebic agents [15],
anti-inflammatory agents [16]. Pyridine derivatives
in these fields also have increasing importance for
modern medicinal applications, especially they
have an important role to develop human medicine.
There are more than hundred drugs in the market
containing pyridine compounds [1]. In this study,
three heterocyclic pyridine derivatives, namely
isoniazid, pyridoxine hydrochloride and
nicotinamide were investigated (Figure 1).

Y
L

©

Figure 1. Investigated drug molecules: (a) isoniazid, (b) nicotinamide, (c) pyridoxine

have been used for pK, determinations, such as
potentiometric titration, spectrophotometric
method, NMR titration, liquid chromatography
(LC), capillary electrophoresis (CE) and
computational  methods  [18].  Experimental
measurements are generally less simple, as there
would be considerable synthesis and purification
efforts prior to the pKa measurement. The ability of
accurate computational calculating pK. values is
important  for  scientific  advancements in
biochemistry, medicinal chemistry, and other
related fields [19]. In this study, the pKa values of

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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three active drug compounds were determined by a
theoretical approach in order to compare
computationally  obtained values with the
experimental values.

Method

Firstly, conformer search was performed with
the Spartan14 [20] with a semi-empirical PMG6
method [21, 22]. Geometry optimizations were
performed for the obtained most stable structures in
gas and water phases. The Gaussian 09 software
[23] was used for all theoretical calculations, and
all visulalizations were done with GaussViewb
[24]. In the literature there are several studies on
pKa detemination with density functional theory
(DFT) [25-29]. DFT’s ability to accurately compute
ground-state observable properties has given its
remarkable ease of use and its ability to effectively
balance accuracy with computational speed when
compared to traditional high-accuracy ab initio
methods [30-32]. B3LYP [33], M062X [34] and
WB97XD [35] were preferred as calculation
methods with 6-31+Gdp and 6-311++Gdp basis
sets in the gas and water phases for the investigated
isoniazid, nicotinamide and pyridoxine molecules.
IEF-PCM method [36] was applied to solvent phase
calculation.

Determination of pKa values

First principles computations have historically
relied on thermodynamic cycles, taking advantage
of the fact that the Gibbs energy is a state function,
and therefore any convenient cycle that connects
the initial reactants to the final products provides a
way to calculate the Gibbs energy change for the
reaction of interest [37]. The quality of calculated
pKas depends on the accuracy of the computed
protonation energies and the reliability of the
estimated solvation energies [28]. The pK, values
were calculated by the following Scheme 1 and
Eqgs.1-4:

A+ H'« AH* (protonation reaction)
A (gas) + H:(zas) AH"(gas)
-AGolvertA” -BGsolyentH” | BGsolyertAH”
v AGjapen: v
Ao (solvent) + H:(,solvent) AH+(solvent)|

Scheme 1. Thermodynamic cycles of the Gibbs free
energies in gas and solvent phases [38].

The Gibbs free energy (AG) for the investigated
compounds in the gas phase was determined by
Eqg.1[39]:

AG= AH - TAS Eq.1

The pKa values for the gas phase were calculated by
Eq. 2

pKa= AG/R/T/2.303 Eq. 2

On the other side, for the solvent phase, AAG
values were calculated via Eg. 3 and the obtained
values were used to determine the pK, values via
Eq. 4 [37]:

AAG = AGsowent + AGgas + correction factor
(R*T*In (24.46)) Eq. 3

pKa =AAG/R/T/2.303 Eq. 4
RESULTS AND DISCUSSION

The calculated and literature data based pKa,
values for the nicotinamide, isoniazid and
pyridoxine compounds are listed in Table 1. The
calculated results are compared with the literature
data. The comparison results show that the choice
of method was quite adequate. However, the pK,
values in the gas phase are somewhat different from
the water phase calculations and experimental
values with almost 0.2-0.9 difference in all studied
methods and basis sets. The calculated pKa value
for nicotinamide with WB97XD method 6-31+Gdp
basis set in water is the same (pK,=3.35) as the
literature value. In the literature, the same method
has been found to provide the best correlation with
the experimental data for the thiol molecules [37].
For the pyridoxine compound, the WB97XD
method calculated the relevant value (pK.=5.25)
with the slightest difference (0.05) as compared to
the literature value (pKs=5.20). When the
WB97XD method results are compared with
experimental NMR results, we can observe that
especially for the pyridoxine molecule, the
experimental values (pK.=5.24) are closer to the
obtained value by the WB97XD method and this
result is consistent with the literature [27]. When
we look for the best pKa value for the isoniazid
compound, WB97XD/6-311++Gdp level of theory
gives pK,=3.36 (nearest obtained value through
computational methods), whereas the
corresponding pKa value in the literature is 3.50.
The obtained results show that WB97XD is a more
suitable method for this kind of molecules.

On the other hand, M062X methods provide
accurate results for the investigated molecules,
especially with 6-31+Gdp basis set in water phase.
For nicotinamide, the calculated pK, value (3.39) is
lower than the literature value with a small
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difference (0.04) which is a quite good result in the
water phase. For isoniazid molecule, the
computationally obtained value by the same
method is 3.23, as compared to the 3.20 value
through the web-based calculation method.

The B3LYP/6-31+Gdp method has also given
close results with the NMR methods for the
nicotinamide molecule, pK,= 3.57 and pK,=3.54,
respectively. The results of this method are closer

to the web-based calculation results for other
investigated compounds in water phase obtained as
pKa=3.29 (calculated) and pK,=3.20 (web-based);
pKa=5.65 (calculated) and pK.=5.60 (web-based)
for isoniazid and pyridoxine compounds,
respectively. In general sense, the B3LYP method
has not given good matching performance with
respect to other studied experimental methods in
the literature.

Table 1. The calculated pK, values with the DFT theory B3LYP, WB97XD and M062X methods, 6-31+Gdp and 6-
311++Gdp basis sets in the gas and water phases

Compound
Method/phase Nicotinamide Isoniazid Pyridoxine
B3LYP/6-31+Gdp/gas 4.17 4.12 4.98
B3LYP/6-31+Gdp/water 3.57 3.29 5.65
B3LYP/6-311++Gdp/gas 4.18 4.13 4.98
B3LYP/6-311++Gdp/water 3.42 3.30 5.64
WB97XD/6-31+Gdp/gas 4.08 4.03 4.88
WB97XD/6-31+Gdp/water 3.35 3.22 5.25
WB97XD/6-311++Gdp/gas 4.09 4.03 4.87
WB97XD/6-311++Gdp/water 3.47 3.36 5.34
M062X/6-31+Gdp/gas 3.85 3.79 4.69
MO062X/6-31+Gdp/water 3.39 3.23 5.30
MO062X/6-311++Gdp/gas 3.87 3.82 4.72
MO062X/6-311++Gdp/water 3.45 3.25 5.33
NMR Method [40] 3.54 3.65 5.24
Literature 3.35[41] 3.50 [42] 5.20 [43]
Web-Based Calculation [44] 3.60 3.20 5.60
CONCLUSION REFERENCES

In this study, three pyridine derivatives, namely
nicotinamide, isoniazid and pyridoxine were
investigated to determine the pKa, values and
compare them with the experimental data. DFT
theory was chosen with WB97XD, M062X and
B3LYP methods using 6-31+Gdp and 6-311++Gdp
basis sets. According to the obtained results the
WB97XD/6-31+Gdp method has given more
accurate computational values that are consistent
with the experimental values in the literature. On
the other hand, M062X and B3LYP methods have
not reached satisfactory convergence performance
to the experimental values. As an important
emphasis, condensed phase results are significantly
better than gas phase results. The essential result is
that the WB97XD method was found as an
excellent option to determine the pK. values of
pyridine family derivatives through theoretical
approaches, as demonstrated by the fact that our
computational findings very closely match the
experimental data.
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Protecting effect of vitamin U against amiodarone-induced hepatic damage via its
antioxidative activity
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In this study, we aimed to investigate the protective effect of Vitamin U (Vit U) on amiodarone (AMD)-induced
hepatotoxicity. Male Sprague-Dawley rats were grouped as control, Vit U given control (50 mg/kg, by gavage), AMD
(100 mg/kg, by gavage) and Vit U given AMD (in same dose and time). AMD and Vit U were given for 7 days. On the
8" day, all animals were sacrificed. Serum aspartate and alanine aminotransferase, alkaline phosphatase activities and
total lipid and total bilirubin levels, liver lipid peroxidation and protein carbonyl levels, lactate dehydrogenase,
myeloperoxidase, xanthine oxidase, arginase, prolidase, DT-diaphorase activities were found to be increased and liver
glutathione levels, paraoxonase and Na*/K*-ATPase activities were found to be decreased in AMD group.
Administration of Vit U reversed these effects. Based on our results, we may suggest that Vit U has a protective effect

on AMD-induced hepatotoxicity in rats.
Keywords: Vitamin U; amiodarone; liver; toxicity; rat
INTRODUCTION

Amiodarone (AMD), 2-butyl-3-(3’,5’-diiodo-4-
a-diethyl aminoethoxybenzoyl) benzofuran, is a
class Il antiarrhythmic drug, effective myocardial
infarction or congestive heart failure treatment,
which has been widely used in medicine [1]. This
drug is effective in preventing ventricular and
supraventricular tachyarrhythmias [2]. Despite
having effective properties on cardiac arrhythmias,
AMD is highly lipophilic in nature, has poor
availability and also has a long half-life [3]. So
these properties make this drug tend to accumulate
in many organs and side effects and toxicity occur
during therapy. Organs like the liver, lung, kidneys,
gastrointestinal and neuromuscular systems make
up the list of tissues adversely affected by AMD
[4]. AMD-induced hepatotoxicity is characterized
by steatosis, enlarged hepatocytes, inflammation,
fibrosis and phospholipidosis [5]. In in vivo and in
vitro studies, AMD has been shown to generate free
radicals that may be involved in the pathogenesis of
its toxicity [6].

Vitamin U (Vit U), S-methyl methionine
sulphonium chloride, is a methionine derivative. It
is reported that Vit U is present in the largest
guantity in species belonging to the Brassicaceae
family [7]. Vit U is found in cabbage and other
green vegetables. This vitamin has a beneficial
power action on gastric and intestinal functions [8].
Vit U is reported to have hypolipidemic effect,

* To whom all correspondence should be sent:
E-mail: burchemistry@gmail.com
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hepatoprotective, cytoprotective, anti-inflammatory
and antidepressant actions, adipocyte differentiating
and wound-healing properties [9].

In this study, we aimed to investigate the
protective effect of Vit U on AMD-induced
hepatotoxicity.

EXPERIMENTAL
Animals and experimental design

The experimental procedures were approved by
the local Animal Care and Use Committee of
Istanbul University, with the certification on the
Application for the Use of Animals dated
September 27, 2012 (approval ID: 2012 / 127). In
this study, 3.5-4 months aged male Sprague-
Dawley rats were used. Application of AMD dose
and time were determined as Reasor et al. [10]. Vit
U (Fluka 64382) dose were administered according
to Sokmen et al. [9]. A total of twenty nine rats
were divided into 4 groups as follows. The groups
include: Group I, control animals receiving corn oil
for 7 days (n=6); Group Il, animals receiving Vit U
(50 mg/kg) for 7 days (n=7); Group IllI; animals
receiving AMD (100 mg/kg) for 7 days (n=8); and
Group IV, animals receiving Vit U (50 mg/kg) for 7
days 1 h prior to administration of AMD (100
mg/kg) (n=8). AMD and Vit U were administered
to rats by gavage. On the 8" day, blood samples
were taken before sacrification and then all the
animals were sacrificed.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Biochemical assays

Experiments were made in serum and liver
tissues of all groups. Aspartate (AST) and alanine
aminotransferase (ALT) activities [11], alkaline
phosphatase (ALP) [12], total lipid levels [13], total
bilirubin [14] were determined in serum. Liver
samples were homogenized. Homogenates were
centrifuged.  Glutathione (GSH) [15], lipid
peroxidation (LPO) [16], protein carbonyl (PC)
levels [17], lactate dehydrogenase (LDH) [18],
myeloperoxidase (MPO) [19], paraoxonase (PON1)
[20], xanthine oxidase (XO) [21], arginase [22],
Na*/K*-ATPase [23], prolidase [24], DT-
diaphorase (DTD) activities [25], and protein
content [26] were determined in the supernatant.

Statistical analysis

Biochemical analysis was performed by one-
way ANOVA followed by Duncan’s Newman-
Keuls multiple comparison test. The values are
expressed as the mean + standard deviation (SD). P
values less than 0.05 were considered to be
significant.

RESULTS

AST, ALT and ALP activities (P < 0.0001, P <
0.005), lipid (P< 0.005) and bilirubin levels (P <
0.05) were significantly increased in AMD group
when we compared to control  group.
Administration of Vit U reversed these effects in
AMD group significantly, respectively (P < 0.05, P
< 0.0001, P < 0.005) (Table 1).

Table 1. Serum AST, ALT and ALP activities, total lipid and total bilirubin levels of all groups.

Groups AST ALT ALP Total Lipid Total Bilirubin
(U/L)* (U/L)* (U/L)* (mg/dL)* (mg/dL)*

Control 21.68 £6.15 21.41 £8.35 58.08 £9.73 135.10 = 39.69 0.281 £0.011
Control 38.07 £16.762 14.83 £8.128 62.63 £20.612 149.45 +9.572 0.366 £0.1032
+Vitu

AMD 69.17 £ 14.23b 55.63 £21.164 216.71 £ 11.13P 208.89 + 24.754 0.358 £ 0.039f
AMD 38.12+19.72¢ 31.72+10.87¢ 155.15+0.30¢ 159.60 + 16.98°¢ 0.260 +0.0349
+VitU

*Mean + SD, #p >0.05 versus control group, Pp < 0.0001 versus control group, °p < 0.05 versus AMD group, % <
0.005 versus control group, ®p < 0.0001 versus AMD group, fp< 0.05 versus control group, % < 0.005 versus AMD

group.
Table 2. Liver GSH, LPO and PC levels of all groups.
Groups GSH LPO PC
(nmol GSH/mg protein)* (nmol MDA/mg protein)* (nmol carbonyl/mg protein)*
Control 14.13+1.39 3.35+£0.32 8.34+£0.36
Control + Vit U 11.67 +2.102 2.83 +£0.58¢2 8.53+1.852
AMD 6.14+1.79° 4.08 +0.49? 16.69 £5.21¢
AMD + Vit U 8.60 + 0.67° 2.88 +0.58¢ 10.39 + 1.41¢

*Mean + SD, ® >0.05 versus control group, °p < 0.0001 versus control group, °p >0.05 versus AMD group, % <

0.05 versus AMD group, ®p < 0.05 versus control group

Table 3. Liver LDH, MPO, PONL1 and XO activities of all groups

Groups LDH MPO PON1 X0
(U/mg protein)* (U/g tissue)* (U/g protein)* (U/g protein)*
Control 13.08 +£4.01 1.89 + 0.68 10.83 £0.46 0.45+0.06
Control + Vit U 23.08 +12.012 2.00 +0.56* 791+2.112 0.34+0.32°
AMD 61.52 = 14.70P 3.04 + 0.60¢ 5.92+2.03¢ 1.24+0.31¢
AMD + VitU 37.25+5.55° 1.31 +£0.42¢ 9.25+2.37° 0.23 £0.10°¢

*Mean = SD, 2p >0.05 versus control group, °p < 0.005 versus control group, °p < 0.05 versus AMD group, % < 0.05

versus control group, ¢p < 0.005 versus AMD group

GSH levels were found to be decreased
significantly (P< 0.0001) and PC levels were found
to be increased significantly in AMD group as
compared to control group (P< 0.05). However, the
increasing of LPO levels were not in a significant
manner in AMD group when compared to control
group (P>0.05). Besides, administration of Vit U
decreased LPO and PC levels in a significant

manner in AMD group (P< 0.05). Decreased GSH
levels were found to be increased insignificantly in
AMD + Vit U as we compared to AMD group
(P>0.05) (Table 2).

Liver LDH, MPO and XO activities were
increased and PON1 activity was decreased in
AMD group in a significant manner as compared to
control group (P< 0.005 and P< 0.05).
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Table 4. The liver arginase, Na*/K*-ATPase, prolidase and DT-Diaphorase activities of all groups

Arginase Na*/K*- ATPase . DT-Diaphorase
. Prolidase .
Groups (umol urea/mg (nmol Pi/ (Ulg protein)* (umol/min mg
protein)* mgproteinxh)* gp protein)*
Control 469.33 +20.81 2.50+0.56 968.18 +374.77 179.75 £43.54
Control + Vit U 489.08 =290.052 1.69 + 0.432 973.67 £ 571.862 329.02 + 71.55¢
AMD 529.00 £ 134.562 1.30 £ 0.52¢ 1884.06 £ 670.39¢ 240.86 + 14.212
AMD + VitU 178.56 +98.51P 430 + 1.05¢ 937.14 + 480.42¢ 145.13 +20.92¢

*Mean = SD, 2p >0.05 versus control group, °p < 0.005 versus AMD group, °p < 0.05 versus control group, % < 0.05
versus AMD group; Na*/K*- ATPase: sodium potassium ATPase

When we applied Vit U to AMD group, we
determined decreased activities for LDH, MPO,
XO and increased activity for PON1 when we
compared to AMD group (P < 0.05 and P < 0.005)
(Table 3). The arginase and DTD activities were
found to be increased insignificantly (P>0.05)
while the increasing activity of prolidase was in a
significant manner in AMD group as we compared
to control group (P < 0.05). In addition to this,
Na*/K*-ATPase activity was also found to be
significantly decreased in AMD group as compared
to control group (P < 0.05). Administration of Vit
U reversed these activities in AMD group in a
significant manner (P < 0.005 and P < 0.05) (Table
4).

DISCUSSION

The liver is a vital organ that regulates various
biochemical processes and plays an important role
in the metabolism of carbohydrates, lipids and
proteins [27]. It also participates actively in the
elimination and detoxification of drugs and in
metabolic homeostasis during which a number of
reactive oxygen species (ROS) generating reactions
are involved [28]. Thus, its metabolic role and
importance make the liver more vulnerable. Finding
a solution for drug and chemical induced
hepatotoxicity by using safer therapeutic agents
became crucial.

Serum aminotransferases and phosphatases are
both markers and gold standard enzymes which are
usually used for determining the liver injury [29].
Elevated levels of the activities of these enzymes
indicate cellular leakage and function loss of cell
membrane. Various researchers reported elevated
AST, ALT and ALP activities in patients who are
treated with AMD [30]. In accordance with these
results, we found elevated activities of AST, ALT
and ALP in the AMD group. Administration of Vit
U to the AMD group significantly decreased these
activities. Vit U may have used its cellular repair
function while decreasing these activities [7]. We
may conclude that Vit U protects the liver against
AMD induced injury.

AMD is a phospholipase inhibitor and causes
lipid accumulation in the liver. The increased levels
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of serum lipid profile in AMD treated rats have
been shown in literature [31]. In our study, we
recorded increased levels of total lipid in AMD
group. Besides, Sokmen et al. showed that Vit U
has a hypolipidemic effect on valproic acid induced
hepatotoxicity [9]. Seri et al. reported that Vit U has
a hypolipidemic metabolism because of initiating
an acceleration of fetal excretion of lipid molecules
and its acidic metabolites [32]. In the light of these
reports, we found decreasing levels of total lipid in
AMD+Vit U group.

In this study, AMD treatment produced
significantly increase in bilirubin as well as ALP
activity. These results demonstrate that the toxin
included insult to the liver could also precipitate
biliary obstruction resulting in mild
hyperbilirubinemia in addition to hepatocellular
necrosis. But, administration of Vit U reversed this
increase in the AMD group. This reverse effect of
Vit U may be associated with protective effect on
hepatocellular damage.

Cell culture hepatotoxicity studies done with
AMD revealed that AMD decreases GSH levels
and increases LPO levels [33]. These levels in
AMD toxicity can be explained with this approach:
AMD is also called as a cationic amphiphilic drug
because of its nature. This nature provides it an
elevation of substrates for LPO and also another
elevation for ROS that oxidize these substrates. In
addition to that GSH protects the membrane lipids
from peroxidation and an increase in LPO levels
means that the oxidation of reduced GSH by LPO
products. In our study, we observed decreased GSH
and increased LPO levels in AMD group compared
to the control group in parallel to this approach.
Administration of Vit U reversed these effects. The
effect of Vit U on these levels may be directly
elevation of GSH levels by the reversible effect on
the sulfhydryl compounds. So elevation of GSH
levels by Vit U indicate decreased LPO levels
indirectly.

Curtis et al. reported that some liver pathologies
like alcoholic liver disease, nonalcoholic fatty liver
disease and steatohepatitis may involve PC
formation [34]. In our study, we observed elevated
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PC levels in AMD group. Administration of Vit U
reversed this effect in AMD+Vit U group. The
reversing effect of Vit U may be explained by this
approach. A hydrophilic nature provides an easy
interaction of sulfhydryl groups with injured
protein structure [35]. Vit U can be dissolved in
aqueous media which means it has a hydrophilic
nature. By having this advantage, sulfhydryl group
of Vit U shows a protective effect by repairing
tissue damage.

An increase in serum and tissue LDH activities
in AMD toxicity was reported in literature [36]. In
our study, an increase in LDH activity was
observed in the AMD group. Administration of Vit
U decreased these effects in the AMD group. We
may suggest that decreasing LDH activity and in
turn decreasing levels of ROS are associated with
antioxidant property of Vit U.

Increased levels of free radicals activate
neutrophils and then activated neutrophils secrete
MPO more than ever in the region of injured tissue
[37]. PONL1 has a thiol group at its active site and
Navab et al. reported that PON1 synthesis is
reduced under in vivo and in vitro oxidative stress
conditions [38]. Increased activities of XO mean
there is an injury in purine metabolism which may
be due to ROS. We measured increased MPO and
XO activities and decreased PON1 activity in AMD
group. Administration of Vit U reversed these
enzyme activities in AMD group. Salim reported
that the substances which have sulfhydryl groups
bind oxyradicals and this binding can enhance the
tissue healing process by removing the harmful
agents [39]. So as being a sulphur containing
substance, Vit U may have shown its antioxidant
effect by reversing MPO, PON1 and XO levels in
AMD treated groups.

Abdel-Azeem et al. reported that arginase
activity increases in chemical-induced
hepatotoxicity model [40]. In the present study, we
observed elevated arginase activity in the AMD
group. In the AMD+Vit U group, we observed that
the activity of this enzyme decreased compared to
the AMD group. This reductive effect may be
associated with antioxidant properties of Vit U.

Decreased Na'/K*-ATPase was reported in
AMD induced small intestinal toxicity in rats [41].
In this study, a significant decrease was observed in
the AMD group. Vit U increased this enzyme
activity in AMD group. The reversing effect of Vit
U may result due to two reasons. One of them is a
probability of indirectly providing thiol group
because Vit U is converted to methionine, later
cysteine through many steps in vivo [42]. Second
reason may be that Vit U fixes the membrane
stability property [7].

An increase in prolidase activity was associated
with many diseases in various studies including
liver diseases [43]. In the present study, a
significant increase was observed in the AMD
group. However, a significant decrease was
determined in the AMD+Vit U group compared to
AMD group.

DTD activity was found to be increased in
chemical-induced hepatotoxicity models [44]. In
the present study, we observed a significant
increase of DTD activity in the AMD group. In the
AMD+Vit U group, DTD activity was found to be
significantly decreased. This may be related to
radical scavenging activity of Vit U.

Our results indicate that AMD-induced liver
damage is associated with increased oxidative
stress. Our results have important implications for
the treatment of AMD-induced hepatotoxicity.
Sulfhydryl compounds have been described to
possess antioxidant, anticancer, antihepatotoxic and
neurotropic  properties  [45].  Sulfur-methyl-
methionine (Vit U) is one of the sulfhydryl
compounds that have been reported to provide
various biological functions including inhibition of
free radical production, gastric motility disorder,
vasolateral pressure and direct cellular damage
[46].

In conclusion, our present results demonstrated
the amendatory potential of Vit U against AMD-
induced hepatocellular changes, cholestasis,
hyperlipidemia and oxidative stress induced by
AMD due to its antioxidant, free radical scavenger
and membrane-stabilizing properties. The
protective effect of Vit U may be due to its
sulfhydryl group. This is the first study showing a
protective effect of Vit U against AMD — induced
hepatotoxicity. In heart patients receiving AMD
therapy, our findings may be helpful for the
prevention of these side effects of AMD before
treatment or other conditions.
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Sulfonamide antibiotics with strong toxicity are difficult to degrade in aqueous media. In this study, electrochemical
coupled with Fe?* activation of peroxydisulfate (EC/Fe?*/PS) was used to treat sulfamethoxazole (SMX). The removal
efficiency of SMX was 89.4%. Acidic medium was favorable to the oxidative degradation of SMX. The best removal
efficiency was at pH 3. Fe?* concentration and plate spacing were optimized; too high or too low values were not
beneficial to SMX degradation. To a certain extent, separately increasing the PS concentration, Na2SO4 concentration
and current density could increase the removal rate of SMX. The free radical test showed that SO~ played a leading
role in acid conditions. It was found that the benzene ring structure of SMX was gradually destroyed. According to the
data analysis, the kinetic model of the EC/Fe?*/PS system was Ci=Cy exp (-8.9921x10* [Fe?*]04383 [PS]o7747
[Na2S04]%%%2 [current density]®4%% [plate spacing]®®7t). This study shows that the EC/Fe®*/PS system can effectively
degrade sulfonamide antibiotics in water. It provides an efficient and environmentally friendly treatment for removing

sulfonamides from water.

Keywords: Electrochemistry; Fe?*; Peroxydisulfate; Reaction kinetics; Sulfamethoxazole

INTRODUCTION

In recent years, a new type of pollutants, such as
pharmaceuticals and personal care products
(PPCPs), has been frequently detected in various
kinds of water bodies. PPCPs include human and
animal medicines, cosmetics, sunscreens, spices,
etc., with the characteristics of low concentration,
strong toxicity and difficult removal [1]. Antibiotics
are some of the most important pollutants in
PPCPs. Sulfonamides (SAs) with chemotherapeutic
effects are the earliest and most widely used
antibiotics [2]. SAs pollution is mainly harmful to
the microorganisms, aquatic animals and human
health. Therefore, one of the hot issues in water
treatment is how to effectively control and remove
SAs.

Advanced oxidation has the advantages of strong
reaction speed, high removal efficiency, no
secondary pollution. Thus, advanced oxidation
methods are widely used in the field of antibiotic
treatment [3]. Activated peroxydisulfate (PS)
technology is a new advanced oxidation method.
Electrochemical  technology combined  with
activated PS is a technology of PS activation based
on the introduction of an electric field [4]. In the
process, on the one hand, the organic matter is
oxidized through the electrochemical reaction and
degraded into small molecules. On the other hand,
the organic matter is oxidized by strongly active
free radicals produced by the activated PS (Eqg. (1)
and Eq. (2)) [5]. Previous studies have shown that

* To whom all correspondence should be sent:
E-mail: nanawu0816@xmu.edu.cn

the presence of an electric field activates part of the
persulfate and allows the persulfate catalyst to be
reused (Eq. (3)) [6]. In the study of electrochemical
and persulfate oxidation, Fe?* is usually used as a
catalyst. According to the different types of Fe?*
production, the process is divided into three types.
(i) direct addition of Fe?* catalyzing the
decomposition of PS to produce SO,". That is
followed by the reduction of Fe** at the cathode to
Fe?* for reuse [7]; (ii) Fe** is added by external Fe3*
reduction on the cathode to reproduce Fe?* in the
solution [8, 9]; (iii) Fe* is generated by the Fe
electrode as the anode, activating PS to produce
SO,™ [10].

S,0¢* + Fe?* — Fe¥* + SO, + SO~ (1)

Fe?* + SO~ — Fe* + SO (2
Fe3*+ e — Fe? (3)
At present, applying the electrochemical

synergistic persulfate technology (EC/Fe**/PS) to
treat sulfa antibiotics has not been reported.
Sulfamethoxazole (SMX) has been frequently
detected in the environment. The structural formula
of the SMX is as follows:

Formula 1.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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In this study, EC/Fe?*/PS method was used to
treat SMX in water. The effect and its impact
factors were investigated. The reaction kinetics was
also analyzed.

EXPERIMENTAL

SMX (C10H11N3038), PS (Nazszog), 1, 2-
naphthoquinone-4-sulfonic  acid  sodium  salt
(C10HsNaOsS) and FeSO4-7H.O were purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd.
All  reagents were analytical grade. The
electrochemical reactor was a glass beaker with an
effective volume of 2000 mL. The anode was made
of Ti/lrO-RuO,-TiO, coated with ruthenium-
titanium-iridium. The cathode was made of a
stainless steel plate. The electrode plate size was 20
cm x 6 cm x 0.3 cm. Electric stirring method was
adopted.

The initial concentration of SMX was 10 mg/L
(40 uM). The removal of SMX was monitored at
different conditions: PS, Fe?*/PS, EC, EC/PS, and
EC/Fe?*/PS. The impact factors of the EC/Fe?*/PS
system were studied, such as SMX initial
concentration, initial pH, Fe?* concentration, PS
concentration, electrolyte concentration, current
density and plate spacing. The effect on PS residual
rate was also studied. Excess tert-butanol and
methanol were added to determine the types of free
radicals [11]. In order to analyze the reaction
product, samples were taken after a certain reaction
time. Then the absorbance of the solution in a
certain wavelength range was measured.

The concentration of SMX was determined by
spectrophotometry ~ using  sodium 1, 2-
naphthoquinone-4-sulfonate as the chemical
derivative chromogenic reagent [12]. Removal
efficiency was calculated as follows: removal
efficiency (%) = ((Co-Cy)/Co) x100, where Coand C;
are the concentrations of SMX at time 0 and t,
respectively. The concentration of PS was
determined using an iodometric titration method.

RESULTS AND DISCUSSION

Degradation efficiency of SMX in the EC/Fe?*/PS
process

The degradation of SMX was investigated under
different conditions of PS, Fe?*/PS, EC, EC/PS,
EC/Fe?*/PS. The results are shown in Fig. 1. As can
be seen, SMX was hardly removed in the PS
system. Comparatively, it was found that 23.28% of
SMX was removed after 5 min of the reaction in
the Fe?*/PS system, but the removal efficiency did
not further change. This suggested that Fe?* could
activate PS to produce SO4™, which would degrade
the SMX. However, the degradation of SMX only
occurred in the first few minutes of the reaction.
The reason may be that Fe?* was consumed in the
reaction, indicated by the color change of the
solution. No activating agent continued to activate
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PS in the system. In the EC system, the degradation
efficiency of SMX was 50.45% after 60 min of
reaction. The removal efficiency of SMX increased
to 70.38% when PS was added to the system. This
indicated that the electron transfer could activate PS
to produce SO4™, which oxidized SMX [13].
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—e— EC/PS
80 | —A—EC
—e—Fe”'IPS
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40
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Time (min)

Fig. 1. Removal efficiency of SMX in the different
systems

In the EC/Fe*/PS system, the degradation
efficiency of SMX was 89.4%, which was higher
than the sum of EC system (50.45%) and Fe?*/PS
system (23.28%). That suggested a synergistic
effect between EC and Fe?*/PS [7].

Effect of SMX initial concentration, initial pH, Fe?*
concentration and PS concentration

As can be seen from Fig. 2 (a), with the increase
in SMX concentration, the degradation efficiency
gradually decreased. When the concentration of PS
was constant (2.5 mM), the number of active
radicals generated by activation was limited (2.5
mM). When the concentration of SMX increased
from 10 mg/L to 30 mg/L, a larger number of
intermediate products were produced by oxidative
degradation. Then the further degradation of
intermediate products would consume the radicals.
They would compete with the SMX, reducing the
degradation efficiency of SMX.

The removal efficiency of SMX showed a
downward trend as the initial pH value increased
(Fig. 2 (b)). The highest degradation efficiency was
at pH 3, reaching 87.59%. SMX removal efficiency
was maintained at a high level when pH values
were 3, 5, 7, 9. It was shown that the pH of the
solution decreased to neutrality with the progress of
the reaction [14]. This indicated that the PS
activation system could apply to a wide range of
initial pH values. At pH 11 the removal rate rapidly
decreased. The remaining content of PS gradually
increased as the pH increased from 3 to 11. That
suggested that as the pH increased, less PS was
decomposed in the system. The reason may be that
in addition to the activation effect of Fe?*, the PS
was also catalyzed by acid to accelerate the SO4™~
formation at low pH.
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Fig. 2. Effect of the SMX initial concentration (a), initial pH (b), Fe?* concentration (c) and PS concentration (d) on
SMX removal efficiency in the EC/Fe?*/PS system

A higher pH value was unfavorable for PS
decomposition. Precipitation of Fe** would occur at
the higher pH. That would weaken the reduction
reaction of Fe3*, dropping the generation rate of
SO4~. Meanwhile, SO4~ would react with OH" at
the higher pH. Under alkaline conditions, the
oxidation-reduction potential of ‘OH (Eo = 2.3) was
lower than that of SO4~. SO4™ and "OH also reacted
and thus some active free radicals were consumed
in the system with a higher pH. This suggested that
at higher pH value the catalyst activity was reduced
and, the concentration of active radicals in the
solution decreased.

When the concentration of Fe?* increased from
0.1 mM to 1.0 mM, the removal efficiency of SMX
increased from 64.95% to 94.84% (Fig. 2 (c)).
However, the removal rate of SMX showed a
downward trend when the Fe?" concentration
changed from 2 mM to 8 mM. The remaining
content of PS decreased as the concentration of Fe?*
increased. That implied that the catalytic reaction
rate increased and the decomposition of PS was
accelerated. Therefore, as the initial Fe?
concentration increased from 0.1 mM to 1 mM, the
removal rate of SMX significantly increased. When
the concentration of Fe?* was higher, the color of
the reaction solution was deepened to brown. This
may be because excessive Fe?* was oxidized to Fe**
by consuming sulfate radicals. Besides that a high

concentration of SO4~ would undergo a self-
guenching reaction, leading to inefficient use of
SO4". These results suggested that an appropriate
amount of Fe?* could promote SMX degradation,
while excessive Fe* could inhibit SMX
degradation. This conclusion was consistent with
previous reports [15].

As the PS concentration increased from 0.25
mM to 2.5 mM, the SMX removal efficiency
rapidly increased (Fig. 2 (d)). When the PS
concentration went on increasing, the SMX
removal efficiency little changed. It was found that
increasing PS concentration decreased its own
residual rate. PS residual rate was defined as (Chps-
/Cps-0), Where Cps+ and Cps.o Were the concentrations
of PS at time t and 0, respectively. The reason may
be that when the PS concentration was low, the
probability of collision with the Fe?* was relatively
low. With the increase in PS concentration, the
concentration of SO,~ gradually increased in the
system. When the PS concentration reached to a
certain range, increasing the PS concentration could
reduce the PS residual rate, but the SMX oxidation
rate was not obviously changed. This may be
because the high concentration of PS could quickly
produce a large number of free radicals. In addition
to the self-quenching reactions, radicals also
reacted with PS. Large amounts of PS were
inefficiently degraded. The utilization efficiency of
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PS and SO.~ was very low when PS was added in
excess.

Effect of Na,SO. concentration, current density and
plate spacing

As shown in Fig. 3 (a), when Na;SO4
concentration was 0 mM, the removal efficiency of
SMX was very low. When Na,SO, concentration
was 6 mM, the removal efficiency of SMX was
obviously improved. When the concentration of
Na,SO4 went on increasing, the removal efficiency
of SMX gradually increased. When the Na;SO.
concentration was greater than 25 mM, the removal
efficiency of SMX slightly increased.

As the current density increased, the removal
efficiency of SMX also increased (Fig. 3 (b)). The
reason may be that the electrochemical reaction
between the electrodes would be more intense with
the greater current density. Enhancement of
electron transfer could promote the production of
S04~ by PS and increase the degradation rate of
SMX [16].

The removal rate of SMX firstly increased and
then decreased with the increase of plate spacing
(Fig. 3 (c)). The removal rate reached 94.84% when
the spacing reached 9 cm. After that, the removal
rate showed a downward trend. The reason may be
that the solution resistance became larger when the
spacing increased to a certain value. Then the mass
transfer efficiency decreased, leading to the
downfall of the reaction rate [17].
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Identification of oxidizing species and reaction
products

The results suggest that reactive oxidizing
species are produced in the EC/Fe*/PS system,
leading to the enhanced degradation of SMX. To
identify the generation of "OH or SQO,", radical
guenchers of tert-butanol and methanol were added
to the system. Tert-butanol is an effective quencher
of "OH, while methanol is a good quencher of both
SO4™ and "OH [18, 19].

It can be seen from Fig. 4 (a) that adding a
quencher to the EC/Fe?*/PS system has a significant
effect on SMX degradation. When no quencher was
added to the system, the removal rate of SMX was
94.84% in 30 min. The removal rate of SMX
decreased to 83.06% as an excess of tert-butanol
was added. This indicated the presence of "OH in
the system and played a role in the oxidation of
SMX. The removal rate of SMX was 43.21% when
adding excess methanol. The inhibition of SMX
oxidation by methanol was much stronger than that
by tert-butanol. These results indicated the presence
of SO4~ in the system and SO4~ played a leading
role in the process of SMX. The solution had a
distinct absorption peak at a wavelength of 256 nm
(benzene ring B) before the reaction (Fig. 4 (b)).
The absorption peak decreased until it disappeared
with the reaction. This indicated that SMX was
oxidized and the benzene ring structure was
gradually destroyed.
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Fig. 3. Effect of Na,SO. concentration (a), current density (b) and plate spacing (c) on SMX removal efficiency in
the EC/Fe?*/PS system
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Fig. 4. Effect of quenchers on SMX degradation (a) and UV-vis spectrum during the reaction (b) in the EC/Fe*/PS
system

Reaction kinetics of the EC/Fe**/PS system

The first-order kinetic equation was best to fit
the reaction kinetics of the EC/Fe?*/PS system. The
reaction rate constant k is affected by several
factors, such as [Fe?], [PS], [Na:SO4], [current
density] and [plate spacing] at certain SMX
concentration and pH conditions. Then the apparent
correlation could be established:

k=p[Fe?*]* [PS]° [Na,SO4]° [current density]
[plate spacing]®

where u, a, b, ¢, d, e are constants. In order to
obtain these constants, the above results were
subjected to statistical analysis. Then the reaction
rate constant of k can be expressed as:

k=8.9921x1 0-4[|:e2+]0.4383 [PS]0'7747[N 3.2804]0'3382
[current density]®“***[plate spacing]®#°"

So, the kinetic equation of SMX degradation in
EC/Fe?*/PS system can be expressed as:

C=Co exp (-8.9921x10* [Fe*]°438 [pS]o7™#7
[Na;S04]%3%82  [current  density]®4%®  [plate
spacing]®873t).

From the above equation, the order of factors
affecting the reaction rate is as follows: plate
spacing > PS concentration > Fe?* concentration >
current density > Na;SO, concentration under
certain reaction conditions. Comparison between
kinetic model and experimental data shows that the
actual value was well fitted to this dynamic model.

CONCLUSIONS

The main results of this study showed that:

1. The EC/Fe*/PS system could effectively
degrade SMX in aqueous medium. The acidic
conditions were favorable to SMX degradation. The
optimal values of Fe?" concentration and plate
spacing were 1 mM and 9 cm, respectively. When
the values were higher than the optimal values, the
removal efficiency decreased and the processing
cost increased. The removal efficiency increased

with the separate increase in PS concentration,
Na,SO4 concentration and current density.

2. The results of the free radical test showed that
SO~ played a leading role in the EC/Fe?'/PS
system. The benzene ring structure of SMX was
destroyed in the reaction. The reaction Kkinetic
equation was obtained:

C=Co exp (-8.9921x10* [Fe*]>43 [pS]o7™#"
[Na;SO4]%3%2  [current  density]®4%®  [plate
spacing]®8573t).

These results show that sulfonamide antibiotics
could be effectively oxidized in the EC/Fe?'/PS
system. This study provides an efficient and
environmentally friendly treatment for removing
sulfonamides in water.
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Anticorrosive potential of ethanol extract of Delonix elata for mild steel in 0.5 M
H,SO, - a green approach
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The phytochemical constituents of Delonix elata, characterized by gas chromatography-mass spectroscopy (GC-
MS) and their inhibitive action on mild steel in 0.5 M H,SO, medium, are discussed in the present study. The
impedance and polarization techniques showed a similar trend as regards concentration and inhibition efficiency. The
optimized concentration of D. elata (10 % v/v) resulted in high inhibition efficiency (85.96%). To confirm the
adsorption of inhibitors on the mild steel surface, morphological studies of the latter were carried out by means of
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDX) and atomic force microscopy (AFM)
techniques for both uninhibited and inhibited specimens. The electrochemical measurements and surface studies were

well associated with each other.

Keywords: Delonix elata, GC-MS, Inhibitive action, SEM-EDX-AFM

INTRODUCTION

The supreme properties of metals and alloys
have gained vast attention from earlier days.
Among the existing metals, low cost and
remarkable functional properties of iron and its
alloys had made it to enter the construction fields
and industrial sectors [1]. The extent of its usage in
industrial sectors without proper remedial measures
leads to huge economical loss. In specific, mild
steel is extensively used in various fields such as
construction, automobile, petroleum and oil
industries due to its low cost and excellent
mechanical strength [2, 3]. When such metal is
subjected to pickling, cleaning and descaling
processes [4] in presence of mineral acids like
hydrochloric acid and sulphuric acid, undoubtedly
base metal dissolution takes place in addition to the
removal of oxide coatings and corrosion products.
Such deterioration of metals is a serious problem
which should be taken care of to find a solution to
minimise the loss where complete elimination is
impossible. As a remedy, usage of inhibitors is a
low-cost method which can slow down or prevent
the metal loss when added in acid solutions [5]. In
this regard, organic inhibitors have gained long-
term attention in minimising the corrosion rate to
the maximum extent due to their heteroatoms such
as S, O and N and their = electron density, which
could behave as adsorption centres. Though the
organic compounds are acknowledged with good
* To whom all correspondence should be sent:
E-mail: prabakarannitt@gmail.com;
prabakaran@konkuk.ac.kr

aD. Mahalakshmi and 1.-M. Chung
have equally contributed to this work.

inhibition  efficiency, their cost, synthetic
methodology and toxicity limit their usage [6].
Thus, recent researches are turning towards
exploring the green and eco-friendly corrosion
inhibitors originating from plant sources. The plant
extracts, boosted with phytochemical constituents
such as amino acids, terpenoids, flavonoids,
alkaloids, polyphenols, tannins, etc., along with
their simple preparative methods, low cost, easy
availability and renewable resources, are
environmentally acceptable ones [7]. To strengthen
the platform of green inhibitors, lot of research
work has been carried out by various researchers
using different plant sources as corrosion reducers
for different metals in various aggressive media,
which is evident from the reports documented using
extracts of watermelon rind [8], Justicia
gendarussa [9], Ligularia fischeri [10], Phyllanthus
amarus, Oxandra asbeckii, Phyllanthus amarus
[11], Zenthoxylum alatum [12], Tragia plukenetii
[13], Tripleurospermum auriculatum, Teucrium
oliverianum [14], Silybum marianum [15], Egyptian
licorice [16], Ginkgo biloba [17], etc. In order to
highlight the potential of green inhibitors, in the
present work Delonix elata was chosen, a
hermaphroditic, deciduous tree originating from
Caesalpinioideae family. Its leaves and barks are
widely used in Siddha and Ayurveda. It is known
for its anti-inflammatory [18], anti-rheumatic, anti-
microbial [19] and antioxidant [20] activities. As
reported by Singh et al. [21], leaf extracts of
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Delonix elata were found to possess active
ingredients like tannins, saponins, quinones,
terpenoids, steroids, flavonoids, phenols, alkaloids
and coumarins. Its active ingredients rich in
heteroatoms and aromaticity are expected to
provide good protection for metals. In order to
check this expectation, an ethanol extract of leaves
of Delonix elata was prepared to study its inhibition
efficiency for mild steel in 0.5 M H,SO, medium
using electrochemical and non-electrochemical
techniques. Surface characterization studies were
made by SEM, EDX, and AFM analysis and are
discussed in the forthcoming sections.

EXPERIMENTAL METHODS

The mild steel samples were machined in to
appropriate dimensions of 3 x 1 x 1 cm followed by
pickling with hydrochloric acid to remove
impurities. The samples were abraded with various
grades of emery sheets for polished surface and
stored in a desiccator for further usage. The
electrolytic solution of 0.5 M H>SO4 was prepared
with double distilled water. The leaves of Delonix
elata were collected, washed several times with
double distilled water, shade dried and finally made
into powder. About 1 g of powder was allowed to
reflux with 100 ml of ethanol for 3 h. Later the
cooled extract was filtered and refrigerated for
further use.

Gas chromatography-mass spectroscopy (GC-MS)

The required amount of sample was diluted with
ethanol and was analyzed by GC-MS using Perkin
Elmer Clarus 60 instrument equipped with a DB 5-
MS capillary standard non-polar column (30 m x
0.25 i.d., film thickness 0.25 um). An electron
ionization system with 70 eV ionization energy was
used for the detection of components along with
helium gas (99.999 % purity), and operating
parameters like sample volume (1 pL), delay time
(2 min) and running time (40 min).

Electrochemical measurements

An electrochemical work station, 1VIUM
compactstat potentiostat/galvanostat was used. The
measurements were carried out in a three-electrode
cell assembly comprising a mild steel rod of 0.785
cm? exposure, platinum and calomel electrode as
working, counter and reference electrodes. The
open circuit potential (OCP) was measured after
stabilizing the system. An electrochemical
impedance spectroscopy (EIS) test was carried out
in the frequency range of 10 KHz to 0.01 Hz using
superimposed sine wave amplitude of 10 mV. From
the plots obtained for the selected concentrations of
the inhibitors (2, 6 and 10 % v/v), impedance
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parameters like charge transfer resistance (Rc:) and
constant phase element (CPE) for uninhibited and
extract-inhibited medium were sorted from which
inhibition efficiency was calculated using the
equation below:

Inhibition efficiency(%) _Ram “Raeaw 150 (1)
ct(inh)

where, Regnhy and Resianky are the charge transfer
resistances of inhibited and uninhibited samples,
respectively. Followed by impedance
measurements,  potentiodynamic  polarization
measurements were carried out by applying a
potential range of -200 mV to +200 mV at a scan
rate of 1 mV/sec under similar experimental set up.
From the resulting Tafel plots, polarization
parameters like corrosion current (lcor), COrrosion
potential (Ecor) and Tafel slopes (b. and b) were
drawn:

| .
Inhibition effeciency(96) = -2 et 150 (2)

corr(blank)
comolanky @Nd 1 correspond to the

corrosion current of uninhibited and inhibited
medium, respectively.

Surface analysis (SEM-EDX and AFM)

The extent of a metal to undergo corrosion in
uninhibited and inhibited (10 % v/v) medium can
be additionally evidenced by SEM analysis. The
elemental composition of the samples can be
retrieved from the EDX analysis. SEM analysis
coupled with EDX was done with a biomedical
research microscope (Mumbai, India). Multimode
scanning probe microscope (NTMDT, NTEGRA
prima, Russia) with cantilever length, width and
thickness of 135, 30 and 2 um, respectively and
0.35-6.06 N/m force constant assisted with NOVA
software was used to record the AFM images for
both inhibited and uninhibited samples.

RESULTS AND DISCUSSION
Gas chromatography-mass spectroscopy (GC-MS)

where, |

corr(inh)

Fig. 1 shows the GC-MS spectra representing
the phytochemical constituents of the ethanol
extract of Delonix elata. Fig. 2a shows the structure
of 9 major peaks (based on their retention times)
corresponding to the phytoconstituents: a) propane-
1-1-3-triethoxy (RT=5.40), b) DL-homocystine (RT
= 7.64), c) melezitose (RT=10.76), d) I-(+)-ascorbic
acid 2,6-dihexadecanoate (RT=21.48), e) 1,2,3,4-
tetrahydro-N-(1-methylethyl)-N-(phenylmethyl) 2-
naphthalenamine, (RT=24.29), f) L-ascorbic acid-6-
octadecanoate (RT=25.2), g) 1-vinyl-1-
hydroxycholestane (RT=30.18), h) 2-(3-acetoxy-
4,4,14-trimethylandrost-8-en-17-yl) propanoic acid
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(RT=33.55) and i) 9-hexadecenoic acid eicosyl
ester (Z) (RT=35.95). On the other hand, the
presence of smaller peaks could be due to small
quantities of disintegrated major components. Fig.
2b shows the major components of the extract.
Similarly, compounds elicited at lower retention
time could be low-polar plant constituents. It is
worth noting that all 9 compounds shown in Fig. 2a
are a mixture of organic moieties containing O, N

100

Ir1|||l1|r|l‘1||||1

0 wa s
5.00 0.00 15,00

1I‘l||‘1|llrllrll1ll‘1

2000 Time

or m-electrons [22], electron-rich multiple bonds
[23] which is a necessary criterion for the present
discussion. Since the retention times of the majority
of the compounds are close to each other and owing
to the complex hetero systems, it is difficult to
reveal individual actions rendered by the
phytoconstituents. Thus, the ethanol extract was
used as such for the forthcoming studies.
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Fig. 1. GC-MS chromatogram of Delonix elata.

Fig. 2a) Structures of the major phytoconstituents elucidated by GC-MS.
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Fig. 2b. Mass spectrum of 1-vinyl-1-hydroxycholestane.
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Electrochemical impedance spectroscopy (EIS)

The electrochemical response and reactivity of
metal specimens in 0.5 M H.SOs; medium was
measured after attaining steady-state potential,
represented in the form of open circuit potential
(OCP). Fig. 3 shows the OCP image of selected
concentrations (2, 6, 10 % v/v) of the inhibited test
medium.
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Fig. 3. OCP measurement of the corrosion of mild
steel in 0.5 M HSOa.
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Fig. 4. Nyquist plots for the corrosion of mild steel in
0.5 M H3SO04,

From the OCP image, the adsorption of
inhibitors on the mild steel surface is evidenced by
the shift towards negative potential in presence of
inhibitors with reference to uninhibited medium
[24, 25]. The EIS technique is a most powerful tool
to understand the reactions occurring at the
electrochemical interface leading to the adsorption
of inhibitor molecules [26]. The EIS measurements
for the selected concentrations of inhibitors are
reflected in the form of Nyquist plots, as displayed
in Fig. 4. The impedance response for the
uninhibited and inhibited systems is exhibited in the
form of single depressed capacitive loops owing to
the fact that the corrosion process on the mild steel
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surface is controlled by charge transfer [27].
However, the imperfection in semicircle would be
attributed to the inhomogeneity or roughness of the
metal surface. On increasing the concentration of
the ethanol extract of Delonix elata as 2, 6, 10 %
v/v, a successive increase in the diameter of the
semicircles [28] was found compared to that of
uninhibited test medium thereby retaining the shape
of the loops [29], suggesting a similar mechanism.
This could be correlated with the charge transfer
resistance (Rct) values displayed in Table 1.

Table 1. AC-impedance parameters for corrosion of
mild steel for selected concentrations of the inhibitors in
0.5 M H,S0..

C % (vIv) Rct (ohm CPE IE (%)
cm?) (uF/cm?)
Blank 10.12 22.4 -
2 46.98 14.8 78.46
6 63.90 13.7 84.16
10 72.09 12.7 85.96

Table 2. Corrosion parameters for corrosion of mild
steel with selected concentrations of the inhibitors in 0.5
M H,SO4 by potentiodynamic polarization method.

C% | Tafel slopes -Ecorr leorr IE

V) | (mVidec) | (mV) | (uA/em?) | (%)
b, be

Blank | 83 139 471 850 -

2 78 145 489.5 477 43.88
6 71 168 482.1 311 63.41
10 66 185 478.8 268 68.47

The increased R values from 10.12 Ohm cm?
(Blank) to 72.09 Ohm cm? (10 % v/v) reveal the
formation of a layer on the metal surface by the
phytoconstituents of the added extract thereby
retarding the dissolution of metal in acid medium.
On the other hand, decreased constant phase
element (CPE) from 22.4 (uninhibited) to 12.7
pF/cm? (inhibited) due to the decrease in local di-
electric constant or replacement of already
adsorbed ions by the added inhibitor molecules or
decreased thickness of double layer [30, 31] also
suggested the formation of a barrier at the
metal/solution interface. The constant phase
element (CPE) can be determined with the help of
the representation below where the frequency at
which the imaginary component of the impedance
is considered maximum:

3)

Z(CPE) =
Q)"

where Zcpg) is the impedance of CPE, Q is a

proportional factor, o is the angular frequency and

n is a factor which takes values between 0 and 1

indicating the inhibitor adsorption. The obtained
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experimental data were fitted into Randle’s
equivalent circuit, as displayed in Fig. 5, to deduce
the electrochemical parameters. The increased
pattern of R values obtained on addition of the
extract clearly demonstrates that the system has
undergone resistance towards corrosion thereby
blanketing the metal surface by the added inhibitor.
It is noteworthy to discuss the inhibition efficiency
rendered by the extract of Delonix elata.

CPE

Y
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Fig. 5. Randle’s equivalent circuit.
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Fig. 7. Potentiodynamic polarization plot for the
corrosion of mild steel in 0.5 M H,SOa.

Since the extract is a complex mixture of
heteroaromatic compounds it is quite difficult to
identify the behavior of the individual components.
Thus it is assumed that all components elucidated
based on their retention times could interact
synergistically thereby providing a combined
inhibition effect on the mild steel surface. The
representation of Nyquist plot could be still better

understood by correlating Bode phase angle and
modulus plot. The Bode plots shown in Fig. 6,
represent the single time constant with increased
phase angle for the addition of 2, 6, 10 % v/v
extract compared to blank, providing a
confirmation that the added extract has acted
synergistically on the mild steel surface in forming
a protective layer to minimize corrosion.

Potentiodynamic polarization technique

Influence of the inhibitors on the partial cathodic
and anodic reaction mechanisms could be well
understood with the help of potentiodynamic
polarization ~ measurements.  Potentiodynamic
polarization parameters such as corrosion current
densities (lcorr), corrosion potential (Ecorr), cathodic
Tafel slope (bc) and anodic Tafel slope (b,) were
deduced from the Tafel curves, as shown in Fig. 7
and displayed in Table 2. The obtained polarization
curves show that both cathodic and anodic reactions
are inhibited by the addition of inhibitors. From the
parameters listed in Table 2 it could be noticed that
there appears a decreased corrosion current density
from 850 (blank) to 268 pA/cm? (inhibited) thereby
minimizing the corrosion rate in the presence of
inhibitors. However, the added inhibitors alter both
cathodic and anodic reactions from whose curves
Tafel slopes b, and b could be determined. Tafel
constants b, and b are both affected by the addition
of inhibitors, b: to a slightly higher extent. The
shifting trend in Ecor values was found to be 18.5
mV/sec which is less than 85 mV, suggesting
mixed type of inhibition with predominant cathodic
inhibition [32]. Thus, the added inhibitors can
either retard cathodic hydrogen evolution or anodic
dissolution of mild steel providing a mixed mode of
inhibition on the mild steel surface.

Surface analysis (SEM-EDX-AFM)

Fig. 8 shows the SEM-EDX images of mild
steel specimens immersed in an aggressive acid
medium, as well as in a Delonix elata (10 % v/v)
inhibited medium which confirm the formation of
protective layer after immersion. The image of the
blank specimen exhibited rough surface [33] with
pit-like appearance confirming that the metal has
undergone dissolution whereas the smooth surface
shown by the inhibited specimen confirms the
adsorption of phytochemical constituents on the
metal surface thereby retarding corrosion. On the
other hand, the corresponding EDX images shown
in Fig. 8 along with the elemental composition
shown in Table 3, still make the adsorption of
components more precise. Comparing the images
and data represented, some of the elements of lower
proportion present in the blank disappeared in the
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inhibited specimen giving a confirmation that the
added inhibitor forms a layer on the metal surface.
Additional peaks corresponding to S, N and O
confirm the adsorption of multiple components of
the phytochemical constituents on the metal surface
where it is again a difficult task to determine the
action of individual components. To study the
progress of adsorption of inhibitors on the mild
steel surface, AFM was used as a powerful
technique nowadays which has the capability of
revealing the morphology from nano to micro scale.
The three-dimensional images of uninhibited and
inhibited specimens are shown in Fig. 8. From the
average  roughness (Ra),

roughness (Rq), and the maximum peak-to-valley
(P-V) height wvalues obtained from AFM
processing, relevant information can be secured.
The obtained Ra and Rq values of (198.38 nm,
258.103 nm) blank and (80.7398 nm,102.026 nm)
for 10 % v/v inhibited plate coincided well with P-
V height values of 2089.77 nm for blank and
686.106 nm for inhibited medium. All the three
parameters for inhibited specimens were found to
be less than those of the blank specimen,
confirming the smooth surface due to the
adsorption of inhibitors [33].

Intensity
i

02 04 06 08 L0

0 02 04 06 08 10 12 14 16 18 20

12

Encrgy (KeV)

Fig. 8. SEM-EDX and AFM images of mild steel in 0.5 M H,SO4 a) blank, and b) 0.5M H>SO,4 + 10% v/v D. elata.
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Table 3. Percentage compositions of elements
present on the mild steel surface.

Elements Composition (Atomic %)
Blank Inhibited
C 0.03 0.37
Fe 64.04 55.66
0] 26.03 35.6
S - 2.38
N - 5.99
Mn 2.27 -
Cr 0.53 -
Mg 1.71 -
P 0.38 -
Si 5.01 -

CONCLUSIONS

The conclusions of the present study are as
follows: (i) The phytochemical constituents of the
ethanol extract of Delonix elata were identified by
GC-MS analysis. (ii) Increased charge-transfer
resistance and decreased corrosion current density
were obtained from impedance and polarization
techniques. Both methods correlate well with each
other. (iii) The surface studies carried out using
SEM, EDX, and AFM techniques confirmed the
adsorption of inhibitors on the mild steel surface.

Acknowledgement: This paper was supported by
the KU Research Professor Program of Konkuk
University.
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Numerous studies reveal that chemical extraction of heavy metals is one of the most effective soil treatment methods
and it is often applied to cleaning polluted areas. Chemical extraction is used as an ex-situ approach, so the price is higher
compared to the in-situ (most of the price consists of plowing, transporting and warehousing of contaminated soil).
Despite the higher price, chemical extraction method is not only effective but also fast — >80% of cleaning efficiency can
be achieved in a few hours. Although the method is characterized by high efficiency, chemical extraction has not yet
been applied for heavy metal contaminated soil treatment in Lithuania. The dependence of chemical extraction efficiency
on variable parameters — organic acid type, concentration and temperature are analyzed. The optimum extraction
parameters are set by cost-benefit analysis and highest metal removal efficiency. The aim of this work was to optimize
the process of zinc and copper removal from contaminated soil using biodegradable organic acids (citric acid, tartaric
acid, acetic acid). The calculated sorption capacity of soil for Cu, Zn was 95.5% and 44.8%, respectively. It was found
using the X-ray fluorescence spectrometry method that 0.05 M tartaric acid and 0.5 M citric acid are the most effective
acids among the tested organic acids (acetic acid, citric acid, tartaric acid) for removal of Cu and Zn from contaminated
sand soils; extraction efficiency was up to 86% for removal of Cu and up to 94.7% for removal of Zn (temperature - 20
°C, extraction time - 2 h). The maximum extraction efficiency of Cu (95.1%) and Zn (97.7%) was determined using citric
acid (C= 0.5 M, t = 2 h) when the extraction was carried out at 80+2°C. Studies have shown that, from a cost-effective
point of view, the most effective way to clean contaminated with Cu and Zn soil is extraction with 0.05 M tartaric acid.
Extraction should be carried out at 20°C for 2 h. In this case, the highest common unit cost efficiency (~ 86.02%) was
achieved at the least cost (temperature, acid concentration).

Keywords: Soil, Extraction, Zinc, Copper, Organic acids, Citric acid, Acetic acid, Tartaric acid.

INTRODUCTION

Heavy metals (HM) are natural components of
the soil [1, 2]. The sources of heavy metals are of
natural or anthropogenic origin. Under natural
conditions soil is supplemented with heavy metals
by rock desertification and sedimentation
processes. In the natural environment, under the
influence of a complex of environmental conditions
(humidity, temperature changes, erosion, etc.), rock
depression and soil formation processes take
centuries; while heavy metals do not locally
concentrate in this case, their concentrations in soil
remain low.

Anthropogenic pollution with heavy metals is
characterized by high concentrations of heavy
metals, mostly locally or regionally. Soils are
significantly supplemented with heavy metals by
human activities: metallurgy, galvanizing industry,
mining, transport, waste incineration, fertilizer and
pesticide use in agriculture. Heavy metals entering
the soil should not always be a problem - stable
compounds are not dangerous, but not all heavy
metals found in the soil form persistent compounds,
it depends on the physical and chemical conditions

* To whom all correspondence should be sent:
E-mail: dainius.paliulis@vgtu.lt
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of the environment. The amount of heavy metal in
the soil depends on the amount of moisture and
other parameters [3]. Soil contamination with heavy
metals is a topical problem, as the change in
physical or chemical properties of soil (in the case
of more intensive irrigation, low pH), heavy metals
are able to migrate to the environment - to pollute
groundwater and to enter and accumulate in plants
and living organisms [4]. In ionic states, or when
combined with organic compounds, heavy metals
can be absorbed by algae, plants, and through the
dietary chain can reach the primary and secondary
consumers, thus peak heavy metal concentrations
accumulate in the tissues of end-users [5,6].
Various components of the living environment
often fail to adapt to such sudden changes of
environmental pollution - this causes degradation
of the ecosystem. The pollution of soils with heavy
metals and their compounds raises concern and
danger due to the durability of metals, their
accumulation in the physical environment and
persistence in the living organisms. Heavy metals
can enter the human body in several ways, with
food or fluids, by direct contact and by inhalation
[7]. Due to the toxicity and effects on living

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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organisms, lead (Pb), cadmium (Cd), arsenic (As),
mercury (Hg), copper (Cu), zinc (Zn) and nickel
(Ni) are classified by USEPA (United States
Environmental Protection Agency) as pollutants
that are subject to monitoring of their changes in
the environment [4]. Settled heavy metals tend to
accumulate in the soil, this geological formation is
a good indicator of environment pollution with
heavy metals. Soil contamination studies often
detect concentrations of heavy metals that exceed
the limit values - pollution poses a risk to all
ecosystem components, including humans [6, 8, 9].

Territories polluted with heavy metals in most
European countries, if concentrations of heavy
metals are above the permissible limit values, must
be cleaned. Soil treatment can be carried out using
two principles: in-situ and ex-situ. Chemical
extraction of metals is based on the ex-situ
principle, therefore its cost is higher than in-situ
(the major part of price consists of soil excavation,
transportation and storage work, the part of
chemical reagents is very small). In spite of the
higher price, this method of soil treatment is
efficient and fast — studies of heavy metal
extraction have shown that more than 80% of
treatment efficiency can be achieved within a few
hours. 88% copper and 86% zinc elimination
efficiency after 1 hour contact time at room
temperature was reached with sulfuric acid [10].
Application of strong acids for extraction of heavy
metals from contaminated soil is not aceptable due
to the fact that strong acid reduces the content of
organic matter in the soil.

EDTA, nitric acid and hydrochloric acid were
used to remove heavy metals from contaminated
soils [11]. The efficiency over 70% for lead
removal was achieved during extraction of soil with
the tested acids - 0.05M EDTA, 1.7% HCI and 10
% HNOs using optimized extraction time and acid
volumes. Many scientists carried out studies on the
extraction of heavy metals from contaminated soils
using different chemicals (sulfuric acid, nitric acid,
chelators and organic acids — citric acid, PESA,
EDTA, EDDS, PDTA, BDTA, IDSA, NTA,
HEDTA and EGTA, CDTA, etc. [12-21]. The
trivalent heavy metal ions, iron and chromium,
were more difficult to be removed than the divalent
ions, copper, zinc, nickel, and cadmium. More than
99.9% of heavy metals can be removed from the
sludge by treating with 0.5 M sulfuric acid in 2 h
[12]. It was found that the extraction of Cr using
PESA was more efficient than that using
ethylenediaminetetraacetic acid (EDTA) and S,S-
ethylenediaminedisuccinic acid (EDDS) under
similar conditions. The extraction efficiency

reached 58% [14]. The removal efficiencies of Zn,
Ni, Cr and Cu reached 53.5%, 40.2%, 35.4% and
13.1%, respectively, using citric acid [15].

The removal efficiencies of Cu, Zn and Pb
reached 9.5%, 82.2%, and 87.3%, respectively, at
the optimal 0.325 M concentration of nitric acid
assisted by ultrasound for 20 min [16]. Zinc and
nickel were the heavy metals having the best
removal efficiency with citric acid. EDTA gives
better results for extraction of copper, cadmium and
lead from biosolids [17]. Citric acid was more
active than H>SO, for leaching heavy metals (Mo,
V, Ni, and Co) from a spent catalyst [18]. The
combined application of EDTA and EDDS
significantly increased the extraction of heavy
metals (especially Pb) from the soil [19]. 0.05 M
EDTA and 0.1 M citric acid were tested for the
simultaneous extraction Cu, Pb and Zn from an
Italian harbour sediment. Best extraction efficiency
was achieved using 0.05 M EDTA solution [20].
Soil washing using EDTA and three of its
derivatives: CDTA (trans-1,2-
cyclohexanediaminetetraacetic  acid), BDTA
(benzyldiaminetetraacetic  acid), and PDTA
(phenyldiaminetetraacetic acid) was tested for
extracting Cu?*, Zn%, Ni?*, Pb?*, and Fe** from a
contaminated soil [21]. It was determined that the
best extractant was PDTA, worse extractants were
EDTA and CDTA. BDTA was the least effective
extractant [21]. Removal of Cu, Ni and Pb from soil
was achieved using IDSA, NTA, HEDTA and
EGTA. Metal extractions ranged between 80 and
97% using IDSA as the best extractant [22]. The
extraction of heavy metals from soil can be carried
out using EDDS [23]. Different chemicals have
been used to remove zinc from the soil: EDTA,
NTA, citrates, tartrates, oxalates, and EDTA,
citrates, DTPA, sulfides, EDDS — for removal of
copper from the soil. A hybrid method involving
chelating agents and microorganisms can be
applied for removal of heavy metals from electronic
waste [24]. Chelating agent GLDA was tested for
removal of cadmium, nickel, copper and zinc from
industrial sludge [25]. About 89 % cadmium, 82 %
nickel, 84 % copper and less than 50 % zinc
elimination efficiency was achieved from industrial
sludge applying GLDA [25]. Pb removal from
contaminated soils applying low molecular weight
organic acid (LMWOA) — citric acid (CA), malic
acid and nanoscale zero-valent iron (nZVI) were
investigated. The maximum Pb  removal
efficiencies reached 72% for mine soil and 87% for
farmland soil after 4 h by the mixed solutions of
CA and nZV1, respectively [8].
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Low molecular weight organic acids such as
acetic acid, oxalic acid and citric acid could be used
for removal of heavy metals from polluted soil [26].
During chemical extraction of heavy metals from
the contaminated soil it is important to remove
both forms of metals - mobile and immobile. The
extraction of metals from soil with organic ligands
depends on the competition between the metal-
binding functional groups from the sludge structure
and the organic chelator [15]. Physical and
chemical extraction reaction conditions can be
changed for increasing of effectiveness of
contaminated soil treatment.

The aim of this work was to optimize the
process of zinc and copper removal from
contaminated soil using biodegradable organic
acids.

METHODOLOGY
Scheme of experiment:

1. Sampling of soil.

2. Determination of soil type and pH before
pollution.

3. Determination of total carbon quantity in
soil.

4. Contamination of soil with aqueous solutions
of zinc and copper nitrates.

5. Determination of zinc and copper
concentrations in conaminated soil samples and pH
determination.

Samples were taken with a steel rack at a depth
of 10 cm, and about 650 g of soil were taken from
each point. The total mass of soil was about 10 kg.
The collected samples were placed in the same
container to form a composite sample. Soil was
transported to the laboratory, dryed at 38 °C
temperature for 24 h, sieved through 3 sieves - 2
mm, 0.25 mm and 0.125 mm for determination of
soil type. Soil fraction with a size smaller than 2
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6. Extraction of heavy metals from soils
applying organic acids.

7. Determination of the effect of temperature
and acid concentration unit efficiency on the
removal of copper and zinc.

All reagents used in the research were of
analytical reagent grade, deionized water meets the
requirements of LST EN 1SO 3696: 1996 standard.

Instruments used in the study:

X-ray fluorescence spectrometer Niton XL2;

TOC Analyzer Shimadzu TOC V;

Elution shaker C. Gerhardt GmbH and Co.KG -
Rotoshake RS12;

Mettler Toledo pH meter;

Electric chopper-homogenizer;

Radwag AS60/220 laboratory balance.

Collection of soil samples

Soil samples were taken from an unbuffered,
natural area - in the meadow near the coniferous
forest in the territory of Ukmergé town. The nearest
industrial or energetic company was more than 2
km away from the sampling point. The chosen area
is near to the Bugeniai village (coordinates X-
546828, Y-612062). The sample locations are
arranged in a grid of 20 meters (120 meters from
the road and 100 meters from the nearest building)
(see Fig. 1).

mm was selected for pH determination and
pollution with the investigated heavy metal salts
(nitrates).

Determination of soil type, pH and metals
concentrations before pollution

The type of soils that are predominant in the
territory of Lithuania was chosen for the study.
According to standards EN 1SO 14688-1:2002 and
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EN ISO 14688-2:2004 was determined as sand soil
type.

pH of the soil was determined according to
standard LST I1SO 10390: 2005. 20 g of analysed
soil was mixed with 100 ml of 0.1 M KCI solution,
shaken for 1 h with the Elution shaker C. Gerhardt
GmbH and Co.KG - Rotoshake RS12 and filtered
through a 0.45 um filter. pH of the separated
suspension was measured with a Mettler Toledo pH
meter; pH of the suspension was 7.9. Deionised
water (5 1) of was mixed with 3 kg of soil. The soil
was stirred for 30 min with an electric grout mixer,
after which the soil was filtered through a 0.45 um
filter. The filtered soil was dried at 38 °C for 24 h.
Five samples of 30 g of soil were collected and
background concentrations of heavy metals (Cu and
Zn) were measured with the X-ray fluorescence
spectrometer Niton XL2. Concentration of copper
was 15.45+3 mg/kg, concentration of zinc was
42.22+2 mg/Kkg.

Determination of total carbon quantity in soil

Quantity of total carbon in soil was 2.5-3.0 %. It
was determined using the TOC Analyzer Shimadzu
TOC V.

Pollution of soil with aqueous solutions of zinc and
copper nitrates

Limit values for metals in soil according to
Lithuanian hygiene norm HN 60:2015 are these:
75 mg/kg (Cu) and 300 mg/kg (Zn). Salts of the
investigated heavy metals were dissolved in 600 ml
of deionised water (2.85 g Cu(NO3).x3H,0O and
13.5 g Zn(NO3).x6H20). Ratio of solution: soil
was 2:1 (v:w).

Determination of zinc and copper
concentrations in polluted soil samples and pH
determination

Before the soil extraction tests were carried out,
the condition was raised: in the contaminated soil
the concentrations of Cu and Zn should be at least 2
times higher than set in the Lithuanian Hygiene
Norm HN 60:2015. After contamination with heavy
metals, the soil and solution were mixed with the
Elution shaker C. Gerhardt GmbH and Co.KG -
Rotoshake RS12 for 2 h. After mixing, the soil was
filtered through a 0.45 um filter. The filtered soil
was dried at 38 °C for 24 h. The values of heavy
metals in the polluted soil were determined with the
X-ray fluorescence spectrometer Niton XL2.
Concentration of copper in the polluted soil was
9.54 times and concentration of zinc in polluted soil
was 4.47 times higherthan the limit values
presented in the Lithuanian Hygiene Norm HN
60:2015, it means that raised condition was
achieved. Ater contamination of soil with heavy
metals salts pH decreased to 3.9.

Extraction of heavy metals from soils applying
organic acids

The research was based on Wang's proposed
methodology [15], which used the best-case method
in metal extraction studies. The method is based on
the fact that the optimal solution to the problem is
determined using less resources: all possible
variants are not examined, some of them disappear
at the initial stage of the study, for example, if the
dependence of the extraction efficiency on a single
variable parameter, e.g., acid concentration, is
investigated, after studies with 3 variables the most
effective option found in the next step is the best-
defined option (see Table 1).

Table 1. Extraction study using the best-case method.

Acid

Acid concentration [M]

Temperature [°C]

Tartaric acid, Acetic acid, Citric acid

0.05,0.1,0.2,0.35,05

20, 40, 60, 80

The effects of the three variables on the
effectiveness were investigated in extraction
studies. The main variable was the extractant
(organic acid), secondary variables - acid
concentration [M] and temperature [°C]. Three
organic acids were used in the experiments: tartaric
acid, acetic acid and citric acid. The following acid
concentrations were used in the studies: 0.05 M, 0.1
M, 0.2 M, 0.35 M and 0.5 M [12,15]. After
determination of two optimal organic acids,
experiments were carried out with selected
concentrations of acids, variable — temperature.

According to the literature review, the maximum
extraction efficiency is achieved within the first 2
hours, so the extraction tests were carried out from
0.5t0 24 h (0.5, 2, 8, 24 h). Based on the primary
extraction results, the extraction efficiency is
practically constant after 2 h; therefore the selected
extraction time was 2 h.

Optimal extraction conditions and parameters
were found during experiments.
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Determination of the effect of temperature and acid
concentration unit efficiency on the removal of
copper and zinc

The unit efficiency calculation was used for
evaluation of efficiency of acid concentration unit
and temperature unit. This indicator shows what
performance could be achieved with a part of a
particular parameter. In this case the obtained
efficiency is divided by a certain parameter, the
highest value equals 100%, and all other
calculations are carried out according to the
principle of proportionality. This method is
effective for comparing completely different
parameters  (different acid  concentrations,
temperatures) if their values are known. This
parameter also helps researchers to achieve the best
result with the lowest cost. For example with X
acid of 0.5 M concentration it was achieved 80%
extraction efficiency and with Y acid 0.01 M - 60%
efficiency. The highest value is equal to 100%, in

this case unit efficiency of Y acid is 100%, and X
acid unit efficiency is just 2.6%. In the analysed
case it is better to use Y acid if the cost of acid
concentration is estimated. The maximum
efficiency is achieved with X acid and reaches
80%. Efficiency of acid unit is higher for Y acid,
but overall efficiency is only 60%.

RESULTS AND DISCUSSION

Cu and Zn salts (nitrates) were used for artificial
contamination of soil with the investigated heavy
metals. The concentration of the metals in the soil
was  determined by  X-ray  fluorescence
spectrometry.  According to the measured
concentration of metals in the artificially
contaminated soils, the amount of metals absorbed
by the soil was calculated. The results of soil
absorption capacity are presented in Table 2.

Table 2. The absorption capacity of heavy metals in the test soil and other parameters

Metal Metal concentration Limit value according Soil absorption Exceeding the limit
in soil, mg/kg to HN 60:2015 efficiency,% value, times
Cu 715.23 75 95.49 9.54
Zn 1341.03 300 44.85 4.47

It shows that the main condition for soil
contamination was achieved - all metal
concentrations exceeded the limit value set in the
Lithuanian Hygiene Norm HN 60:2015 more than 2
times. Soil mostly effectively absorbed copper -
soil absorption efficiency was more than 95%, soil
absorption efficiency for zinc was near 45% (Table
2).The investigated soil was homogeneous - the
distribution of the metal concentration in different
soil samples around the mean value was + 3.6% for
Cu and = 5.7% for Zn, accordingly. The
homogeneous distribution of metal concentrations
in soils is important for extraction studies, as it
leads to lower errors of research results.

Dependence of Cu extraction efficiency on acid
type and concentration

45 units of contaminated soil (10 g) were used
for determining the effect of acid type and
concentration on heavy metals extraction
efficiency. The extraction time and temperature
were constants (2 h, 20+2 °C). Three different
organic acids (tartaric, acetic, citric) and 5 different
concentrations (0.05 M, 0.1 M, 0.2 M, 0.35 M, 0.5
M) were used for extraction.
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After extraction with organic acids soil pH was
in the range from 1.9 to 3.7 depending on acid type
and concentration — with tartaric acid (1.9-2.5),
with citric acid (2.1-2.5), with acetic acid (2.8-3.7).
Dependence of residual Cu concentration in soil on
extractant type and concentration is presented in
fig. 2.

Figure 2 shows that copper from the
contaminated soil was most effectively eliminated
by tartaric acid. With all concentrations of tartaric
acid, the copper removal efficiency remained
similar — it increased with increasing of tartaric acid
concentration from 80% to 86.0%.

Citric acid was also effective in removing
copper from soil, but at low concentrations (0.05 M
and 0.1 M), it was not as effective as tartaric acid.
Extraction efficiency was in thr range from 67.7%
to 85.4 %.

Acetic acid was the least effective on the
extraction of copper from contaminated soil.
Applying this acid the efficiency of copper
extraction ranged from 34.2% to 69% with
increasing acetic acid concentration.

Deionised water reduced copper concentration
in the control contaminated soil sample by only
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14.5%. It can be argued that copper forms solid
insoluble complexes with soil particles and is
difficult to be removed if the medium is not
acidified.

Dependence of Zn extraction efficiency on acid
type and concentration

Dependence of residual Zn concentration in soil
on extractant origin and concentration is presented

in fig. 3.
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All three investigated organic acids were very
effective for extraction of zinc from contaminated
soil (fig. 3). The most effective extractant for
removal of zinc from contaminated soils (like in
case of copper) was tartaric acid.

With all investigated concentrations of tartaric
acid copper removal efficiency was similar - it
increased with increasing tartaric acid concentration
from 92% to 95.4%.

Citric acid was also effective in removing zinc,
but slightly less compared to tartaric acid. The
effectiveness of citric acid with increasing acid
concentration ranged from 86.1% to 94.7%.

Acetic acid proved to be the least effective. With
this acid zinc removal efficiency increased from
78.6% to 89.6% with increasing acid concentration.

Deionised water reduced zinc concentration in
the control contaminated soil sample by 48.7%,
therefore, in the case of soil contamination with
zinc, the primary soil treatment method (taking into
account the extent of exceeding the limit value)
may be a method of soil washing with water.

Dependence of Cu extraction efficiency on
temperature

The efficiency of extraction also depends on the
temperature of the solution. Contaminated soil
samples (10 g) were used to determine the
efficiency of extraction with temperature. In the
study of extraction efficiency with temperature, the
most  effective first-stage acids and their
concentrations were used - 0.05 M tartaric acid and
0.5 M citric acid.

Extraction with both mentioned acids was
carried out at different temperatures — 20 °C, 40 °C,
60 °C and 80 °C. After extraction soil samples were
dried and analyzed using XRF spectrometer. The
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obtained data on the concentrations of Cu
remaining in the soil samples after rinsing are
presented in Fig. 4.

Increasing the temperature from 20 + 2°C to 80
+ 2°C resulted in a slight increase in the removal
efficiency of copper from the soil using 0.05 M
tartaric acid - only by 7.3%. The maximum removal
efficiency was 87.4% at 80 + 2°C.

The use of 0.5 M citric acid at higher
temperature increased the efficiency of copper
removal by 9.7%. The maximum copper removal
efficiency with citric acid was achieved at a
temperature of 80 + 2°C and reached 95.1%.

Removal of copper on applying deionised water
increased from 14.5% to 16.4% on increasing
temperature (Fig. 4). Increasing of temperature had
no significant effect on the effectiveness of copper
removal from contaminated soil using organic
acids.

Dependence of Zn extraction efficiency on
temperature

The obtained data on the concentrations of Zn
remaining in the soil samples after rinsing are
presented in Fig. 5.

With an increase in temperature from 20 + 2 °C
to 80 £ 2 °C, the removal of zinc from the
contaminated soil with the use of 0.05 M tartaric
acid slightly increased as for copper - only by 4%
(Fig. 4). The maximum removal efficiency was
96% at 80 + 2°C.

Using 0.5 M citric acid a slight increase in zinc
elimination efficiency was noted with increasing
temperature by just 3%. The maximum zinc
removal efficiency applying citric acid was
achieved at a temperature of 80 = 2 °C and was
97.7%.
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The efficiency of zinc removal from the the
control sample of soil with deionised water with
increasing temperature increased from 48.7% to
50.6% (Fig. 5).

Increasing of temperature had no significant
effect on the efficiency of zinc removal from
contaminated soil using organic acids.

It is very important to estimate which acid is
more effective for the removal of the selected
metals. The most effective was 0.5 M citric acid for
extraction of zinc and copper from contaminated
soil, but with 0.05 M tartaric acid comparable metal
removal efficiency was achieved, 10 times lower
tartaric acid concentration being effective enough.

Determination of temperature and acid
concentration unit efficiency on removal of copper
and zinc

The efficiency of acid concentration and
temperature units on copper and zinc common
extraction efficiency is presented in fig. 6.

The results of extraction efficiency according to
acid concentration unit and temperature unit are
quite  different, because the tartaric acid
concentration is 10 times lower (lower costs) but
extraction efficiency is similar to that with 0.5 M
citric acid.

In this case the maximum rational efficiency
was achieved with 0.05 M tartaric acid at the lowest
temperature - 20 ° C (higher cost does not
compensate for the benefit of metals removal and it
is seen from the above presented results that the
temperature does not significantly affect the

efficiency of Cu and Zn removal from
contaminated soil).
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The obtained results of the study are ambiguous
and should be evaluated depending on the
objectives of the application:

Condition 1 — if evaluation is carried out
according to the highest metal removal efficiency -
in this case 0.5 M citric acid and 80 °C temperature
should be used.

Condition 2 - if evaluation is carried out
according to the practical application possibilities
(in terms of unit temperature and unit efficiency) -
in this case it is best to use 0.05 M tartaric acid and
20 + 2°C temperature.

Better extraction efficiency was achieved for
zinc removal from polluted soil compared to copper
using citric acid as extractant. Similar results were
obtained by other scientists - the removal
efficiencies of Zn and Cu reached 53.5% and
13.1% using citric acid [15]; zinc was the heavy
metal having better removal efficiency from
biosolid with citric acid, compared to copper [17].

It can be concluded that tartaric acid offers
similar extraction efficiency as citric acid. Similar
results were obtained by other scientists - citrate
removed 80 to 99.9% of all metals (Cd, Pb, Cu and
Zn) within 24 h at pH from 2.3 to 7.5. Tartarate
removed 84 to 99.9% of all metals from soil within
24 h at pH from 2.1 to 6.7 [27].

It can be concluded that acetic acid is the worst
extractant among the tested organic acids.

The efficiency of heavy metals extraction from
polluted soil depends on extraction time, type of
heavy metals (soluble or not soluble in water), type
of organic acid and its concentration, process
temperature, quantity of organic carbon and other
parameters. Low molecular organic acids such as
tartaric and citric are better chelating agents
compared to acetic acid and can be applied for
removal of heavy metals from soil. These organic
acids are environment-friendly and can be
decomposed by bacteria.

CONCLUSIONS

1. It has been found using X-ray fluorescence
spectrometry that 0.05 M tartaric acid and 0.5 M
citric acid are the most effective acids among the
tested organic acids (acetic acid, citric acid, tartaric
acid) for removal of Cu and Zn from contaminated
sand soils; extraction efficiency was up to 86% for
Cu removal and up to 94.7% for Zn removal
(temperature - 20 °C, extraction time - 2 h).

2. The maximum extraction efficiency of Cu
(95.1%) and Zn (97.7%) was found using citric acid
(C=0.5 M, t =2 h) when the extraction was carried
out at 80+2°C.
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3. Studies have shown that, from a cost-
effective point of view, the most effective way to
clean contaminated with Cu and Zn soil is the
extraction with 0.05 M ftartaric acid. Extraction
should be carried out at 20° C for 2 h. In this case,
the highest common unit cost efficiency (~ 86.02%)
was achieved at the least cost (temperature, acid
concentration).
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This study was aimed to determine the effect of epoxyacrylate oligomer on the print quality. For this purpose, the
test print image, transferred on polyester film using a digital printing system, was applied on three different textile
fabrics using thermal transfer printing system at three different temperatures. Then, epoxyacrylate based coating
formulation was applied on the printed textile fabrics. In order to determine the printability parameters, print colors L*,
a*, b* and gloss values were measured on uncoated and epoxyacrylate coated printed textile fabrics. Then a standard
washing process was applied on uncoated and epoxyacrylate coated printed textile fabrics in order to estimate the
washing fastness of the coating and printing processes. Results showed that print chroma values of epoxyacrylate coated
fabrics decreased whilst print gloss values increased. But, after the washing step, print gloss values of uncoated and
epoxyacrylate coated printed textile fabrics all remained unchanged. Furthermore, epoxyacrylate coating has no
significant effect on print lightness values of printed textile fabrics. The change in textile fabrics’ structures did not

show a distinct effect on printability parameters.

Keywords: Epoxyacrylate coating, Thermal transfer printing, Print gloss

INTRODUCTION

Epoxy polymers exhibit excellent chemical
stability and thermal resistance, showing good
adhesion properties on a great variety of surfaces.
They have good mechanical properties and can be
used in composite materials as the matrix phase.
Although having all these advantages, epoxies have
some drawbacks such as low impact resistance,
high brittleness, and poor UV-resistance. In order to
eliminate these drawbacks, epoxies should be
modified using some chemical reactions or
inorganic fillers. The most widely used method in
modification of epoxies is the acrylation process.
The reaction of an epoxy with acrylic acid gives the
epoxyacrylate (EA) oligomer which can be used for
various coating purposes such as corrosion and UV
protection, resistance to flame, acid and organic
solvents, etc. [1-7]. In the literature there are just a
few studies considering the usage of EA based
coatings in printing industry. In a previous study, a
urethane acrylate oligomer has been synthesized
and used in a blue light curable ink formulation for
jet printing on cotton fabrics [8].

Today, an aspect of graphic industry that is
becoming more and more interesting is printing of
textile materials. Printing of textile materials can be
most appropriately described as an art and a science
of desired design transfer onto the textile surface.

* To whom all correspondence should be sent:
E-mail: ssonmez@marmara.edu.tr

Textile materials can be printed using screen-
printing technique, digital printing technique, and
thermal transfer printing [9]. In thermal transfer
printing, firstly the image is transferred onto the
transfer paper using digital printing technique, then
a binder is printed on the printed transfer paper
using digital or screen printing system. Finally, the
images on prepared test samples are transferred
onto textile fabric by using heat in the range of 140-
220°C depending on textile fabric structure [10].

In this study, EA oligomer was synthesized and
then applied on printed textile fabrics by dip-
coating for protection of the image quality in a
thermal transfer printing system. The effects of EA
coating layer on print lightness, print chroma, and
print gloss values were investigated. Printed and
EA coated fabrics were also tested after double
washings to assess the water resistance of printing
color and EA layers.

MATERIALS AND METHODS
Materials

In this study, three different kinds of textile
fabrics (cotton 113 g/m?, 30 warp/cm, 22 weft/cm,
polyamide 168 g/m?, knitted fabric, polyester 84
g/m?, 64 warp/cm, 40 weft/cm) were used.
Bisphenol-A  based epoxy (EPIKOTE 162,
EEW:167-171 glequiv.), triphenyl phosphine
(TPP), acrylic acid (AA), methyl ethyl ketone
(MEK), hydroquinone (HQ), photoinitiator
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(Irgacure-184), and dipropylene glycol diacrylate
(DPGDA) were all purchased from Sigma-Aldrich.

Preparation and Application of the Printing Master
Film via Thermal Printing System

Printing master films were prepared and then
they were printed on polyester film by an HP
Indigo 5500 digital printing machine. In order to
prevent spreading of the image, the surfaces of
printed polyester films were coated with white dye
using a semi-automatic screen-printing machine.
The mesh number was 140 threads/cm (tpc). After
print, they were dried at 60°C. Then, they were
coated with water-based adhesive for giving binder
feature using a screen-printing system. The mesh
number was 68 threads/cm (tpc) [11-13]

The obtained printing master films were
transferred on cotton, polyamide and polyester
textile fabrics using Sahok Sh 49BD thermal
transfer printing machine at 140°C, 170°C and
200°C. In this process, printing pressure and
printing time were kept constant.

Epoxyacrylate Synthesis and Coating Process on
Printed Fabrics

The synthesis of EA oligomer was carried out
according to previous studies [12,13]. 300 ppm of
HQ and 1000 ppm of TPP (out of the total AA and
epoxy resin) were dissolved in AA by
ultrasonication, then included in a round-bottom
flask having the epoxy resin. The molar radio of
AA and epoxy was set as 1:1. Magnetic stirrer
condenser, and air inlet were used during the
reaction. 10 % DPGDA was included in the
reaction in order to decrease the viscosity of the
resin. The reaction was performed at 100°C for 2 h
and another 2 h at 120°C. At the end of the reaction
phosphonium betaine was formed via the ring
opening reaction of epoxide group which is
initiated by the nucleophilic attack of the catalyst
(TPP). The obtained betaine group abstracts a
proton from AA by giving a carboxylate anion that
is effective on the electrophilic carbon of
phosphorus, resulting an ester bonding.

The obtained EA oligomer was included in
coating formulations with 3 % photoinitiator, and
MEK. MEK was used to lower the viscosity of the
resin and to give wettability property to the fabrics.
The printed fabrics were dipped into the coating
solution for 3 min and then were dried in an oven
(70°C, 10 min) in order to evaporate the MEK.
Then the coating layer was cured on the fabric
surface by using 300 W Osram Ultra-Vitalux UV-
lamp.

The obtained printed, EA coated fabric samples
were washed twice by using ECE non-ionic

detergent (4 g/L) solution in water at 40°C for %2 h
[14]. The quality of the printing process was
evaluated both before and after the washing step.
Furthermore, the uncoated/coated fabric samples
before and after washing steps were characterized
by light microscopy (Olympus Bx51) in order to
observe the surface properties in details.

Evaluation of the Printability Properties

CIE L* a* and b* values of the printed
uncoated samples and the printed samples coated
with EA oligomer were measured by the D50
illuminant/2° observer values using X-Rite eXact
Densitometer [15, 16]. BYK Portable glossmeter
(BYK-Gardner Gmbh, Geretsried, Germany) was
used based on ISO 2813 (2014) to determine the
gloss values of the printed uncoated samples and
the printed samples coated with EA oligomer [15,
16]. Both CIE L*, a*, and b* color values and gloss
values of the printed samples were measured
immediately after printing and after each washing.

RESULTS AND DISCUSSION
Print Lightness

The lightness value shows the saturation of the
color and ranges from 0 to 100. If it is close to O, it
means the print is darker whilst close to 100 means
the print becomes lighter [17].

In Figs. 1 and 2, the L* values of the printed
uncoated and EA coated CO, PA and PES textile
fabrics, before and after double washing steps are
given depending on various temperatures.
Accordingly, the print lightness values slightly
decreased with EA coating layer. After double
washing, no significant change in print lightness
values was recorded in uncoated and EA coated
PES textile fabric,whereas in CO and PA fabrics,
the print lightness values decreased, especially at
140 °C after double washing (Fig. 2).

Print Chroma

High color saturation is an important property
for good quality prints. High chroma indicates high
color saturation. The print chroma value (Ca,) was
calculated by Eq. 1 [18].

Cap = Va*? + b*? )

For a*, negative values indicate green, while
positive values indicate magenta. For b*, negative
values indicate blue, and positive values indicate
yellow.

The chroma values of uncoated and EA coated
CO, PA, and PES printed samples before and after
double washings are given in Figs. 3 and 4
depending on the temperature change. According to
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Fig. 3, a noticeable decrease in print chroma values the print chroma values of uncoated samples
for all samples after EA coated was recorded. This decreased whereas in EA coated printed samples
decrease proved that color gamut of EA coated the print chroma values were all enhanced
samples is smaller than color gamut of uncoated especially for CO and PES textile fabrics.
samples. After a double washing process (Fig. 4),

60
v
@ 58 -
c
£ 56 A
.o
= 54 - B 140°CCYAN
c
S = 170°C CYAN

50 -

co PA PES co PA PES W 200°C CYAN
Uncoated Coated
Samples
Fig. 1. Print lightness of uncoated and EA coated samples before washing
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Fig. 2. Print lightness of uncoated and EA coated samples after double washing.
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Fig. 3. Print chroma of uncoated and EA coated samples before washing.
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Fig. 4. Print chroma of uncoated and EA coated samples after double washing.
50



S. Sonmez et al.: The effects of epoxyacrylate coating
Print Gloss

Although surface properties of materials have an
important effect on gloss value, the ink properties
and its ingredients are effective to determine the
final gloss value [19].

The gloss values of the printed samples of
uncoated and EA coated CO, PA and PES textile
fabrics at 60° before and after double washing
depending on the temperature change are illustrated
in Figures 5 and 6. Results showed that the print
gloss values of the uncoated samples were all
almost at the same levels. After EA coating, the
print gloss values of PA textile fabric increased at
140°C, whilst decreased at 170°C and 200°C. The
print gloss values of CO and PES textile fabrics all
increased with EA coating step at all temperatures
(Fig. 5). An increase in the print gloss value is an
important property of the printability parameters, as
the visual quality is enhanced by the print gloss

on printability of bio/synthetic-based fabrics ...

value. After double washing process (Fig. 6), the
print gloss values of uncoated and EA coated
samples all decreased. The decrease in EA coated
samples was greater than in uncoated samples.

Light Microscopy Images of Printed Samples

Fig. 7 shows the light microscopy images of
printed-uncoated, printed-EA coated fabrics, and
fabrics after abrasion resistance test. Accordingly,
EA coating process caused a rough surface for all
samples. The least roughness was observed in PA
fabric samples. The roughness may be formed due
to the shrinkage of EA layer after the UV-curing
stage resulting in puckering of the textile fabric.
After 50,000 cycle-abrasion test, the fabric images
retained almost the same look in printed-EA coated
samples.
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Fig. 5. Print gloss of uncoated and EA coated samples before washing.
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Fig. 6. Print gloss of uncoated and EA coated samples after double washing.
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Printed-EA Coated
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Fig. 7. Light microscopy images of printed, EA coated fabric samples after 50,000 cycles.

CONCLUSIONS

This study aimed to enhance the printing quality
of the thermal transfer printing process in various
textile fabrics. For this purpose the printing process
was performed at three different temperatures. In
order to enhance the printing quality an EA
oligomer was synthesized and applied on the
printed fabrics via dip-coating following the UV-
curing step. Results proved that the EA coating
layer enhanced the gloss values of printed fabrics.

1. The print lightness values of printed CO, PA,
and PES textile fabrics decreased after the EA
coating process. Considering the printing
temperatures, the print lightness value of PES
fabric was not affected after double washing, whilst
the print lightness values of uncoated and EA
coated CO and PA textile fabrics decreased,
especially at 140 °C.

2. The print chroma value of printed CO, PA,
and PES fabrics decreased after the EA coating
process. After double washing process, the print
chroma values of printed, EA coated CO and PES
textile fabrics increased, whereas the print chroma
values of uncoated printed fabrics decreased after
double washing. Temperature changes during the
printing process did not affect the print chroma
values.

3. Before the washing process, the print gloss
values of printed-EA coated CO, PA, and PES
textile fabrics were higher than of printed-uncoated
CO, PA and PES textile fabrics. However, after
double washing process, the print gloss values of
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printed-EA coated CO, PA, and PES textile fabrics
decreased and were at the same level as uncoated.
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Hydrogen evolution reaction on electroless Ni-P coatings
deposited at different pH values
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Electroless Ni-P coatings are deposited on a steel substrate at pH of the solution from 2.8 to 5.3. Under these
conditions, the P content of the Ni-P coatings varies from 10.5 to 18.1 mass %. It is found by electrochemical methods
that the electrochemical activity of the amorphous Ni-P alloys in regard to the hydrogen evolution reaction in 1M KOH
is comparable to that of electrodeposited Ni at current density close to the real values for hydrogen production. The
structure, morphology and elemental composition of Ni-P coatings are characterized by XRD, SEM and EDS.

Key words: Electroless deposition, Ni-P coatings, Hydrogen evolution reaction, SEM, XRD

INTRODUCTION

Ni-based electrodes are usually employed in
industrial electrolytic cells for electrochemical
production of hydrogen from KOH solution. Their
application is a result of the specific properties of
Ni, as good corrosion resistance and high
electrocatalytic activity in respect to hydrogen
evolution reaction (HER) [1].

Ni-Px alloys have been considered as potential
candidates for HER electrocatalysis [2]. Articles,
devoted to the regularities of HER on electroless
Ni-Px coatings, are significantly less than those
referring to electrodeposited coatings and
moreover, there is a contradiction between the
experimental results. The activity of the electrodes
depends on the experimental conditions of their
preparation, as well as on the P content. According
to [3, 4], the catalytic activity of electroless Ni-P
coatings decreases with the increase of the P
content in the alloy. However, it is reported in [5]
that the catalytic activity is high at a high content of
P upon annealing. Some authors point out an
optimal value of P content of 3.8 mass % P [6],
while other authors claim that this value is 10 mass
% P [7]. The P content into the coating can be
controlled by the deposition conditions, for
example the acidity of the solution and the
concentration of the reducing agent (NaH:PO,).
The increase of pH leads to a decrease of the P
content in the coating [8, 9], while the increase of
NaH.PO; concentration increases the P content [5,
7]. However, the conditions which cause changes in
the P content of the alloys also change other
properties of the coatings, for example structure
[10], real surface [11] and corrosion resistance [12].

* To whom all correspondence should be sent:
E-mail: vchakarova@ipc.bas.bg

The aim of the present study was to obtain Ni-P
coatings with different content of P by alteration of
the acidity (pH) of the solution for electroless Ni
deposition, as well as to investigate their activity
with respect to HER in alkaline solution by
electrochemical methods.

EXPERIMENTAL

The composition of the Ni-P bath is presented in
Table 1.

Table 1. Composition and operating conditions of
the Ni-P plating bath.

Components of the solution

Concentration

NiSO4.7H20, g L 25
NaH:PO,.2H,0, g L* 22
CH3COONa, g L* 20
Lactic acid /80 %/, g L* 20
Operating conditions

pH 2.8-53
Temperature, °C 82
Deposition time, min 30

The coatings were deposited onto mild steel
substrates with dimensions 50 x 35 mm. For further
analyses, samples of appropriate size were cut out.
To determine the elemental chemical composition
of the coatings, energy dispersive spectroscopy
(EDS) was used (JEOL JSM 733, Japan). The
thickness of the coatings was measured on-line with
a cross-section by X-ray microanalysis with the
help of a combined scanning electron microscope
(focused ion beam system LYRA | XMU (Tescan)
equipped with EDX microanalyzer (Quantax,
Bruker) (Fig. 1). Before preparing the cross-section,
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the samples were covered with a protective layer of
100

Cu by electroplating.
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---p -

Cu/ protective layer

15 20 25

Distance / um
Fig. 1. EDX line-scan over the coating thickness. Inset: SEM of the measuring area with markers outlining the Ni-P

The electrochemical investigations  were
performed in 1 M aqueous KOH solution
(analytical reagent grade) at 20 °C. A three-
electrode cell, supplied with a Pt-counter electrode,
Hg/HgO reference electrode and working electrode
with surface area of 0.2 c¢cm? was used. The
measurements  were fulfilled by using a
potentiostat/galvanosat model 263A (EG&G
Princeton  Applied Research, USA). The
voltammetric dependences were obtained by
scanning the potential from the open circuit
potential to the vertex potential in the cathodic
direction and vice versa at a scan rate of 25 mV s,
The electrokinetic properties of the Ni-P coatings in
respect to HER were compared with those of
electroplated Ni coatings deposited in Watt’s
electrolyte. For greater clarity, in some figures only
the dependences of Ni-P coatings obtained at two
pH values are presented.

X-ray powder diffraction patterns were recorded
in the angle interval of 10-90° (260), on a Philips PW
1050 diffractometer, equipped with CuKa tube and
scintillation detector.

The morphology of the coatings was examined
by scanning electron microscopy (SEM) (JEOL
JSM 733, Japan).
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Fig. 2. Influence of pH of the solution on the content of
P in the coating (a) and on the thickness of the Ni-P
coating (b).
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RESULTS

Influence of pH of the solution on the thickness and
P content of the coatings

The decrease in pH of the solution leads to a
decrease in the reduction activity of NaH,PO, and
at pH lower than 3, the reaction slows down [8].
The deposition rate of Ni increases with increase of
pH, however, at pH higher than 5.5 the stability of
the solution decreases. For that reason, the
deposition rate and the elemental composition of
the Ni-P coatings were determined at five selected
values of pH in the range of pH 2.8-5.3. The
dependences of the deposition rate and the content
of P in the coating on pH of the solution are shown
in Fig. 2. As seen, the increase of pH leads to an
increase of the thickness of the N-P coating, while
the content of P in the coating decreases. This
conclusion is in agreement with the literature data
[8, 9], as well as with our previous studies [13].
Generally, the values of the P content in the coating
at the selected experimental conditions are in the
range of high-P coatings [14]. This feature
determines the amorphous structure of the coatings
(Fig. 3).

Figure 4 presents the alteration of the surface
morphology of the Ni-P coatings. For comparison,
a picture showing the surface morphology of
electrodeposited Ni coating is also given (Fig. 4a).
As the Ni-P coating deposited at pH 2.8 for 30 min
is very thin (an average thickness < 0.5 um), it is
possible to draw some conclusions for the initial
stages of crystallization of the electroless coating
(Fig. 4b). The iron has no catalytic properties, but
as it is more negative than Ni, crystalline nuclei of
Ni are formed through exchange onto the iron

20KV . X5,000°  Spm 10 41 SEI

20kV  X5,000 Spm 10 40 SEI

d

20KV X5000 5pm

20kV  X5,000 5pm

surface during its immersion into the solution for
electroless deposition. The Ni nuclei initiate the
subsequent process of deposition [8]. After
formation of a thin Ni-P layer which covers the
steel surface, the process of growing is followed by
formation of spherical aggregates. With increase of
pH, the deposition rate also increases and at one
and the same time of deposition, thicker coatings
are formed with a spherical nodular structure (Fig.
4c-e). With increase of pH, the size of the
formations also increases and at pH 5.3, new
nanosized spherical formations are observed on
them (Fig. 4f). According to the X-ray
microanalysis, the new formations are characterized
by about 3 % higher content of P as compared with
the remaining surface. The cited value is
approximate, as the method can not exclude the
contribution of the remaining surface.
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Fig. 3. XRD spectra of samples of steel and Ni-P
coating containing 11.5 mass % P.
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Fig. 4. Surface morphology of electrodeposited Ni (a) and alteration of the morphology of electroless Ni-P coatings
vs pH of the solution: (b) pH 2.8, (c) pH 3.8, (d) pH 4.3, (e) pH 4.8, (f) pH 5.3.
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Open circuit potential/time (OCP) measurements

Two types of Ni-P coatings with different
content of P (Ni-11.5 mass % P and Ni-18.1 mass
% P), as well as electrodeposited Ni coating were
subjected to potential/time measurements at OCP in
a solution of 1 M KOH (Fig. 5). Both samples of
electroless Ni-P coatings show more negative
potential as compared to that of electrodeposited
Ni. The Ni-P coating with the lower P content of
11.5 mass % is more positive. This behavior could
be explained not only by the lower P content, but
also with the contribution of the smaller thickness
of the coating.

Cyclic voltammetry

The activity of the electroless Ni-P coatings in
respect to HER was investigated by cyclic
voltammetry (Fig. 6). For comparison, samples of
steel and electrodeposited Ni coating were also
tested. In the investigated potential range, both
types of electroless Ni-P coatings show lower

activity in respect to HER as compared to
-200 T T

electrodeposited Ni. The Ni-P coating with 11.5
mass % P shows higher activity and HER starts at a
more positive potential as compared to the Ni-P
coating with 18.1 mass % P.

The curve of the steel sample displays a
cathodic maximum at about -1.2 VV which can be
explained by the reduction of the oxide layer.
Similar maxima (but significantly smaller) are also
registered on the corresponding curves of the Ni-P
samples at a more positive potential. The maxima
of the steel and Ni-P coating containing 18.1 mass
% P are compared in the inset of Fig. 6.

Polarization measurements

At low polarization, the rate of HER is different
for the different samples (Fig. 6). However, with
increase of the current density to values of 10-20 A
dm?, close to the real values for hydrogen
production [1], the potentials of the Ni and Ni-P
coatings overlap. Figure 7 presents the alteration of
the polarization with time at 10 A dm™.
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Fig. 6. Voltammograms of samples of steel, Ni, Ni-11.5 mass % P and Ni-18.1 mass % P in 1M KOH.
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CONCLUSIONS

Electroless Ni-P coatings with P content in the
range from 10.5 to 18.1 mass % are deposited by
alteration of pH of the solution from 2.8 to 5.3. The
corresponding coatings display an amorphous
structure. At sufficiently high current density (10-
20 A dm), the overpotential of HER on the Ni and
Ni-P coatings is approximately the same. This
feature of the Ni-P coatings allows the advantages
of the electroless deposition as deposit uniformity
and physical and chemical stability to be used, if

necessary.
At lower polarization, different rates of HER are
observed during the measurements  with

electrodeposited Ni and electroless Ni-P coatings.
In addition to the content of P, the thickness of the
coatings may also be a factor. Therefore, the next
investigations should be directed to deposition of
coatings with lower P content, probably by
controlling the concentration of the reducing agent
(NaH2PQ,). It is also important to perform a more
comprehensive study of HER on electroless Ni-P
coatings obtained in the initial stages of the
deposition.
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Calcium channel blockers are commonly prescribed antihypertensive drugs. In this study, nine calcium channel
blockers (amlodipine, felodipine, isradipine, nicardipine, nifedipine, nimodipine, nisoldipine, verapamil and diltiazem)
were investigated to evaluate the relationship between their molecular properties and oral bioavailability data collected
from relevant literature. Several molecular descriptors of calcium channel blockers: lipophilicity descriptors, different
logP values (AlogPs, AClogP, AB/logP, milogP, AlogP, MlogP, KOWWINIogP, XLOGP2, XLOGP3), aqueous
solubility data (logS), electronic descriptor - polar surface area (PSA), constitutional parameter - molecular weight
(Mw), geometric descriptor - volume value (Vol), acidity descriptor (pKa) were calculated using different software
packages. The relationships between computed molecular descriptors and literature-obtained oral bioavailability data
were firstly investigated using simple linear regression analysis showing relatively poor correlations with R? < 0.6. In
continuation, multiple linear regression was applied to achieve higher correlation between calcium channel blockers’
oral bioavailability and their molecular properties, on the first place lipophilicity and one additional, molecular
descriptor. The best correlations were established between calcium channel blockers’ oral bioavailability and their
lipophilicity data (milogP or KOWWINIogP) with application of acidity descriptor as additional independent variable
(R?=0.783 and R? = 0.826). Application of computed molecular descriptors in evaluating drugs bioavailability was
checked on three additional, fourth generation CCBs, cilnidipine, lacidipine, lercandipine.

Keywords: Calcium channel blockers, oral bioavailability, lipophilicity, acidity.

INTRODUCTION

High blood pressure, hypertension, is a world
widespread disease. Typically, hypertension has no
symptoms but it may have deadly consequences if
not treated. Calcium channel blockers (CCBs) are
among the most widely applied drugs in
cardiovascular medicine. They can be applied not
only in hypertension but also in angina pectoris,
post-myocardial infarction, supraventricular
dysrhythmias, hypertrophic cardiomyopathy [1-3].

According to their structural and functional

distinctions CCBs can be subdivided in:
dihydropyridine derivatives: amlodipine,
felodipine, isradipine, lacidipine, lercanidipine,
nicardipine, nifedipine, nisoldipine;

phenylalkylamine: verapamil and benzothiazepine
derivatives: diltiazem [1].

Drugs’ clinical success mostly depends on their
absorption, distribution, metabolism or route of
elimination (ADME) [4]. A number of molecular
physicochemical properties such as lipophilicity,
acidity (pKa), molecular weight (Mw), molecular
volume (Vol), polar surface area (PSA) or
solubility data (logS), play important role in drugs
absorption, penetration into tissues, degree of

* To whom all correspondence should be sent:
E-mail: jodovic@pharmacy.bg.ac.rs

distribution, degree of plasma protein binding,
activity and route of elimination [5-10].

Lipophilicity is one of the most significant
physicochemical properties of biologically active
molecules. Its importance in drug research is a
consequence of hydrophobic interactions of the
drugs with their biological targets, penetration
across biological membranes during drug transport,
as well as toxic aspects of drug action [4]. The
lipophilicity  influences  drugs”  absorption,
distribution, binding to plasma proteins and
elimination [7]. It can be characterized by the n-
octanol/water partition coefficient (logPow). The
traditional technique for determination of selected
molecule’s lipophilicity, its logP value, is the so-
called shake flask method [7]. Besides, different
chromatographic  techniques, high-performance
liquid chromatography or thin-layer
chromatography, are well known as methods that
can yield significant amounts of retention data
which can be correlated with physicochemical and
biological properties, on the first place lipophilicity,
for large sets of structurally different compounds.
However, today, in silico obtained hydrophobicity
parameters, calculated logP values, are generally
accepted as a measure of drug’s lipophilicity. Also
numbers of other calculated molecular descriptors
are applied in evaluation of different drugs’ ADME
properties [6 -101.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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According to the available literature, a number
of authors investigated antihypertensive drugs
including those belonging to CCBs group, their
design and synthesis [11,12] as well as
pharmacokinetics, pharmacodynamics and efficacy
[13-16].

In  recently published papers acidity,
lipophilicity, solubility or absorption were
evaluated for a large group of antihypertensive
drugs [17], as well as for selected ACE imhibitors
[18] based on their molecular structure with
application of computer programs. Also, in our
previous papers the correlation between ACE
inhibitors’ lipophilicity, investigated using ultra-
high performance liquid chromatography—tandem
mass spectrometry and reversed-phase thin-layer
chromatography, and oral absorption [19] as well as
the effect of calcium channel blockers’ molecular
properties on their route of elimination [20] were
studied. In continuation to these researches, the aim
of this study was to investigate the correlation
between oral bioavailability data of nine calcium
channel blockers and their different molecular
properties calculated using three different software
packages [21-23]. The most suitable molecular
descriptor should be established.

THEORETICAL
Investigated drugs

In this study nine most often prescribed calcium
channel blockers were investigated:

1. Amlodipine - (3-ethyl 5-methyl2-[(2-
aminoethoxy)methyl]-4-(2-chlorophenyl)-6-
methyl-1,4-dihydro-3,5-pyridinedicarboxylate);

2. Felodipine - (ethyl methyl 4-(2,3-
dichlorophenyl)-2,6-dimethyl-1,4-dihydro-3,5-
pyridinedicarboxylate);

3. lsradipine - (isopropyl methyl 4-(2,1,3-
benzoxadiazol-4-yl)-2,6-dimethyl-1,4-dihydro-3,5-
pyridinedicarboxylate);

4. Nicardipine - (2-[benzyl(methyl)amino]
ethylmethyl2,6-dimethyl-4-(3-nitrophenyl)-1,4-
dihydro-3,5-pyridinedicarboxylate);

5. Nifedipine = (dimethyl 2,6-dimethyl-4-(2-
nitrophenyl)-1,4-dihydro-3,5-
pyridinedicarboxylate);

6. Nimodipine - (isopropyl 2-methoxyethyl 2,6-
dimethyl-4-(3-nitrophenyl)-1,4-dihydro-3,5-
pyridinedicarboxylate);

7. Nisoldipine - (isobutyl methyl 2,6-dimethyl-
4-(2-nitrophenyl)-1,4-dihydro-3,5-
pyridinedicarboxylate);

8. Verapamil - (2-(3,4-dimethoxyphenyl)-5-{[2-
(3,4-dimethoxyphenyl)ethyl](methyl)amino}-2-
isopropylpentanenitrile) and

9. Diltiazem - ((2S,3S)-5-[2-(dimethylamino)
ethyl]-2-(4-methoxyphenyl)-4-o0xo0-2,3,4,5-
tetrahydro-1,5-benzothiazepin-3-yl acetate).

Additionally, three CCBs of fourth generation:
cilnidipine, lacidipine, lercandipine, were selected
for testing the applicability of the correlation
established in the first part of the study.

Calculations

The CCBs lipophilicity descriptors, nine
different logP values (AlogPs, AClogP, AB/logP,
milogP, AlogP, MlogP, KOWWINIlogP, XLOGP2,
XLOGP3J), as well as their agueous solubility data
(logS) were calculated using the software package,
Virtual Computational Chemistry Laboratory [21].
The software package Molinspiration Depiction
Software (Molinspiration Cheminfirmatics) [22]
was used for the calculation of several molecular
descriptors, electronic descriptor - polar surface
area (PSA); constitutional parameter - molecular
weight (Mw) and geometric descriptor - volume
value (Vol) while software package DrugBank [23]
was used for the calculation of CCBs acidity
descriptors pK, values. The values of CCBs
molecular descriptors, Mw, Vol and PSA were
presented in our previous paper where the effect of
calcium channel blockers’ molecular properties on
their route of elimination [20] was investigated,
while selected lipophilicity descriptors (milogP and
KOWWINIogP), as well as acidity descriptors, pKa
values are presented in Table 1. The oral
bioavailability data of the investigated CCBs (Table
2) were obtained from the relevant literature [1].
The statistical analysis of the regressions was
performed using Microsoft Excel 2003 and Origin
7.0 PRO (Origin Lab Corporation, USA).

RESULTS AND DISCUSSION

The bioavailability is one of the most important
pharmacologic properties in drug design and
development. It is a subcategory of absorption and
represents the fraction of drugs’ administered dose
that reaches the systemic circulation. High
bioavailability reduces the amount of the
administered drug necessary to achieve a desired
pharmacological effect and consequently can
reduce the risk of side-effects and toxicity. On the
contrary, poor oral bioavailability can result in low
efficacy and lead to unpredictable response to a
drug.

Bioavailability for intravenously administered
drugs is 100%. However, for orally administered
drugs, bioavailability usually decreases due to
incomplete absorption and first-pass metabolism, as
well as due to high degree of plasma protein
binding. Furthermore, drugs administration with or
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without food also affects absorption. Concurrent
intake of other drugs may alter absorption and first-
pass metabolism, while intestinal motility alters the
dissolution and may affect the degree of chemical
degradation of the drug by intestinal microflora.
Drugs  physical properties  such  as
hydrophobicity, acidity, solubility, molecular mass,
volume and polar surface area, as well as drugs
formulation, age and gender of the patients or
dosing scheme also exert important influence on
drugs BA. Drug’s oral absorption and
bioavailability, as well as duration of action or
efficiency of its elimination is highly affected by its
lipophilicity, acidity, solubility, molecular size and
other molecular properties. The molecules with
high lipophilicity show higher degree of oral
absorption and bioavailability, better penetration
into tissues and distribution compared to less
lipophilic ones with similar properties [1-3,24,25].
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Figure 1. The structures of the CCBs representatives:
A) Amlodipine; B) Verapamil; C) Diltiazem

According to the available literature, CCBs
pharmacokinetics, pharmacodynamics and efficacy
were investigated by a number of authors [13-16].
Still, most of these methods have certain limitations
and a new approach for fast, reliable and cost-
effective evaluation of CCBs oral bioavailability
should be developed. Since drugs oral
bioavailability importantly affects drugs activity,
the application of computed molecular descriptors
in prediction of drugs oral bioavailability is of great
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importance, especially for the newly synthesized

drugs.
In this research nine CCBs (amlodipine,
felodipine, isradipine, nicardipine, nifedipine,

nimodipine, nisoldipine, verapamil and diltiazem)
were studied in order to evaluate the correlation
between their oral bioavailability data obtained
from relevant literature and calculated molecular
descriptors. The structures of the CCBs
representatives: A) Amlodipine, dihydropyridine
derivative; B) Verapamil, phenylalkylamine; and
C) Diltiazem, benzothiazepine derivative are
presented in Fig. 1.The main goal was to establish a
high-throughput approach using simple or multiple
linear regression analysis capable of predicting oral
bioavailability data of selected CCBs. Several
CCBs molecular descriptors (electronic descriptor —
PSA, constitutional parameter — Mw, geometric
descriptor — Vol, values, aqueous solubility data —
logS and acidity descriptor — pKa), as well as a
number of lipophilicity descriptors (AlogPs,
AClogP, AB/logP, milogP, AlogP, MlogP,
KOWWINIogP, XLOGP2, XLOGP3) were
calculated using different software packages.

According to the data available from the
literature, most of CCBs, with exception of
amlodipine and nifedipine, have relatively low oral
bioavailability because of extensive first-pass
metabolism. Their oral bioavailability varies from
5% for nisoldipine, through 58% (45% to 70%) for
nifedipine, to around 80% for amlodipine [1-3].
The CCBs selected molecular descriptors are
presented in Table 1.

Table 1. Calculated molecular descriptors of
investigated CCBs.
CCBs milogP  KOWW!INIlogP pKa
1. 2.58 2.07 8.79
2. 4.80 4.46 16.04
3. 3.81 3.49 16.14
4, 5.00 3.90 7.99
5. 3.07 2.50 15.92
6. 4.10 3.13 15.85
7. 4.19 3.90 15.93
8. 4.55 4.80 9.60
9. 3.34 2.79 8.37
The numbers denote CCBs.
The correlations between CCBs oral
bioavailability data obtained from relevant

literature and the calculated descriptors (PSA, Mw,
Vol, pKa, logP, logS) were firstly investigated
using simple linear regression. The relationships
between CCBs oral bioavailability and the majority
of their molecular descriptors, PSA, Mw, Vol, pKa,
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logP, logS, provided correlations with coefficient
R? lower than 0.40. Only for lipophilicity
descriptors milogP and KOWWINIogP correlations
with R?=0.570 and R®=0.542, respectively, were
established.

Following, in the next stage of the study, the
relationships between CCBs oral bioavailability
data and two different CCBs molecular descriptors
were investigated using multiple linear regression
(MLR). The lipophilicity descriptors milogP or
KOWWINIogP values were chosen as the first
independent variable since they showed best
correlations with CCBs oral bioavailability, while
values of Mw, Vol, pKa and PSA were chosen as
possible second independent variable. Values of
aqueous solubility data, logS values, were not
applicable as the second independent variable, since
their relationships with milogP and KOWWINIlogP
values provide correlations with R*= 0.413 and R*=
0.385, respectively.

The MLR analyses with application of
lipophilicity descriptor, KOWWINIlogP and one
additional calculated molecular descriptor, Mw,
Vol or PSA, as independent variable provided
correlations with coefficients (R?) from 0.607 to
0.660 (R?> = 0.607; R? = 0.618; R? = 0.660,
respectively). Similar correlation with slightly
lower coefficient, R = 0.590 was obtained in MLR
with application of milogP and PSA as independent
variables while better correlations were achieved
with application of milogP and Mw or Vol values
as independent variables (R*> = 0.725 and R? =
0.671, respectively).

However, the best correlations between CCBs
bioavailability ~ and calculated molecular
descriptors, with acceptable correlation coefficients
(R?), as well as probability value (P < 0.05) were
established using MLR analysis with application of
lipophilicity descriptors, milogP or KOWW!INIogP
values and acidity descriptor, pKa as independent
variables ((Eg. 1.) and (Eq. 2.)):

BApea(%) =  -20.972(x5.065)milogP = —
3.112(+1,067)pKa + 155.575(+23.544) Eq. 1.
withn =9; R?=0.822; S.D. = 11.629; F = 13.881

BApea(%) = -18.068(5.051)KOWWINIogP —
3.036(+1.186)pKa + 134.319(+22.292) Eq. 2.
withn=9; R2=0.781; S.D. = 12.904; F = 10.711

The CCBs bioavailability data collected from
relevant literature, as well as those predicted using
MLR with application of computed lipophilicity
descriptor, milogP or KOWW!INIogP and acidity
descriptor, pKa as independent variables are
presented in Table 2 and in Figure 2.

The interrelationships between obtained BA data
of calcium channel blockers investigated, those

collected from relevant literature, predicted from
milogP and pKa values and those predicted from
KOWWINIogP and pKa values were studied.
Obtained coefficients are presented in Table 3 and
it can be seen that very good agreements were
obtained between all three BA values.

Table 2. CCBs BA data collected from relevant
literature (1); predicted from milogP and pKa values (2)
and KOWWINIogP and pKa values (3).

CCBs BA (1) BA (2) BA (3)
1. 77 74 70
2 15 5 5
3. 20 25 22
4. 35 26 40
5. 58 42 41
6. 13 20 30
7. 5 18 15
8. 27 30 18
9. 50 60 58

(1) BA (%) data obtained from literature [1]. The
numbers denote CCBs.

9
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Figure 2. Relationship between CCBs bioavailability
data collected from relevant literature and [1] (Series 1);
predicted using MLR with application of milogP and
pKa values (Series 2) and KOWWINIogP and pKa
values (Series 3). The numbers denote CCBs.

Table 3. Interrelations between different BA data of
calcium channel blockers investigated: those collected
from relevant literature (1); predicted from milogP and
pKa values (2) and KOWWINIogP and pKa values (3).

BA (1) BA (2) BA (3)
BA (1) 1
BA (2) 0.908 1
BA (3) 0.884 0.935 1

Following, in the final stage of the study, the
best established correlation obtained in MLR with
application of milogP and pKa as independent
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variables, was used to calculate the values of oral
bioavailability for additional CCBs — nitrendipine,
as well as three fourth-generation drugs:
cilnidipine, lacidipine and lercandipine.

There are limited data available in the literature
for these CCBs, showing relatively low values of
their oral BA: for nitrendipine 10-23% and for
lacidipine and lercandipine: 18.5% (range 4 to 52)
and around 10%, respectively. The calculated pKa
values for nitrendipine, cilnidipine, lacidipine and
lercandipine were 15.88, 15.61; 16.12 and 8.64,
respectively [23]. The values of their lipophilicity
parameters, milogP, which provided best
correlation, Eq.1, were 3.94, 5.72, 5.46 and 7.87,
respectively [22] indicating large differences
between nitrendipine (with milogP 3.94) and the
very lipophilic CCBs of fourth generation.

Considering computed molecular descriptors
and using MLR (Eq. 1) for nitrendipine as
additional checking CCB, a value of 23% for oral
BA was obtained, showing very good agreement
between literature available and predicted oral BA
data.

However, for selected CCBs of fourth
generation, BA values around zero were calculated,
indicating their low oral BA, but also their
incompatibility with the established model (Eq 1).
These results could be explained with their
molecular properties. Namely, lercandipine is one
of the CCBs with highest molecular weight (Mw =
612), volume value (575), lipophilicity (milogP =
7.87) and the lowest solubility (logS = -6.00).
Cilnidipine and lacidipine also have very high
lipophilicity (with milog P 5.72 and 5.46) and very
low solubility, logS values (-4.99 and -4.67
respectively). Considering these values it can be
seen that these three drugs, CCBs of fourth
generation, are not in accordance with "Lipinski’s
rule of five" and they should not be considered in
relationship between CCBs lipophilicity and oral
BA data established for CCBs which belong to
drugs of first to third generation.

The acceptable correlations that were found
using MLR analyses between oral bioavailability of
drugs belonging to first to third generation of CCBs
data with application of their in silico obtained
molecular descriptors — lipophilicity parameter
(milogP and KOWWINIogP) and in the first place
acidity  descriptor (pKa.) and in addition
constitutional descriptor - molecular weight (Mw)
and geometric descriptor - volume value (Vol)
confirmed descriptors calculations as a useful
screening technique which is, however, not always
capable of exact evaluation of oral bioavailability
of compounds with some deviation in structure.
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CONCLUSION

This study included nine often prescribed
calcium channel blockers. The correlation between
calcium channel blockers oral bioavailability data
and different molecular  descriptors  was
investigated. Relatively poor correlation was
obtained between oral bioavailability data and
calculated molecular descriptors using simple linear
regression analysis (R*> < 0.4). However, the
application of two molecular descriptors milogP or
KOWWINIogP values and Mw, Vol or pKa as
independent variables in MLR analysis provided
better correlations. The best correlations were
established using MLR analysis with application of
lipophilicity (milogP or KOWWINIogP) and
acidity descriptor (pKa) as independent variable (R
= 0.783 and R? = 0.826, respectively). As a result,
applicability of calculated molecular descriptors
especially lipophilicity descriptors, milogP and
KOWWINIogP and acidity descriptor, pKa, in
CCBs oral bioavailability evaluation was
established.

The proposed methodology and correlations that
were found in the presented study confirmed that
molecular properties, especially lipophilicity and
acidity but also molecular weight and volume are
essential for drugs oral bioavailability. Obtained
correlations could be regarded as a new, additional,
in vitro approach appropriate for evaluating oral
bioavailability of the investigated group of calcium
channel blockers. The application of computed
molecular descriptors can be highly useful in drug
research.
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The improvement of the electrochemical properties of Zn-electrode in the Ni-Zn battery cell by adding two types of
B(Pb)SrCaCuO conducting ceramics ((Bi1.7Pbo3Sr,CuOx (B(Pb)SCCO 2201) and Biy7Pbg3sSr.CaCu,Ox (B(Pb)SCO
2212)) is confirmed. Their presence in the zinc electrode mass increases the discharge capacity of the battery, forming a
strong conducting network between the zinc oxide particles. No significant difference in their effect is observed. The
shorter thermal treatment synthesis mode of the system (B(Pb)SCCO 2201 must also be taken into account, which
determines it to be a more suitable additive in the battery cells under consideration.
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INTRODUCTION

Enhanced interest in rechargeable alkaline
nickel-zinc (Ni-Zn) batteries is driven by the wide
range of practical applications. These types of
batteries possess high energy density (55 — 85 Wh
kg™), high power density (140 -200 W kg™), high
voltage (1,73 V), ability to operate at high current
densities, low cost of materials used and low
content of potentially environment polluting
substances. They do not contain any heavy metals
(Hg, Pb, Cd), or flammable active materials and
electrolytes and offer a simple recycling process of
the metal recovering. Besides, the electrochemical
Ni-Zn system is similar as battery technology to the
Ni-Cd system widely used in the practice but it is
advantageously  environmentally  friendly by
replacing the toxic cadmium with common zinc [1-
4]. Nickel-zinc batteries are the ideal choices when
there is a need for a small, lightweight power
source at a cost significantly lower than that of
lithium-ion battery[1,4,5].

Along with the listed advantages, the main
disadvantage of this type of rechargeable batteries
is the rather poor electrical conductivity of the ZnO
electrode, and the limited lifetime expressed in
cycles, which is mainly due to the zinc electrode
transformation during cycling. The reason for this
is the solubility of zinc in the alkaline electrolyte,
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leading to the formation of dendrites in the cycling
process, accompanied by the formation of short-
circuits, which leads to shorter battery lifetime
[6,7].

One way to ensure a longer battery lifetime is to
add different carbon materials as conductive agents
(graphite, carbon foam, acetylene carbon black)
into the active mass of the Zn electrode [8]. This,
however, induces strong hydrogen evolution during
the charging process, which decreases the
charge/discharge effectiveness, as well it as may
cause mechanical destruction of the electrode mass
and reduces the battery life [7].

In order to avoid this disadvantage the
application of different conductive oxides and
hydroxides as additives to the anode mass attracts
the attention of researchers [9]. It is found out that
the additions of Ca(OH). and Ba(OH), lead to
increasing the battery capacity [9]. Ca(OH), reacts
with ZnO to form Ca(OH),.2Zn(OH)..2H,0 and the
resulting complex compound has a low solubility in
the electrolyte, which hinders the dissolution of
zinc and the formation of dendrites and thus
extends the battery lifetime [10,11]. The use of
Ba(OH). as an additive to the active mass of the
zinc electrode leads to an increase in both the
discharge capacity and the cyclability of the
electrode. The comparison of the electrochemical
behavior of commercial ZnO and zinc oxide doped
with Ba(OH), revealed that the capacity of the pure

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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zinc electrode decreased very steeply compared to
that with Ba(OH), additive. In the latter case, mixed
barium-zinc hydroxide (BazZn(OH)..xHx0O) is
obtained, which has an effect analogous to that
mentioned above with Ca(OH), additive [12].

In order to improve the properties of the nickel-
zinc battery and to study the effects of the additives
on the performance of zinc electrode, three content
levels of four additives (acetylene black, Bi2Os,
PbO, Ca [Zn(OH)s]2-2H,0 coated by La(OH)s) that
affect the zinc electrode performance were tested
with  orthogonal design  experiments. The
experimental evidences indicate that the optimal
ratio of electrode additive is as follows: 0.02 g
acetylene black, 0.5 g Bi2Os, 0.3 g PbO and 0.2 ¢
Ca[Zn(OH)3]2-2H0 coated with La(OH)sin a 5 g
sample [13].

A modern approach to remove the mentioned
disadvantages of the zinc electrode is the use of
conductive ceramic powders that not only improve
the battery lifetime but they also increase its
performance.

Ceramics obtained from various oxides (ZnO)o.o2
(Bi2O3)oossa  (ZnO)og2  (Bi203)o.ossa  (C0203)0.025
(Nb20s)0.00075 (Y203)0.00025 Were tested as additives
to the Zn electrode. It has been found out that Zn
electrode with addition of conductive ceramic
demonstrates improved electrochemical properties,
such as higher discharge capacity, cycling stability
and efficiency compared to the zinc electrode with
pure nanosized ZnO. The observed positive effect
is explained by the formation of a highly
conductive network of metals Bi, Co and Y during
cycling, which helps to improve the electrical
contact between ZnO particles and increases their
active surface area [14,15].

The high-temperature superconductors are
discovered in 1986 by Georg Bednorz and K. Alex
Miiller [16] and since then the technological
research has been focused on producing high-
temperature superconductor (HTS) materials in
sufficient quantities to optimize their properties in
relation to a wide range of advanced applications.
The superconductors of the cuprate ceramic
systems Y-Ba-Cu-O (YBCO) [17,18] are a
representative of the most advanced HTS materials
with potential large-scale engineering applications.
Their chemical stability is one of the most
important factors for their practical application. In
our previous paper the possibility of using YBCO
and BSCCO [19,20] powders of superconducting
materials as additives to the zinc electrode mass of
nickel-zinc alkaline rechargeable batteries was
studied. The high chemical resistance of the
ceramics to the battery electrolyte has been
confirmed by structural and surface morphology

observations, as well as by magnetic measurements
of ceramic samples after prolonged exposure to the
alkaline electrolyte. The electrochemical tests have
shown that the zinc electrode with YBCO ceramic
additive (7 wt.%) exhibits good cycling ability and
capacity stability, and higher (by 30%) specific
discharge capacity than the zinc electrode with a
“classic” conductive carbon additive [21,22].

The results of the electrochemical studies show
that the nickel-zinc battery cell with zinc electrode
with active mass containing superconducting
BSCCO (2212) and BSCO (2201) ceramic additive
also exhibits good cycling ability and performance
stability during prolonged charge-discharge
cycling. The measurements of the electric
resistance of the composite electrode masses have
shown that the resistance of the zinc electrode mass
with addition of Bii.7Pbo3Sr.Ca,CuszOx ceramic
(230 ohm.cm) is by about 30% lower than the
resistance of the electrode mass with carbon
additive (330 ohm.cm). It is supposed that the
superconducting powder forms a highly conductive
network between the particles of the zinc oxide in
the electrode mass, thus improving the electric
contact in the power generation material of the zinc
electrode. The addition of BSCCO ceramics
improves not only the conductivity and
electrochemical homogeneity of the electrode mass
and reduces the gas evolution (because of the
absence of carbon materials with a low-
overpotential of hydrogen evolution) but it also
stabilizes its porosity structure [23-25].

The aim the present paper was to compare two
types of cuprate ceramics (B(Pb)SCO 2212 and
B(Pb)SCCO 2201) as additives to the zinc electrode
mass in the rechargeable alkaline Ni-Zn batteries.
For this purpose, they are structurally characterized
and subjected to charge-discharge electrochemical
cycling tests in alkaline electrolyte according to
preliminary-developed test methodology. The
possible mechanism of their action is discussed.

EXPERIMENTAL
Synthesis of B(Pb)SCO 2212 and B(Pb)SCCO 2201

Powder samples of two
Bi17PbosSr.CaCu.0x  (B(Pb)SCO 2212) and
Bi17PbosSr.CuOyx  (B(Pb)SCCO  2201)  were
prepared by the standard solid state reaction from
high-purity oxides of Bi»Os, PbO, CuO, SrCOs;and
CaCOgs, After mixing, grinding and initial heat
treatment at 780°C for 24 hours in air atmosphere
the powder obtained was ground and pressed into
pellets (5-6 MPa). In air atmosphere the
B(Pb)SCCO 2201 was sintered at 830°C for 24
hours and B(Pb)SCO 2212 at 830°C for 48 hours.

modifications
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The pellets of sintered ceramic samples (10 mm
diameter, 2 mm thick) were first soaked in 50 ml of
7M solution of KOH and then exposed to the
alkaline solution for 24, 48, 72 or 96 hours. Then
they were removed from the solution and dried at
room temperature. Since the changes of all samples
towards the exposure period (time) were practically
negligible, further in the paper only results for the
longest soaking time (96 hours) are presented.

Preparation of the zinc electrode and battery
assembling

Preparation of the zinc paste. The
electrochemically active nanosized powdered ZnO
was produced by a solution combustion method
using as initial compound Zn(NOs)..6H.O and
sucrose. The amorphous powder oxide material
produced after evaporation of the water was
subjected to thermal treatment at 600 °C in order to
obtain the appropriate size of the crystallites.

The electrode mass is composed of powdered
ZnO (88 wt.%), conducting additives — cuprate
ceramic powder B(Pb)SCO 2212 and B(Pb)SCCO
2201, and carbon (acetylene black) (7 wt.%) and
binding agents — polytetrafluorethylene (PTFE, 4
wt.%) and carboxymethylcellulose (CMC, 1 wt.%).
The electrode mass was thoroughly mixed with a
certain amount of distilled water to form mushy
paste according to a procedure developed
previously and described in detail [26,27].

Pasted electrode and battery assembling. Zinc
electrode prepared by inserting the zinc paste into
the matrix of copper foam (successively covered
with tin and zinc) with dimensions 5.0 x 3.0 cm
(thickness 0.15 cm) was used as current collector
and carrier of the zinc mass. The pasted electrode
was dried at 70°C for 2 hours, pressed under 30
MPa for 2 min and then mounted into a separator
pocket made of a polypropylene type of
microporous separator (Celgard C3501, Celgard,
USA). A solution of 7M KOH was used as a battery
electrolyte. The electrode-separator package was
soaked under vacuum with battery electrolyte for
10 min before mounting it in the prismatic nickel-
zinc battery cell. Sintered type of nickel electrodes
(CLAIO, Poznan, Poland) with dimensions 5.0 x
3.0 cm and thickness 0.12 cm, and a nominal
capacity about two times higher than that of the
zinc electrodes, were used for cathodes in the
nickel-zinc battery cell. The electrodes were
directly wetted with the electrolyte before mounting
in the cell using the same evacuation procedure.
The container of the prismatic battery cell was
made of a transparent plastic material and the cell
was assembled with two nickel cathodes and one
zinc anode [27].
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Physicochemical and electrochemical
characterization. The X-ray diffraction patterns of
the ceramic powdered samples were obtained
within the range of 5.3 to 80° 20 at a constant step
0f 0.02° 26 on a Bruker D8 Advance diffractometer
with Cu Ko _radiation and a LynxEye detector. The
phase identification was performed by a Diffrac
plus EVA v. 15 program using the ICDD-PDF2
data base. The mean crystallite size and the unit cell
parameters were determined by the Topas v.4.2
software package using the fundamental parameters
peak shape description including appropriate
corrections for the instrumental line broadening and
difractometer geometry [28].

The electrochemical investigations of the nickel-
zinc battery cells were carried out under
galvanostatic conditions using an automatic battery
testing apparatus CDT10. The apparatus gives a
possibility for complex control and monitoring of
the main cell parameters during charge/discharge
cycling - cell voltage and current, capacity and
temperature. The zinc electrodes were characterized
by the developed test methodology comprising the
several steps already described in [29].

The efficiency of the electrodes was determined
by the equation:

0 = Quisch / Qe .100% (1),

where Quisch IS the discharge capacity, and Qch - the
charge capacity of the electrode.

RESULTS AND DISCUSSION

Our previous investigations show that no phase
changes in the semiconducting B(Pb)SrCaCuO
ceramics have occurred after prolonged contact of
the samples with a strong alkaline solution (7 M
KOH). After treatment in the alkaline solution no
essential changes in the bulk morphology of the
BSCCO samples were observed too [23].

X-ray diffraction patterns of the cuprate
ceramics B(Pb)SCCO 2201 and B(Pb)SCO 2212
are given in Figures 1 and 2, respectively.

Based on XRD analysis a single phase in a well
crystallized form of both investigated ceramics is
observed. Secondary phases are not detected.

The refined unit cell parameters for B(Pb)SCCO
2201 are a =5.3920 A; b =24.6030 A; ¢ = 5.3000 A
with orthorhombic unit cell volume
Vm(B(Pb)SCCO 2201) = 703.09A% (Fig.1a) and
those for B(Pb)SCO 2212 area=b =5.395 A; ¢ =
30.714 A, with tetragonal unit cell volume Vn
(B(Pb)SCO 2212) = 893.962 A3 (Fig. 1b).

It is noticeable that the structure of the obtained
ceramics differs from that of the ceramic additives
used so far [14, 15]. Under certain conditions these
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ceramics can exhibit superconducting properties
[16-18].
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Figure 1. Powder X-ray diffraction pattern of
B(Pb)SCCO 2201 (a) and B(Pb)SCO 2212 (b) ceramics.

The electrochemical tests of the zinc electrodes
with additives of B(Pb)SCCO 2201 and B(Pb)SCO
2212 ceramics were conducted according to the
developed methodology, which includes several
charge/discharge current modes up to the critical
maximum 9C [29]. For comparison, the same tests
were carried out with conventional carbon additive
(acetylene black). In Figs. 2 and 3 the voltage-time
curves are shown (the 8"cycle) of the zinc electrode
with B(Pb)SCCO 2201, B(Pb)SCO 2212 and
carbon conductive additives at 1C and 9C,
respectively.

As it is seen in Fig. 2, the electrochemical
processes under this current mode proceed without
the occurrence of any side effects. The main
difference in the voltage profiles is the higher value
of perceived charge at DC current in the cells with
BSCCO additive compared to that of a cell with a
carbon additive. This can be explained with the
better conductivity of the cuprate ceramics used
over that of carbon.
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Figure 2. Charge/discharge curves of the Ni/Zn cells
with B(Pb)SCCO 2201 (a), B(Pb)SCO 2212 (b) and
carbon (c) additives to the active mass of the zinc
electrode at current loads 30 mAg™ (mode 1C).

The data in Table 1 show that the initial voltage
drop at the beginning of the discharge process is
lower for Zn electrodes with ceramic additives
(AUspb)scco 2201 = 0,124V, AUgpn)sco 2212 = 0.122V,
AU; = 0.134V), respectively their lower resistance
is (Reenyscco 2201 = 4.13, Reenysco 2212 = 4,27, Re =
4.47). No significant difference is observed
comparing both electrodes with B(Pb)SrCaCuO
additive.

Another important advantage of the ceramics-
modified zinc electrodes is the higher efficiency of
their operation (93.80% and 96.82%, respectively),
which exceeds by 16-18% that of the carbon-doped
electrode (78.90%). The role of the additive is
reflected in its contribution to reducing hydrogen
releases during the charging of the electrode.
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Figure 3. Charge/discharge curves of the Ni/Zn cells with B(Pb)SCCO 2201 (a), B(Pb)SCO 2212 (b) and carbon
(c) to the active mass of the zinc electrode at current loads of 270 mA g* (mode 9C)

Table 1. Calculated values based on charge/discharge curves for Zn electodes with different additives (current mode 1C
and 9C): AU- voltage drop, Qe Quisch - charge/discharge capacitance, ® — efficiency

.. AU,V Qch, MAR Quiisch, MAh 0, %
Additive 1C 9C 1C 9C 1c 9C 1C 9C
B(Pb)SCCO 2201 0124 0365 1662 0223 1562 0213 9380 9552
B(Pb)SCO 2212 0122 0336 1386 0288 1342 0260 9682  90.27
Carbon 0134 0394 1341 0226 1058 0180 7890  79.60

The voltage-time curves of Ni/Zn cells with
B(Pb)SrCaCuO and carbon modified electrodes
performed at extreme current mode (9C, 270 mAg’
1y are shown in Fig. 3.

Fig. 3 shows that the voltage profile does not
change significantly and even under these extreme
conditions the B(Pb)SrCaCuO-modified conductive
ceramic electrodes perceive more than 50% of the
DC charge. The initial voltage drop is low
(AUggpp)scco 2200 = 0.365 V, AUgpn)sco 2212=0.336
V), and in this case the voltage profile has a plateau
character at a high average voltage of 1.615 V. The
efficiency of these electrodes is also high (90 -
95%).

The Zn electrode with carbon additive is
strongly polarized (AUc= 0.394 V) and it shows
significantly lower average discharge voltage
(1.409 V) and much lower capacitive values and
efficiency (79.60%), compared to the ceramic-
modified electrodes.The dependences of the
specific capacity for the electrodes on the number
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of charge-discharge cycles
cycling are shown in Figure 4.

Comparing the capacity of the cells with zinc
electrodes containing carbon and ceramic additives
show that the presence of two maodifications
B(Pb)SCCO 2201 and B(Pb)SCO 2212 of a
ceramic additive to the negative active mass of a
Ni-Zn battery results in higher and more stable
specific discharge capacity in comparison to the
zinc electrode with classic carbon additive,
especially under high current (0.5 A) [25, 26, 29].
At the begnning the discharge capacity of the
carbon-containing electrode exceeds by about 11%
that of the electrodes with B(Pb)SrCaCuO
ceramics, but this electrode is unstable and it drops
steeply with the increase in the cycle numbers. The
discharge capacity of the cells with B(Pb)SrCaCuO
conductive additives is by more than 30% higher
than that of the conventional zinc electrode and is
stable over 500 cycles. This result can be explained
by the formation of a highly conducting network
between the zinc oxide particles in the electrode
mass in the presence of cuprate ceramics.

during prolonged
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Figure 4. Dependence of the specific discharge
capacity of the zinc electrode with carbon, B(Pb)SCCO
2201 (a) and B(Pb)SCO 2212 (b) ceramic additives on
the cycle number, at current load C/5 (0.2 A)

CONCLUSION

The electrochemical characteristics of the Ni-Zn
battery cell were enhanced by adding two types of
Bi(Pb)SrCaCuO conducting ceramics
(Bi17PbosSr.CuOx  (B(Pb)SCCO  2201) and
Bi17Pbo 3Sr, CaCu,0Oy (B(Pb)SCO 2212)) to the zinc
electrode mass. The conducted electrochemical
tests confirmed the positive effect of both ceramics
on the battery electrochemical properties at
prolonged cycling, as no substantial difference in
their effect was established. The results obtained
can be explained again by an increase in the
conductivity and homogeneity of the electrode
mass in the presence of the additives used, on the
one hand, and the formation of a highly conducting
network between the zinc oxide particles, on the
other. The shorter thermal treatment synthesis mode
of B(Pb)SCCO 2201 ceramic determines it to be a
more suitable additive in the battery cells under
consideration.
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Synthesis and biological activity of 2-alkylthio-5-(4-N-acetyl(N-
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New  2-alkylthio-5-(4-N-acetyl(N-chloroacetyl)aminophenyl)-1,3,4-oxadiazoles  were

synthesized.  Optimal

conditions for the synthesis were found. The physicochemical characteristics and structures of the synthesized
compounds were established. On the example of compound 10 we carried out X-ray diffraction analysis (XRD). The
antibacterial and antifungal activities of these compounds were investigated. The screening results showed that 2-
alkylthio-5-(4-N-chloroacetylaminophenyl)-1,3,4-oxadiazoles of 17,18,21,22 display an appreciable antibacterial
activity against Gram-positive bacteria of Bacillus subtilis and Staphylococcus aureus.

Keywords: 2-alkylthio-5-(4-N-acetyl(N-chloroacetyl)aminophenyl)-1,3,4-oxadiazoles, X-ray analysis, crystal structure,

antibacterial and antifungal activity.
INTRODUCTION

One of the most interesting representatives of
five-membered heterocyclic compounds - 5-
substituted-1,3,4-oxadiazole-2-thiones, along with
great practical significance (a number of
oxadiazolethione derivatives possess pesticide,
pharmacological and other biological activities)
represent theoretical interest for studying the
relationship "structure - biological activity", which
is well described in the reviews [1-4] and partly in
our earlier work [5-8]. In contrast to the other
oxadiazoliones, which we studied earlier [6,9,10],
5-(4-aminophenyl)-1,3,4-oxadiazol-2-thione, in
addition to the two reaction centers (sulfur and
nitrogen atoms) in the thioamide group NH-C=S
has another reaction center - amino group in
position 4 of the aromatic ring. It is known that the
good reactivity of the amino group allows for
carrying out chemical transformations with the
formation of compounds with different substituents
possessing different properties, including biological
ones. A study of the literature showed that such
compounds show appreciable biological activity.
However, the data on such transformations and
biological activity related to 5-(4-aminophenyl)-
1,3,4-oxadiazole-2-thiones turned out to be very
limited [11-13].

EXPERIMENTAL

IR spectra of the synthesized compounds were
recorded on a Perkin Elmer-2000 Fourier
spectrometer using KBr pellets, UV spectra

* To whom all correspondence should be sent:
E-mail: aziyaevO5@rambler.ru

recorded on a Perkin Elmer Lambda-16
spectrometer in ethanol. 'H NMR spectra were
recorded on the Unity-400+ spectrometer (400
MHz, CDClI; solvent, HMDS internal standard) at
20-25°C. The reactions and individuality of the
synthesized compounds were monitored by TLC on
Merck silicagel 60F254 plates using 10:1 CHCls-
EtOH solvent system; developed plates were
visualised under UV lamp and iodine tank, where
necessary. The melting point of all synthesized
substances was determined on a "Boetius"
apparatus.

The unit cell parameters of the crystals were
determined and refined with CCD Xcalibur Ruby
diffractometer (Oxford Diffraction) using CuKa-
radiation, graphite monochromator (T=293 K).

Crystal growth. Single crystal of 2-butylthio-5-
(4-N-acetylaminophenyl)-1,3,4-oxadiazole 10 was
grown from solutions of acetone by slow
evaporation at room temperature.

X-ray structure determination. The unit cell
parameters of the crystal were determined and
refined with CCD Xcalibur Ruby diffractometer
(Oxford Diffraction) using CuKa-radiation,
graphite monochromator (T=293 K). The three-
dimensional set of reflections was obtained using
the appropriate diffractometer. The amendment was
introduced to the absorption by Multi-scan [14].
Table 1 shows the main parameters of the X-ray
diffraction experiment and refinement calculations
of the structure 10.
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Table 1. Basic crystallographic parameters and characteristics of the X-ray diffraction for structure 10.

Compound 10

Molecular formula C14H17N302S
Mr 291.36

Crystal symmetry Orthorhombic
Space group Pbca

z 8

a, A 9.8091(3)

b, A 9.2603(4)

c, A 32.1709(14)

a, ° 90

B,° 90

Y, ° 90

v, A3 2922.2(2)

p, glcm® 1.325

Crystal dimension (mm) 0.35%0.48x0.55
Range scanned, 26° 5.282<0< 76.2480
uexp (cm-1) 2.017

No. reflection collected 3026

No. reflection with 1>2o(1) 2024

R1 (I>2c(1) and total) 0.0457 (0.0772)
WR? 0.1061 (0.1250)
GOOF 1.028

Largest diff. peak and hole (e A-®) 0.180 and —0.190
CCDC 1554510

The structure was solved by direct methods
using SHELXS-2014 and refined using SHELXL-
2014 programs [15]. All non-hydrogen atoms were
refined by anisotropic full-matrix least-squares
methods (over F?). Positions of H atoms were found
geometrically and refined with fixed isotropic
thermal parameters Uiso=nUeq, where n=1.5 for
methyl hydrogens and 1.2 for others and Ueq is the
equivalent isotropic thermal parameter of the
corresponding C atoms.

Materials X-ray diffraction as a CIF file were
deposited at the Cambridge center of crystal data
(CCDC), from which they can be obtained free on
request at the following link:
www.ccdc.cam.ac.uk/data_request/cif (CcbC
number is 1554510).

Antimicrobial assay. The synthetic compounds
were tested for antimicrobial activity by the agar
disk-diffusion method [16-18]. The antimicrobial
activity was evaluated using five species of
microorganisms: Gram-positive bacteria Bacillus
subtilis (RKMUz - 5) and Staphylococcus aureus
(ATCC 25923); Gram-negative bacteria
Escherichia coli (RKMUz - 221) and Pseudomonas
aeruginosa (ATCC 27879) and the fungus Candida
albicans (RKMUz - 247). The RKMUz
microorganism cultures were obtained from the
strain collection of the Institute of Microbiology,
Academy of Sciences of the Republic of
Uzbekistan. Sterile nutrient agar (25 g agar/l
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distilled water) was inoculated with bacterial cells
(200 pl of bacterial cell in 2 ml of 0.9% NaCl
suspension and 20 ml medium) and poured into
Petri dishes to give a solid medium. Candida
albicans (1x10° colony forming units per ml) was
inoculated into sterile Mueller-Hinton-agar. Forty
microliters of test material (0.2 mg/per disc of the
compounds) was applied on sterile paper discs
(Whatman No 1, 6 mm diameter). Ampicillin,
ceftriaxone and nystatin (20 pg/disc) were used as
positive controls and the solvents as negative
controls. The solvents were allowed to evaporate in
a stream of air. The discs were deposited on the
surface of the inoculated agar plates. Plates were
kept for 3 h in a refrigerator to enable the diffusion
of the substances into the agar. Plates with bacteria
were incubated for 24 h at 37°C and plates with
yeasts for 48 h at 26°C. The inhibition zone
(including the disc diameter) was measured and
recorded after the incubation time. An average zone
of inhibition was calculated for the three replicates
in independent assays.

Interaction of 2-alkylthio-5-(p-aminophenyl)-
1,3,4-oxadiazoles with acetyl and chloroacetyl
chlorides (general procedure). 2-Alkylthio-5-(4-
aminophenyl)-1,3,4-oxadiazole [8] (0.01 mol) was
dissolved in 15 mL of benzene with continuous
stirring, then triethylamine (0.015 mol) was added.
A solution of acetyl chloride (0.011 mol) or
chloroacetylchloride in 10 mL benzene was added
dropwise to the resulting mixture at room
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temperature. HCI was isolated as a white haze, the
reaction mixture was left overnight, and then the
resulting precipitate was filtered, washed with
benzene, an alkali solution and water.
2-Propylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (9). Yield 97%, mp 166-167 °C, Rs =
0.46; UV spectrum (Amax, NM): 298.9; ‘H NMR ( §,
ppm, J/Hz): 0.99 (3H, t,J = 7.3, CHs), 1.79 (2H, m,
CH,CH,CHj3), 2.06 (3H, s, CH3-CO), 3.24 (2H,t, J
= 7.1, S-CHy), 7.77 (2H, d, J = 8.8, H-3,5), 7.87
(2H, d, J = 8.9, H-2,6), 9.40(1H, brs, NH). IR
spectrum(v, cm?): 1694 (CHsCO), 1523 (NH),
1179 (C-O-C, oxadiazole).
2-Butylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (10). Yield 89%, mp 162-163 °C, Rs =
0.51; UV spectrum(Amax, NM): 298.7; *H NMR (3,
ppm, J/ Hz): 0.59 (3H, t, J = 7.4, CH3), 1.15 (2H,
m, CH2CH.CH2CH3), 1.49 (2H, m,
CH,CH,CH,CHjs), 1.98 (3H, CH3-CO), 3.71 (2H, t,
J =173, S-CH) 7.45 (2H, d, J = 8.6, H-3,5), 7.68
(2H, d, J = 8.6, H-2, 6), 9.40 (1H, brs, NH). IR
spectrum(v, cm?): 1668 (CHsCO), 1537 (NH),
1176 (C-O-C, oxadiazole).
2-Amylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (11). Yield 92%, mp 135-136 °C, Rs =
0.46; UV spectrum(Amax, NM): 299.2; *H NMR (3,
ppm, J/Hz): 0.84 (3H, t, J = 7.3, CHs), 1.36 (4H, m,
CH,CH,CHj3), 1.78 (2H, m, CH.CH,CH,CH3), 2.06
(3H, s, CHs-CO), 326 (2H, t, J = 7.3, S-
CH,CH,CH,CH,CHs3), 7.77 (2H, d, J = 8.9, H-3, 5),
7.88 (2H, d, J = 8.9, H-2, 6), 9.42 (1H, brs, NH). IR
spectrum(v, cm?): 1674 (CHsCO), 1536 (NH),
1173 (C-O-C, oxadiazole).
2-iso-Amylthio-5-(4-N-acetylaminophenyl)-
1,3,4-oxadiazole (12). Yield 95%, mp 128-129 °C,
Rf = 0.51; UV spectrum(Amax, NM): 298.6; 'H NMR
(8, ppm, J/Hz): 0.95 (6H, d, d, J = 7.3,J = 7.3,
2CHs), 1.64 (3H, m, CH.CH(CHa),), 2.08 (3H, s
CHs;-CO), 327 (2H, t, J = 79, S-
CH,CH,CH(CHs)2), 7.77 (2H, d, J = 8.7, H-3, 5),
7.87 (2H, d, J = 8.7, H-2, 6), 9.48 (1H, brs, NH). IR
spectrum(v, cm?): 1676 (CHsCO), 1542 (NH),
1174 (C-O-C, oxadiazole).
2-Hexylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (13). Yield 98%, mp 130-131 °C, Rs =
0.48; UV spectrum( Amax, NM): 298.7; *H NMR (3,
ppm , J/Hz): 0.82 (3H, t, J = 7.1, CH3), 1.27 (4H,
m, CﬂzCHzCHs), 1.42 (2H, m, CHzCHZCHZCH:;),
1.77 (2H, m, CH2(CH:)sCHz), 2.06 (3H, s, CHs-
CO), 3.26 (2H, t, J = 7.3, S-CH2(CH>)4CHs3), 7.76
(2H, d, J = 8.9, H-3, 5), 7.87 (2H, d, J = 8.8, H-2,
6), 9.40 (1H, brs, NH). IR spectrum(v, cm): 1707
(CHsCO), 1532 (NH), 1174 (C-O-C, oxadiazole).
2-Heptylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (14). Yield 98%, mp 105-106 °C, Rs =
0.51; UV spectrum(Amax, NM): 299.5; *H NMR (3,

ppm J/Hz): 0.81 (3H, t, J = 6.7, CH3), 1.24 (6H, m,
CﬂzCﬂzCHzCH3), 1.42 (2H, m, Cﬂz(CHz)sCH3),
1.78 2H, m, CH2(CH:)4sCHas), 2.06 (3H, s, CHzs-
CO), 3.26 (2H, t, J = 7.3, S-CH»(CH>)sCHs), 7.78
(2H, d, J=8.8, H-3,5), 7.86 (2H, d, J = 8.8, H-2,
6), 9.42 (1H, brs, NH). IR spectrum( v, cm™): 1702
(CH3CO), 1535 (NH), 1174 (C-O-C, oxadiazole).
2-Octylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (15). Yield 97%, mp 112-113 °C, Rs =
0.53; UV spectrum(imax, Nm): 300.1; 1H NMR(3,
ppm, J/Hz): 0.80 (3H, t, J = 6.6, CH3), 1.22 (8H, m,
CH2(CH2)sCHs), 1.42 (2H, CH2(CH,)sCHz3), 1.78
(2H, m, CH2(CH.)sCH3), 2.06 (3H, s, CH3-CO),
3.27 (2H,t,J = 7.3, S-CH2(CH2)sCHa), 7.77 (2H, d,
J=28.9, H-3,5), 7.86 (2H, d, J = 8.8, H-2, 6), 9.42
(1H, brs, NH). IR spectrum(v, cm?): 1698
(CHsCO), 1530 (NH), 1176 (C-O-C, oxadiazole).
2-Nonylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole (16). Yield 97%, mp 151-116 °C, Rs =
0.49; UV spectrum (Amax, NM): 298.9; 'H NMR (3,
ppm, J/Hz): 0.80 (3H, t, J = 6.7, CH3), 1.22 (10H,
m, CH2(CH>)4CHj3), 1.42 (2H, m, CH2(CH.)sCHj3),
1.78 (2H, m, CH2(CH.)sCHs), 2.06 (3H, s, CHs-
CO), 3.27 (2H, t, J = 7.3, S-CH»(CH>),CHs), 7.77
(2H, d,J =18.7, H-3, 5), 7.86 (2H, d, J = 8.8, H-2,
6) 9.41 (1H, brs, NH). IR spectrum(v, cm™?): 1697
(CHsCO), 1529 (NH), 1178 (C-O-C, oxadiazole).
2-Propylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (17). Yield 85%, mp 111-112 °C,
R¢ = 0.66; UV spectrum (Amax, NM): 297.7; *H NMR
(8, ppm, J/HZz): 1.01 (3H, t,J = 7.3, CH3), 1.81 (2H,
m, CH,CH,CHj3), 3.21 (2H, t, J = 7.1, S-CH>) 4.16
(2H, s, CH»-CO), 7.67 (2H, d, J = 8.7, H-3,5), 7.93
(2H, d, J = 8.8, H-2,6), 8.43 (1H, brs, NH). IR
spectrum (v, cm?): 1703 (-CH.CO), 1537 (NH),
1177 (C-O-C, oxadiazole).
2-Butylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (18). Yield 96%, mp 142-143 °C,
R¢ = 0.60; UV spectrum (Amax, NM): 301.5; *H NMR
3, ppm J/Hz): 0.90 (3H, t, J = 7.3, CH3), 1.43 (2H,
m, CH2CH2CH.CH5), 1.76 (2H, m,
CH,CH,CH,CH3), 3.20 (2H, t, J = 7.3, S-CHy),
4.16 (2H, s, CH,-CO), 7.66 (2H, d, J = 8.5, H-3, 5),
7.93 (2H, d, J = 8.9, H-2, 6), 8.41 (1H, brs, NH). IR
spectrum (v, cm™: 1675 (-CH.CO), 1550 (NH),
1176 (C-O-C, oxadiazole).
2-Amylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (19). Yield 98%, mp 165-166 °C,
Rf = 0.63; UV spectrum(Amax, Nm): 298.8; 'H NMR
(8, ppm, J/Hz): 0.84 (3H, t,J = 7.3, CH3), 1.34 (4H,
m, CH,CH,CHj3), 1.78 (2H, m, CH,CH,CH,CHjs),
3.23 (2H, t, J= 7.3, S-CﬂzCHzCHzCHzCHs), 4.23
(2H, s, CH»-CO), 7.83 (2H, d, J = 8.7, H-3,5), 7.89
(2H, d, J = 8.8, H-2, 6), 9.75 (1H, brs, NH). IR
spectrum (v, cm?): 1659 (-CH.CO), 1540 (NH),
1176 (C-O-C, oxadiazole).
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2-Hexylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (20). Yield 93%, mp 107-108 °C,
Rt =0.57; UV spectrum(Amax, NmM): 298.3; 1H NMR
3, ppm, J/Hz): 0.82 (3H, t, J = 7.1, CHs), 1.27 (4H,
m, CﬂzCﬂzCHs), 1.42 (2H, m, CﬂzCHzCHzCHs),
1.78 (2H, m, CH2(CH2)3CHs3), 3.27 (2H, t, J = 7.3,
S-CH,(CH>)4CH3), 4.23 (2H, s, CH,-CO), 7.82 (2H,
d, J =89, H-3, 5), 7.92 (2H, d, J = 8.8, H-2, 6),
9.69 (1H, brs, NH). IR spectrum (v, cm™): 1681 (-
CH2CO), 1542 (NH), 1177 (C-O-C, oxadiazole).
2-Heptylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (21). Yield 95%, mp 96-97 °C, R¢
= 0.58; UV spectrum (Amax, NM): 298.0; 'H NMR
(8, ppm, J/HZz): 0.81 (3H, t,J = 6.9, CH3), 1.24 (6H,
m, CH>CH,CH,CHj3), 1.41 (2H, m,
CH2(CH2)3sCHs3), 1.78 (2H, m, CH2(CH2)CHs),
3.27 (2H, t,J = 7.3, S-CH2(CH2)sCHs3), 4.23 (2H, s,
CH,-C0O), 7.82 (2H, d, J = 8.9, H-3, 5), 7.91 (2H,
d, J = 8.8, H-2, 6), 9.68 (1H, brs, NH). IR spectrum
(v, cm™): 1675 (-CH,CO), 1545 (NH), 1176 (C-O-
C, oxadiazole).
2-Octylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (22). Yield 98%, mp 100 - 101 °C,
Rf = 0.61; UV spectrum( Amax, nm) 298.3; H
NMR (3, ppm J/Hz): 0.81 (3H, t, J = 6.8, CH3),
122 (8H, m, CH2(CH2):CHs), 142 (2H,
CH2(CH2)sCHs3), 1.78 (2H, m, CH2(CH.)sCHs),
3.27 (2H, t, J = 7.3, S-CH2(CH.)sCHs3), 4.23 (2H, s,
CH,-C0O), 7.82 (2H, d, J = 8.8, H-3, 5), 7.91 (2H, d,
J=8.9, H-2, 6), 9.68 (1H, brs, NH). IR spectrum (v,
cm?): 1684 (-CH.CO), 1539 (NH), 1177 (C-O-C,
oxadiazole).
2-Nonylthio-5-(4-N-chloroacetylaminophenyl)-
1,3,4-oxadiazole (23). Yield 87%, mp 71-77 °C, R¢
= 0.61; UV spectrum (Amax, NM): 298.7; 'H NMR

(8, ppm, J/ Hz): 0.80 (3H, t, J = 6.7, CHs), 1.23
(10H, m, CHy(CH2)4CHs), 1.43 (2H, m,
Cﬂz(CHz)5CH3 ), 1.78 (2H, m, Cﬂz(CHz)eCH3),
3.27 (2H, t,J = 7.3, S-CH>(CH,);CHa), 4.24 (2H, s,
CH,-CO), 7.34 (2H, d , J = 8.9, H-3, 5), 7.91 (2H,
d, J =8.9, H-2,6), 9.79 (1H, brs, NH). IR spectrum
(v, cm?): 1677 (-CH.CO), 1539 (NH), 1179 (C-O-
C, oxadiazole).

RESULTS AND DISCUSSION

With the aim to synthesize new derivatives on
the functional amino group of 5-(4-aminophenyl)-
1,3,4-oxadiazole-2-thione and to study their
physico-chemical characteristics and antimicrobial
activity, acylation reactions of the previously
synthesized  2-alkylthio-5-(4-aminophenyl)-1,3,4-
oxadiazoles 1-8 [8] with acetyl chloride (AC) and
chloroacetyl chloride (CAC) were carried out. The
experiments were carried out in acetone, benzene at
room temperature and at the boiling point of the
solvents. Also, the influence of the ratio of
chemical reagents - alkyl substituted compounds 1-
8, acylating agent and HCI acceptor triethylamine
(TEA) on product yield was studied. Optimal
reaction conditions were established at which the
highest yields (85-98%) of the desired products
were achieved.

The optimal reaction conditions were
established at which the highest yields (85-98%) of
the desired products of 2-alkylthio-5-(4-N-
acetyl(N-chloroacetyl)aminophenyl)-1,3,4-
oxadiazoles 9-23 (Scheme 1) were achieved (in
benzene at room temperature, the ratio of 2-
alkylthio-5-(4-aminophenyl)-1,3,4-oxadiazoles 1-8:
AC or CAC : TEA - 1: 1.1: 1.5 respectively):

CH,COCI 3 A
= HC-C-N g SR
0 9-16

N-N
HZN@ D—s-R
0
1-8

H N-N
CICH,COCI | @ Y s-R

o 0

H

R=C3H7(1,9,17), C4Ho(2,10,18), CsHyi(3,11,19), i-CsHiy(4,12), CsHia(5,13,20), C7His(6,14,21),
CsH17(7,15,22), CoH1o(8,16,23)

Scheme 1. Synthesis of 2-alkylthio-5-(4-N-acetyl(N-chloroacetyl)aminophenyl)-1,3,4-oxadiazoles 9-23

Reactions were monitored by TLC. All
synthesized compounds are solids. The structure of
the obtained derivatives is proved and characterized
by 'H NMR, IR and UV spectra. So in the *H NMR
spectra, substituted amino group (NH) proton
signals are seen at 9.40-9.48 ppm in 2-alkylthio-5-
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(4-N-acetylaminophenyl)-1,3,4-oxadiazoles  9-16
and at 8.41-9.75 ppm in 2-alkylthio-5-(4-N-
chloroacetylaminophenyl)-1,3,4-oxadiazoles 17-23.
They are very different from the chemical shifts of
the unchanged NH: group of the initial alkyl
derivatives 1-8 where the signals are observed in a
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stronger field of 3.72-4.11 ppm [8] that indicates
that the acylation reaction proceeds through this
amino group. Also the signals at 1.98-2.08 ppm are
observed in spectra in the form of singlet
corresponding to the protons of the acetyl group
(CHsCO-) of  2-alkylthio-5-(4-N-acetylamino-
phenyl)-1,3,4-oxadiazoles 9-16 and at 4.06-4.24
ppm corresponding to the protons of CI-CH;
fragment of 2-alkylthio-5-(4-N-chloroacetylamino-
phenyl)-1,3,4-oxadiazoles 17-23. The appearance
of absorption bands in the interval of 1674-1707,
1523-1542 cm? in IR spectra of compounds 9-16
and for 17-23 in the interval of 1659-1703, 1537-
1550 cm, respectively, corresponding to C=0 and
NH groups, confirms the production of acyl
derivatives on the amino group.

014
D

The results of X-ray diffraction analysis of 2-
butylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole also confirm the previously established
structures of the synthesized compounds. A crystal
of  2-butylthio-5-(4-N-acetylaminophenyl)-1,3,4-
oxadiazole 10 was grown from solutions of acetone
by slow evaporation at room temperature.

The five-membered heterocyclic ring in
molecular structure 10 is flat (within + 0.002 A)
(Fig.1.). The phenyl ring is also flat (within + 0.001
A). The location of phenyl ring relative to the plane
of the oxadiazole nucleus is characterized with a
value of torsion angle O1-C5-C6-C7 of 5.15°. The
location of the acetamido fragment relative to the
plane of the phenyl ring is characterized with a
value of torsion angle C8-C9-N12-C13 -8.94°.

518

Fig. 2. Packing structure 10.

In the crystal structure of 10 C=0 group and NH
group form intermolecular H-bonds. In the crystal
between molecules related by glide plane are
formed N-H...O type H-bonded chains along a axis
with graph set motifs of Ci'(4) [19] (Fig. 2.).
Parameters of H-bond are as follows: N-H 0.86 A,
H...O 2.12 A, N...0 2.934(3) A, angle N-H...O
159°, symmetry -1/2+x,y,3/2-z.

In the structure 10 a weak =...w interaction was
observed between the five- and six-membered
aromatic rings (atoms O1, C2, N3, N4, C5 and C6,
C7, C8, C9, C10, C11) of molecules related by

symmetry 3/2-x,-1/2+y,z and with centroid-centroid
distance of 3.6766(15) A [20].

Herein, the antimicrobial activity of the
compounds 9-23 against Staphylococcus aureus,
Bacillus  subtilis, Pseudomonas aeruginosa,
Escherichia coli as well as the fungus Candida
albicans was assessed using the agar disk-diffusion
method [17,18]. The results of the current research
are displayed in Table 2 and show that Gram-
positive bacteria were susceptible to the studied
compounds. B. subtilis and S. aureus are more
susceptible to the antimicrobial activity of the
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compounds 17, 18, 21 and 22 displaying inhibition
zone diameters between 8-14 mm at a concentration
of 200 pg/per disc. All tested compounds showed

no inhibitory activity against
bacteria and C. albicans fungus.

Gram-negative

Table 2. Antimicrobial effect evaluated by diameter of inhibition zone (mm) for compounds 9-23 using agar disk-
diffusion assay

Gram-positive bacteria Gram-negative bacteria Fungus
Compound . : ) :
B. subtilis S. aureus P. aeruginosa E. coli C. albicans

9 NA NA NA NA NA

10 NA NA NA NA NA

11 NA NA NA NA NA

12 NA NA NA NA NA

13 NA NA NA NA NA

14 NA NA NA NA NA

15 NA NA NA NA NA

16 NA NA NA NA NA

17 14 11 NA NA NA

18 10 8 NA NA NA

19 6 6 NA NA NA

20 6 6 NA NA NA

21 10 12 NA NA NA

22 9 11 NA NA NA

23 NA NA NA NA NA
Ampicillin

(20pg/disc) 26 25 NT 26 NT

Ceftriaxone (20 NT NT 25 NT NT

ng/disc)

NA- not active; NT — not tested

CONCLUSION

The new  2-alkylthio-5-(4-N-acetyl  (N-
chloroacetyl) aminophenyl)-1,3,4-oxadiazoles 9-23
were synthesized by the reaction of 2-alkylthio-5-
(4-aminophenyl)-1,3,4-oxadiazoles with acetyl and
chloroacetylchlorides. Optimal conditions for the
synthesis were found; the physicochemical
characteristics and structures of the synthesized
compounds were established. X-ray diffraction
analysis was carried out using compound 10 as an
example, which confirmed the structures of the
substances obtained. The 2-alkylthio-5-(4-N-
chloroacetylaminophenyl)-1,3,4-oxadiazoles 17-22
showed appreciable antibacterial activity against
Gram-positive bacteria.

Acknowledgment: Authors are thankful to the
Academy of Sciences of the Republic of Uzbekistan
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Leaf extracts of Stevia rebaudiana contain a great variety of flavonoids which are potential antioxidants for the
human body. In this work a high-performance liquid chromatography (HPLC)-based method to identify and quantify
flavonoids (quercetin, kaempferol, luteolin and apigenin) from extracts of S. rebaudiana was developed and validated.
A HPLC with a diode detector array at 200 nm wavelength and an Eclipse XDB-C18 column (150 mm length, 4.6 mm
d.i., and 5 pm particle size) was used. The mobile phase was acidified methanol (pH 2.5) in a gradient elution system.
Sample injection volume was 10 pL at 1 mL/min flow rate and 25 °C temperature. Aqueous extracts of S. rebaudiana
were prepared and its flavonoids quantified with the developed method. The validation of the method was performed
according to the ICH Q2A guideline, that is, assessing selectivity, linearity, sensitivity, precision, detection limits (DL),
quantification limits (QL), and accuracy. Calibration curves showed a linear trend with a correlation and determination
coefficient higher than 0.99. Precision showed relative standard deviation (RSD) values lower than 10%. DLs and QLs
were 1.93 and 3.35 — 6.43 ug/mL, respectively, while accuracy showed 90 — 100% recovery of fortified samples. The
implemented method fulfills the metrics of the ICH and is suitable to identify and quantify flavonoids in S. rebaudiana
Bertoni.

Keywords: Stevia rebaudiana, Flavonoids, ICH, Validation, HPLC.

INTRODUCTION zinc, P-sitosterol, caffeic acid, campesterol,
. - . . caryophyllene, centaureidin, chlorogenic acid,
Several pharmacological, clinical, toxicological chlorophyll,  flavonoids, among others  [8].

and therapeutic applications of leaf extracts of S.
rebaudiana [1, 2], as well as numerous biological
activities such as antacid, anticaries [3], anti-

Flavonoids are bioactive compounds present in
fruits, vegetables, grains, nuts, seeds, spices,

rotavirus, antibacterial [4], antihypertensive,
antifungal, anti-inflammatory, antiviral, anti-yeast,
diuretic, antioxidant, anti-cancer, etc., have been
found [5].

S. rebaudiana is currently grown commercially
for use as a sweetener as it contains diterpene
glycosides [6], stevioside and rebaudioside A being
most common in the leaves (5 — 10% and 2 — 4%
w/w on a dry basis, respectively). On the other
hand, rebaudioside B, rebaudioside C, rebaudioside
D, rebaudioside E, rebaudioside F, dulcoside A,
rubusoside, and esteviolbioside are less common
glycosides in S. rebaudiana leaves [7].

S. rebaudiana leaves also contain a complex
mixture of other compounds, such as diterpenes,
labdanos, triterpenes,  stigmasterol,  tannins,
ascorbic acid, alkaloids, steroids, saponins, [3-
carotene, chromium, cobalt, magnesium, iron,
potassium, phosphorus, riboflavin, thiamin, tin,

* To whom all correspondence should be sent:
E-mail: moguel.yolanda@inifap.gob.mx
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medicinal plants, and some usual drinks such as tea,
red wine, and beer [9]. Flavonoids are of scientific
interest due to their antioxidant activity which
makes them suitable for stabilizing and eliminating
oxygen reactive species (ORS). Furthermore,
flavonoids have other beneficial effects including
anti-inflammatory, antimicrobial and antidiabetic,
antihypertensive, and anticancer effects [8, 9].
Flavonoids have a base structure consisting of two
benzene rings at the ends of the molecule joined by
a 3-carbon ring. Other molecules, such as methyl,
oxyhydrides, and sugars, can be added to the 3-
carbon ring, making possible the generation of
different types of flavonoids such as flavanones,
flavonols, catechins, flavones, anthocyanins, and
isoflavones [10].

Some flavonoids, such as quercetin, kaempferol,
luteolin and apigenin (Fig. 1), are present in S.
rebaudiana. However, the content of these
compounds highly depends on the stress of the
plant as a consequence of the type of soil, weather,
agronomic conditions, or disease [8, 9].

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig 1. Chemical structure of the flavonoids in S.
rebaudiana Bertoni [9].

There are several methods to identify and
guantify flavonoids in S. rebaudiana including
colorimetric [8, 11, 12] and spectrophotometric
methods, [4, 13, 14], thin-layer chromatography
(TLC) [9]. high-performance liquid
chromatography (HPLC) [15], and others. HPLC is
frequently used to identify and quantify diverse
compounds in numerous biological extracts with a
high precision and reliability. Currently, there is no
official method to identify and quantify flavonoids
in S. rebaudiana. Therefore, this works aims to
develop and validate a HPLC-based method to
identify and quantify the flavonoids (quercetin,
kaempferol, luteolin, and apigenin) from aqueous
leaf extracts of S. rebaudiana Bertoni.

EXPERIMENTAL
Reactive and standard reference materials

Two standard reference materials were used for
flavonols and flavones: the one contained quercetin
(Sigma PHR1488) and kaempferol (Sigma 96353),
and the second contained luteolin (Sigma 72511)
and apigenin (Sigma 42251), respectively. Standard
flavonoids were diluted with deionized water (Milli
Q water) to prepare the mother solutions (1 mg/mL)
used to generate the required calibration curves to
validate the method. These solutions were filtered
through a nylon membrane (0.45 um) before
injecting in the equipment.

Reactive and standard reference materials

An Agilent Technologies equipment (model: 1200
series) with a diode detector array at 200 nm
wavelength, packed with an autosampler, degasser,
and  temperature  controller  was  used.
Chromatographic separations were performed with
a packed Eclipse XDB-C18 column (150 mm
length, 4.6 internal diameter, and 5 pum particle
size) (Agilent Technologies) at 25°C temperature.
The mobile phase was methanol (HPLC-grade, J.T.
Baker Phillipsburg, NJ) and acidified water (pH
2.5) using a system of gradient elution of 30 min,
starting and ending with a water-to-methanol ratio
of 3/7 and 7/3, respectively. The injection volume

was 10 pL during 30 min (1 mL/min) for both, the
standard reference materials and the samples.

Validating the method

The developed method was validated under the
metrics of the International Conference of
Harmonization (ICH Q2A), which establishes the
analytical parameters that must be assessed to
validate a chromatographic method. The reliability
of the method was determined with the parameters
described below [16].

Selectivity: Selectivity refers to the capacity of
the method to unequivocally assess the analyte in
the presence of other components. All the standard
reference materials were analyzed at 50 pg/mL
according to the chromatographic conditions
described earlier. The chromatographic peaks of
each standard reference material were obtained, as
well as their retention times (tr) and ultraviolet-
visible spectra.

Linearity and sensitivity: Linearity is the
capacity of the method to obtain directly
proportional responses to the content of analyte in
the sample within a range. This parameter was
assessed using the mother solutions under
concentrations of 1 mg/mL for each flavonoid,
which were diluted until reaching concentrations of
25, 50, 75, 100, 150, and 200 ug/mL to generate the
calibration curves. The obtained contents were
injected in triplicate and linearity was assessed by
calculating the regression equation, as well as the
correlation (r) and determination (R?) coefficients.
Sensibility was assessed as the slope of the
equations of each analyte.

Precision: Intraday and interday precisions were
assessed. The former was demonstrated by means
of the analysis of a homogeneous sample under the
same conditions and on the same day, obtaining a
minimum grade of dispersion among the results.
The second was performed by analyzing the sample
under the same conditions but on different days.
Both, intraday and interday precisions, must reach a
relative standard deviation (RSD%) lower than
10% to consider the method precise. Intraday and
interday RSD%, retention times (tg), and areas
under the curves were calculated considering the
standard deviation (SD) and mean using equation 1.

% RSD = SD/X*100 1)

Detection and quantification limits (DL and
QL): DL is the lowest concentration of an analyte
in a sample that can be detected but not necessarily
quantified as an exact value. On the other hand, QL
is the lowest concentration of an analyte contained
in a sample that can be quantitatively determined
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with an acceptable precision and accuracy. These
factors were computed using equation 2.

DL =3.3/SD and QL =10/SD, (2)

3.3 and 10 being the standard deviation of the
intercepts.

Accuracy: Accuracy refers to how close an
identified value is to a predetermined value. The
accuracy of the method was assessed by testing the
recovery of analytes intentionally added to the
aqueous extract of S. rebaudiana to fortify them.
100 pg/mL of each flavonoid was added to the
aqueous extract of S. rebaudiana and each test was
performed in triplicate. The recovery of analytes
must range between 90% to 110%.

Aqueous extract of S. rebaudiana

Aqgueous leaf extracts of S. rebaudiana Bertoni
from Yucatan, Mexico, were obtained by the
method developed by Dutta et al. [17]. 10 g of
milled leaves were suspended in 100 mL of
distilled water (10% wi/v). Extraction was
performed in a 250 mL beaker in a Maria bath at 40
°C temperature under constant agitation during 3 h.
Extracts were then centrifugated at 2500 rpm, 10 °C
temperature for 30 min, and supernatants were
recovered. Extraction was performed twice
discarding the residue after the last washing.
Supernatants were mixed and filtered at vacuum
using Whatman 2 filter papers, and were
lyophilized using a Labconco FreeZone 4.5
lyophilizer.

Identification and quantification of flavonoids in
the aqueous extract of S. rebaudiana Bertoni

After validating the chromatographic method,
flavonoids from S. rebaudiana were identified by
superposition of the standard reference materials
with the extract. As the vegetable material has a
complex chemical composition, as well as a high
portion of analytes and interferent materials, the
UV-visible spectral region of the peaks identified in
the extract was used as comparison criterion to
confirm or highlight the presence of analytes. A 10-
mg aliquot of lyophilized extract was diluted in 3
mL of Milli Q water, collected in a 5 mL
volumetric flask, filtered through a 0.45-pum nylon
membrane, and analyzed.

Statistical analysis

Regression analysis was performed to assess the
linearity by the least-square method using the
Statgraphics CENTURION XV software. Microsoft
Excel spreadsheets were configured to analyze the
precision, DL, QL, and accuracy parameters.
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RESULTS AND DISCUSSION
Validating the method

Selectivity:  Chromatographic  peaks were
obtained during the analysis of the flavonoids and
their tr were identified. The presence of the analytes
was verified with their UV-visible spectra to check
the selectivity of the method (Fig 2).

The tr of the assessed analytes were shorter than
those reported by Muanda et al. [18], who got tr for
quercetin and apigenin of 42.87 and 44.89 min,
respectively, using a mobile phase (50 mM
ammonium phosphate, 80% acetonitrile, and 200
mM phosphoric acid) and a C18 intersil ODS
column. Toso & Skliar, [19], got a tr of 33.12 min
for kaempferol using a mobile phase in methanol-
water (15:85 — 100:0) gradient and a RP-C18
column, while Xiao-quing & Jian-bo, [20] reported
a tgr of 20.1 min for luteolin using a mobile phase
consisting of a mixture of methanol, acetonitrile,
acetic acid, and phosphoric acid
(200:100:10:10:200 v/v) and a Kromasil RP-C18
column. The polarity among the analytes and the
mobile phase, along with the type of column, might
explain the differences in trs. A C-18 column,
which can retain each component depending on its
affinity, was used in all the cases (octadecyl
functional group). However, this was not the case
for the mobile phases which play a relevant role on
trs. Flavonoids are non-polar analytes and have
affinity for less polar mobile phases. Muanda et al.
[18] and Xiao-quing & Jian-bo, [20] used salts,
acids, and/or acetonitrile as mobile phases, which
are more polar than methanol. In this sense, the
assessed analytes were retained much longer in a
chromatographic column due to the affinity and
difference of polarities. Toso & Skliar, [19] used a
gradient mobile phase similar to that of this study
but using a methanol-water gradient of (15:85) at
the beginning. In minute 32 the less polar solvent
reached a higher percentage (100:0) and therefore,
kaempferol was eluted from the column in 33.12
min tg, which is longer than in this study using
gradient elution (water-methanol 70:30 v/v).
However, since the beginning the percentage of
methanol increased quickly, which allowed for
eluting the analytes in a shorter time. It is important
to highlight that the tr obtained in this study under
the developed method have a great advantage as
they are shorter and require a lower volume of the
mobile phase to determine the flavonoids from S.
rebaudiana.
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Fig. 2. Retention times (tr) and UV spectra of the flavonoids at a concentration of 50 pg/mL. a) quercetin (tr 13.88
min), b) kaempferol (tr 15.62 min), ¢) luteolin (tzr 15.08 min), d) apigenin (tr 15.81 min).

Linearity and sensitivity: The linearity of the
developed method was appropriate to quantify
flavonoids as it showed a linear regression between
the concentration of the standard reference material
and the area under the curve of the
chromatographic  analysis. ~ The  correlation
coefficient (r) showed a linear trend between the
two of the analyzed variables (area under the
concentration curve) of 0.99. The determination
coefficient (R?) was higher than 99% in most of the
cases but kaempferol, for which it was 98%. The

intercepts refer to the point where two lines meet,
while the values of the slopes - to the inclination of
the line in the linear model (Fig 3). Luteolin slopes
had a higher inclination (23.48) than apigenin
(16.73), which indicates a greater sensitivity to the
developed method than the slopes with a lower
inclination, such as those for quercetin and
kaempferol (12.69 and 12.60, respectively) (Table
1).
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Table 1. Parameters of the linear regression model (y = a + b*x) of the standard reference materials of flavonoids
(quercetin, kaempferol, luteolin, and apigenin).

Parameter Quercetin Kaempferol Luteolin Apigenin
r 0.999 0.993 0.999 0.998
R? 0.999 0.987 0.999 0.997
Intercept in the Y axis -50.52 732.95 147.81 989.66
Slope 12.69 12.60 23.48 16.73

R: correlation coefficient, RZ: determination coefficient.

Area (AUC)
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Precision: Concentrations of 50, 100, and 200
pg/mL were used to measure the intraday precision.
As indicated in Table 2, the RSD% for tg was lower
for luteolin (0.04%), and higher for quercetin
(0.22%) and  kaempferol  (1.55%). The
concentrations used to measure interday precision
were the same. In this case, the RSD% for tg was
lower for kaemperfol (0.01%) and higher for
quercetin (0.45%). The RSD% values of the area
under the curve were lower than 9%, obtaining a
lower value for apigenin (0.56%) and a higher
value for kaempferol (8.68%).

Fig. 3. Linear regression graphic (mean + SD). Area
(AUC) vs concentration (y = a + bx) for quercetin,
kaempferol, luteolin and apigenin.

Table 2. Intraday precision of the standard reference materials of flavonoids.

Flavonoid Conc. (ng/mL) tr RSD% Area RSD%
(Mean + SD) Time (Mean + SD) Area
Quercetin 50 13.86+0.03 0.22 547.63+6.57 1.20
100 13.84+0.01 0.08 1247.37+2.74 0.22
200 13.80+0.01 0.07 2469.9+16.11 0.65
Kaempferol 50 15.62+0.02 0.09 1388.47+9.8 0.71
100 15.61+0.005 0.04 2149.27+24.3 1.13
200 15.60+0.005 0.04 3191.6+49.5 1.55
Luteolin 50 15.07+£0.01 0.04 1282.13+10.7 0.84
100 15.07+0.01 0.04 2546.5+16.2 0.64
200 15.07+0.01 0.04 4788.47+15.6 0.33
Apigenin 50 15.81+0.01 0.04 1804.07+6.70 0.37
100 15.80+0.005 0.06 2739.43+6.48 0.24
200 15.80+0.005 0.04 4257.07+£34.9 0.82

Table 3. Interday precision of the standard reference materials of flavonoids.

Flavonoid Conc. (ng/mL) tr RSD% Area RSD%
(Mean + SD) Time (Mean + SD) Area
Quercetin 50 13.88+0.06 0.22 545.48+6.4 1.20
100 13.85+0.04 0.08 1243.49+7.0 0.22
200 13.83+0.05 0.07 2468.63£15.6 0.65
Kaempferol 50 15.62+0.01 0.09 1416.74+38.8 0.71
100 15.61+0.007 0.04 2072.27£179.8 1.13
200 15.55+0.17 0.04 3116.11£136.8 1.55
Luteolin 50 15.07+0.02 0.04 1254.13+£22.6 0.84
100 15.07+0.01 0.04 2525.08+22.5 0.64
200 15.07+0.01 0.04 4758.32+28.8 0.33
Apigenin 50 15.81+0.007 0.04 1812.38+20.5 0.37
100 15.80+0.007 0.06 2742.77£12.2 0.24
200 15.81+0.007 0.04 4260.12+28.6 0.82
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In both cases the RSD% was lower than 10%,
indicating a minimum grade of dispersion in the
results (Table 3). This demonstrates that the method
iS precise as it is under the predetermined
acceptance criteria.

Table 4. Detection limits (DL) and quantification
limits (QL) of the standard reference materials of
flavonoids.

Flavonoid Detection Quantification
Limit (DL) Limit (QL)
(ug/mL) (ug/mL)
Quercetin 1.00 3.35
Kaempferol 1.76 5.85
Luteolin 1.93 6.46
Apigenin 1.19 3.99

Detection and quantification limits: The DL of
the flavonoids ranged between 1.00 and 1.93
ug/mL, quercetin and luteolin being detected at
1.00 and 193 pg/mlL, respectively. The
concentrations of flavonoids that could be
guantified with an acceptable precision (QL)
ranged between 3.35 and 6.46 pug/mL. In this case,
guercetin  displayed a lower value of the
quantification limit (3.35 pug/mL), while for luteolin
the concentration was higher (6.46 pg/mL).
Quercetin can be detected and quantified under
lower concentration as it contains a higher number
of fluorescent groups which provide a higher
molecular sensitivity (Table 4).

Accuracy: Accuracy was measured using the
extract of S. rebaudiana fortified with the 4
flavonoids recovering 94.28 — 100.86% of the
added analytes (Table 5), luteolin being the most
recovered (100.86%) analyte, followed by quercetin
(100.73%). On the other hand, kaempferol and
apigenin were the least recovered analytes (94.28
and 96.70%, respectively). A higher content of
luteolin and quercetin in the extract of S.
rebaudiana explains these differences. These
results indicate that the developed method is
accurate and does not lead to losses in the assessed
analytes as it is within the predetermined acceptable
criteria.

Table 5. Accuracy of the analytical method
expressed as the recovery percentage of the samples
fortified with the standard reference materials of
flavonoids

Flavonoid Accuracy (%)
Mean + SD
Quercetin 100.73£1.10
Kaempferol 94.28+2.08
Luteolin 100.86+0.58
Apigenin 96.70+0.64

Samples were fortified with 100 pg/mL of each
standard reference material.
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Fig. 4. Chromatogram of the extract of S. rebaudiana Bertoni.

Identification and quantification of the flavonoids
from the aqueous extracts of S. rebaudiana Bertoni

Fig. 4 shows the chromatographic analysis to
identify and quantify the flavonoids from the
extract of S. rebaudiana. Both the chromatographic
peaks and the superposition of the 4 flavonoids
have the same tr.

Table 6 shows the quantification of the
flavonoids through the calibration curves performed
during the validation process. Quercetin, luteolin,
and apigenin contents identified in this work were
higher than those reported by Periche et al. (2016),
who assessed the hydro alcoholic extracts of S.
rebaudiana leaves by HPLC and found a high
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content of quercetin and apigenin of 0.039 g/100g
of dried leaves for both analytes. This may be due
to the fact that the presently analysed sample of S.
rebaudiana was from a new genetic material that
has been selected considering its agronomic
conditions which were adapted to the conditions in
the southeastern zone of Mexico. Thus, S.
rebaudiana grew under pretty particular conditions
including a leptosol soil (not very deep soils, dark
color limited by rock, retains up to 80% water, and
has a high salt content which means high electric
conductivity). This created stressful conditions for
Stevia, which could cause a higher phytochemical
content.

Table 6. Flavonoid content expressed as g/100g of
leaves of S. rebaudiana.

Flavonoid S. rebaudiana
Mean + SD
Quercetin 0.062+0.5°
Kaempferol ND?
Luteolin 0.084+0.24
Apigenin 0.079+0.06°

ND: not detected. 9 Different letters indicate
statistical difference (P < 0.05).

Regarding the luteolin and kaempferol contents
in S. rebaudiana, no reports about their
guantification by HPLC were found. Mehenni et al.
[21] found luteolin (0.061g/100 g dried leaves) in
ethanolic extracts of P. lentiscus leaves. Ghanta et
al. [9] characterized kaempferol-3-O-ramnoside in
a derivate of kaempferol containing a rest of
rhamnose in the C-3 position of the original
compound. The presence of kaempferol was not
detected in the assessed extracts possibly because
its content is below the detection and quantification
limits reported in the validation stage. Furthermore,
the kaempferol used in this study was the original
compound and not the characterized glycosylate
used by Ghanta et al. [9].

Lopez-Corona [22] reported an 8.64 pg/mL
content of kaempferol in the hydrolyzed methanolic
extract of C. graciliar leaves wusing low
concentrations in the standard curve. The extract
could be detected and therefore, the differences
with this work might rely on the type of vegetable
species used, as well as on the geo-climatic and
agronomic conditions of the crop.

CONCLUSIONS

The developed method was validated and was
found selective, linear, sensitive, precise, and
accurate within the ranges predetermined by the
ICH. Therefore, this method can be applied to
identify and quantify flavonoids extracted from S.
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rebaudiana Bertoni cultivated in southeastern
Mexico.
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We performed FTIR and XRD analysis to study 78 consecutive urinary stones from 78 patients (58 men and 20
women; age range 18+66). We have found the highest percentage of stones of calcium oxalate monohydrate - 41%.
Half of the stones of calcium oxalate dihydrate are less - 19.2%, and the mixed composition of the studied stones was
found in 39.7% of patients: COM + COD - 3.8%; COM + Calcium hydrogen phosphate (CHP) (apatite) - 7.7%; COD +
CHP - 2.6%; COD + Uric acid (UA) - 5.1%; COM + UA - 3.8%; COM + COD + CHP - 10.3%; COM + COD + UA -
6.4%. The identification of the components of urinary stones provides useful information in order to understand the

cause of their formation and to prevent their recurrence.

Keywords: FTIR, XRD, Kidney stones, Vibrational assignment

INTRODUCTION AND OBJECTIVE

Kidney stones are the products of a pathological
bio mineralization process in the urinary system
[1,2] and are mostly mixtures of two, three or more
components. This disorder is multifactorial in
origin and is influenced by the physical-chemical
conditions of the urinary system [3]. Determination
of the stone type (at both elemental and molecular
levels) can help to identify the pathogenesis of
kidney stones and to formulate future strategies for
the treatment and prevention of this disease in
stone-forming patients.

The wet chemical technique is one of the most
widely used approaches for stone analysis.
However, it can only determine the presence of
individual ions and radicals and not differentiate
mixtures [4].

A major part of the assessment of the risk of
recurrence of urolithiasis in stone-forming patients
is the analysis of each eliminated stone, the aim of
which is the qualitative differentiation of all stone
components and their semi-quantitative and
guantitative determination. The wet chemical
methods used in our country are sensitive but they
can only identify the components of the kidney
stone as chemical elements. As a result, the various
polymorphs of calcium oxalate, apatite and uric
acid salts cannot be separately distinguished. Some
authors reported error rate for chemical analysis
from 6.5% to 94%, which highlights the extreme
inaccuracy of these methods [5].

Until now, only wet chemical methods have

* To whom all correspondence should be sent:
E-mail: tskolev@bio21.bas.bg

been used in Bulgaria for kidney stones analysis.
The European Urological Association (EAU)
Urolithiasis Guidelines (2017) highlight the aging
of the chemical analysis and recommend the use of
FT-IR and XRD for kidney stones analysis [6].

Silva et al. compared chemical and
morphological analyses of kidney stones and
reported that unlike the morphological analysis,
chemical analysis can detect only Ca and oxalate
separately and not differentiate crystalline types.
Identifying the crystalline form is very useful for
planning therapy, for example, calcium oxalate
dihydrate is associated with hypercalciuria, while
calcium oxalate monohydrate is more closely
related to hyperoxaluria. Thus, these authors
suggested using both types of routine analysis for a
better understanding of the mechanisms involved in
lithogenesis [7]. The use of infrared spectroscopy
and / or X-ray diffraction allowed us to find out the
crystalline and molecular composition of each
eliminated stone, as well as to determine the semi-
guantitative and quantitative content of all stone
components.

The combined application of IR and Raman
spectroscopy technique to the analysis of urinary
calculi was reviewed by Carmona et al.[8].

The authors documented that some of the
characteristic bands are very useful for analytical
purposes, further suggesting the adaptability of
spectroscopy methods to the routine analysis of
renal stones. Paluszkiewicz et al. linked the
structural composition of renal stones, as
determined by FT-IR and FT-Raman spectroscopy,
with  the elemental composition of the stones
determined using protoninduced X-ray emission
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and atomic emission spectroscopy [9]. Based on
this study and other published studies, it can be
concluded that IR and Raman spectroscopy are the
best spectroscopic methods for the identification
and quantitative analysis of kidney stones [10].
Both techniques are fast and simple to use, and they
only require a small quantity of matter for testing.
Raman spectroscopy is used alone or as
complementary to IR spectroscopy to achieve the
same objective. Both XRD and IR spectroscopy
have also been employed as reference techniques
for stone analysis, and many studies were
subsequently designed to compare the quality of
these methods [11,12].

It is also well documented that the analytical
results obtained with both the XRD and IR
spectroscopy methods are comparable and highly
acceptable, consequently, these two techniques can
be considered to be reference methods for the
analysis of urinary calculi [13]

X-Ray powder diffraction (XRD)

X-ray powder diffraction uses monochromatic
X-rays for identifying the constituents of a renal
stone based on the unique diffraction pattern
produced by a crystalline material. Crystal moieties
of structure diffract or reflect penetrated X- rays in
particular patterns [4].

Since the 1970s, thermogravimetric analysis
(TG or TGA) has been extensively applied for the
analysis of kidney stones [14].

This technique is based on the continuous
recording of both the temperature and weight loss
of the material sampled during a progressive
temperature increase to 1,000 °C in an oxygen
atmosphere. As each substance has its own specific
transformation properties, the starting and ending
temperature of the transformation, the amount of
the weight change, enthalpy, the nature of the
substance and the magnitude of this change
indicates the proportion of the elements present [4].

There are different forms in which the same
chemical component may crystallize: for example,
calcium oxalate may be present in the form of
calcium oxalate monohydrate (COM), calcium
oxalate dihydrate (COD) or very rarely as calcium
oxalate trihydrate (COT). Often, these appear with
their mineralogical denominations: whewellite for
calcium oxalate monohydrate (Wh); whedellite for
calcium oxalate dihydrate (Wd). Uric acid is found
in two types of crystallisation: anhydrate (UA) and
uric acid dihydrate (UA2). Calcium phosphate is
found in multiple forms. In urinary calculi
phosphate has many forms: calcium phosphate,
calcium hydrogen phosphate dihydrate (brushite),
calcium hydrogen phosphate, apatite like carbonate

apatite  (CAP) and hydroxyapatite (HAP),
octacalcium phosphate, a.0. From all the forms in
which calcium phosphate can be found, the one
which mostly occurs is carbapatite (a carbonate
calcium phosphate crystallized in the hexagonal
system). Different biochemical conditions can
cause  several crystallization forms  [15].
Consequently, accurate stone analysis must
determine not only the molecular species of the
calculus, but also the crystalline forms of the
chemical constituents.

The aim of our study was to analyze 78 urinary
stones with both infrared spectroscopy and XRD
and to emphasize the possibility, through these
methods, to establish the crystalline and molecular
composition of each eliminated stone, as well as to
determine semi-quantitatively and quantitatively all
stone components.

Materials and methods

We analyzed 78 consecutive urinary stones,
from 78 patients (58 men and 20 women; age range
18+66) hospitalized in the Clinic of Endourology of
the Military Medical Academy in Sofia. We used
IR-spectroscopy and XRD. FT-IR spectra of all
urinary calculi were recorded as potassium bromide
(KBr) pellets using a Tensor 37 (Bruker)
spectrometer at the Institute of Mineralogy and
Crystallography of the Bulgarian Academy of
Sciences and the Institute of General and Inorganic
Chemistry of the Bulgarian Academy of Sciences.
This method requires a small sample of 1-2 mg. In
the first stage, the calculi were repeatedly washed
with distilled water, and then dried at room
temperature for 24 h. Afterwards, a little piece of
each calculus was cut with the help of a fine saw; it
was examined with a magnifying glass and looked
at under a microscope. When the examined section
showed a nucleus or other distinctive areas, its parts
were studied separately. From the homogeneous
stones a piece of approximately 10-20 mg weight
was broken and it was powdered in an agate mortar.
From it, we weighed a sample of about 2 mg which
was mixed with about 200 mg of KBr (Merck-pure
for infrared spectroscopy). The mixture was
powdered again to obtain practically complete
homogenization. This mixture was transferred into
an appropriate die and pressed at 10 t/cm? to form a
transparent pellet, 13 mm in diameter. The pellet,
assembled in a holder, was placed in the infrared
(IR) beam of the spectrometer. Under this pressure,
the potassium bromide mixture is practically
vitrified. The spectral region investigated was from
4000 to 400 cm; We can measure the spectrum in
transmittance or absorbance. The spectrum was
printed on a sheet of paper A4 and recorded as an
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(ASCI) file. The spectra were measured at a
resolution of 2 cm? and a standard 32 scans. In
some of the more complicated cases, up to 100
scans have been used, to improve the signal-noise
ratio. The number, position and intensity of
absorption bands depend on the molecular
composition and crystal structure of the test
substance (crystal). The band intensity in the IR
spectrum depends on the change in the dipole
moment of the connection in the normal vibration
process. As much as this change is significant, the
band is more intense, if the change is zero, there is
no band in the spectrum, i.e it is forbidden for
symmetric reasons. In the Raman spectrum band
intensity is determined by the change of
polarizability over normal coordinate during the
normal vibration 8a/6Q> 0.

In a preliminary stage of our research, in order
to find out the type of urolithiasis, we proceeded to
the recording of standard IR spectra of the
chemically pure compounds found in calculi:
organic (oxalic acid and uric acid) and inorganic
(phosphates: carbonate apatite, calcium hydrogen
phosphate dihydrate, tricalcium phosphate, and
carbonates: calcite- calcium carbonates). We used
Merck (Germany) and Fluka (Switzerland)
compounds. Carbonate apatite (CAP) is a calculus
which was chosen out of a multitude of calculi
analyzed by FT-IR, by comparing the obtained IR

spectra with the one belonging to CAP registered in
literature (in the IR atlases) [10,16].

Wide angle X-ray diffraction (WAXD) scans
were recorded on a Bruker D8 Advance ECO
diffractometer in reflection mode with Ni-filtered
Cu Ka radiation over the 26 range of 1-80 6 with a
step of 0.02 6.

RESULTS AND DISCUSSION

Analysis of the composition of stones eliminated
from our patients was performed by using infrared
spectroscopy. This made it possible to differentiate
between all crystal components in the composition
of the stones. For calcium oxalate lithiasis, it is of
utmost importance to distinguish the two crystalline
forms - calcium oxalate monohydrate and calcium
oxalate dihydrate which cannot be achieved with
the wet chemical analysis used in our country. We
have found the highest percentage of stones of
calcium oxalate monohydrate - 41%. Half of the
stones of calcium oxalate dihydrate are less -
19.2%, and the mixed composition of the studied
stones was found in 39.7% of patients: COM +
COD - 3.8%; COM + Calcium hydrogen phosphate
(CHP) (apatite) - 7.7%; COD + CHP - 2.6%; COD
+ uric acid(UA) - 5.1%; COM + UA - 3.8%; COM
+ COD + CHP - 10.3%; COM + COD + UA -
6.4%.
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Figure 1. FTIR spectra of calcium oxalate monohydrate
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Figure 2. FTIR spectra of calcium oxalate monohydrate and dihydrate
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Figure 3. FTIR spectra of calcium oxalate monohydrate and uric acid
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Figure 7. XRD pattern of calcium oxalate monohydrate and uric acid

The spectra of the chemically pure substances
were considered as ‘“standard” spectra. By
comparing and superposing the calculi spectra with
“standard” spectra, we have determined the
gualitative and semi-qualitative composition of
urinary stones. The intensity of IR bands displays
(semi-quantitative) information regarding the
degree to which a component’s content is found in
the calculus (if the compound concentration in the
calculus is low, the result will be a specific band of
low intensity). The IR absorption of the studied
sample has shown the presence of oxalate, uric acid
and/or hydroxyapatite groups in the urinary calculi.
The reproducibility of the wavenumbers of the
peaks may vary in the order of 1-3 cm™. In some
cases, the v*C=0) has a shoulder at about 1650 cm"
1 or the shoulder varies from 1645 to 1650 cm™ in
another case [17-19].

The IR band at 1620 cm™ and that at 1316 cm™
(Fig. 1), 1314 cm? (Fig. 3) of calcium oxalate
monohydrate correspond to the symmetric and
asymmetric C=0O stretching vibrations of
coordinated oxalate groups. The IR band at 1618
cm? and that at 1315 cm (Fig. 3), monohydrate
calcium oxalate correspond to the symmetric and
asymmetric C=0 stretchings of coordinated oxalate
groups. The strong band at 1620 cm™ appears in a
narrow frequency range (1618-1622) cm™. So this
mode is very characteristic. The band at 1316 cm™
is also characteristic — it appears at 1314-1319 cm?
and the band is also very characteristic. For other
calculi, the stretching frequencies characteristic to
the calcium oxalate were found at 1621 cm™ and

1319 cm?® and were assigned to v*C=0) and
v*C=0). The degree of hydration of different
substances can be given by the presence or absence
of some bands from the IR spectrum; therefore, for
COM (calcium oxalate monohydrate), this degree is
indicated by the two peaks between 850 and 950
cm* (for COD these two peaks do not appear). In
the 3500-3000 cm? region a broad spectrum
appears for COD (calcium oxalate dihydrate), by
contrast with the one for COM, which contains four
weak but good resolved peaks (Fig. 2). The
difference in v(C=0) of oxalic acid and calcium
oxalate is ca. 130 cm™. In literature, the question of
the presence of four (O-H) bands is not discussed
but only reported as a fact. We conceive that in this
case there is a Fermi resonance of both v*(OH) and
v¥(OH) due to the crystal field. Similar phenomena
of functional groups of organics, inorganic and
complex compounds are described in detail by
Kolev and Ivanova [20]. The presence of Fermi
resonance and Davydov splitting [21,22] was
established by means of polarization infrared
spectroscopy in nematic liquid crystals. The band at
3062 cm cannot be unambiguously attributed to a
certain normal vibration for now. In the literature
this band is not commented. For now we cannot
adequately assign this band. For the mixed calculi
types, these differences cannot be very clearly
observed and can be mistaken because of the
overlapping of the bands characteristic of different
constituents, and for this reason the second
derivative has been used [23]. The strong peaks
around 1620 cm? and the weak band at 661 cm™
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could be assigned to the bending and wagging
modes of the water molecules.

The bands at 1622 for (COM)/or 1645 (for
COD), 1319, 780 and 517 cm™* are due to v3(C=0),
v¥(C=0), 8(0-C=0) and v(Ca-0), frequencies of
the oxalate part [20]. In the literature, the band at
517 cm* is referred to v(Ca-O), but this attribution
is questionable because this bond has more electro-
valent than covalent character, because this is a
typical coordination compound like all calcium
oxalates. We consider by analyzing the crystalline
structure of COM and COD that v(Ca-O) should be
searched at lower wavenumbers, i.e. < 400 cm™
[20]. In previous studies of infrared spectra of
carbonyl-containing compounds, the deformation
vibrations of the carbonyl groups are in most cases
below 400 cm?, detected with O labelled carbonyl
compounds [24].

IR spectrum of the uric acid is characterized by
many bands indicated by the purinic ring absorption
bands at 3138, 3020 and 2836 cm™. The bands are
due to N-H stretching vibrations, and also, there are
additional bands at 1351, 1124, 1029 and 786 cm™
wave numbers. In the case of urinary calculi, the N-
H stretching vibrations appear at 3142, 3026, 2857
cm?® values and there are also IR absorptions at
1353, 1126, 1031 and 788 cm, confirming the
presence of uric acid in the calculi. Deformation
vibrations having frequencies of 567, 603, and 985
cml, and stretching vibrations at 1038 cm™ with a
shoulder at 1105 cm™ correspond to the apatite
mineralogical form of the calcium phosphate. The
phosphate ion from CAP/ HAP yields a strong and
broad absorption between 1100 and 1000 cm™. In
the best cases there are three well-separated peaks
at 1150, 1100 and 1000 cm™. In some cases, the
band at 1150 cm* is very weak and the only bands
remaining are the two bands at 1100 and 1000 cm™.
We can attribute v3(PO,) and v4(PO,) to the 3 major
peaks of the phosphate anion at 1038, 603 and 567
cm™, In the work of Popescu et al. [23], the band at
567 cm? is supposedly referred to the vibration
lattice mode without giving any explanation for this
reference. We think that this referral is too high for
lattice vibration, but this assumption has to be
confirmed by isotope labelling with O, For the
determination of calcium carbonate we have taken
into account absorption values specific to it, at 1415
and 875 cm™. Carbonate apatite is approximately
characterized by the 1422 and 1652 cm™ IR bands.
Also, the X-ray diffraction study confirmed the
presence of HAP/CAP.

Powder X-ray diffraction, Debye-Scherrer
method provides rich information on the structure
of the crystallinity grade of many materials from
which no suitable sizeable single cristals can be
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obtained for X-ray determination. The method is
widely used today to characterize various materials
in modern organic and inorganic material science
and also organometallics. The kidney stones, which
we studied, are an almost ideal subject for X-ray
powder diffraction studies due to their isotropicity.
This method gives us information about the
formation of crystals in the process of their
formation. The magnitude of the crystallites, the
degree of crystallinity of the sample, can give in
many cases guidance on the different phases of the
stone formation process. From this analysis, direct
and indirect data on stone formation can be derived.
For several years, the Rietveld method has been
attempted to obtain the elementary cell parameters.
Rietveld refinement is a technique described by
Hugo Rietveld for use in the characterisation
of crystalline materials. The neutron and X-ray
diffraction of powder samples results in a pattern
characterised by reflections (peaks in intensity) at
certain positions. The height, width and position of
these reflections can be used to determine many
aspects of the material's structure.

The Rietveld method uses a least squares
approach to refine a theoretical line profile until it
matches the measured profile. The introduction of
this technique was a significant step forward in the
diffraction analysis of powder samples as, unlike
other techniques at that time, it was able to deal
reliably with strongly overlapping reflections.

The method was first implemented in 1967 [25],
and reported in 1969 [26] for the diffraction of
monochromatic neutrons where the reflection
position is reported in terms of the Bragg angle 26.
In view of the above, we have decided to use the
data from this method as a complement to our
research. In the case of monocomponent crystals,
the match between the results of the two methods is
almost perfect, in the case of mixed stones the main
components can be identified. If the components
are more than three, their determination is of a
qualitative nature.

CONCLUSION

The identification of the components of urinary
stones provides useful information in order to
understand the cause of their formation and to
prevent their recurrence. These data are of interest
for the clinical guideline in the prophylaxis, therapy
and metaphylaxis of urolithiasis. FTIR is also
effective in the identification of both the crystalline
and amorphous nature of a stone, even when
analyzing a small amount of sample. A
combination of at least two complementary
techniques (in our case FTIR and XRD) would be
necessary to obtain enough information on the


https://www.google.bg/search?q=Rietveld&spell=1&sa=X&ved=0ahUKEwiyibCTndLeAhWkKcAKHbO8AiMQkeECCCgoAA
https://en.wikipedia.org/wiki/Hugo_Rietveld
https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Neutron_diffraction
https://en.wikipedia.org/wiki/Least_squares

morphology, as well as on the molecular and
crystalline composition of stones. The data from the
XRD method in most cases complement the FTIR
spectra, and in some cases the XRD information
has its own value.
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In order to describe the displacement effect on coalbed methane (CBM) by CO, and N, the paper takes
displacement and replacement efficiency as evaluation parameters. There are 5 gases being taken for indoor
displacement experiment on coal samples adsorbed CHs, i.e. CO,, N2 and three mixed gases with different ratio
(CO2:N2=1:1, CO2:N2=1:4 and CO2:N»=1:9) under 1.5 MPa, 2.5 MPa, 3.5 MPa, 4.5 MPa and 5.5 Mpa controlled gas
injection pressure. Following rules are obtained from the experiments: (1) In terms of displacement efficiency, as the
injection pressure increases, displacement efficiency of different gases will increase first and then decrease. (2) In terms
of replacement efficiency, replacement efficiency of N, shows slow decrease as injection pressure increases, while
replacement efficiency of CO, shows first increase and then decrease as injection pressure increases. (3) Taking coal
samples saturated with CH4 under 2.5 MPa pressure as an example, the best displacement pressure shall be 2.5-3.5 Mpa.
(4) When gas injection pressure is relatively low (lower than 2.0 MPa), the displacement and replacement efficiency of
N2 is higher than that of CO,, however, under relatively high pressure (higher than 2.0 MPa), the displacement and
replacement efficiency of N is lower than that of CO,. (5) For a mixed gas with a certain mix ratio, for example (CO.:
N»>=1:1), replacement of CO, and displacement of N2 will produce synergistic effect in a certain pressure range
(2.5-3.5MPa). Its average displacement efficiency is 86.14%, average replacement is 30.61%, which is higher than the
average CO; displacement efficiency (83.06%) and average N displacement efficiency (83.39%) but it is lower than the
average CO; replacement efficiency (34.92%) and higher than the average N replacement efficiency (20.78%).

Key words: Coalbed methane (CBM); Displacement experiment; Carbon dioxide; Nitrogen; Synergistic effect

INTRODUCTION large number of laboratory experiments and field

] ] ] test data, it is generally believed that the

Coalbed methane (CBM) yields high-quality  \nechanism of coalbed methane (CBM) production
clean_ _energ_y._At the same _tlme, under certain increase by gas injection mainly includes two
conditions, it is also a potential safety hazard for aspects, namely displacement and replacement.
coal mines. The technology of stable and increased Since adsorption capacity of coal to CHs, CO; and
production of coalbed methane (CBM) has always N, is different, and CO, is with the strongest
been a difficult point restricting the _development of adsorption ability, CH4 could be displaced by CO,
coalbed ~methane  (CBM). With  successful  qye to competitive adsorption effect. At the same
application of improved coalbed methane (CBM) time, gas absorption increase in coal will produce
recovery by CO; displacement in the United States expansion effect, resulting decrease of coal
[1], this technology has provided new ideas for CO2  nhermeability and affecting production of coalbed
gas storage and coalbed methane (CBM)  methane (CBM) [8-13]. Therefore, how injected
develo-pment. Many scholars have conducted CO, and N mixed gas will affect the increased
extensive researches on coalbed methane (CBM) production of coalbed methane (CBM) has become
production increased technologies by COz and N2 the focus of researches. After the mixed gas is
displacement, with many successful field tests' in injected, the partial pressure of CHy is reduced and
Poland, Japan, Canada, Netherlands and China  gesorption begins. In order to avoid CH, absorbed
Error! Reference source not found.. Based on a back in coalbed after desorption, as well as coalbed

* To whom all correspondence should be sent: permeability decrease caused by a large CO;
E-mail: petrogas999@163.com injection, continuous injection of mixed gas is
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needed to make the displacement mechanism work.
In view of the above process, an indoor laboratory
evaluation of the effect of coalbed methane (CBM)
displacement by CO, and N, gas mixture was
carried out to determine the optimal gas-displacing
coalbed methane (CBM) option.

EXPERIMENTAL COAL SAMPLES, METHOD
AND DEVICE

Coal samples preparation

Dafosi coalbed of Jurassic Yan’an formation in
western Binxian county, Xianyang city, Shaanxi
province was taken as source of experimental
coalbed samples. The following are detailed data of
the coal samples: average formation pressure is
2.5MPa, average formation temperature is 33°C,
gas content of the sampling coalbed is relatively

high, between 6.89~16.69 mt, average 11.55 m®/t.

Gas composition in the coalbed is mainly CHa, gas
density is 55.31~ 89.8%, average 75.76%; N
density is 9.79~41.39%, average 22.41%; CO;
density is 0.32~4.65%, average 1.83%.

Porosity of the coal samples measured by the
vacuum pressurized saturated formation water
method is generally distributed in the range of
6.05%-~10.24%, average porosity is 8.18%.
Permeability of the coal samples is between
0.23~0.65 mD, average permeability is 0.45 mD.
Porosity and permeability of the coal is relatively
low, indicating that the samples belong to
compacted coal.

Pulverize the coal samples by a pulverizer, and
sieve them with different meshes. Screen 10~120
mesh coal particles and mix them in a certain
proportion (Table 1). Put the well-mixed samples
into a sand-filling pipe of 100.0 cm length, 4.0 cm
diameter, load with 30 MPa overburden pressure
until the samples are compacted. Then inject low-
pressure non-adsorption helium gas and test.
According to the test result, permeability of the
sand-filling pipe is 0.55 mD, which is close to the
permeability of the original coal sample and meets
the experimental requirements.

Table 1. Proportion of coal particles

Mesh 10~20 20~40 40~60 60~80

80~100 100~120 120~160

Proportion 10% 10% 25%

25% 20% 5% 5%

Scheme of experiment

Take 5 gases separately for displacement
experiment on coal sample adsorbed CHys, i.e. CO,,
N, and three mixed gases with different mix ratio
(CO2:N2=1:1, CO2:N2=1:4 and CO2:N»=1:9) under
1.5 MPa, 2.5 MPa, 3.5 MPa, 4.5 MPa and 5.5 Mpa
controlled gas injection pressure. Two indices -
displacement efficiency and replacement efficiency
- are taken as evaluation parameters. Displacement
and replacement efficiency are defined as follows:

Displacement efficiency:

n = Vﬂ x 100% )
add
where: #: displacement efficiency; Vaw: CHa
volume adsorbed in coal samples, mL; Vou: volume
of CH, displaced from coal samples, mL.
Replacement efficiency:

4
0 = 2~ x 100% 2
V[n
where: &: replacement efficiency; Vin: volume of
gas injected into coal samples, mL; Vou: volume of
CH. displaced from coal samples, mL.

Device of experiment

Displacement experiment device consists of a
gas injection system, a sand-filling pipe sample
chamber system, an intermediate container gas
distribution system, a vacuum pumping system, a
temperature control system, a drainage gas
collection system, and a gas concentration system
with gas chromatography analysis.

1()

Sand-filling pipe H><H
8

Vacuum pump

,_
~
CH, cylinder @ ‘

Ga injection
ylinde
Intermediate
ylinde

Water bottle
with pump

Gasbottle  Waterbottle

1, 2, 4, 6, 7, 11, 12, 13, 14 - Control valves; 3,
10 - Pressure sensors; 5 - Pressure sensor and
flowmeter; 8 - Backpressure valve; 9 - Thermostat box;
15 - Submersible pump

Fig. 1. Schematic diagram of the displacement
experimental device
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Fig. 2. Physical map of the displacement experimental
device

Procedure of experiment and calculation method

(1) Procedure of experiment

¢ Open the three interfaces of the sand-filling
pipe, connect vacuum pump, set temperature of
thermostat box to 80°C, and evacuate for 24 h;

e Switch thermostat box temperature control
system off, open the thermostat box to let
sand-filling tube cool off to room temperature for 3
h; Then set temperature of thermostat box to 33°C,
close it and stand still at constant temperature for 2
h, turn vacuum pump off;

e Inject CHy into intermediate container from the
CHjy cylinder. Open the valve between intermediate
container and sand-filling pipe after pressure is
constant to make CH,4 enter sand-filling pipe with
coal samples. Make it saturated for 12 h. During
this operation, the control pressure shall be
stabilized around 2.5MPa basically (which is
average reservoir pressure);

¢ Discharge free gas in sand-filling pipe by the
drainage gas recovery method. Collect gas by a
bottle filled with water and measure volume of
water discharged,;

o Displace CH4 gas in coal samples by gas in the
gas injection cylinder. Check flow meter No. 5 for
volume of injected gas. Collect gas by drainage gas
recovery method. Press gas into gas sampling bag
by submersible pump and fill water into the gas
bottle.

o Measure volumetric concentration of CH4 gas
in sampling bag by a portable gas chromatograph.
When displacement starts, measure every 10 min.
When concentration of CHais found below 100%,
measure every 1 min. In case that three successive
numerical changes show less than 5%, it is known
that equilibrium state is reached, and the
displacement of CH4 volume could be calculated.

e Change type of gas and way of displacement,
98

repeat the experiment.
(2) Calculation method
According to experimental data, displacement
and replacement efficiency could be calculated as
follows:
o Intermediate container CH, gas balance
formula:
PV, =znRT 3)
Intermediate container gas balance formula after
coal samples in sand-filling pipe are saturated with
CH4:
PZ(Vl +V2) = ZanT 4
The following equation can be obtained from
formula 3 and formula 4:
_(BR-zR)V,

V 5
2 P, ©)
where: Pi: initial CHs4 pressure in the
intermediate container, MPa; Vi: volume of

intermediate container; zi: initial CHs compression
factor in the intermediate container; n: amount of
CHs in the initial intermediate container, mol; R:
thermodynamic parameter, 8.31441J/(mol-K); T:
absolute temperature, K; P2 pressure in
intermediate container and sand-filling pipe when
coal samples are saturated with CH4, MPa; V2: pore
volume in sand-filling pipe, mL; z: CHs
compression factor when coal samples are saturated
with CHs in the intermediate container and
sand-filling pipe.

¢ Convert volume of CHg in the sand-filling pipe
into volume under standard conditions:

PV, =Z2,nRT (6)

RV, =z,nRT (7)
Z,PV

\, =822

=R €))

where: ny: amount of CHa in sand-filling pipe,
mol; Ps: gas pressure under standard conditions,
0.1 MPa; Vz: CHs gas volume under standard
conditions, mL; zs: CHs gas compression factor
under standard conditions, 1.

e  Residual CH. volume in sand-filling pipe
after free gas is discharged:

V=V, -V, =V, - 4 ©)
P
where: Va: residual CHs volume in sand-filling
pipe after free gas is discharged , mL; Vs: volume
of free CHs gas, mL; mi weight of water
discharged by free CHs gas, g; p,: density of water,
g/cmd,
o \olume of displaced CHa:
Vi=V,-a (10)
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where: Vs: volume of displaced CHa, mL; V7:
total gas volume in gas sampling bag, mL; «:
volume concentration of CH4in the gas sampling
bag, %.

e Calculation of displacement efficiency 7 :

n= \ﬁ x100% (11)
V4
o Calculation of replacement efficiency &

V
6 =—2x100% (12)
8
where: Vs volume of injected gas under
standard conditions, mL.

EXPERIMENTAL RESULTS AND ANALYSIS

Carry out displacement experiments on 5 coal
samples saturated with CH., by 5 different gases.
Set a different injection pressure during the
experiments, i.e. 1.5 MPa, 2.5 MPa, 3.5 MPa, 4.5
MPa and 5.5 MPa. Experimental parameters are
shown in Table 2 and experimental results are
shown in Figure 3.

It can be seen from Figure 3(a) that:

(1) Changing trend of displacement efficiency
on CHgadsorbed in coal samples by different gases
is the same, i.e. displacement efficiency will

increase and then decrease along with increasing
displacement pressure. The highest displacement
efficiency appears when displacement pressure is in
the range of 2.5-3.5 MPa.

When displacement pressure increases, it will
improve the flow of displacement gas, resulting in
an increase of displacement efficiency at the
beginning. However, the continuous increase of
pressure also makes CHa4 desorption more difficult
from the pores of coal samples. The higher the
pressure, the less desorption of CH4 will be, so the
displacement efficiency gradually decreases with
increasing pressure.

(2) When pressure is relatively low (lower than
2.0 MPa), N has the highest displacement
efficiency and CO;, - the lowest displacement
efficiency under the same pressure. When
displacement pressure is 1.5 MPa, displacement
efficiency of N2 is 76.01%, and displacement
efficiency of CO; is only 68.19%. When pressure is
gradually increased, displacement efficiency of CO>
is with the fastest growth, reaching a peak of
83.96% at 2.5 Mpa, while displacement efficiency
of N is relatively slow, reaching a peak of 85.03%
at 3.5 Mpa.

Table 2. Experimental parameters of gas injection

Gl G2
CO, N2

Gas number

G3 G4 G5
(CO2: Np=1: 1)

(COz: N2=1: 4) (COz: N,=1: 9)

Injection pressure
1.5MPa
Coal sample humber M1-15 M2-15
Injection pressure
2.5MPa
Coal sample humber M1-25 M2-25
Injection pressure 3.5
MPa
Coal sample number ~ M1-35  M2-3.5
Injection pressure
4.5MPa
Coal sample number

M1-45 M2-4.5

Injection pressure
5.5MPa
Coal sample number

M1-55 M2-55

M3-1.5

M3-2.5

M3-3.5

M3-4.5

M3-5.5

M4-1.5 M5-1.5

M4-2.5

M5-2.5

M4-3.5

M5-3.5

M4-4.5 M5-4.5

M4-5.5 M5-5.5
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Fig. 3. Parameter curves of gas injection displacement experiment

As the pressure further increases, displacement
efficiency of N, rapidly decreases, but the decrease
rate of CO; displacement efficiency is relatively
slow. At 5.5 MPa, the displacement efficiency of
CO, is reduced to 71.31%, while displacement
efficiency of N2 is only 61.71%.

When pressure is relatively low, CH,desorption
is mainly controlled by pressure, and competitive
adsorption of CO, to CH. does not affect
displacement much. Since displacement pressure is
not sufficient to allow gas entering smaller pores,
the strong adsorption capacity of CO, makes pores
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in the matrix of coal samples plugged and
permeability decreases, the resulting displacement
efficiency being smaller than that of N, As
pressure increases, desorption of CHs is suppressed
to a certain extent, and the displacement effect
caused by competitive adsorption of CO, is
gradually seen. The higher the CO; content, the
more obvious the displacement efficiency is driven
by replacement effect. Therefore, as pressure
increases, CO; displacement efficiency is with
fastest growth. Under higher pressure, CO;
displacement efficiency is higher than that of Na.
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(3) In the range from 2.0 to 4.5 MPa, the mixed
gas displacement efficiency curve is higher than
those of single CO., or N indicating that
displacement efficiency of the mixed gas is higher
than that of single gases in the same pressure range.

Among all curves, the curve of L3 and L4 with CO;:

N2 mixing ratio of 1:1 and 1:4 are the most obvious.
Displacement efficiency of L3 reaches 86.61% at
25 MPa, which obviously exceeds the
displacement efficiency of single CO; or N, under
the same conditions.

Gas injected into the coal sample displaced and
replaced CH, adsorbed on the pore walls of the coal
sample, which is the main mechanism of increasing
coalbed methane (CBM) production by gas
injection. As the adsorption capacity of CO,, CH,
and N gradually decreased in coal samples,
replacement of CO, is more obvious under the same
pressure and temperature, while displacement is the
main effect of N, Under medium pressure
conditions (2.0-45 MPa), on the one hand,
comparing to the amount of free CH,4 desorption
under low-pressure conditions, the amount of free
CH. desorption is suppressed to a certain extent. In
order to displace CH4, competitive adsorption of
CO; is required. The higher the CO content, the
greater the contribution of displacement will be. On
the other hand, in order to avoid desorbed CHs
absorbed back to coal samples, it is necessary to
displace CHa4 by N2 since N2 has weaker adsorption
capacity than CHa.. The higher the N, content, the
more contribution of displacement will be. Mixed
gas displacement efficiency by synergistic effect
from displacement and replacement is better than
displacement effect of single gas.

It can be seen from Figure 3(b) that:

(1) There are different characteristics of CH,
replacement efficiency changing trends in coal
samples according to different gases. As pressure
increases, CO; replacement efficiency increases at
first and then decreases. Curve L3 with higher CO;
content also shows the same trend. Replacement
efficiency of N continually decreases as the
pressure increases and gradually its trend becomes
slow. Replacement efficiency curves L4 and L5
with higher N content also show the same
changing trend. Replacement efficiency of mixed
gases is generally between displacement efficiency
of CO; and N.. According to different proportions
of CO, and N content, replacement gas efficiency
curve of mixed gases is quite different with CO; or
N displacement efficiency curves.

(2) When pressure is relatively low (lower than
2.0 MPa), replacement efficiency of N is
significantly higher than that of CO,. When
displacement pressure is 1.5 MPa, replacement

efficiency of N, is 29.17% while replacement
efficiency of CO, is only 23.04%. As pressure
increases, replacement efficiency of N2 smoothly
decreases, and replacement efficiency of CO.
rapidly increases. Replacement efficiency of CO;
reaches a peak of 36.64% when displacement
pressure increased to 3.5 MPa. When displacement
pressure reaches 5.5 MPa, displacement efficiency
of CO, decreases to 27.82% while replacement
efficiency of Nz is 17.43%.

Analysis of curves in Figure 3(b): Mechanism of
CO; and N: injection in coal samples on CHs
production is different. Under low-pressure
conditions, a large number of CH4 gas molecules
start desorption, displacement effect of N> plays an
important role on coalbed methane (CBM)
production, but contribution of CO; replacement is
not obvious. What’s more, due to strong adsorption
capacity, matrix micropores plugging of coal
samples were decreased, which made CO;
replacement efficiency less than that of No..
Although displacement pressure increase could help
injecting gas into smaller pores, in order to increase
the displacement pressure, it will inevitably
increase injection volume. High pressure will also
make the CH4 molecule not easily desorbed; hence
replacement efficiency of Nz will gradually
decrease as displacement pressure increases.
However, as pressure increases, CO, molecules
could enter more pores and spread wider. Although
pressure increase could cause a decrease of the
amount of free CH,4 desorption to some extent, the
competitive adsorption of CO, could help to
displace more CHs. Thus, CO, displacement
efficiency gradually increases at the beginning of
displacement pressure increase. As pressure further
rises, the increase rate of gas injection is greater
than the increase rate of CHs produced by
replacement.  Therefore, CO,  replacement
efficiency gradually decreases as the pressure
increases.

CONCLUSIONS

Five gases were taken separately for
displacement experiment on coal samples with
adsorbed CHs., i.e. CO2, N> and three mixed gases
with different mix ratio (CO2:N,=1:1, CO2:N»=1:4
and CO2:N2=1:9) under 1.5 MPa, 2.5 MPa, 3.5 MPa,
45 MPa and 5.5 Mpa controlled gas injection
pressure. Displacement and replacement efficiency
are the key parameters for evaluating the
experiment results. The following rules are
obtained by comparing the change of displacement
and replacement efficiency in each experiment:

(1) Injection pressure of the various gases has
different effects on displacement and replacement
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efficiency. In terms of displacement efficiency, as
the injection pressure increases, displacement
efficiency of different gases will first increase and
then decrease. In terms of replacement efficiency,
replacement efficiency of N2 shows a slow decrease
as injection pressure increases, while replacement
efficiency of CO- shows first an increase and then
decrease as injection pressure increase. Therefore, it
is not true that the higher the displacement pressure,
the more coalbed methane (CBM) will be
developed. Although pressure increase will help
gases spread wider to some extent, it also
suppresses desorption of CH4. Taking coal samples
saturated with CH4 under 2.5 MPa pressure as an
example, considering the influence of pressure on
displacement and replacement efficiency, the best
displacement pressure shall be 2.5-3.5 Mpa. In this
pressure range, the average displacement efficiency
of the 5 injected gases is 84.16%, and the average
replacement efficiency is 26.44%.

(2) Under the same injection pressure conditions,
different  injection gases show  different
displacement and replacement efficiency. When gas
injection pressure is relatively low (lower than 2.0
MPa), replacement of CO; is not obvious,
displacement and replacement efficiency of N are
higher than those of CO,. As pressure of gas
injection increases, the amount of free desorbed
CH, gradually decreases, and contribution of CO,
replacement effect to CH, development is showing
out gradually. Under relatively high pressure
(higher than 2.0 MPa), displacement and
replacement efficiency of CO; is higher than that of
N2. In a certain pressure range (2.5-3.5 MPa),
replacement effect of CO; and displacement effect
of N will generate synergistic effect with a certain
proportion of mixed gas (volume ratio of CO; and
N2 is 1:1 or 1:4 respectively). Taking mixed gas
(CO2:N2=1:1) as an example, the average
displacement efficiency is 86.14%, average
replacement efficiency is 30.61%, which is higher
than the average CO. displacement efficiency of
83.06% and the average N displacement efficiency
of 83.39%. It is lower than the average CO.
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replacement efficiency of 34.92%, but higher than
the average N, replacement efficiency of 20.78%.
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Samples from pericarp, placenta, seeds, and stalk of red hot pepper (Capsicum annuum L.), obtained by extraction
with n-hexane and supercritical carbon dioxide were characterized using ATR-IR and NMR spectroscopy. It was shown
that both NMR and IR spectroscopy provide useful information on the triacylglycerols composition, degree of
unsaturation and capsaicin content of hot red pepper extracts as IR spectroscopy could serve as a fast tool for
identification of capsaicinoids in the extracts, whereas NMR analysis could be successfully applied for determination of

the proportion triacylglycerols : capsaicinoids.

Keywords: Capsicum annuum L., red hot pepper, IR, NMR, triacylglycerols, capsaicinoids.

INTRODUCTION

Pepper is an excellent source of fibres, vitamins,
minerals, proteins, lipids, phenolic compounds,
aromatic substances and other biologically active
compounds [1]. The importance of red hot pepper
varieties and their oleoresin extracts in the food and
pharmaceutical  industries is due to the
characteristic  compounds, capsaicinoids and
carotenoids [2]. Mainly, for determination of the
compounds in the sweet or hot pepper varieties,
chromatographic (TLC, HPLC and GC) and UV-
VIS spectrometric methods were used [3, 4]. On the
other hand, H NMR spectroscopy has been
extensively employed to provide information about
the composition and relative content of fatty acid
residues in triacylglycerols [5-7]. Moreover, NMR
spectroscopy is one of the most informative
methods applied for analysis of the capsaicinoids
and carotenoids [8]. The degree of unsaturation of
vegetable oils can be effectively studied also by IR
spectroscopy based on the changes observed in the
frequency data of some bands and in the ratios of
absorbances of the IR spectra [9, 10]. Thus, H
NMR and ATR-IR can be used as simpler, more
rapid and less expensive methods requiring no
sample  pretreatment  compared to  the
chromatographic methods. In continuation of our
studies on the composition of red hot pepper
(Capsicum annuum L.) [11, 12], the aim of this

* To whom all correspondence should be sent:
E-mail: deni@orgchm.bas.bg

study was to evaluate the possibility of applying
spectroscopic technigues (NMR and IR) in the
characterization of extracts obtained from red hot

pepper.
MATERIALS AND METHODS

Plant material and oils

Pericarp, placenta, seed, and stalk separated
were obtained from red hot pepper (Capsicum
annuum L. ssp. microcarpum longum conoides
convar. Horgoshka), grown in the area of Markova
Cesma (geographical location: +41°21'36" N
latitude, +21°33'36" E longitude and 640 m
altitude), Prilep, Republic of Macedonia, in the year
2015. The dried samples with 12% moisture
content determined using AOAC method no.
925.10 [13] were grounded using Retsch ZM1 mill
(Haan, Germany) with sieve diameter of 0.25, 0.5
mm and 1.0 mm. Rose hip oil used as a reference
was bought in a drugstore in Sofia (Bulgaria).
Olive, soybean, sunflower, corn, walnut and linseed
oils were from the local market.

Chemicals

Analytical grade solvents: acetone, ethanol, and
n-hexane, as well as, phosphomolybdic acid, boron
trichloride (BCls), 2,2-dimethoxypropane (DTP),
and anhydrous sodium sulfate (Na:SO.) were
supplied from Merck (Darmstadt, Germany).

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Carbon dioxide (CO2, > 99.5% purity) and helium
(He, > 99.9% purity) were purchased from Messer
(RuSe, Slovenia). The standards of f-sitosterol,
oleic acid, 1,3-diolein, 1-monoolein-rac-glycerol
and reference standard mixture of fatty acids
methyl esters (FAME Mix RM-6) were obtained
from Sigma Chemicals Co. (St. Louis, MO, USA).
Deuterated chloroform (CDCls;, 99.8% D) with
tetramethylsilane (TMS) were purchased from
Deutero GmbH (Kastellaun, Germany).

Extraction of plant material

The samples of pericarp, placenta, seed and stalk
from red hot pepper were extracted with n-hexane
and supercritical CO, (Table 1). Soxhlet procedure
no. 920.85 [13] was used for the extraction of
samples of red hot pepper with n-hexane. Five
grams of sample (0.0001 g accurately weighted)
were extracted in the presence of 10 boiling glass

regulators with 200 mL n-hexane for 5 h. The
solvent was removed from the extract by using
rotary vacuum evaporator type Devarot (Ljubljana,
Slovenia) at 40 °C and 200 mPa, and vacuum dried
in a Heraeus Vacutherm VT 6025 (Langenselbold,
Germany) at 40 °C and 105 mPa, followed by
cooling in a desiccator and weighing. The steps of
drying, cooling and weighing were repeated until
the difference between two consecutive weights
was smaller than 2 mg. The extraction of plant
samples with supercritical CO; at 40°C and 400 bar
was performed on an apparatus manufactured by
the company UHDE-GmbH-Hagen from Hagen
(Germany), according the procedure reported by
Skerget and Knez [14]. The obtained extracts were
evaporated to dryness under a steam of nitrogen.
The extract samples accurately weighed (= 0.0001
g) were dissolved in n-hexane to 20 mg/mL stock
solution concentration, prior to analysis.

Table 1. Extracts of red hot pepper (Capsicum annuum L.) obtained with n-hexane (A) and supercritical carbon dioxide

(B).

Sample code Plant material Extraction Yield of extract

Type Particle size (mm) method (9/100 g DM*)
N1 seed 0.5 A 24.37
N2 seed 0.5 B 37.43
N3 seed 1 A 19.38
N4 seed 1 B 34.91
N5 pericarp 0.5 A 7.05
N6 pericarp 0.5 B 3.05
N7 pericarp 1 B 2.06
N8 placenta 0.25 A 8.87
N9 placenta 0.25 B 6.23
N10 placenta 0.5 A 7.05
N11 stalk 1 A 3.97
N12 stalk 0.25 B 9.95

*Calculated according to the corresponding dry matter (DM).

Table 2. Degree of unsaturation (A1 / Az and A; / As) of the studied Capsicum annuum extracts and various edible oils
calculated based on the peak heights for C-H stretching of the cis-double bonds (A1), asymmetric (Az) and symmetric
(As) C-H stretching the methylene bonds.

Peak position Peak height Peak height ~ Peak height  Degree of unsaturation
Sample for v(=C-H) for v(=C-H)  for v*(CH,) for v$(CH>)

(cm™) (A1) (A2) (As) (ALl Az) (AL/ As)
Capsicum annuum seed extract
N1 3009.2 0.022 0.130 0.089 0.169 0.247
N2 3009.5 0.012 0.066 0.046 0.182 0.261
N3 3009.1 0.027 0.159 0.108 0.170 0.250
N4 3009.3 0.027 0.159 0.108 0.170 0.250
Olive oil 3005.0 0.016 0.177 0.119 0.090 0.134
Soybean oil 3008.9 0.022 0.155 0.103 0.142 0.214
Sunflower oil 3008.3 0.023 0.157 0.104 0.146 0.221
Corn il 3008.7 0.024 0.162 0.109 0.148 0.220
Walnut oil 3009.2 0.027 0.138 0.093 0.196 0.290
Linseed oil 30104 0.035 0.133 0.090 0.263 0.389

Attenuated total reflectance infrared spectroscopy

Attenuated total reflectance infrared (ATR-IR)
spectroscopy was performed on a Bruker Tensor 27
104

FT spectrometer. The spectra were acquired in the
range of 4000-600 cm™ at a resolution of 2 cm™ by
accumulation of 64 scans. The samples were
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directly deposited on diamond crystal ATR
accessory.

Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker AVANCE II+ 600
spectrometer at ambient temperature. About 15 mg
of each sample were dissolved in 0.6 mL CDCls.
TMS was used as an internal standard. The spectral
data were reported in ppm. A 30 degree pulse of 3.6
us and a relaxation delay of 5 s were used in
guantitative analysis. Window  functions
Exponential Multiplication (LB = 0.2) and manual
Base Line Correction were applied in the spectra
processing.

Thin layer chromatography

Thin layer chromatography (TLC) for
qualitative characterization of the main neutral lipid
classes in the extracts was performed on aluminum
sheets with 0.25 mm thick layer of silica gel 60
(Merck, Darmstadt, Germany). Samples were
applied as spots (5 uL of each stock solution) with
references applied nearby. After development with
n-hexane:acetone (100:7, v/v) mixture as a mobile
phase, the plates were air dried, sprayed with 10%
ethanolic phosphomolybdic acid and heated at
120°C to visualize the separated components.

Gas chromatography

Fatty acid composition of the extracts was
determined by gas chromatography (GC) of methyl
esters (FAME) in accordance with the AOCS
Official Method Ce 1-62 [15] using a Shimadzu
GC 2010-Plus (Tokyo, Japan) gas chromatograph
equipped with a flame ionization detector and a
ZB-FFAP column (30 m x 0.25 mm x 0.25 um,
Phenomenex, USA). Methyl esters were prepared
by derivatization of 0.1 g extract in 1 mL n-hexane
with 2 mL 12% methanolic BCl; and 0.5 mL DTP.
After heating at 60°C for 10 min the mixture was
cooled and 1 mL Milli-Q water (PURELAB classic
system, 18.2 MQ-cm, ELGA, USA) and 1 mL n-
hexane were added. The organic layer was dried by
anhydrous Na;SO4 and then diluted to 10 mL with
n-hexane. Aliquots of 1.0 uL were injected into the
column. The carrier gas was He at 3.0 mL min?,
split ratio 1:50. The oven temperature was set at
180°C (3 min) and increased by 2°C min™ to 240°C
(25 min). The injector and detector temperatures
were 250°C and 260°C, respectively. Identification
was according to the retention times of reference
FAME standards.

RESULTS AND DISCUSSION
Thin layer chromatography

Samples were subjected to qualitative thin layer
chromatography for characterization of their main
components (Fig. 1). The results revealed that all
extracts contained triacylglycerols (Rr about 0.7) as
main component and small amounts of sterols,
partial acylglycerols and other concomitants as
minor components. The extracts from seeds
(samples N1 — N4, Table 1) had the profile typical
for plant seed oils (rose hip oil as a reference) and
contained significantly lower quantities of polar
compounds than the extracts from pericarp,
placenta and stalk.

Fig. 1. TLC plates for qualitative characterization of
extracts. Tracks: 1 — reference free fatty acids and
sterols; 2 — sample N1; 3 — reference mono- and
diacylglycerols; 4 - sample N3; 5 - sample N7; 6 -
sample N1; 7 - sample N2; 8 — reference rose hip oil; 9 -
sample N3; 10 - sample N4; 11 - sample N9; 12 - sample
N10; 13 - sample N11; 14 - sample N12.

The official method for determination of the
fatty acid composition of oils is by gas
chromatography (GC) [15]. Predominant acyl
residues in the triacylglycerols (TAG) of red hot
pepper are those from saturated, oleic, linoleic and
linolenic acids (Scheme 1).
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IR spectroscopy

The IR spectra of the extracts obtained from
seed, pericarp, placenta, and stalk, of hot fruits of
Capsicum annuum are presented in Fig. 2.
However, the differences in the extract composition
resulted in variations of the positions and intensities
of the main IR bands as well as in the presence of
additional bands in some of the cases.

The ATR-IR spectra of the seed extracts N1 —
N4 are very similar to each other. As illustrated in
Fig. 2, the most characteristic bands appeared at the
following positions: 3009 v(=C-H), 2923 v*(CH,),
2853 v¥(CHy), 1743 v(C=0), 1464 3(CH), 1377
8°(CH3), 1237 v(C-0), 1160 v(C-0), and 722 cm'
p(CHy). All of them originate from the molecular
vibrations of triacylglycerols [10, 16]. It is known
that the exact position of the band for the C-H
stretching of the cis-double bond is sensitive to the
oil composition, and it is shifted to higher
frequency when the oil has higher content of
polyunsaturated acyl groups [9, 10]. In the ATR-IR
spectra of the seed extracts N1 — N4 the band for
v(=C-H) was found at ca 3009 cm™ (Table 2). This
is near to the value measured in our laboratory
using the same ATR technique for walnut oil which
is rich in polyunsaturated acyl groups. In the ATR-
IR spectrum of linseed oil the band is shifted to
3010 cm. Likewise, for olive oil, which contains
predominantly monounsaturated acyl residues, the
band was found at 3005 cm™.

Furthermore, the ratio of the absorbance of the
bands responsible for cis-double bond and
methylene groups could be used for quantitative
estimation of the degree of unsaturation of the oil
[9, 10]. For this purpose, either the ratio of the peak

o9
R, PPN
a /
H,C o n
N
B/CH—Rx
HZC\ saturated
RX
Ry = < 0]
071
\ linoleic

heights A; and A; [10] or the peak heights A: and
As [9] can be used as a measure. The respective
bands are denoted in Fig. 2. The ratios A; / Az and
A1 |/ As calculated for extracts N1 — N4 are
compared with the ratios obtained under the same
conditions for olive, soybean, corn, walnut and
linseed oils (Table 2) which degree of unsaturation
has been confirmed by their fatty acid composition
[17]. Both ratios represent a uniform trend — the
extracts from Capsicum annuum L. seeds show a
degree of unsaturation much higher than the olive
oil. The degree of unsaturation of extracts N1 — N4
falls in between the values obtained for soybean,
sunflower and corn oil on the one hand and walnut
and linseed oil on the other hand.

The IR spectra of the pericarp extracts N5 and
N6 resemble very much that of the seed extracts.
They show all characteristic bands for
triacylglycerols content and the respective band
positions are very similar to the above-mentioned
ones. The presence of a small amount of capsaicin
in extract N7 was identified by the appearance of
two weak bands at 1647 and 1515 cm? (Fig. 2).
The positions of these bands correspond to the
frequencies of the amide v(C=0) and &(N-H)
vibrations of capsaicin (or other capsaicinoid
compounds) [18, 19]. The ATR-FTIR spectra of
extracts N8 — N10 obtained from placenta show
different IR characteristics (Fig. 2). Along with the
bands corresponding to the vibrations of the
triacylglycerols there are several bands originating
from the capsaicinoids vibrations: 3332 cm?
overlapped v(O-H) and v(N-H), 1647 v(C=0), 1516
8(N-H), 1273 y(CHy), 1036 cm™ v(O-CHj).

% 9
074 N
oleic
Q 9
074 N
12
| ‘12
Z 15

linolenic

Scheme 1. Structure of the main fatty acids residues in TAG of red hot pepper.

106



J. M. Simonovska et al.: Characterization of extracts from red hot pepper (Capsicum annuum L.)

2923<-— >

2853 —— 3
o

(@)

Absorbance units

1743

1160

T T A
4000 3500 3000 2000

T T
1500 1000

Wavenumbers [cm']

3008
-+ 2923
2853

(b)

Absorbance units

1M
1647
1516
1464
----1366
1237
1157
914

721

T T T T A
3500 3000 2000

T T T
1500 1000

Wavenumbers [cm™]

Fig. 2. ATR-IR spectra of Capsicum annuum L. extracts: (a) N1 from seeds and N7 from pericarp; peak heights A; —
A; are used for quantitative estimation of the degree of unsaturation; IR bands attributed to capsaicinoids are marked
with asterisk; (b) N10 from placenta and N11 from stalk; IR bands attributed to capsaicinoids

The band for the stretching vibration of the ester
carbonyl groups of triacylglycerols is slightly
shifted to lower frequencies compared to extracts
N1 — N7 and appears with an asymmetric shape on
the low-frequency side. Another specific feature is
the considerably increased intensity of the bands for
the C-H stretching vibrations which are by far the
most intensive in the spectra of N8 — N10. Such
predominant intensity of the bands of the C-H
stretching vibrations and appearance of multiple
bands for carbonyl stretching is characteristic for
plant waxes [20]. It could be assumed that extracts
N8 — N10 are a mixture of triacylglycerols,
capsaicinoids and waxes.

The same is observed in the IR spectra of the
stalk extracts N11 and N12 where the band for

v(C=0) of the triacylglycerols is at 1741 cm
overlapped with another one at 1712 cm™ for
v(C=0) of plant waxes (Fig. 2). The amount of
capsaicinoids is obviously much lower as only a
weak band at 1515 cm™ is present in the spectra of
N11 and N12.

The ratios A1 / A, and Az / As calculated from
the spectra of N5 — N7 are lower than those for the
extracts from seeds. This fact might be due to
different proportions of the monounsaturated and
polyunsaturated fatty acid residues in the extracts
obtained from different parts of C. annuum L. [21,
22].

The ratios A1 / A, and A; / As calculated for the
placenta extracts N8 — N10 are also lower than
those for the extracts from seeds. It is in agreement
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with the fact that the band for the C-H stretching of
the cis-double bond is found at 3008 cm™ in the
ATR-IR spectra of N8 — N10. However, it should
be taken into account that the intensity of the
absorption A, and As might be significantly
increased by the presence of waxes, so the
calculated ratio A; / A2 and A1 / Az would not
reflect reliably the degree of unsaturation coming
from the oil itself. In the ATR-IR spectra of N11
and N12 the band for v(=C-H) is found at 3009 cm-
1 but the two extracts show much different degree
of unsaturation. The degree of unsaturation of
extract N11 obtained by Soxhlet extraction of stalk
with 1 mm, is similar to that of the extracts from
pericarp and placenta, while the degree of
unsaturation of extract N12, obtained by
supercritical carbon dioxide extraction of stalk with
0.25 mm, is close to the values shown by the
extracts of Capsicum annuum seeds.

The frequencies of the amide C=0O stretching
and amide N-H bending vibration of capsaicinoids
do not overlap with the IR bands of
triacylglycerols, and therefore might serve for
identification of capsaicinoids even at low
concentrations. However, the exact determination
of the capsaicinoid content requires a calibration

curve based on a series of standard mixtures with
known amount of triacylglycerols and capsaicin.

NMR spectroscopy

A methodology for determination of the fatty
acid composition through *H NMR has been
proposed as a simpler, more rapid and less
expensive method requiring no sample pretreatment.
It can be explained briefly by the following [6, 7]:

The protons of the two aCH, groups of the
glycerol show signals at 0 4.1 - 4.3 ppm with
integral for total 4H (2xCH,), and the signals of the
BCH at 5.23 ppm for 1H (Fig. 3). The proton signals
at o ~2.30 ppm are due to CO-CH, groups. They
would appear in the spectra of both saturated and
unsaturated fatty acids. The same is valid for the
signals of CO-CH2-CH2- groups of saturated and
unsaturated fatty acids at & ~ 1.6 ppm. Each of these
signals should show integral for 6H. The above
mentioned signals can be used for calibration of the
integral areas of the fatty acid signals in the H
spectrum. The proton signals of the terminal methyl
groups appear at 6 ~ 0.8-1.00 ppm and should be
integrated for 9H.
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Fig. 3. *H NMR spectrum of the extract N1 from seeds with supercritical carbon dioxide. On the bottom line are
depicted the values of the integral areas.
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Fig. 4. *H NMR spectral region 0.86 - 1.00 ppm of extract N6 from pericarp.

From them the triplet at 6 0.98 ppm gives the
percentage of linolenic acid (Fig. 4).

The signals at ¢ 5.3 - 5.42 ppm correspond to the
total amount of olefinic protons in unsaturated fatty
acids.

Only polyunsaturated fatty acids would give
signals at 6 2.78 ppm corresponding to the chemical
shifts of the methylene hydrogens between two
double bonds.

'H NMR signals at ¢ 2.05 ppm are characteristic
for the allylic methylene protons of all unsaturated
fatty  acids, including  monoenoic  and
polyunsaturated and the molar percentage of
unsaturated fatty acids could be obtained from the
area of this peak.

For triacylglycerols containing virtually no
saturated fatty acids residues the ratio of the peak
areas at 0 2.05 ppm (allylic methylene protons) and
terminal methyl protons 6 ~ 0.8 - 1.00 ppm should
be 12:9.

The signals in the region 1.2 - 1.4 ppm belong to
saturated CH, chains.

It should be noted that NMR spectra do not give
information about the fatty acid distribution in a and
B positions of glycerol units rather their proportion
in the sample.

NMR spectroscopy is one of the most
informative methods applied for analysis of the
capsaicinoids. A large amount of NMR data of
capsaicinoids has been published [8]. In capsaicin
and all types of capsaicinoids the aromatic signals
characteristic for a 1,2,4-substituted phenyl at 66.7
- 6.9 ppm are observed (d, J ~8 Hz; dd J ~8, 2 Hz
and d, J ~2 Hz.

The protons at the double bonds of carotenoids
resonate in the region of 5.7 — 6.5 ppm [23].

Extracts from seeds - samples N1 — N4

The samples N1 (Fig. 3) — N4 showed similar
spectra and fatty acids compositions. The signal at
0 0.98 ppm characteristic for linolenic acid was not
observed. The fatty acids composition of N1
determined with GC and NMR analysis is given in
Table 3. From the integrals of the peaks at 0.9 ppm
and 2.05 ppm approximately 87% of unsaturated
acid and 13% saturated, respectively could be
calculated. The signal at ¢ 2.78 which corresponds
to the chemical shifts of the double-allylic protons
and is characteristic for polyunsaturated fatty acids.
It was obviously due to the presence of linoleic acid
because linolenic acid could be practically
excluded. The results of the NMR analysis of
samples N1 — N4 vary in the range of a few
percents (7% - 13%, 8% - 11% and 76%-82% for
saturated, oleic and linoleic acids, respectively).

The results of the NMR spectra are in
agreement with the results of GC analysis (Table
3) and with previous studies of C. annuum [21,
24].

Traces of capsaicinoids were detected.
Quantitative determination was not possible.

In this way the composition of triacylglycerols
in the seeds was shown to be similar to sunflower
and soybean oil [6, 7, 24].
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Table 3. Fatty acid composition of extract N1 from
seed obtained with GC and NMR analyses.

Fatty acid GC NMR
Saturated 12.7 13
Palmitic C16:0 10.203

Stearic C18:0 2.494
Monounsaturated 8.7 8
Palmitoleic Ci16:1 0.167

Oleic Ci8:1 8.537
Polyunsaturated 78.3 79
Linoleic C18:2 78.183

Linolenic C18:3 0.145

Extracts from pericarp- samples N5 — N7

The spectra of the samples N5 — N7 (Fig. 5)
indicated more complex mixtures which made
difficult the determination of the triglyceride
composition. The main difference between the
spectra of N1 — N4 and the spectra of the samples

N5 — N7 is the signal at ¢ 0.98 ppm characteristic
for the methyl groups of linolenic acid (Fig. 4).
This finding is in accordance with the results of
Perez-Calvez et al. [21] about the composition of

fatty acids of the pericarp and seeds of some
varieties of C. annuum L.
In addition, N5 and N6 showed intense signals

in the region of 6 1.5 - 1.7 where protons from
saturated long chains resonate (Fig. 5). In the
spectrum of N7 these signals did not appear. In the
spectrum of N7 a small amount of capsaicin (about
10%) was detected (Fig. 6).

Extracts from placenta- samples N8 — N10

The samples N8, N9 and N10 from placenta
(Fig. 7) showed similar spectra. In the region of & ~
1.2 - 1.4 ppm intense signals appeared for long CH:
chains, probably waxes. The proportion of different
types of fatty acids could not be estimated because
of the overlap with the signals of capsaicinoids.

In the samples from the placenta a substantial
amount of capsaicinoids was  presented,
approximately:

N8 - Capsaicinoids : TAG ~5: 1.

N9 - Capsaicinoids : TAG ~2: 1.

N10 - Capsaicinoids : TAG ~3: 1.

Ao MJUUm

b MUMULL

A

5.0 45 4.0 3.5

3.I|:| 2.‘5 2.‘0 1:5 1 I.D
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Fig. 5. 'H NMR spectra of extracts from pericarp (N5 — N7) in the region 0 — 5.5 ppm.
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Fig. 7. 'H NMR spectra of extracts from placenta (N8 — N10).

Extracts from placenta- samples N8 - N10

The samples N8, N9 and N10 from placenta

(Fig. 7) showed similar spectra. In the region o ~
1.2 - 1.4 ppm intense signals appeared for long CH>
chains, probably waxes. The proportion of different
types of fatty acids could not be estimated because
of the overlap with the signals of capsaicinoids.

In the samples from the placenta a substantial
amount of capsaicinoids was  presented,
approximately:

N8 - Capsaicinoids : TAG ~5: 1.

N9 - Capsaicinoids : TAG ~2: 1.

N10 - Capsaicinoids : TAG ~3: 1.

Extracts from stalk - samples N11, N12

The samples N11 and N12 showed similar
spectra and quantitative proportions. In the region
0~ 1.2 - 1.4 ppm intensive signals were obtained
probably due to presence of waxes. The proportion
of different types of fatty acids could not be
estimated because of the overlap with the signals of
capsicinoids. The correlation capsaicinoids: TAG
was estimated to be ~ 0.15: 1.

Despite of the characteristic color of the samples
carotenoids were not detected in the NMR and
ATR-IR spectra.
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It should be noted that NMR is less sensitive
than the traditional chromatographic methods. The
merit of the method is in its simplicity and
swiftness but the quantitative measurements depend
to some extent on the manually calibration of the
integral area. For a more exact quantitative analysis
the information from the NMR spectra should be
supported with other analysis (GC, HPLC).

CONCLUSIONS

Extracts from the seeds, pericarp, placenta and
stalk of hot red pepper (Capsicum annuum L., ssp.
microcarpum longum conoides, convar.
Horgoshka) were studied by NMR and IR
spectroscopy. It was shown that both spectral
techniques can be used to follow the extraction
effectiveness in simple, rapid and inexpensive way
without sample pretreatment and that both spectral
techniques provide useful information on the
triacylglycerol content and degree of unsaturation
of the hot red pepper extracts. The IR spectroscopy
could serve as a fast tool for identification of
capsaicinoids in the extracts, while the NMR
analysis could be successfully applied for
determination of the proportion triacylglycerols :
capsaicinoids.

In summary, the obtained spectral results
showed that the seed extracts N1 — N4 have similar
triacylglycerol content with approximate ratio of
saturated (7% - 13%), oleic (8% - 11%) and linoleic
acids (76% - 82%) and only traces of capsaicinoids.
The pericarp extracts N5 — N7 encompassed more
complex triacylglycerol  mixtures including
linolenic acid, saturated long chain hydrocarbons —
presumably plant waxes, and a small amount of
capsaicinoids in the case of N7. On the other hand,
the placenta extracts N8 — N10 had predominant
capsaicinoid content with capsaicinoids : TAG ratio
from 5:1 to 2:1. The stalk extracts N11 and N12
contained triglycerols, plant waxes and smaller
amount of capsaicinoids. The ratio capsaicinoids :
TAG was estimated to be ~0.15 : 1.
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The aim of the study was the determination and analysis of pH, content of common phenols, antioxidant activity
(radical trapping activity), common anthocyanins and acidity of pomegranate (Punica granatum) and their relation to
the soil composition and altitude. Methods for systematic approach and critical analysis of the available scientific
periodicals were applied. Spectrophotometric method was used for determination of adsorption with gallic acid
standard; DPPH method was used for determining the antioxidant activity (radical trapping activity). It was found that
the value of pH index ranges from 3.05 to 4.29. The lowest level of common phenols 67.71 + 0.12 mg GAE/100 ml was
observed in the Red Filk variety. Total anthocyanins were within the range of 0.60 = 0.01 mg/100 ml (Red Filk) to
35.80 + 0.65 mg/100 ml (Pink Satin). Antioxidant activity (DPPH) was: 966.13 = 37.67 mmol TE/100 ml (Red Filk) to
2271.72 + 26.91 mmol TE/100 ml. Titratable acidity was within the range: 0.47 + 0.10 ¢/100 mL for Red Filk and up to
1.64 £ 0.10 g/100 mL for Pink Satin. It was concluded that there is a direct correlation between the antioxidant activity
and the altitude at which the pomegranate is growing. There is a direct correlation between the common phenols and the

antioxidant activity, excluding variety Wonderful.

Keywords: Pomegranate, Antioxidant activity, Phenols, Anthocyanins.

INTRODUCTION

The pomegranate is a type of deciduous tree or a
bush of the genus Punica. The plant is dry and
“comes” from Asia, Africa, Europe and Middle
East. Pomegranate fruits are mainly consumed fresh
but they are also used in the preparation of fresh
juices, canned beverages, jellies, jams, etc. In
recent years there has been increasing interest in
pomegranate (number of published materials grew
7 times) as medical and food industry product. The
pomegranate tree especially its fruit, has a long
history and a bunch of healing properties.
Depending on the characteristics and composition,
pomegranates may be intended for fresh
consumption, industrial processing or medical
purposes. It is therefore important to know the
characteristics of different pomegranate varieties in
order to gain more knowledge about their
application [1-3]. Pomegranate juice has powerful
antioxidant properties. They may be associated with
anti-inflammatory effects on a plant-based basis.
Phytochemistry and pharmacological actions of all
components of Punica granatum suggest a wide
range of clinical applications for cancer treatment
and prophylaxis [2, 4-10]. As a result of the
increased attention given to pomegranate, the
number of countries producing pomegranate has
increased and new varieties appeared [3-8, 11]. The
synergistic effect of pomegranate ingredients is

* To whom all correspondence should be sent:
E-mail: stoyan.papanov@abv.bg

better than that of the individual components. Over
the last decade, numerous studies have been
published on the antioxidant, anticancer and anti-
inflammatory ~ properties  of  pomegranate
ingredients for the treatment and prevention of
cancer, cardiovascular disease, diabetes, dental
conditions,  erectile  dysfunction,  bacterial
infections, antibiotic resistance and skin damage [4,
11-13].

Pomegranate juice has been proven to be
extremely effective in the prevention of
atherosclerosis [14, 15]. Gil et al. determined the
antioxidant activity of pomegranate juice by 4
different methods and found that it is 3 times higher
than that of red wine and green tea [16]. Hmid et al.
investigated the pomegranate varieties grown in
Morocco and found high concentration of phenolic
compounds, antocyanins and organic acids [17].

The aim of this study was the determination and
analysis of pH, total polyphenols, antioxidant
activity  (radical  trapping  activity) total
anthocyanins and acidity of pomegranate (Punica
granatum) and their dependence on the altitude.

METHODS AND MATERIALS
Fruit sample

The antioxidant characteristics of pomegranates
from different varieties grown in Bulgaria (Garnet
Sash and Wonderful), Greece (Red Filk),
Macedonia (Garnet Sash) and Turkey (Pink Satin)
were studied. Pomegranate varieties from Bulgaria

© 2019 Bulgarian Acaderf]y of Sciences, Union of Chemists in-BJIgaria
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Delchev. The altitude of the town of Petrich is 168
m, and of Gotse Delchev 540 m. The Red Filk
variety from Greece was grown in the Kavala area
at an altitude of 53 m. Rosso Gigante from
Macedonia is from the town of Doiran (148 m
above sea level). At an altitude of 200 m above sea
level near the town of Bursa is the variety Pink
Satin.

Juice extraction, pH and titratable acidity analysis

To obtain the juice, pomegranate fruits were
peeled by hand and the seeds were liquefied using a
Philips food processor. The obtained juice was pre-
filtered and then centrifuged at 3000 rpm for 15
min. pH was measured potentiometrically with a
pH meter (WTWinoLab pH 7110, Germany).
Titratable acidity, expressed as percentage of malic
acid, was performed by titrating 10 mL of
pomegranate juice with a 0.1 M NaOH to a pH
point of 8.1. The results were expressed in g malic
acid per 100 g juice.

Total phenolics content (TPC)

The total phenolic contents were meas-ured
using a Folin-Ciocalteu assay. Folin- Ciocalteu
reagent (1 mL) (Sigma) diluted five times was
mixed with 0.2 mL sample and 0.8 mL 7.5%
Na2CO3. The reaction was performed for 20 min at
room temperature in darkness. Then the absorbance
of the sample was measured at 765 nm against
blank sam-ple, developed by the same way but
without extract. The results were expressed in mg
equivalent of gallic acid (GAE) per 100 g juice,
according to calibration curve, build in range of
0.02 - 0.10 mg gallic acid (Sigma) used as a
standard.

Total monomeric anthocyanins analysis

The total monomeric anthocyanins content was
determined using the pH differential method
described by [17]. 2 g juice were extracted with 8
mL ethanol at ultrasound bath for 15 min. The pH
of juice samples was brought to 1.0 with potassium
chloride and 4.5 with sodium acetate buffers. The
dilutions were then allowed to equilibrate for 5 min
at room temperature. The absorbance of
equilibrated solutions at 520 nm for anthocyans
content and 700 nm for haze correction was
measured on a VIS spectrophotometer (Camspec
M107, UK) with 1-cm path-length disposable
cuvettes. All absorbance measurements were
carried out at room temperature against distilled
water as a blank. Pigment content was calculated as
cyanidin-3-glucoside (cyanidin-3-glucoside)
equivalents with a molecular weight of 449.2 and
an extinction coefficient of 26 900 L/(cm.mol).
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Antioxidant activity (DPPH assay)

Each analyzed extract (0.15 mL) was mixed
with 2.85 mL of freshly prepared 0.1 m mol
solution of 1,1-diphenyl-2- picrylhydrazyl radical
(DPPH, Sigma) in methanol (Merck). The reaction
was performed at 37 °C in darkness and the
absorption at 517 nm was recorded after 15 min
against methanol. The antioxidant activity was
expressed as m mol Trolox equivalents (TE) per
100 g juice by using a calibration curve built with
0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mmol 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox®, Fluka) dissolved in methanol (Sigma).

RESULTS AND DISCUSSIONS

Pomegranate (Punica granatum L.) is one of the
oldest edible fruits. It is widely grown in different
parts of Asia, North Africa, the Mediterranean areas
and in the Middle East. The pomegranate fruit is
pressed to prepare commercial juices. A large
number of bioactive compounds would be expected
to be extracted from juices and would have high
antioxidant properties. The values obtained for pH,
common phenols, total anthocyanins, antioxidant
activity and titratable acidity during the test are
presented in Tables 1 and 2. The results for juice
titrable acidity (TA), and pH for the different
cultivars are presented in Table 1. Significant
differences were revealed among the pomegranate
cultivars for all parameters. The pH values ranged
between 3.0 and 4.2. The pH values obtained in the
current study are in agreement with pomegranate
cultivars grown in Morocco, Tunisia and Turkey
[17-19]. The titrable acidity content varied from
0.47 to 1.60 g/100 mL. Similar results were also
reported by Hmid et al. [17], whereas the values
reported by Hashaoui et al. were different [19].
According to the results, cultivar type plays an
important role in terms of pH and titrable acidity of
the  pomegranate juice [17-19]. Phenolic
compounds of pomegranates juice were presented
as ellagic acid, gallic acid, chlorogenic acid, caffeic
acid and ferulic acid [17]. It is evident from Table 2
that the highest content of total phenols has the
variety Pink Satin (193.16 = 1.12 mg GAE/ 100
mL), followed by Wonderful, Garnet Sash, Rosso
Gigante and Red Filk. Additionally, many
investigators reported that pomegranate juice has a
high free radical scavenger capacity. Our results
revealed that pomegranate juice of the Wonderful
variety has the highest antioxidant activity (2271.72
+26.91 m mol TE/ 100 mL). In accordance, it was
established that the total polyphenol content of 18
cultivars varied from 138 to 947 mg GAE/ 100 mL
of pomegranate juice [17]. In addition, six
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anthocyanins - 3-glucosides and 3,5-diglucoside of
delphinidin, cyanidin and pelargonidin has been
identified in the pomegranate juice [18, 19].

18
16
14
1.2

0,4 ¥ = -0,8869x + 4,2366
0,2 R2=0,9388

Titratable acidity, g/100 mI
o

0 1 2 3 4
pH

wn

Figure 1. Correlation between pH and titratable acidity.

Turkyilmaz  [18]  established  significant
differences between total anthocyanins contents (2—
44 mg/100 mL juice) in different varieties of
pomegranate. Similar result were obtained in our
study (Table 2). This indicator is the lowest for the
Red Filk variety. The Pink Satin, Garnet Sash and
Rosso Gigante varieties are approximately evenly
distributed. As shown in Table 2, the total
anthocyanins in different juices could be arranged
in the following order: Pink Satin>> Rosso Gigante
> Garnet Sash > Wonderful > Red Filk. The highest
content of polyphenols coincides with the highest
anthocyanins content in Pink satin variety.

The major organic acid reported in pomegranate
juice is citric acid (66-74%), followed by malic
acid (6-12%) [18, 19]. The relationship between
pH and titratable acidity is decreasing, which
corresponds to the theoretical descriptions of the
scientific periodicals and the practical expectations
of the study. The linear dependence between pH
and antioxidant activity (Figure 1) is disturbed by
the Wonderful variety - 2271.72 = 26.91 m mol TE
/100 ml.

Table 1. pH and titratable acidity of different
pomegranate juices

Titratable acidity
Variety pH (g malic acid /100
mL)
ROSSO | 3551 .04 1.38+0.10
gigante

Wonderful | 3.35+0.05 1.08+0.10
Red filk 429+ 0.03 0.47+0.10
Garnet sash | 3.28 £0.04 1.34+0.10
Pink satin 3.05+0.05 1.64 +0.10
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DPPH), m mol

1500
1000 y=14,513x - 216,15
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Antioxids
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T'otal polyphenols, mg GAE/ 100mlI

Figure 2. Correlation relation between total polyphenols
and antioxidant ability.

CONCLUSIONS

The results provide important information of the
polyphenols content and antioxidant capacity of
pomegranate juice, which can be useful for
developing  fruit processing industries  for
commercial available pomegranate varieties. The
pomegranate juice was determined as a very
valuable food for people with chronic illnesses,
because of its high antioxidant activity. In addition,
a positive correlation between antioxidant activity
and altitude of pomegranate varieties, as well as
between total polyphenols and antioxidant activity
was found. This study enriched the information
about pomegranate fruits and demonstrated the
potential beneficial health effect of this plant.

Table 2. Total phenols, total anthocyanins and antioxidant activity of different pomegranate juices

Variety Total phenols Total anthocyanins Antioxidant activity (DPPH)
(mg GAE/100 ml) (mg/100 ml) (m mol TE/100 ml)
Rosso gigante 99.40 + 0.52 7.81+0.10 1047.00 + 33.63
Wonderful 161.04 £0.51 2.40+0.03 2271.72 +26.91
Red filk 67.71 £0.12 0.60 £ 0.01 966.13 +37.67
Garnet sash 101.15+0.91 5.10 +0.05 1109.77 + 48.37
Pink satin 193.16 £1.12 35.80 = 0.65 1558.09 + 83.93
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The aim of this study was to develop a semisolid formulation containing liposomes loaded with coenzyme Qio
(Q10). Q1o-loaded liposome dispersion prepared from non-hydrogenated lecithin and characterized for particle size,
polydispersity index (PDI), pH value and Qio-content was incorporated into carbomer gel, and a liposome gel was
obtained. Liposome gel and liposome-free gel were analyzed for flow properties by continuous rheology measurements,
pH values and Qio-content, 48 h after preparation and after a temperature stress test (1 cycle: 24 h at 4°C, 24 h at
2042°C and 24 h at 40°C), in order to predict their long-term stability. Liposomes were identified in liposome dispersion
and liposome gel by freeze fracture electron microscopy (FFEM), while their particle size, PDI and zeta potential were
determined by photon correlation spectroscopy (PCS). Qio-loaded liposomes were of small particle size (125 nm),
homogeneous (PDI=0.2) and negatively charged, and their incorporation into the gel did not significantly change
(p>0.05) their particle size and PDI. FFEM confirmed liposomes presence in the liposome gel. Liposome and liposome-
free gel revealed non-Newtonian, shear-thinning plastic flow behavior. The temperature stress test revealed that
temperature changes did not significantly influence (p>0.05) the pH value, while they significantly decreased (p<0.05)
Quo-content in gels. Q1o was significantly more stable (p<0.05) in liposome gel than in liposome-free gel. Rheological
parameters of liposome-free gel significantly changed, in contrast to the liposome gel. In conclusion, Qio-loaded
liposome gel suitable for dermal use was developed, exhibiting high stability even after subjecting to the temperature
stress test.

Keywords: Liposome, Coenzyme Q1o, Carbomer gel, Stability, Rheology
INTRODUCTION

The application of coenzyme Qio (Qi0) in
pharmaceutical industry has grown significantly in
the past decade, i.e., it has been successfully
applied in medicine, cosmetics and nutraceuticals
[1]. Coenzyme Q1o is a highly effective liposoluble
non-enzymatic antioxidant which represents the
first line of antioxidant defense [2]. Qo has been
known since 1950, but became commercially
available since its isolation from tobacco plants.
Biotechnological or synthetic production s
nowadays possible [2].

Qo has radical scavenger and bioenergetical
properties. It is already known for its efficacy in the
area of neurodermatitis, psoriasis, periodontitis,
external substitution under stress, adiposity,
immune support and has many other benefits [3].
Qqo is highly effective in protecting keratinocytes
from DNA damage induced by UVA radiation and

beneficial effects, i.e. its antioxidant activities
against environmental aggressions and
photoageing, Qio has recently made its way into
many pharmaceutical and cosmetic products.
However, Q1o can be easily oxidized, especially
under aerobic conditions and light exposure. In
order to enhance the photostability of Qio, it may be
incorporated into different nanocarriers.
Incorporation of Qi into nanostructured lipid
carriers (NLC) significantly improved the photo-
stability of Qio [5]. In addition, since Qo iS
liposoluble and hence complicated to incorporate
into cosmetic formulations, its incorporation into
nanocarriers, like liposomes, nanoemulsions,
nanoparticles, would facilitate its use in formulating
cosmetic products. Generally, Qo can be
incorporated into various novel drug delivery
carriers, which include liposomes, polymeric
nanoparticles, polymeric micelles, solid lipid

also in preventing photoageing in vivo with a
reduction in wrinkle depth [4]. Because of its

* To whom all correspondence should be sent:
E-mail: ninadragicevic@hotmail.com

nanoparticles, nanostructured lipid carriers, self-
emulsifying drug delivery systems, nanoemulsions,
solid and aqueous dispersions [1]. Moreover, the
incorporation of Qi into nanocarriers would
enhance its penetration into the skin, as it has been
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shown for Qo encapsulated in solid lipid
nanoparticles (SLN) being further incorporated in a
carbomer gel [6]. The skin delivery of Qi was
doubled with gels containing Qio-loaded SLN in
comparison with gels prepared with only Qio. For
cosmetic purposes most cosmetic actives should be
delivered into the skin in order to exhibit their
effect. Hence, the use of nanocarriers loaded with
cosmetic actives has proven to be adequate as they
deliver the actives into the skin, i.e. even into the
dermis. Nanostructured lipid carriers (NLC) with a
size of about 230 nm have shown to be beneficial
for the dermal delivery of Qo and they increased
Qo skin penetration when compared to an equally
sized nanoemulsion [7], which was in accordance
with results reported by Chen et al. [8], who
showed an epidermal uptake of Q1o from Q1o-NLC
being 10-11 times higher compared to that achieved
by the Qio-emulsion, proving that NLC are a
promising carrier for the topical delivery of Qio.
Furthermore, dependent on the drug delivery
system, also transdermal delivery of Qi was
reported. Namely, a tocopheryl phosphate
mixture which self-assembles to form vesicular
structures in hydroethanolic solutions (mean size
between 101-162 nm) increased the permeation of
carnosine, vitamin D3, caffeine and coenzyme Quo
into or through the skin [9]. As to the penetration
enhancing ability, liposomes have been widely used
to enhance dermal and transdermal drug delivery
[10-17]. In brief, liposomes are small, spherical
vesicles consisting of amphiphilic lipids, enclosing
an aqueous core that are still highly appreciated due
to some advantages over other encapsulation
technologies [18]. A variety of drugs can be
entrapped within liposomes. Topical delivery of
liposomally encapsulated actives may offer
advantages over conventional formulations since
liposomes have the potential to: (a) reduce serious
side-effects and incompatibilities that may arise
from undesirably high systemic absorption of
drugs, (b) act as a local depot for sustained release
of dermally active components, (c) serve as
penetration enhancers and (d) serve as a rate-
limiting membrane barrier for the modulation of
systemic absorption of drugs [19]. Several
independent studies have shown a higher stability
against UV radiation of vitamins encapsulated in
liposomes compared to conventional formulations
[20-22]. An improved stability was also found in
the case of retinol and ascorbyl palmitate
encapsulated in liposomes stored at room
temperature compared to traditional formulations
[23-24].

The purpose of this study was the development,
characterization and stability evaluation of a
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semisolid  formulation containing Qio-loaded
liposomes. Liposome dispersions are not used in
their pure form in cosmetic formulations because of
their liquid nature and are therefore incorporated in
semisolids. In this study, as it presents our first
study on semisolids containing Qio-loaded
liposomes, we used a hydrophilic gel as a base
(vehicle) for the incorporation of liposomes. The
gel (Ultrez® 10 polymer gel) was chosen as
liposomes exhibit highest stability in gels, i.e. in
creams containing emulsifiers they could be
degraded. Thus, at first obtained liposomes, after
their preparation (24 h after preparation) were
characterized for their particle size, polydispersity
index (PDI), pH value and Qi-content. The
obtained liposome gel and the liposome-free gel
were analyzed for flow properties, pH value and
Qo-content, 48 h after their preparation and after
five cycles of temperature stress. The liposome gel
was also analyzed for the presence of liposomes
and their particle size and homogeneity.

MATERIALS AND METHODS
Materials

The following substances were used: non-
hydrogenated soybean lecithin (Phospholipon® 80,
Lipoid GmbH, Germany), ubichinon (coenzyme
Q1o, Gfn-Selco, Germany), carbomer (Ultrez 10 ®
Polymer, Lubrizol, USA), phenoxyethanol (and)
methylparaben (and) ethylparaben (and)
propylparaben (and) butylparaben (Phenonip™,
Clariant, Switzerland), diazolidinyl urea
(Germall™1l, Ashland, USA), propylene glycol
(BASF, Germany), potassium dihydrogenphosphate
(Sigma-Aldrich, USA), sodium hydroxide (Sigma-
Aldrich, USA), triethanolamine (TEA) (Sigma,
USA), edetate disodium (Titriplex 1ll, Merck
Millipore, USA). The water used was double
distilled.

Preparation and characterization of Qo-loaded
liposomes

Preparation of liposomes. Liposomes composed
of Phospholipon® 80 (PL 80) were prepared by the
following method: Q1o (0.5 % w/w) was dissolved
in a mixture of ethanol (16 % w/w) and
Phospholipon® 80 (10 % w/w) at 50°C and the
obtained solution was added at room temperature to
a phosphate buffer solution (PBS) pH 6.5 under
vigorous stirring (10 000 rpm, 15 min) using the
Ultra-Turrax® T 25 mixer (lka, Labortechnik,
Germany). The spontaneously formed multilamellar
vesicles (MLV) were pressed through 200 nm size
pore polycarbonate membrane to obtain unilamellar
liposomes with the help of a Mini Extruder®
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Lipofast extrusion device (Avestin Ottawa,
Canada).
Characterization of liposomes in liposome

dispersion and liposome gel. The diameter of
vesicles, polydispersity index and zeta potential
were  determined by  photon  correlation
spectroscopy using the Zetamaster S (Malvern
Instruments, UK). The particle size was calculated
from the autocorrelation function of the intensity of
light scattered from particles, assuming spherical
form of particles, medium viscosity of 0.89 mPa.s,
and refractory index of 1.33. Liposome dispersions
were diluted with PBS (pH 7.4) prior to the
Mmeasurements, that is, 5 pL of the vesicle
dispersions were diluted with 495 pL of PBS (pH
7.4). To obtain the zeta potential values of vesicles,
10 pl of vesicle dispersions were diluted with 990
ul of PBS pH 7.4.

To obtain the particle size and the polydispersity
index (PDI) of liposomes incorporated in the
hydrogel, 0.2 g of the hydrogel was diluted (1:10
w/w) with PBS (pH 7.4), mixed until a clear
dispersion was obtained, and, afterward, the
dispersion was centrifuged at 3000 rpm. Then, 50
uL of the supernatant were further diluted with 450
uL of PBS (pH 7.4) and analyzed. PDI was used as
a value of a unimodal size distribution, which
ranges from O (homogenous dispersion) to 1 (high
heterogeneity). Each sample was measured three
times and the mean value was determined.

Determination of pH value in the liposome
dispersion. The pH value of the liposome
dispersion was measured using a pH meter (HI
8417, Hanna Instruments, USA).

Preparation of Q1o gels

As a vehicle for the incorporation of the
liposome dispersion Ultrez® 10 polymer was used
since the compatibility of liposomes with carbomer
gels was previously demonstrated [25, 26]. The gel
was prepared by the following procedure: carbomer
resin (0.8% wi/w) was dispersed in distilled water in
which propylene glycol (5% wi/w), disodium
edetate (0.1% w/w) and the preservatives
(Phenonip® 0.2% w/w and Germal® 11 0.3 % w/w)
were previously added and left to wet for 30 min.
The mixture was then neutralized by addition of
10% (w/w) triethanolamine under stirring (300 rpm,
5 min) using the Ultra-Turrax® T 25 mixer (lka,
Labortechnik, Germany), until a transparent gel
appeared.

Incorporation of liposomes into the carbomer gel

The liposome dispersion was mixed into the gel
by an electrical mixer (200 rpm, 5 min, Heidolph
RZR 2020, Germany) and a liposome gel (G1) was

obtained. The concentration of the liposomes in the
gel was 10% (w/w, liposome dispersion/total),
while the concentration of pure Qo in the gel was
0.05% (w/w). The control gel (gel with free Qo
G2) was prepared by first solubilizing Q1o (0.05%
w/w) in water using Tween® 80 (0.25% w/w) as a
solubilizer and then adding all other components, as
described above.

pH determination of gels

The pH values were determined directly in gels
at room temperature (HI 8417, Hanna Instruments,
USA) and served to evaluate the chemical stability.
Three measurements were performed for each
sample and the mean value was calculated.

Rheological evaluation of gels containing
liposomes

The rheometer (Rheolab MC 120, Paar Physica,
Stuttgart, Germany) was used to determine flow
properties of fresh (48 h old) gels with incorporated
liposomes (G1) and without liposomes (G2). In
order to predict their physical stability, the flow
properties of these gels were also determined after
subjecting them to five cycles of temperature stress
(1 cycle: 24 h at 4°C, 24 h at 20+2°C and 24 h at
40°C). Measurements were performed at 20 = 0.1°C
by using the cone/plate MK 22 (radius of
measuring cone 25 mm, angle of measuring cone
1°) measuring system. Continuous flow tests were
carried out by increasing the shear rate from 0 to
200 s and decreasing it back to 0 s each stage
lasting 200 s. Under the same conditions the flow
properties of the liposome gel and the control gel
with free Q10 were examined. Three measurements
were performed for each sample and the mean
value was determined.

Determination of Q1o content in the samples by
HPLC assay

The amount of non-degraded Qip was
determined quantitatively in the samples by HPLC
analysis, 24 h after preparation. The HPLC
apparatus consisted of HPLC pump Waters M600E
(isocratically delivered mobile phase) and sample
injector Rheodyne 7125i (injection volume: 10 pl).
The investigation was performed at room
temperature. The analytical column: Chromolith
Performance RP-18e, 100 mm x 4.6 mm, 5 pum
(Merck, Germany) and the detector: Spectral
UV/VIS, PDA SPD - M10 Ave (Shimadzu, Japan)
were used. The flow rate was 2.1 ml/min and the
UV detection was at A = 275 nm. The used mobile
phase was isopropanol : methanol (25 : 75). Three
measurements were performed for each sample and
the mean value was determined.

119



N. Dragicevic et al.: Hydrophilic gel containing coenzyme Qlo-loaded liposomes: preparatlon characterlzatlon

Visualization of liposomes in the liposome
dispersion and liposome gel

Freeze fracture electron microscopy (FFEM)
was used for the visualization of the liposomes in
the liposome dispersion and liposome gel G1.
Small amounts of the dispersion or gel were
mounted on a gold specimen holder, which was
placed between two copper preparation holders.
The samples were then quickly frozen by
plunge/freezing (Jet Freeze Device BAL/TEC, JFD
030, Liechtenstein) into liquid propane at -180°C.
The frozen specimens were kept in liquid nitrogen
until mounting onto the sample holder. The latter
was then placed into a freeze fracture device
(Freeze Etching System, BAL-TEC, BAF 060,
Liechtenstein). Samples were fractured and the
fracture plane was replicated by evaporation of
2nm platinum at an angle of 45° followed by
20 nm carbon at an angle of 90°. Replicas were
removed from the freeze fracture device and
cleaned in chloroform/methanol (1:1) mixture.
Then, they were mounted onto copper grids and
visualized using a transmission electron microscope
(Zeiss EM 900, Zeiss, Germany).

Statistical analysis

Statistical analysis was carried out using One-
Way Analysis of Variance. Significant differences
were determined at p < 0.05.

RESULTS AND DISCUSSION

Characterization of the Qio-loaded liposome
dispersion

FFEM confirmed the presence of spherical
liposomes in the liposome dispersion (Fig. 1).
Liposomes containing Qio, composed  of
unsaturated phospholipids (vesicles in fluid
thermodynamic state) were characterized (Table 1)
and the results of the particle size analysis showed
that the mean size of the liposomes was 125.5 nm.
Regarding the homogeneity, the low values of the
polydispersity index 0.20 indicated homogeneous
population of liposomes. Thus, the obtained
liposomes were of small particle size and
satisfactory homogeneity.

7 "
Flg 1. Identlflcatlon of I|posomes by FFEM in the
liposome dispersion after its preparation (scale bar = 100
nm).

As to the pH value, the results indicated that the
liposome dispersion due to the use of buffer had a
mild acidic pH value of 6.47, being desirable for
liposomes for topical application and also because
they show high chemical stability around this pH
value. Namely, chemical hydrolysis of liposomal
lipids at pH 6.5 occurs at the slowest rate. The pH
value should always be above pH 4.5 as the pH
value of 4.5 represents the critical lower limit when
the degradation process of the vesicles may occur
[27]. The stability of liposomes can also be
predicted on the basis of the zeta potential value.
As the liposome dispersion possessed a very high
zeta potential of -63.9 mV (Table 1), the obtained
Qio-loaded liposome dispersion was classified
according to the Riddick’s classification [28] into
dispersions of high physical stability which do not
show a potential to aggregate. Hence, the liposome
dispersion containing Q1o could be considered as a
physically and chemically stable dispersion. As to
the Qio-content, it was not significantly different
from the declared Qio-content of a 0.5% w/w
dispersion (Table 1). In order to confirm the
liposomes integrity in the liposome gel G1, the gel
was analyzed by FFEM. As seen in the FFEM
micrograph shown in Fig. 2, the liposomes were
identified in the gel structure, indicating their
compatibility with carbomer gel.

Table 1. Characteristic parameters of the liposome dispersion (LD), 24 h after preparation.

Sample Mean size PDI Zeta potential pH Q10 content
(nm) (mV) (%, wiw)
LD 125.5+0.2 0.20£0.001 -63.9+0.1 6.47+0.03 0.498+0.003
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Characterization of the Qio-loaded liposome gel
and liposome-free gel

w

Fig. 2. ldentification of liposomes by FFEM in the
liposome gel G1 after its preparation (scale bar = 100
nm).

As to the characteristic parameters of the
liposome gel (pH value, mean particle size and PDI
of liposomes), they increased after the liposome
incorporation into the gel (Table 2). As to the
particle size and PDI value of liposomes in the gel,
they increased compared to values in the liposome
dispersion, but not remarkably, indicating
compatibility of the liposomes with the carbomer
gel. Regarding the pH value, its value of 6.12 for
the liposome gel revealed that the gel was suitable
for topical application. The same was observed for
the liposome-free gel having a pH value of 6.0. The
Qao-content in the liposome gel and the liposome-
free gel did not vary significantly from the declared
Q1o-content of a 0.05 % w/w dispersion (Table 2).

Stability evaluation of the Qio-loaded liposome gel
and liposome-free gel

Rheological characterization of the gels. The
rheological behavior of the gels was studied since it
plays an important role in the mixing and flow
characteristics of materials, their packaging into
containers, physical stability and consumers’
acceptability. The flow curves and the rheological
parameters of the two examined gels obtained 48 h
after their preparation are shown in Figs. 3 and 4
and in Table 3. Both samples showed a non-
Newtonian behavior, since their viscosities were
not constant, but changed as a function of the shear
rate. Both gel formulations showed a shear-thinning
behavior according to the Herschel-Bulkley model
(excellent fitting R > 0.999) with continuously
decreasing viscosity, thus indicating successive loss
of polymer entanglement upon increasing shear
stress [29]. Shear-thinning is a desirable property of
semisolid dosage forms, since they should be “thin”
during application and “thick” otherwise [30, 31].
The flow curves also showed a plastic behavior of
the samples, since they displayed vyield values,
indicating that the gel network exhibited resistance
to an external force before it started flowing [32].
The gel samples showed marginal thixotropy, since
most carbomer polymer gels exhibit little or no
thixotropy. As to rheological parameters (yield
stress, minimal and maximal apparent viscosities),
their values for gels examined 48 h after
preparation are represented in Table 3. The yield
stress can be used to evaluate the quality of a
formulation and according to some authors it is the
most reliable parameter for describing the stability
[33, 34].

Table 2. Characteristic parameters of gel samples Gland G2 (mean size and PDI of liposomes, pH of gels), 48 h
after their preparation and after the temperature stress test.

Mean size of
liposomes

Sample
labels

pH value of gels

PDI of liposomes Qio-content (%, w/w)

48 h Stress test 48 h

Stress test

48 h Stress test 48 h Stress test

G1*  6.1240.00 6.16+0.01 124.8+0.4
G2° 6.00+0.03  6.05+0.01 - -

128.5+0.2 0.20+0.002 0.24+0.004 0.0496+0.002 0.0471+0.003

0.0499+0.002  0.0444-+0.002

3 G1 gel containing Q1o-liposome dispersion; °G2 gel containing free Q1o

Table 3. Yield stress values, maximal apparent and minimal apparent viscosities of gel samples G1 and G2

(mean, n = 3).
Yield stress value  Maximal apparent viscosity (Pa) Minimal apparent viscosity (Pa)
sample labels (Pa) at 4.08 s! at 200 s
48 h  Stress test 48 h Stress test 48 h Stress test
G1? 61+0.8  75£5.8 50.8+1.3 50.3%£1.7 2.93+0.08 2.96+0.08
G2° 51458  74+45 33.6+0.8 36.3£0.3 2.26+0.01 2.38+0.02

2 G1 gel containing Q1o-liposome dispersion; °G2 gel containing free Q1o
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For topical preparations it is desirable to possess
the yield stress not only in terms of good stability
but also because it describes the flow behavior at
small shear rates, i.e. before and after the
application. The yield value of the fresh liposome
gel G1 was 61 Pa, while for the liposome-free G2
gel it was 51 Pa (Table 3), indicating high stability
of both gels, higher for gel G1. As to the minimal
and maximal apparent viscosities, they describe
different conditions of a structure, i.e. maximal
apparent viscosity describes the system structure at
rest, while the minimal apparent viscosity
represents a measure of destruction of the gel
structure. The values of these two parameters for
gels G1 and G2 are represented in Table 3. Both
gels possessed minimal and maximal apparent
viscosities appropriate for semisolids aimed for
topical application onto the skin.

Besides performing rheological measurements
of the gels after their preparation, also analysis of
the gels exposed to a temperature stress test was
performed in order to determine the range of
conditions under which the product will perform
well, i.e. will remain physically stable. On the basis
of the flow curves of the gels subjected to the
temperature stress tests, which are shown in Figs. 3
and 4, it was concluded that the gels maintained
plastic behavior after the temperature stress test,
which is appropriate for topical use. In the case of
gel G1, the flow curve did not change significantly,
while the flow curve of the gel G2 changed when
the gel was subjected to the temperature stress test.
As to rheological parameters (Table 3), variations
were observed in both gels exposed to the
temperature stress test. It was evident that the yield
stress values of both gels, significantly increased
(p<0.05) during the temperature stress test. This can
be explained by an increasing number of bonds in
the polymer network which yields a higher physical
stability. Thus, their stability did not decrease due
to the temperature changes and based on the data on
yield stress obtained by this test a high stability of
gels was assumed. Further, the minimal and
maximal apparent viscosities of the gel G1 did not
change significantly (p>0.05) after the temperature
stress test compared to their initial values (Table 3).
In contrast, in the case of gel G2, the temperature
stress test led to a significant increase (p<0.05) of
the minimal and maximal apparent viscosities.
However, the value of minimal apparent viscosity
was higher only for 5 %, and the value of maximal
apparent viscosity was higher for 8%, compared to
their initial values. This increase in viscosity values
of gel G2 could be explained by changing, e.g. by
strengthening the gel structure due to forming new
bonds. However, liposome gel G1 exhibited
less
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extensive changes in rheological parameters and
hence in the structure compared to gel G1, when
subjected to the stress test. Further, liposome gel
G1 possesses higher yield stress after preparation,
indicating higher physical stability than the gel G2.
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Fig. 3. Flow curves of the gel G1, 48 h after
preparation and after the temperature stress test.
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Fig. 4. Flow curves of the gel G2, 48 h after
preparation and after the temperature stress test.

On the basis of these results it was concluded
that both gel samples remained physically stable
after the temperature stress test and that they did
not exhibit relevant changes in their rheological
properties which could make them unsuitable for
topical use onto the skin. As to the liposome gel,
the obtained results from rheology measurements
revealed that the addition of liposomes into the gel
neither decreased the stability of the carbomer gel,
nor the stability of liposomes, as shown by PCS
(see next section), indicating compatibility of
liposomes and carbomer gel.

pH value of gels and mean particle size and PDI of
liposomes in liposome gel

The temperature stress test did not lead to a
significant (p>0.05) change in the pH values of the
liposome gel and liposome-free gel (Table 2) and
the obtained pH values were appropriate for the
application onto the skin. Insignificant pH changes
in the samples indicated that total neutralization of
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carboxylic groups of polyacrylic acid occurred by
the addition of TEA during the preparation of gels,
as well as that no chemical changes took place in
the samples during the temperature stress test. As to
the particle size and PDI of liposomes in the gel
after subjecting it to the temperature stress, no
significant change (p>0.05) was measured. Hence,
no aggregation of liposomes in the liposome gel
occurred.

Stability of Q10 in Q1o-loaded liposome gel and
liposome-free gel

The Qio—content values of gels obtained after
the temperature stress test are shown in Table 2.
The statistical analysis revealed that the Q1o-content
significantly decreased (p<0.05) in the gels. The
Qio—content in the liposome gel after the
temperature stress test was 95% of the initial
content, this being a satisfactory result. As to the
liposome-free gel, the Qio—content was found to be
89% of the initial content. The higher stability of
Qo in the G1 gel in comparison to the G2 could be
explained by the greater ability of the liposome gel
to protect Qi from degradation, as Qo IS
incorporated in the liposomes, i.e. in phospholipid
bilayers, compared to plain gel without liposomes.
Q10 showed a significantly higher (p<0.05) stability
in the liposome gel G1 than in the liposome-free gel
G2.

CONCLUSION

This study demonstrated the feasibility of
preparing a Qio-loaded liposome dispersion from
non-hydrogenated soybean lecithin and a Qio-
loaded liposome gel. The incorporation of the Qio-
loaded liposome dispersion into the liposome gel
did not lead to instability or degradation of
liposomes. The obtained liposome gel, being a
semisolid formulation, was in contrast to the liquid
liposome dispersion, suitable for topical application
onto the skin and its rheological properties were
appropriate for this kind of application. In order to
predict its long-term stability, the liposome gel was
subjected to a temperature stress test. The liposome
gel maintained a non-Newtonian plastic flow
behavior without significant thixotropy after the
temperature stress test, and the rheological
parameters did not significantly change, indicating
its physical stability. In addition, neither the
liposome size nor PDI of liposomes changed
dramatically in the liposome gel upon subjecting it
to extreme storage conditions, confirming the
vesicle stability (i.e., no agglomeration or
aggregation of liposomes occurred). Furthermore,
the Qio-content in the liposome gel changed, but to
an acceptable level, keeping in mind the extreme

test conditions being used. This result clarified that
extreme storage conditions should be avoided.
Coenzyme Q1o was more stable in the liposome gel
than in the liposome-free gel. Thus, the Qio-loaded
liposome gel could be considered, according to the
results obtained after the temperature stress test, as
a physically and chemically stable gel appropriate
for topical use.

This liposome gel is aimed to be used as it is or
as an enriched formulation with additional cosmetic
actives (emollients, moisturizing agents, etc.),
which should be investigated in future studies, as a
cosmetic anti-ageing preparation. Not only Qio, but
also liposomal constituents (phospholipids) are
beneficial for skin care. This study showed the
feasibility of preparing a Qio-loaded liposome gel
serving as a delivery system of Qo to the skin. The
next step will be the evaluation of the penetration
enhancing ability of this liposome gel, as well as an
in vivo investigation of its anti-ageing effect.
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This work presents an electroanalytical method for the determination of moxifloxacin hydrochloride (MOX) in
tablets. The surface of the glassy carbon electrode (GCE) was modified by electrochemical polymerization of 4-
aminobenzene sulfonic acid in phosphate buffer solution (pH 7.0).The oxidative behavior of MOX was studied at glassy
carbon and modified glassy carbon electrodes in different buffer systems using the cyclic voltammetry technique. The
modified glassy carbon electrode (poly(4-ABSA/GCE) has very high catalytic ability for electrooxidation of MOX.
Acetate buffer (pH 5.0) was selected as the optimum medium for the oxidation of MOX at poly(4-ABSA/GCE) due to
the highest electronic signal increase obtained. Differential pulse voltammetry (DPV) and chronoamperometry (CA)
techniques were used for voltammetric determination of MOX. The values of limit of detection (LOD) and limit of
quantification (LOQ) were determined to be 3.19x107M and 1.06x10°M for DPV; and 5.50x10"M and 1.83x10%M for
CA, respectively. A highly sensitive electroanalytical method for the determination of MOX in Avelox tablets by DPV
was described.

Keywords: 4-Aminobenzene sulfonic acid, Modified glassy carbon electrode, Electropolymerization, Electrocatalytic
ability, Moxifloxacin hydrochloride, Voltammetry

INTRODUCTION methodologies were reported for determination of

Moxifloxacin hydrochloride {1-cyclopropyl-6- MOX [13-17].
fluoro-1,4-dihydro-8-methoxy-7-[(4aS,7aS)- Q Q
octahydro-6H-pyrrolo[3,4-b]pyridin-6-yl]-4-oxo0-3-
guinolinecarboxylic  acid, monohydrochloride} OH
(Fig. 1) is a new 8-methoxyquinolone derivative of ’
fluoroquinolones with enhanced activity in vitro "
against gram-positive bacteria and maintenance of ke
activity against gram-negative bacteria [1-3]. MOX
has various beneficial effects on human health. The
drug, which is used to treat acute bacterial sinusitis, NH
acute bacterial exacerbation of chronic bronchitis Fig. 1. Structure of moxifloxacin hydrochloride
and community-acquired pneumonia [3-6], is
rapidly absorbed and reaches the maximum
concentration values in plasma between 1 and 6 h
after oral administration [7].

Several techniques such as HPLC [8], LC-
MS/MS [9], sensitive kinetic spectrophotometry
[10], liquid chromatography with column switching
[11], capillary electrophoresis with laser-induced
fluorescence [12] and spectrofluorimetry [13] have
been wused for the determination of MOX.
Furthermore, several electrochemical techniques
involving  economic, sensitive and rapid

“
////
74

However, the electrooxidation of MOX at
carbon electrodes is kinetically slow. Therefore, the
use of modified electrodes is preferred for the
oxidation of MOX. Until today, the modified
electrodes such as chloranil modified carbon paste
electrode [18], molecularly imprinted polymer
modified carbon paste electrode [19], and carbon
paste modified with silver nanoparticles [20] were
used to determine MOX. Furthermore, it is known
that poly(4-ABSA/GCE) was used to determine
samples such as phenylephrine and chlorprothixene
[21], hydroquinone in the presence of catechol and

* To whom all correspondence should be sent: resorcinol [22], uric acid [23], acyclovir [24],
E-mail: murat.sadikoglu@yahoo.com © 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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phenazopyridine hydrocloride [25] and ornidazole
[26].

In this work, the surface of the glassy carbon
electrode modified by electrochemical
polymerization of 4-aminobenzene sulfonic acid (4-
ABSA) in PBS buffer solution (pH 7.0) was
investigated for determination of MOX by using
different  voltammetric  techniques.  Poly(4-
ABSAJ/GCE) shows a high electrocatalytic ability
for the oxidation of MOX in the pH range from 2 to
10. The acetate buffer (pH 5.0) was selected as the
optimum medium for determination of MOX.
Moreover, MOX in Avelox tablets was successfully
determined with the modified glassy carbon
electrode using a simple, sensitive and rapid
method.

EXPERIMENTAL
Instrumentation

A potentiostat meter (VersaSTAT?, Princeton
Applied Research, USA) was used for the
voltammetric measurements. All experiments were
carried out with a three-electrode system. Glassy
carbon electrodes (GCE) (3.0 mm diameter) were
purchased from BAS and used as a working
electrode. A platinum wire auxiliary electrode and
an Ag/AgCl (NaCl 3 M, BAS) reference electrode
were used.

All pH measurements were made using an
EZDO 5011 model digital pH-meter. The deionized
water was obtained from water purified with an
aqgua MAX™-Ultra water purification system
(young Lin Inst.) 18.2 MQ cm.

Reagents and materials

MOX and Avelox were supplied from Basel
Kimyevi Maddeler ve llac. San. Tic. A.S. Istanbul-
Turkey. A stock solution of 1.0x10°M MOX was
prepared by dissolving an accurate mass in
methanol and was used to prepare the diluted
solutions. The working solutions were obtained by
dilution of the stock solution with acetate buffer
solution (pH 5.0). All solutions were protected from
light and were used within 24 h to avoid
decomposition. 0.2M acetate buffer (pH 5.0) was
selected as the supporting electrolyte solution to
investigate the voltammetric behavior of MOX. All
other chemical substances were reagent-grade
commercial products.

PROCEDURES
Polishing and cleaning of glassy carbon electrode

The GCE was polished successively in 1 pm,
0.3 um and 0.05 um alumina slurries on Buehler
polishing microcloth. The polished GCE was
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sonicated in ultrapure water, in a mixture of 1:1
(v/v) nitric acid/water (HNO3+H.0) (Fluka) and
then in ethanol (Aldrich) for 10 min each. Then, the
cleaned GCE was rinsed with water and dried under
a stream of argon. The polished and cleaned GCE
was used for the derivatization.

Modification of glassy carbon electrode

The surface derivatization of the bare GC
electrode was performed in 0.10 M PBS (pH 7.0)
containing 2.0x10° M 4-ABSA. The oxygen in the
4-ABSA solution was removed with argon for at
least 10 min before the derivatization. Then, the
bare GCE was immersed in the 4-ABSA solution.
The GC surface was modified using cyclic
voltammetry for five cycles at a scan rate of 100
mV stin the potential range from -1.5 to +2.5 V.
Finally, the modified electrode was activated by
cyclic voltammetry from -1.0 to +1.0 V at a scan
rate of 100 mV s for ten cycles in 0.10 M PBS
(pH 7.0). Bare GC and modified GC electrodes
were used as working electrodes.

Calibration graph for quantitative
determination

The stock solution of 10° M MOX was prepared
by dissolving an accurate amount of the substance
in methanol and diluting with 0.1 M acetate buffer
solution (pH 5.0) to obtain different MOX
concentrations. The calibration graphs were
constructed by using the data recorded under the
optimum conditions described in the experimental
section. The concentration ranges of the linear
calibration curves for DPV and CA techniques are
from 1x10° M to 9x10°M and from 5x10° M to
9x10° M, respectively. The DPV technique, which
has lower limits of detection, was used to determine
the amount of MOX in tablets.

Procedure for Avelox® tablets

Each Avelox® tablet contains 436.80 mg of
moxifloxacin hydrochloride, equivalent to 400.00
mg of moxifloxacin drug and some inactive
excipients. One Avelox® tablet, which weighs
0.7069 g, was powdered. The stock solution of 25.8
mg of the powdered drug tablet dosage form was
prepared in methanol. The stock solution of 30 uL
was transferred to a volumetric flask of 10 mL and
then, the volume was diluted to 10 mL with 0.2 M
acetate buffer (pH 5.0). The DPV and CV
voltammograms of the sample were recorded. The
content of the drug in the tablet was determined by
using the drawn calibration graph.
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RESULTS AND DISCUSSION

Electropolymerization of 4-ABSA on the GCE
surface

The cyclic voltammogram of 10 cycles recorded
in 0.10 M PBS (pH 7.0) containing 4-ABSA of
2.0x10°M for electrochemical polymerization of 4-
ABSA on the GCE surface are given in Fig. 2. In
the first cycle, a weak anodic and a cathodic peak
were observed with a peak potential value at Epa =
1.70 V and Epc = -0.60 V, respectively. The two
anodic peaks in the second cycle of the
voltammogram appeared at peak potential values of
+0.13 V and +1.45 V, respectively. The peak

current increases in the subsequent cycles.
Therefore, it is understood that the surface of GCE
is modified with the polymerization film. The
modified surface is a blue polymer film [23-26].
Furthermore, the modified GC electrode was
activated with the CV voltammogram of 10 cycles
at 100 mV s scan rate in the potential range from -
1.0 V to+1.0 V in 0.1 M phosphate buffer (pH 7.0)
medium. After the activation process was
completed, the prepared, modified and activated
electrode was used for voltammetric studies. The
poly(p-ABSA) modified electrode was thoroughly
washed with double-distilled water and stored in
0.1 M PBS (pH 7.0) before use.

1400 =
1200 =
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800 =
600 =
400 +
200

0
-200
-400

I/nA

E/V vs. Ag/Ag(Cl

Fig. 2. The cyclic voltammogram of 10 cycles of the solution in 0.10 M PBS (pH 7.0) of 4-ABSA of 2.0x10° M in the
potential range from-1.5 V to +2.4 V (scan rate 100 mV s'%).
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Fig. 3. Cyclic voltammograms of 1x104M MOX recorded at the bare GC (a) and poly(4-ABSA/GC) (b) electrodes in
0.2 M acetate buffer (pH 5.0). The voltammogram of 0.2 M acetate buffer (pH 5.0) (c) is the background obtained by
using the modified glassy carbon (scan rate: 50 mV s?).

Electrochemical oxidation of MOX on 4-ABSA
modified glassy carbon electrode

The electrochemical responses of MOX on the
bare GC and the poly(p-ABSA) modified
electrodes were studied by wusing cyclic
voltammetry. The cyclic voltammograms recorded
at the GC (a) and poly(4-ABSA/GCE) (b) electrode

of 1x10* M MOX in 0.2 M acetate buffer (pH 5.0)
at the scan rate of 50 mV s*are given in Fig. 3.

At the bare GC electrode, MOX shows a
featureless voltammogram (Fig. 3a). When the CV
voltammogram of MOX is recorded at the bare GC
electrode, the smaller oxidation CV peak was
obtained at more negative potential values.
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However, if the poly(4-ABSA/GC) electrode is
used for the oxidation of MOX, an increase in the
peak current was observed and the oxidation peak
potential shifted to more positive values. The peak
current values of CV voltammograms recorded for
the oxidation of MOX at the bare GC and the
poly(4-ABSA/GC) electrodes at 50 mV s scan rate
in 0.2 M acetate buffer (pH 5.0) were 9.691 pA and
112.87 pA, respectively (Figs. 3a and 3b).
Consequently, an increase of eleven times in the
peak current on the modified electrode surface was
obtained. Furthermore, the value of peak potential
of the oxidation peak of MOX at modified GC
electrode was shifted to smaller positive values.
These behaviors were evaluated as evidence that
the modified GC electrode exhibits an
electrocatalytic effect for the oxidation of MOX.

Effect of pH

The effect of pH on the oxidation of MOX was
studied in the range of pH from 2 to 10 by using
different buffer solutions. Britten-Robinson (B-R),

phosphate and acetate buffers were used to
determine the type of support electrolyte and the
value of optimum pH. The peak current values of
the oxidation peak obtained from the CV
voltammograms of the solutions of 1x10* M MOX
diluted with different support electrolytes in the
range from pH 2 to 10 are shown in Fig. 4.

As seen in Fig. 4, the oxidation peak current of
MOX in 0.2 M acetate buffer reached the maximum
value at pH 5.0. At the same time, the anodic peak
potential shifts toward less positive values with
increasing pH up to 5.0. Therefore, pH 5.0 was
selected for further studies.

The nature of the oxidation peak of MOX

Fig. 5 shows the cyclic voltammograms of 0.2M
acetate buffer (pH 5.0) containing 1x10* M MOX
on the poly(4-ABSA/GC) electrode surface at the
following scan rates: 50, 60, 70, 80, 90, 100, 200,
300, 400 and 500 mV s.
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Fig. 4. The oxidation peak current values of 1x104 M MOX recorded in the range from pH 2.0 to 10.0 in 0.1 M
phosphate, 0.04 M B-R and 0.2 M acetate buffers (scan rate: 50 mV s2).
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Fig. 5. Cyclic voltammograms recorded at the poly(4-ABSA/GC) electrode in 0.2 M acetate buffer (pH 5.0) containing
1x10“ M MOX (scan rates: (A) a) 50, b) 60, ¢) 70, d) 80, e) 90 and (B) f) 100, g) 200, h) 300, i) 400, j) 500 mV s™).
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Fig. 6. (A) The peak current values plotted against v'2 and (B) the logarithm of peak current (log 1) against the
logarithm of scan rate (log v) of the oxidation peak obtained from the CV voltammograms recorded at the poly(4-
ABSA/GC) electrode of 1x10* M MOX in 0.2 M acetate buffer (oH 5.0) (scan rates: a) 50, b) 60, c) 70, d) 80, e) 90, f)
100, g) 200, h) 300, i) 400, j) 500 mV s?).
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Fig. 7. The cyclic voltammogram of three cycles recorded in the potential range from 0.2 to 1.4 V of 1x10“4 M MOX in
0.2 M acetate buffer (pH 5.0) at the poly (4-ABSA/GC) electrode (scan rate: 50 mVs?).

A good linearity between the square root of scan
rate and peak current was obtained in the range of
50-500 mV s*. The linear regression equation was
Ip (uA) = 34.06 vY? - 152.4 with correlation
coefficient (r) = 0.994. The correlation coefficient
is very close to 1.0. Consequently, it is understood
that the oxidation process is diffusion-controlled
[27].The plot of logarithm of peak current (log 1)
versus logarithm of scan rate (log v) has a slope of
0.789 which is greater than the theoretical value of
0.75. Since the slope is at about 0.789, it can be

considered that the electrochemical oxidation
reaction of MOX is diffusion-controlled but
adsorption is also effective. Also, the CV

voltammogram of three cycles of 1x10* M MOX in
0.2 M acetate buffer at the poly(4-ABSA/GC)
electrode was recorded to evaluate the nature of the
oxidation peak of MOX (Fig. 7).

As seen in Fig. 7, the oxidation peak of MOX
appeared in the first cycle. However, this peak
completely disappeared in the second and third
cycles. It is estimated that the oxidation peak

disappeared in the second and third cycles due to
adsorption on the surface of the modified glassy
carbon electrode of the MOX molecules or the ones
of the oxidation products. This observation can be
considered as another piece of evidence that the
electrochemical oxidation reaction of MOX is
diffusion-controlled but adsorption is also effective.
Therefore, the modified glassy carbon electrodes
were only used for one measurement.
Consequently, the glassy carbon electrode surface
was again cleaned and modified before each new
experiment.

Selection of the electroanalytical technique to
determine MOX

The DPV and CA techniques were used for the
voltammetric determination of MOX. Fig. 8
displays the DPV voltammograms of various
concentrations of MOX at the poly(4-ABSA/GC)
electrode in 0.2 M acetate buffer (pH 5.0).

A plot of the peak current values as a function of
the concentration was drawn. The plot was linear in
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the concentration range from 1x10° to 9x10° M
MOX. For the regression plot of the peak current
versus MOX concentration, the slope was 1x10’
uAM?, the intercept was 159.6 pA and the
correlation coefficient was R 2 = 0.993 (Fig. 9).
Limit of detection (LOD) and Ilimit of
guantification (LOQ) values were calculated using
the following equation [27]:

LOD =3s/m, LOQ =10 s/m

where, s is the standard deviation of the peak
current (for five runs) and m is the slope of the
calibration curve. To determine LOD and LOQ
values, the standard deviation of peak currents for
five measurements recorded at 3x10% M, which is
the concentration above the lowest concentration in
the calibration graph, was determined to be 1.063.
The LOD and LOQ were 3.189x107 M and
1.063x10° M, respectively, achieved at the poly(4-
ABSA/GC) electrode.
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-0.0003 4
-0.000254

—

-0.0002

VA

-0.00015+4
-0.0001+
-0.00005 4

0.5

1.0 1.5

E/V vs. Ag/AgCl

Fig. 8. DPV voltammograms for increasing concentrations of MOX: a) 1x108, b) 3x10%, ¢) 5x10¢, d) 7x10®and €)
9x10° M in the potential range from 0.2 V to 1.4 Vin 0.2 M acetate buffer (pH 5.0) on the poly(4-ABSA/GC) electrode
surface.
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Fig. 9. Calibration plot for increasing concentrations of MOX obtained from DPV voltammograms.
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Fig. 10. Chronoamperometric response of the poly(4-ABSA/GC) electrode for increasing concentrations of MOX
solutions of: a) 5x10°¢ M, b) 9x10% M, ¢) 1x10° M, d) 3x10° M, e) 5x10° M, f) 7x10° M, g) 9x10°M in 0.2 M
acetate buffer (pH 5.0) containing different concentrations of MOX for a potential step of 1.15 V vs. reference
electrode. Variation of chronoamperometric currents at t= 40 s vs. concentration of MOX.

Also, the electrocatalytic oxidation of MOX at
the poly(4-ABSA/GC) electrode was studied with
the CA technique. The chronoamperograms
obtained for a series of MOX solutions with various
concentrations are illustrated in Fig. 10. An
increase in  concentration of MOX was
accompanied by an increase in anodic currents
obtained for a potential step of 1.15 V versus
reference electrode.

The current values recorded from the
chronoamperograms obtained for a series of MOX
solutions were used to draw the calibration plot
(Fig. 11).

The plot drawn with current values obtained
from chronoamperometric response was linear in
the concentration range from 5x10° to 9x10° M
MOX. The LOD and LOQ values obtained from
this calibration plot are 5.50x107 and 1.83x10°° M,
respectively.

When compared with the DPV and CA
techniques used to determine the amount of MOX,
it is understood that the detection limits obtained
using the DPV technique have smaller values.
Therefore, the DPV technique is preferred for
determination of MOX.

Determination of MOX in pharmaceutical
preparations

To determine the amount of MOX in the 400
mg Avelox tablets, a drug tablet of 0.7069 g was
taken and powdered. A solution of 10 mL of 25.8
mg of the drug in powdered form was prepared in
methanol. A volume of 30 pL of the stock solution
was diluted to 10 mL with 0.2 M acetate buffer (pH
5.0). The DPV voltammogram of the drug tablet
dosage form containing MOX is shown in Fig. 12.
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350 =
300 =
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200 =

/uA

150 =

100 =
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Fig. 11. Calibration plot obtained from chronoamperograms of MOX in 0.2 M acetate buffer (pH 5.0).
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Fig. 12.The DPV voltammogram of the drug tablet sample containing MOX in 0.2 M acetate buffer in the potential
range from 0.2 V to 1.4 V at poly(4-ABSA/GC) electrode.

Table 1. Application of the DPV technique for the assay of MOX in pharmaceutical preparations

Parameters Results
Labeled MOX, mg 436.8
Amount found, mg 428.2
Number of measurements, N 5
Relative standard deviation (RSD), %) 0.280
Bias, % 1.96

As seen in Fig. 12, when the DPV
voltammogram of the drug tablet sample containing
MOX is examined, its characteristic oxidation peak
is found to be at about 1.12 V and the peak current
is 266.71 pA. Consequently, it is understood that
there is no interference on the oxidation of
moxifloxacin HCI in the drug tablet form at the
poly (4-ABSA/ GC) electrode.

The amount of MOX in Avelox commercial
tablets was calculated by reference to the
appropriate calibration plots. The results obtained
are given in Table 1.

The drug dosage form contains microcrystalline
cellulose, sodium croscarmellose, lactose
monohydrate, magnesium stearate, red iron (II)
oxide, HPM cellulose 15 cp, polyethylene glycol
4000 and titanium dioxide as auxiliary substances
together with MOX.

The amount of MOX in the sample was
calculated by using the equation y=1x107x+159.62,
obtained from the calibration graph of the DPV
technique.

0.00014=
0.00012=
0.0001 0=
0.00008=
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0.00002+
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0-;_

-0.00002 =

0.5
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Fig. 13.The CV voltammogram of the drug tablet dosage form a sample containing MOX in 0.2 M acetate buffer in the
potential range from 0.2 V to 1.4 V at poly(4-ABSA/GC) electrode.
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According to the calculations made for the
sample of 25.8 mg, the drug tablet contains MOX at
the rate of 60.58% (w/w).

Also, the CV technique was used to reveal that
there was no interference on the oxidation of MOX
in the drug tablet dosage form. The CV
voltammogram of the sample is shown in Fig. 13.
As can be seen in Fig. 13, when the CV
voltammogram of the sample is recorded, the
oxidation peak of M OX is at about 1.05 V. There
is no shift in the peak potential value. In addition,
there is no change in the shape of the oxidation
peak. Therefore, according to the CV
voltammogram, it is understood that there is no
interference. Consequently, the poly(4-ABSA/GC)
electrode can be used for the selective and sensitive
determination of the amount of MOX in tablet
dosage forms.

CONCLUSIONS

Glassy carbon electrode coated with poly (4-
aminobenzene sulfonic acid) film was used for
electrocatalytic determination of MOX. The
modified glassy carbon electrode showed good
electrocatalytic activity for the oxidation of MOX.
The modified electrode provides higher sensitivity
and selectivity in the determination of MOX.

Differential pulse voltammetry technique can be
used to the determination of MOX in the drug tablet
form at the optimum conditions of GCE maodified
with 4-ABSA as the working electrode and 0.2 M
acetate buffer (pH=5.0) as the supporting
electrolyte.
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On the esterification reaction of phenacyl bromide with benzoic acids: microwave
and ultrasound versus conventional heating
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In this study it was aimed to develop new experimental methods for the esterification reaction of phenacyl bromide with
benzoic acids. For this purpose; ultrasound and microwave energy were used and the results showed that both sonication
and microwave irradiation increase the effectiveness of the investigated esterification reaction. In the second part of the
study, some DFT calculations with B3LYP method were performed and computational results were compared with the
experimentally obtained data. All DFT calculations were performed at DFT B3LYP level of theory using 6-31G(d), 6-
31G(d,p), 6-311G(d,p) and 6-311+G(2d,p) basis sets. NMR calculations were carried out using both CSGT and GIAO
methods. MEP maps, FMOs, and Mulliken atomic charges were computationally determined with the same basis sets.

Keywords: Esterification, phenacyl benzoates, microwave chemistry, sonochemistry, computational chemistry

INTRODUCTION

Esterification reaction is one of the most
fundamental reactions in organic chemistry and
widely used in various areas such as pharmacology,
polymer technology, flavor and fragrance industry
etc. [1]. The literature contains various well-known
esterification methods for the synthesis of various
esters including phenacyl benzoates. Phenacyl
benzoates can be synthesized via the reaction of
phenacyl bromides and benzoic acids. Although,
literature contains various methods for the reaction
of phenacyl bromide with benzoic acid or
terephthalaldehydic acid, these methods generally
requires heating and/or long reaction times, so, it
needs to be developed more effective and rapid
methods. The extant literature contains several
reports for the reaction of phenacyl bromide with
benzoic acid [1-14] and for the reaction of phenacyl
bromide with terephthalaldehydic acid [15] but none
of these methods includes ultrasound or microwave
energy. On the other hand, literature contains several
reports on the microwave-assisted reaction of
phenacyl bromide or substituted phenacyl bromides
with substituted benzoic acids [16-19], however
there is not an ultrasound-assisted method for these
reactions, too.

In this study, it was postulated that the reaction
between phenacyl bromide and benzoic acids could
be accomplished in an efficient way by using
ultrasound or microwave irradiation. In the present
study, experimental studies have been focused on
two different methods; one of them is ultrasound,
and the other one is microwave-assisted method. To

* To whom all correspondence should be sent
E-mail: taner.erdogan@kocaeli.edu.tr:

the best of our knowledge, for the reactions of
phenacyl bromide with benzoic acid and
terephthalaldehydic acid, there is no study in the
literature in which ultrasound and/or microwave
energy were used. In these methods; phenacyl
bromide (2) was reacted with benzoic acid (3a) and
terephthalaldehydic acid (3b) under sonication or
under microwave irradiation in the presence of
sodium carbonate. The results show that both
methods allow the investigated esterification
reaction in good yields. Yields for the reactions are
approximately 90% for benzoic acid and 80% for
terephthalaldehydic acid. The reaction pathway is
given in Fig. 1.

In the microwave-assisted method, 175 W of
microwave energy was applied. It was observed that
increasing microwave energy increases the reaction
yield but 175 W is the maximum applicable
microwave energy due to a sudden increase in
boiling rate of the solvent system. On the other hand,
the optimum reaction time was found to be 15
minutes. The reaction yield increases by increasing
reaction time gradually but over 15 minutes there is
not a considerable increase in the reaction yield. In
the ultrasound-assisted method, it takes 30 minutes
to consume all the reactants at 70°C. In these
reaction conditions, the reaction yields of both
methods are identical but the microwave-assisted
method is faster than the ultrasound-assisted method.
The results show that both of these methods are good
alternatives to conventional heating because of the
dramatically decreased reaction times. The methods
in which conventional heating is used, it takes
minimum 2 hours of refluxing to complete the

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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reaction. In the synthesis of phenacyl bromide (2)
from acetophenone (1), a modified form of a
literature procedure [20] was used.

(@]
©)k+ Bry

1

0]

acetic acid

_ =

0
B
R
2 3a,b

3a,4a: R=-H
3b, 4b: R =-CHO

ultrasound
(or microwave

2
R
Na,CO o
203 0
H,O:EtOH
0}
) 4a,b

Fig. 1. Reaction pathway.

In the second part of the study, some DFT (Density
Functional Theory) calculations have been
performed on the investigated compounds and a
comparison between experimental and
computationally obtained data have been made.
Geometry optimizations, frequency analysis and
NMR calculations were carried out at B3LYP
(Becke three-parameter hybrid functional combined
with Lee-Yang-Parr correlation functional) level of
theory using 6-31G(d), 6-31G(d,p), 6-311G(d,p), 6-
311+G(2d,p) basis sets. In NMR calculations both
GIAO (Gauge-Independent Atomic Orbital) and
CSGT (Continuous Set of Gauge Transformations)
methods were used. All computations have been
performed using Gaussian 09. Revision D.01 [21]
and Avogadro 1.1.1 [22] Program Packages, and
GaussView5 [23] was used for the visualization of
the computational results.

EXPERIMENTAL

Ultrasound-assisted reactions were carried out
using Bandelin Sonorex ultrasonic bath. Microwave
synthesis were carried out on CEM Discover SP
Microwave System. NMR spectra were taken on
Agilent Mercury 400. Melting points were
determined using Barnstead Electrothermal 9100
melting point apparatus.

Synthesis of phenacyl bromide (2)

In the synthesis of phenacyl bromide; to an ice-
cold solution of acetophenone (0.20 mol, 24 g) in
acetic acid (100 mL), bromine (0.22 mol, 11.3 mL)
was added dropwise in 30 minutes. The reaction
mixture was stirred for additional 3 hours at room
temperature then poured into crushed ice-water and
formed solids were collected by filtration and
recrystallized from ethanol.

Esterification reaction

Method A. Benzoic acid/terephthalaldehydic
acid (5 mmol) and Na,COs3 (2.5 mmol, 0.265 g) were
dissolved in water (5 mL), then phenacyl bromide (5
mmol, 1 g) and ethanol (10 mL) were added and the
reaction mixture was placed in the ultrasonic bath
and sonicated for 30 minutes at 70°C. After 30
minutes of sonication, reaction mixture was allowed
to cool and formed solids were collected by filtration
and recrystallized from ethanol.

Method B. Benzoic acid/terephthalaldehydic
acid (5 mmol) and Na,COs (2.5 mmol, 0.265 g) were
dissolved in water (5 mL), then phenacyl bromide (5
mmol, 1 g) and ethanol (10 mL) were added and the
reaction mixture was placed in the microwave
system and irradiated with 175 W of MW energy for
15 minutes. After 15 minutes of irradiation, reaction
mixture was allowed to cool and formed solids were
collected by filtration and recrystallized from
ethanol.

2-0x0-2-phenylethyl benzoate (4a)

White solid, Tmp 113-115°C; *H NMR, 3, ppm:
5.58 s (2H, OCH,CO), 7.54-7.44 m (4H, ArH), 7.65-
7.57 m (2H, ArH), 7.97 d (2H, ArH, J 7.6 Hz), 8.15
d (2H, ArH, J 7.6 Hz); [Lit. [2], *H NMR, &, ppm:
5.61 s (2H, OCH,CO), 7.48-7.56 m (4H, ArH), 7.60-
7.67 m (2H, ArH), 7.99-8.01 m (2H, ArH), 8.16-8.19
m (2H, ArH).

2-0x0-2-phenylethyl 2-phenylacetate (4b)

Light yellow solid, Tmp 108-110°C; 'H NMR, 8,
ppm: 5.62 s (2H, OCH,CO), 7.48-7.54 m (2H, ArH),
7.60-7.64 m (1H, ArH), 7.94-8.00 m (4H, ArH), 8.30
d (2H, ArH, J 8.4 Hz), 10.12 s (1H, CHO); [Lit. [15],
Tmp 106-109°C) 'H NMR §, ppm: 5.6 s (2H,
OCH,CO), 8.05 m (9H, ArH), 10.08 s (1H, CHO).
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THEORETICAL CALCULATIONS
Single point energies for optimized structures

Single Point Energy (SPE) is the sum of nuclear
repulsion energy and the electronic energy of the
molecule at the specified nuclear configuration. A
single point energy calculation is a prediction of the

energy and related properties for a molecule with a
specified geometric structure. [25] SPEs were
determined for the optimized structures at DFT
B3LYP level of theory using 6-31G(d), 6-31G(d,p),
6-311G(d,p) and 6-311+G(2d,p) basis sets. Energies
for 1, 2, 3a, 3b, 4a and 4b are given in Table 1.

Table 1. Calculated single point energies of the compounds.

Compound opt1? (eV) opt2® (eV) opt3° (eV) opt4? (eV)
1 -10473.56 -10473.89 -10476.27 -10476.71
2 -80436.76 -80437.06 -80505.83 -80506.15
3a -11451.16 -11451.52 -11454.35 -11454.88
3b -14534.82 -14535.18 -14538.83 -14539.52
4a -21891.77 -21892.28 -21897.36 -21898.28
4b -24975.45 -24975.95 -24981.85 -24982.94

2 B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Optimized structure analysis

Optimized structures and geometric parameters
were determined computationally at DFT B3LYP
level of theory using 6-31G(d), 6-31G(d,p), 6-
311G(d,p) and 6-311+G(2d,p) basis sets. Optimized
structures of 4a and 4b, calculated with 6-
311+G(2d,p) basis set, are given in Fig. 2 and Fig. 3,
respectively. Tables 2, 3 and 4 represent selected

25

24

bond lengths and bond angles of 4a and 4b
calculated at B3LYP/6-311+G(2d,p) level of theory
and the experimental values. The experimental
values have been obtained from the literature. [26]
Except for some certain bonds and bond angles, it
can be seen that the errors are less than 1% for bond
lengths and less than 5%o for bond angles. It was also
observed that larger basis sets estimate the bond
lengths and bond angles more accurately.

Fig. 2. Optimized structure of 4a
Table 2. Selected experimental and calculated bond lengths for 4a.

Atoms Bond Length (Exp.?) [A] Bond Length (Calc.?) [A]
13C-11C 1.481 1.495
11C-120 1.205 1.210
11C-100 1.481 1.532
10C-90 1.441 1.420

90-1C 1.357 1.358

1C-80 1.197 1.207

1C-2C 1.482 1.487

2 Lit. [26]

b B3LYP/6-311+G(2d,p)
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Table 3. Selected experimental and calculated bond angles for 4a.

Atoms Bond Angle (Exp.?) [°] Bond Angle (Calc.?) [°]
13C-11C-120 122.2 122.0
13C-11C-10C 118.0 117.7
120-11C-10C 119.7 120.3
11C-10C-90 1124 111.4

10C-90-1C 114.6 116.0

90-1C-80 1225 122.9

80-1C-2C 124.3 124.7
aLit. [26]

®B3LYP/6-311+G(2d,p)

Fig. 3. Optimized structure of 4b.

Table 4. Selected geometric parameters for 4b.

Atoms Bond Length [A]? Atoms Bond Angle [A]?
13C-150 1.210 2C-1C-90 124.3
13C-14C 1.493 2C-1C-100 112.3
12C-13C 1.533 90-1C-100 123.3
100-12C 1.422 1C-100-12C 116.0
100-1C 1.354 100-12C-13C 111.3

1C-90 1.207 12C-13C-150 120.2

1C-2C 1491 12C-13C-14C 117.7

150-13C-14C 122.1
2 B3LYP/6-311+G(2d,p)
Frequency analysis NMR spectral analysis
Frequency analysis were also carried out at DFT Nuclear magnetic shield tensors  were

B3LYP level of theory using 6-31G(d), 6-31G(d,p),
6-311G(d,p) and 6-311+G(2d,p) basis sets.
Experimental and calculated infrared spectra of 4a
and 4b are given in Figs. 4 and 5, respectively. For
the calculated infrared spectra a scale factor (0.9680)
was applied. It was also observed that larger basis
sets estimate IR spectra of the investigated
molecules more accurately.

computationally determined at DFT B3LYP level of
theory using 6-31G(d), 6-31G(d,p), 6-311G(d,p) and
6-311+G(2d,p) basis sets with GIAO (Gauge-
Independent  Atomic  Orbital) and CSGT
(Continuous Set of Gauge Transformations)
methods. Calculated and experimental *H NMR data
of 4a and 4b are given in Tables 5, 6, 7 and 8. It can
be seen that the best results were obtained at GIAO
6-31G(d,p) and CSGT 6-311+G(2d,p) levels. It was
also observed that in the CSGT type NMR
calculations, larger basis sets estimate the chemical
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shifts more accurately, on the other hand in the
GIAO type NMR calculations, larger basis sets
overestimate the chemical shifts.

0
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Fig. 4. Experimental and calculated infrared spectra of 4a
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Fig. 5. Experimental and calculated infrared spectra of 4b.
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Table 5. Experimental and calculated *H NMR chemical shifts for 4a (CSGT).

Comp. EXp. csgt1? csgt2P csgt3e csgt4?
19H 8.15 5.22 5.80 6.98 8.23
23H 8.15 5.22 5.80 6.98 8.23
26H 7.97 4,93 5.52 6.73 8.02
30H 7.97 4.93 5.52 6.73 8.02
28H 7.65-7.57 4.82 5.38 6.51 7.50
21H 7.65-7.57 4.85 5.39 6.52 7.52
27H 7.54-7.44 4,75 5.31 6.45 7.38
29H 7.54-7.44 4,75 5.31 6.45 7.38
20H 7.54-7.44 4,77 5.32 6.47 7.42
22H 7.54-7.44 4.77 5.32 6.47 7.42
24H 5.58 2.90 3.43 4.26 5.49
25H 5.58 2.90 3.43 4.26 5.49

a B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Table 6. Experimental and calculated *H NMR chemical shifts for 4a (GIAO).

Comp. Exp. giaol? giao2P giao3® giao4
19H 8.15 8.13 8.38 8.48 8.62
23H 8.15 8.13 8.38 8.48 8.62
26H 7.97 7.87 8.12 8.22 8.40
30H 7.97 7.87 8.12 8.22 8.40
28H 7.65-7.57 7.40 7.59 7.71 7.85
21H 7.65-7.57 7.38 7.56 7.67 7.77
27H 7.54-7.44 7.32 7.52 7.64 7.69
29H 7.54-7.44 7.32 7.52 7.64 7.69
20H 7.54-7.44 7.29 7.48 7.59 7.68
22H 7.54-7.44 7.29 7.48 7.59 7.68
24H 5.58 5.26 5.44 5.58 5.76
25H 5.58 5.26 5.44 5.58 5.76

@ B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)
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Table 7. Experimental and calculated *H NMR chemical shifts for 4b (CSGT).

Comp. EXp. csgt1? csgt2P csgt3e csgt4?
23-H 10.12 6.60 7.38 8.82 10.26
21-H 8.30 5.32 5.94 7.12 8.32
25-H 8.30 5.32 5.94 7.12 8.32
28-H 8.00-7.94 4.92 5.51 6.71 7.85
32-H 8.00-7.94 4.92 5.51 6.71 7.85
22-H 8.00-7.94 4.96 5.54 6.73 8.01
24-H 8.00-7.94 4.96 5.54 6.73 8.01
30-H 7.66-7.60 4.85 5.40 6.54 7.55
29-H 7.54-7.48 4,76 5.33 6.49 7.43
31-H 7.54-7.48 4.76 5.33 6.49 7.43
26-H 5.62 2.92 3.46 4.28 5.51
27-H 5.62 2.92 3.46 4.28 5.51
= B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)
Table 8. Experimental and calculated *H NMR chemical shifts for 4b (GIAO).
Comp. EXxp. giaol? giao2° giao3¢ giao4d
23-H 10.12 9.99 10.15 10.34 10.65
21-H 8.30 8.25 8.50 8.59 8.73
25-H 8.30 8.25 8.50 8.59 8.73
28-H 8.00-7.94 7.88 8.13 8.22 8.38
32-H 8.00-7.94 7.88 8.13 8.22 8.38
22-H 8.00-7.94 7.80 8.02 8.11 8.22
24-H 8.00-7.94 7.80 8.02 8.11 8.22
30-H 7.66-7.60 7.40 7.60 7.71 7.78
29-H 7.54-7.48 7.34 7.53 7.64 7.74
31-H 7.54-7.48 7.34 7.53 7.64 7.74
26-H 5.62 5.31 5.48 5.61 5.81
27-H 5.62 5.31 5.48 5.61 5.81

2 B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) © B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Molecular electrostatic potential maps

Molecular electrostatic potential (MEP) map
gives information about the electron rich and
electron deficient parts of the investigated molecule.
MEP maps were calculated at DFT B3LYP/6-
31G(d), B3LYP/6-311G(d,p) and B3LYP/6-
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311+G(2d,p) levels of theory. Calculated MEP
diagrams of 3a, 3b, 4a and 4b are given in Fig. 6.
For 3a and 3b, it can be seen that negative charge
was dominantly located on the carbonyl group and
partially on the hydroxyl group of carboxylic acid.
For 4a and 4b, negative charge was located on the
carbonyl and ester functional groups.
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-0.05530

+0.05530

Compound 3a

-0.05028

+0.05028

Compound 4a

-0.06299
+0.06299

Compound 3b
-0.04743

+0.04743

Compound 4b

Fig. 6. MEP map diagrams of 3a, 3b, 4a and 4b.

Frontier molecular orbitals and global reactivity
descriptors

Lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO)

energy calculations were carried out at DFT B3LYP
level of theory using 6-31G(d), 6-31G(d,p), 6-
311G(d,p) and 6-311+G(2d,p) basis sets.. lonization
potential (), electron affinity (A), electronegativity
(x), chemical hardness (#), chemical softness (S),
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electronic chemical potential () and electrophilicity I = —Exomo (1)
index (w) values were determined and are given in A=—F @)
Tables 9, 10, 11 and 12. lonization potential can be - FLuMo
calculated using Egn. (1) and corresponds to a x=U+A)/2 3)
minimum energy required to remove an electron o
from an atom or molecule and electron affinity can n=>-A)/2 ()
be calculated using Eqn. (2). [27] and corresponds to S=1/n 5)
the energy released when an electron is added to a _
neutral atom or molecule in the gaseous state. On the n=—U+4)/2 ©)
other hand, electronegativity, chemical hardness, w=pu%/2n @)
chemical softness, electronic chemical potential and
electrophilic index can be calculated using Eqgns. (3-
7). [28-34].
Table 9. Global reactivity descriptors for 3a.
Entry opt1? opt2° opt3° opt4¢
LUMO -1.309 -1.314 -1.568 -1.783
HOMO -7.087 -7.094 -7.336 -7.453
Gap 5.778 5.780 5.769 5.670
| 7.087 7.094 7.336 7.453
A 1.309 1.314 1.568 1.783
X 4,198 4.204 4.452 4.618
n 2.889 2.890 2.884 2.835
S 0.346 0.346 0.347 0.353
U -4.198 -4.204 -4.452 -4.618
0] 3.051 3.058 3.436 3.761

2 B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Table 10. Global reactivity descriptors for 3b.

Entry opt1? opt2® opt3° opt4¢
LUMO -2.414 -2.417 -2.637 -2.848
HOMO -7.230 -7.225 -7.444 -7.609

Gap 4.816 4.809 4.808 4.760

| 7.230 7.225 7.444 7.609
A 2414 2417 2.637 2.848
X 4.822 4,821 5.041 5.228
n 2.408 2.404 2.404 2.380
S 0.415 0.416 0.416 0.420
U -4.822 -4.821 -5.041 -5.228
w 4.828 4.833 5.284 5.742

2 B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Chemical hardness is a measure of the resistance
of a compound to change in its electronic
configuration. [35] Chemical hardness values of
compounds showed similar trend to the HOMO-
LUMO gap values. It can be seen that chemical

142

hardness of 3a is bigger than 3b and 4a is bigger than
4b. Electrophilicity index is considered to be a
measure of electrophilic power. [27] A good
electrophile is characterized by a high value of
electrophilicity index, in opposite, lower values
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correspond to good nucleophiles. It was found that
the electrophilicity index of 3a is lower than the
electrophilicity index of 3b and the electrophilicity

index of 4a is lower than the electrophilicity index
of 4b.

Table 11. Global reactivity descriptors for 4a.

Entry opt1? opt3° opt4¢
LUMO -1.648 -1.657 -1.906 -2.056
HOMO -6.880 -6.887 -7.125 -7.228

Gap 5.232 5.230 5.219 5.171

| 6.880 7.125 7.228
A 1.648 1.906 2.056
X 4.264 4.272 4.516 4.642
n 2.616 2.615 2.609 2.586
S 0.382 0.383 0.387
U -4.264 -4.272 -4.516 -4.642
10} 3.476 3.489 3.908 4.167

2 B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Table 12. Global reactivity descriptors for 4b.

Entry opt1? opt3¢ opt4¢
LUMO -2.245 -2.253 -2.468 -2.642
HOMO -7.089 -7.088 -7.304 -7.447

Gap 4.844 4.835 4.836 4.804

| 7.089 7.088 7.304 7.447
A 2.245 2.253 2.468 2.642
X 4.667 4.670 4.886 5.045
n 2.422 2417 2418 2.402
S 0.413 0.414 0.414 0.416
U -4.667 -4.670 -4.886 -5.045
w 4.496 4512 4.937 5.297

@ B3LYP/6-31G(d) ® B3LYP/6-31G(d,p) ¢ B3LYP/6-311G(d,p) ¢ B3LYP/6-311+G(2d,p)

Mulliken atomic charges
The Mulliken charge distribution over the atoms
affects the molecular polarizability, -electronic
structure, dipole moment etc. In the computational
studies, the Mulliken charge distribution of the
synthesized molecules were determined at DFT
B3LYP/6-31G(d), B3LYP/6-31G(d,p), B3LYP/6-
311G(d,p) and B3LYP/6-311+G(2d,p) levels of
theory. The Mulliken atomic charges for 4a and 4b
at B3LYP/6-311+G(2d,p) level of theory are given
in Figs. 7 and 8, respectively. In 4a and 4b, all
oxygen atoms possess negative Mulliken charges,
but the charges of the carbonyl oxygens are more
negative. In 4a; all carbon atoms have negative
charge except 2C, 11C, 13C and 18C. In 4b; all

carbonyl carbons (6C, 1C, 13C), ring carbons
adjacent to carbonyl carbons (5C, 2C, 14C) and 16C
have positive Mulliken charges.

RESULTS AND DISCUSSION

In this work, two novel methods have been
proposed for the esterification reaction of phenacyl
bromide with benzoic acid/terephthalaldehydic acid.
The proposed methods allow investigated
esterification reaction in good yields. Yields for the
reactions are approximately 90% for benzoic acid
and 80% for terephthalaldehydic acid.

In the esterification reaction, it was found that the
yield of the reaction of phenacyl bromide with
benzoic acid is higher than the yield of the reaction
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of phenacyl bromide with terephthalaldehydic acid.
This can be explained by the higher nucleophilic
character of benzoic acid than that of
terephthalaldehydic acid. Computational results also

support this situation. It can be seen from Tables 9
and 10 that the electrophilicity index (w) of the
terephthalaldehydic acid is higher than that of the
benzoic acid.
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Fig. 8. Mulliken atomic charges of 4b.

In NMR calculations, it was found that the *H
NMR chemical shifts obtained from calculations at
DFT B3LYP/6-31G(d,p) GIAO and at DFT
B3LYP/6-311+G(2d,p) CSGT levels of theory
showed good agreement with the experimental
results. Similar results have been obtained in a
previous study [24]. It was also observed that in
general, GIAO method is more successful than
CSGT method and the accuracy of the CSGT
method increases with the use of larger basis sets. In
our study, successful results can only be obtained
with 6-311+G(2d,p) basis set for CSGT method. On
the other hand, GIAO method provide acceptable
results with relatively small basis sets. Relatively
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larger basis sets with GIAO method generally
overestimates the *H NMR chemicals shifts.

In the microwave-assisted reactions, both
pressure controlled closed system and atmospheric
system were used. In the closed system, probably
due to the increasing pressure inside the reactor,
byproduct formation and as a result of this, decrease
in the reaction yield was observed. It can be said that
atmospheric focused microwave system is more
suitable for the investigated reaction conditions.
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Cadmium(Il) organometallic complex with 4-chloro-N ((pyridine — 2 yl) methylene)
benzene amine: synthesis, spectroscopy and antibacterial evaluation
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In the present paper, first the ligand Schiff base was synthesized by condensing the amine with an aldehyde. Then, it
was identified by *C NMR, *H NMR and IR spectrometry. Next step was coordinating it with transition metal cadmium
(1) chloride. Since the produced complex was of ML type, the weighed metal should be equal to 0.001 mol. This
yielded 1 to 1 molar ratio. Then, 3C NMR, *H NMR and IR spectrometry was used to prove its formation. Studies on
antibacterial features were performed and the obtained results showed that the metal complexes are more active than the

free ligands.

Keywords: Cadmium (I1) complexes, Schiff base, Antibacterial activity, Metal complexes

INTRODUCTION

Metal Schiff base molecules provide potential
sites for biochemically active compounds relevant
to intermolecular hydrogen bonding and proton
transfer equilibria [1]. Metal complexes of Schiff
base ligands can afford several applications in
biological, analytical, clinical and industrial fields
[2]. Considering the biological activity and highly
qualified physicochemical, stereochemical,
electrochemical, structural and catalytic properties
of Schiff base metal complexes, their values have
been considered to be highly important and this is
related to their application as facilities to analyze
pharmacological constituents [3]. Necessary
biological reactions in life processes mostly involve
transition metals; these metals usually coordinate
with O- or N- terminals from protein in several
modes and play a dominant role in the
conformation and function of biological
macromolecules [4].

Regarding the metal coordination complexes,
much has been studied so far. Specially, their
antimicrobial and anticancer properties have been
the focus of attention through studies [5].

Recently, metal-based antioxidants have been
studied to a great deal due to their capacity to

protect organisms and cells from damage caused by
oxidative stress or scavenging free radicals [6].

These metal complex derivatives indicating
noticeable biological activity, may pave the way for
a novel trend in designing new antibacterial drugs.
It is of great significance to note that there have
been extensive studies on the preparation of many
symmetrical tetradentate bis-diamines with O-
hydroxyl aldehydes/ketones [7,8].

In the present study the synthesis,
characterization and antibacterial activity of
complex Schiff base with transition metals,
particularly with cadmium, are worked out.

EXPERIMENTAL
Ligand synthesis

To synthesis  4-chloro-N  ((pyridine-2-yl)
methylene) benzene amine, 0.001 mol of 4-chloro
aniline was solved in 15 cm?® of ethanol solution
and 0.001 mol of pyridine 2-carbaldehyde was
solved in 15 cm® of ethanol. Then, the two
compounds were mixed at room temperature for 30
min and let to react for 30 min.

The desired ligand was formed with 88 %
efficiency.

N N Cl

/ N\_Z

CH

Fig. 1. Ligand structure.

* To whom all correspondence should be sent.
E-mail: Dr.manoochehri@gmail.com
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Fig. 2. IR spectrum of ligand

1- According to the graph, the strong band
seen in the area of 3442 cm is that of aromatic C-
H stretching frequency.

2-  The average band seen in the area of 1638
cmtis that of C=N bond. This proves the formation
of the aimed product.

3-  Average band between 1384 and 1533 cm™
is relevant to benzene C=C bond.

4. Weak band between 870 and 1039 cm™ is that
of aromatic C-H bending vibration.

There are some identified signals related to
various carbons. Methylene chlorides are seen at 21
ppm. Aimin carbon is seen in 148/59 ppm and
aromatic carbons are seen in the range between 122
ppm and 130 ppm.

Proton aimin 7.98 ppm and aromatic protons are
observed between 7.31 ppm and 7.36 ppm as
multiple groups. In ligand’s *H NMR spectrum
appears a clear sign at 2.11 ppm representing
methylene protons

Fig. 3. ®*C NMR spectrum of ligand
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Fig. 4. 'H NMR spectrum of ligand

1.2
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[
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Fig. 5. UV spectrum of ligand

Two graphs are specified in the above

spectrum showing electron transport: the one - Synthesis of 4-chloro-n ((pyridine-2 yl)
transport of & to «* and the other - transport of n to methylene) benzene amine cadmium (ii) chloride
n*. The first transport is of higher energy and complex

accordingly of shorter wavelength. To synthesize 4-chloro-N  ((pyridine-2 yl)

methylene) benzene amine cadmium(Il) chloride
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complex, 0.001 ml of the above mentioned ligand

Then the solution was placed in a stirrer for 5
min at room temperature. Then, 0.001 ml of
cadmium salt (Il) was added (the least possible
amount to be solvable by ethanol). This was done
in 5 min like the addition of ligand. It is of great
significance to consider that all stages of ligand and
complex synthesis were done in absence of heat.
This is because Schiff bases are sensitive to heat
and decompose when exposed to heat.

In the next step, the metal was added to the
ligand and the desired complex was formed. After

c,, Cl

\ &
Cd

v
/N4

CH

\N

was solved in 10 cm?® of ethanol.
solvent evaporation, the produced sediment, brown
in color, is separated and washed by ether. The
formed complex is brown in color. The synthesis
efficiency of this complex is 88 %.

The coordination number of the final product is
4 and it has cis isomer.

The color of the complex’s points to the
presence of cadmium (I1) in it. Since cadmium has
orbital d°, it is of diamagnetic type.

Cl

Fig. 6. Structure of the Cd(I1) complex.

Fig. 7. 'H NMR spectrum of the complex
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apm

~~~~~~

Fig. 9. IR spectrum of the complex.

Aimin proton 7.8 ppm and aromatic protons are
also seen between 7.14 ppm and 7.23 ppm. In
ligand’s HNMR spectrum, an obvious band appears
in 2.6 pmm showing methylene protons.

1. The strong band seen at 3438 cm™ is due to
C-H stretching frequency.
2. The average band seen at 1631 cm™ is due to

C=N bond which proves the formation of
aimin.
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3. The average bands between 1394- 1591 cm!
are due to C=C benzene.

4, The weak bands between 835 and 1097are of
aromatic C-H bending vibration.

Antibacterial activity

The antibacterial activity of 4-chloro-N
((pyridine-2  yl) methylene) benzene amine
cadmium (II) chloride complex and 4-chloro-N
((pyridine-2-yl) methylene) benzene amine ligand
were achieved by macrodilution broth susceptibility
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method. For this experiment E. coli no: 25922 from
Azad university of Karaj was used.

E. coli is an indicator of water and sewage
pollution and is the cause of the most prevalent
urinary tract infection. In this method MIC of the
complex was determined to be 19x102 pg/ml,
MBC 33x10% pg/ml, MIC for ligand 12x10% pg/ml
and MBC was 21x10° pg/ml.

CONCLUSION

(C-H ) 34425 cm, (C=N)1637 cmand (C=C)
1535 cm™are the results of ligand IR spectrum
showing the formation of the desired ligand.

(C-H ) 2433 cmand (C=N)1632 cm? in the IR
spectrum of the complex show the formation of the
desired complex.

Comparison of the IR spectra shows that due to
a decrease in frequency, resulted from the
formation of returned = bond, it may be concluded
that the complex is formed.

The shifts to lower positions in *H NMR, UV
and 3C NMR are an evience that the complex is
formed.

Ligand, due to having two nitrogens in its
structure, as a donor, incorporates well the
coordinated metal and the complex. As it is clear

from complex structure, the produced complex has
a coordination number 4 and is a cis isomer. It is
connected to nitrogen at two heads and to chlorine
at the other two heads. The produced complex is
diamagnetic due to the lack of electron-electron
pairs. The obtained results for Schiff base ligand
antibacterial properties are too low, but when it
forms a complex, its antibacterial activity increases.
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Experimental investigation of moisture and tensile properties of shellac and chitosan
films for packaging applications
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Transparent films of chitosan and shellac (from Kerria Lacca (Kerr) Lindinger (Coccideae)) were prepared using
three different amounts of plasticizers. Poly (ethylene glycol) (PEG) was used for shellac films and glycerol was a
plasticizer for chitosan films. The aim of the research was to obtain improved water vapour, moisture, tensile and optic
properties of films, when different amounts of plasticizers were added. The study demonstrates that the utilization of
shellac films with 15% of PEG could be an alternative in the research for a sustainable packaging. The same trend was
shown for chitosan films, where 15% of glycerol exhibited the best properties, compared to lower amount of plasticizer.
Moreover, moisture content showed a decrease proportional to the increase in thickness and plasticizers for all treated
samples. The results indicated that the addition of different amounts of glycerol and PEG affects tensile properties of
the resulted films. The elongation and tensile strength were gradually increased as the plasticizer amounts in both film
types increased. However, the thermal stability decreased for both films.

Key words: films, packaging, Kerria Lacca, tensile properties, thickness, water vapour permeability

INTRODUCTION

These days, plastics are still widely used as
packaging material, due to their ability to preserve
the sensory properties and nutritional values of food
products [1]. On the other hand, there are high
demands for the utilisation of natural polymer
sources as food packaging materials [2, 3]. Natural
polymers are conserved as alternatives to synthetic
plastics and a lot of research has been done on the
application on biopolymers in many fields [4-9].
Since food packaging materials require non-
toxicity, good moisture, water, mechanical and
chemical properties, many biopolymers cannot
conquer to plastic materials, such as polyethylene,
polypropylene, etc. Therefore good selection,
production and preparation of biopolymers should
be performed and implemented as food packaging.
A natural polymer which is already used in many
fields, including in packaging, is shellac. It is a
natural polymer, obtained from purified resinous
secretion, by the insects Kerria Lacca (Kerr)
Lindinger (Coccideae). This species is the most
important lac insect, being a main source of lac for
the production of shellac. The insect is mostly
cultivated on host trees in Thailand, India and
Myanmar [9, 10]. Shellac’s chemical structure is
composed of hard and soft resin of polyesters and
single esters containing hydroxyl and carboxyl
groups [11-13]. It is widely used as an adhesive,
thermoplastic, insulating material, sealant and as
coating in pharmaceutical and agronomical

* To whom all correspondence should be sent:
E-mail: urska.vrabic@ntf.uni-lj.si
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industries [13]. Shellac has excellent film forming
and barrier properties. It is soluble in alcohol and
alkaline solutions [11]. Therefore it has been
widely used in the food and agro industries for gas,
moisture, water and microbial protection of food
products [11, 13-15].

Chitosan is known as a non-toxic biopolymer
derived from the deacetylation of chitin [16]. Due
to its high crystallinity, hydrogen bonds between
molecular chains, which exhibit good oxygen
properties, it has also attracted a lot of interest in
packaging field [16-19]. Due to the positive charge
on the amino group under acidic conditions,
chitosan binds negatively charged molecules and
therefore represents a greater barrier against grease
[20-22]. Good barrier properties (antimicrobial,
mechanical, against grease, oxygen), chitosan
coatings can be used also as barriers in packaging
[21]. Both chitosan and shellac have certain barrier
properties and could be used as films in the
packaging filed as replacement of plastic film
barriers.

This  research shows the preparation,
characterisation and comparison of two different
types of biopolymers, using different amounts of
plasticizers. Our research is focused on film
properties that are important for packaging
materials. The aim of this work is to investigate
moisture barrier properties and tensile properties of
chitosan and dewaxed shellac flakes, using 3
different amounts of glycerol and poly (ethylene)
glycol as plasticizers, which could be used as
packaging materials.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria '
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EXPERIMENTAL
Materials

Shellac, refined product obtained from LAC, the
resinous secretion of the female insect Kerria
Lacca (Kerr) Lindinger (Coccideae), was supplied
from A. F. Suter & Co Ltd. Company, Essex,
United Kingdom. In this analysis dewaxed Shellac
HS 701 SB was used, which is the purified and
bleached lac (by physical absorption) according to
Regulation EU 231/2012 and its specification for
E904 Shellac. Chitosan, with molecular weight 20
kDa and deacetylation degree higher than 85%, was
purchased from Sigma Aldrich, Austria. Poly
(ethylene glycol) (PEG), with molecular weight
200, obtained from Acros Organic, Belgium and
glycerol, purchased from Sigma Aldrich, Austria
were added as plasticizers. Ethanol (96%) was
obtained from Sigma Aldrich, Austria.

Preparation of film forming solution and casting of
the films

The shellac solution was prepared by dissolving
2 g of shellac flakes in 100 ml of ethanol and
different amounts of PEG 200 (2, 5 and 15% w/w)
were added as a plasticiser. The solution was mixed
at room temperature for 30 min until no flakes were
dispersed. After that, the film solution was filtered
through a polyester screen (mesh no. 140 with mesh
opening of 160 um) with aspiration to remove
small lumps in the solution.

After the aspiration and the treatment, the
shellac solution was casted onto petri dishes (50
ml), spread thinly, uniformly and dried at 55 °C for
10 h. After the films were peeled off from the
dishes, they were cooled at room temperature (23
°C; 55% RH).

The chitosan solution was prepared by
dissolving 2 g of chitosan in 100 ml (2% w/w)
acetic acid and glycerol (G) (2, 5 and 15% w/w)
was added as a plasticiser. The solution was mixed
at 85 °C for 10 min until no chitosan was dispersed.
After that it was cooled to room temperature.
Before cooling down, the film solution was filtered
through a polyester screen (mesh no. 140 with mesh
opening of 160 um) with aspiration to remove
small lumps in the solution. After the aspiration, the
solution was cast onto petri dishes (50 ml), spread
thinly, uniformly and dried at 55 °C for 10 h. After
the films were peeled off from the dishes, they were
cooled at room temperature (23 °C; 55% RH). The
films were stored in desiccators at 60% RH for
further investigations.

Methods

Thickness. The thickness of films was measured
with a precision digital micrometre Mitutoyo
Corporation, Japan, to the nearest 0.0001 mm at 5
random locations on each film.

Water vapour permeability (WVP) and moisture.
To determine the WVP of films, the ASTM E96
standard desiccant method was used. The test cups
were filled with silica gel (RH = 16% in the cup),
where a sample was placed between the cup and the
ring cover of each cup. There was an air gap of 11
mm between the silica gel and the underside of the
placed film. To ensure the best results of WVP, a
silicone sealant was applied around the cup edge.
The films with an exposed area of 50 cm? were
tested at 50 = 2% RH and 40 &+ 2 °C for 24 h. Two
replicas per film were tested.

Moisture of the samples was analysed according
to the standard method, by measuring weight loss
upon drying in a laboratory oven at 105 = 1°C until
constant weight. Five samples per each film were
tested and the results were expressed in percentage.

Tensile properties. Tensile strength (TS) and
elongation at break (E) of the films were
determined on a tensile testing machine Instron
6022. The samples were analysed in standard
atmosphere at a temperature of 23 °C + 1 °C and
relative humidity of 55% + 2%. The cross speed
head was 0.15 mm/s. Films of 6 cm in length and
0.7 cm in width were used, and a minimum of five
probes for each sample was tested. During sample
stretching, several load and elongation data per
second were recorded until a break of the sample
occurred.

Colour. The film colour was determined using
the CIE colorimeter X-rite. The CIE Lab scale was
used to determine L*, a* and b* colour values. A
standard plate was used as the standard (L* =
92.82, a* = -1.24, b* = 0.5). Fifteen measurements
for each specimen at different locations on samples
were made. Before the colour measurements, the
samples were conditioned at 55% RH and 25 + 2
°C for 72 h.

The total colour difference (AE) was calculated
with the following equations [8]:

AE = \/(AL*)? + (Aa*)? + (Ab*)?

AL =L — L
Aa® =a" — ag
Ab* = b* — b;

Thermal stability. Thermal stability of shellac
and chitosan films was determined using a Mettler
apparatus, with heating plate Hot stage FP 82 HT.
The change of phase was determined, using optical
microscope. Measurement conditions were: starting
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temperature 25°C, heating speed: 2°C/min and end
temperature  150°C. For each sample 25
measurements were done.

RESULTS AND DISCUSSION

Shellac is one of the thermosetting resins of
animal origin. The functional properties of films
were investigated as function of thickness, water
vapour permeability, tensile properties and
plasticizer content. Chitosan has been already
successfully studied as packaging material. The
application of shellac and chitosan films as

packaging materials has good potential, still some
more research should be done in this direction.

Thickness, moisture and water vapour permeability

The thickness of the films influences water
vapour properties. For food packaging materials it
is of great importance to achieve water vapour
permeability (WVP) as low as possible, where high
WVP determines poor moisture and water barrier
properties. In our research, the thickness (mean
values) of the analysed samples were used in the
calculations for WVP.

Table 1. Determination of thickness, moisture content and water vapour permeability (WVP) of shellac and chitosan
films with different amounts of plasticizers-glycerol (G) and poly (ethylene glycol) (PEG).

Sample Plasticizer/ Thickness Moisture content WVP
percentage (%) (um) (%) (g /m?-day)

PEG 200/2 233 +£3.0a 451+0.23a 2.17+0.74b
Shellac PEG 200/5 230 +2.9a 3.18 £ 0.28a 1.85+ 0.08b
PEG 200/15 232+ 1.5a 2.55+ 0.44a 0.82 +0.25b
G/2 230+ 2.5a 10.1+0.71a 7.39+0.09b
Chitosan G/5 232 +2.0a 9.64 + 0.15a 6.52 +0.63b
G/15 230+ 3.1a 8.78 +0.49a 5.14+0.17b

aMeans of five replicas + standard deviation; ® Means of three replicas + standard deviation

The thickness of films influences water vapour
properties [23, 24]. The water vapour permeability
of films for food packaging should be as low as
possible, where high WVP determines poor barrier
properties. The nature of the films from
biopolymers is mostly hydrophilic; therefore, the
thickness influences water barrier and mechanical
properties. In our research, the thickness (mean
values) of films was used in the calculations for
water vapour properties (TS). Table 1 shows a
comparison of shellac and chitosan films with
different plasticizers and their contents in the films.

From the literature it is known that glycerol is
hydrophilic ~and  improves  moisture/barrier
properties [5]. In our research, glycerol as a
plasticiser was added in chitosan films, whereas the
shellac is not miscible with glycerol and thus
cannot be used as plasticizer of the lacs. Therefore
PEG was used as a model plasticizer because of its
compatibility with shellac.

From the obtained results it can be seen that the
best water vapour properties characterise the shellac
film with 15% of PEG (0.82 + 0.25 g mm/m?/day
kPa, i.e. they are five times lower in comparison
with chitosan films with the same amount of
plasticizer). The same trend is detected at lower
amounts of plasticizer for all samples. The results
showed better moisture barrier properties of shellac
films and demonstrated that the application as a
packaging material in the food area can be effective
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and at the same time avoiding the use of oil-derived
products.

Previous research has explained that chitosan
films have good oxygen but poor water vapour
barriers, which is due to their hydrophilic character,
which was also proved in our research [20-23].

Tensile properties

Good tensile properties such as elongation at
break and tensile strength are important parameters
for packaging films, due to the handling and
shipping of products. Analysed films were flexible,
with appropriate manageability.

Tensile strength and elongation at break were
determined to estimate the effect of plasticizers on
shellac and chitosan films. The results are displayed
in figure 1. Compared to the tensile strength of
shellac films, which varies from 24.87 to 32.88
MPa, the tensile strength of chitosan films is lower
(up to 18.44). The results also show that application
of different amounts of glycerol or PEG
significantly improved tensile properties of all
samples. However, in these cases, the results did
not allow displaying the effects of PEG in chitosan
films and glycerol in shellac films, which was
explained earlier. Consequently, the elongation at
break increased for all samples with increased
amount of plasticizer. For shellac films it increased
by approximately 20% and for chitosan films with
15% of glycerol, elongation increased by 13 %.
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Shellac 15% PEG 78,42

24,87

Shellac 5% PEG 76,09

29,50

Shellac 2% PEG 65,25

32,88

Chitosan 15% G 63,56

12,13

Chitosan 5% G 62,33

13,92

i 0 55,61
Chitosan 2% G 18,44

10 20 30 40 50 60 70 80 90

o

I Elongation at break (%)  OTensile strength (MPa) |

Fig. 1. Tensile strength and elongation at break for shellac and chitosan with different amounts of plasticizers.

Table 2. Colour values (L*a*b*) and colour differences (AE), chroma (C) and hue angle (H)
of shellac and chitosan films.

Sample L* a* b* AE C H
PEG 200/2 84.40 1.12 37.79 / / /
Shellac PEG 200/5 78.91 2.83 5045 | 1211 | 10.80 9.09
PEG 200/15 77.56 3.09 4872 | 1141 9.14 14.29
GI2 84.06 1.19 32.36 / / /
Chitosan G/5 83.32 0.93 30.58 1.9 1.80 8.33
G/15 82.52 1.40 33.02 17 0.65 20.01
180
170
160
150
S 140
5 130
2 1o
(@)
S 100
§ 90
< 80
(0
60
PEG 200/15PEG 200/5 PEG 200/2  G/15 G/5 G/2

Fig. 2. Thermal stability of shellac and chitosan films with different amounts of plasticizers.
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It may be assumed that in the case of the higher
amount (15% w/w) of plasticizer it contributes to
increased tensile properties which are of great
importance for packaging materials. Results show
that addition of PEG into shellac increases
significantly the stretchability of films. The same
results confirm the behaviour of glycerol in
chitosan films.

Colour

The colour of films can be a factor in terms of
consumer demands and it does not affect other
analysed properties. The results are shown in Table

Generally, colour is an important factor of the
appearance of packaging materials [3, 8]. The total
colour difference, chroma and hue angle were
calculated from the colour values, and compared to
the samples with the smallest amount of plasticizer.
The aim was to compare the appearance of the
films with added plasticizer and its effect. As
expected, shellac is more yellow compared to
chitosan, since the prime component, shellac flakes,
are yellow. With added plasticizer to both samples,
lightness increased, as seen from table 2. Colour
differences between shellac films are bigger, due to
uneven flakes colour. Chitosan was applied as
powder with more even colour appearance. The a*
and b* values significantly vary between all
samples. From the colour analysis it was confirmed
that shellac films were much more yellow than
chitosan films.

Thermal stability

Thermal stability of analysed samples is shown
in Figure 2. It can be seen that each film has similar
thermal properties. For shellac films with the
highest amount of PEG a change in appearance of
the films was shown at 82°C. For a sample with 2%
of PEG added, the thermal stability was higher. For
chitosan films the results were similar. This
indicated that the presence of glycerol in the
chitosan structure caused the chitosan polymer to
break more easily. From the literature it was proven
that glycerol reduces intermolecular hydrogen
bonding of chitosan backbone, thus weakening the
bond between the polymer chains [25]. Compared
to shellac films, chitosan is more stable and
achieved higher thermal stability, up to 167°C.

CONCLUSIONS

A study on the potential of using shellac and
chitosan as packaging films was carried out. The
most significant results obtained were: reduction of
water vapour permeability and improvement in

156

tensile strength, when the amount of plasticizer
increased for both film types. Moreover, the tensile
properties of all tested films were good and
sufficient for the use in the packaging field.
Although the colour of shellac films is quite
yellowish, it could be more appropriate from the
consumer side as a barrier film. As expected,
thermal stability decreased with increased amount
of plasticizers in both types of films.

The study demonstrates that the utilization of
shellac films with 15% of PEG could be an
alternative in the search for a sustainable
packaging. Still some more research should be
done, regarding barrier properties such as grease,
oxygen permeability, migration etc. Compared to
chitosan films, shellac is already a food additive
and therefore is not harmful for human health and
from our research, exhibited better properties.
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