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Preface

Dear reader,

This special issue of the ‘Bulgarian Chemical Communications’ contains most of the studies, presented
during the 10" Chemistry Conference (10CC) that was held on 9-11 October 2016, in Plovdiv, Bulgaria. The
conference was organized by the Faculty of Chemistry at the Plovdiv University “Paisii Hilendarski”. The
program included plenary lectures of two of the Doctor Honoris Causa of the University of Plovdiv - Prof. Dr.
Antonio Canals from the University of Alicante, Spain and Corresponding member of the Bulgarian Academy
of Science Prof. DSc Dimitar Tzalev, from the Sofia University “St. Kliment Ohridski”. Plenary lectures had
also invited speakers from the University of Oxford, UK - Prof. Mark Moloney, from the Technical University,
Vienna, Austria - Prof. Erwin Rosenberg, from the University of Alicante, Spain - Prof. Francisco Alonso,
from the IAEA Environment Laboratories — Dr. Emilia Vassileva and from Sofia University “St. Kliment
Ohridski” Prof. Vasil Simeonov. The presentations of the invited keynote speakers in different research fields
along with the participation of prominent Bulgarian scientists working together with colleagues from leading
International Institutes was highly appreciated by all present.

The conference was attended by 167 participants from 6 countries — Bulgaria, Turkey, Spain, UK, Austria,
and Monaco. There were presented 26 oral presentations in three different sections: Section | — Analytical
chemistry, Theoretical chemistry and Physical chemistry (9); Section Il — Organic chemistry and Food
chemistry (8); Section Il - Inorganic chemistry, New methods and materials, Chemistry and education (9).
There were 87 poster presentations also. The significant attendance of more than 50 young scientists,
researchers and PhD students indisputably added to the one of the most important conference mission. The
continuous communication during the session days, also, provided valuable opportunities to the attendees to
share knowledge and exchange experience and confer on the latest developments in the field of chemistry
research and technologies in the corresponding areas of interest.

The Organizing Committee of the conference thanks this journal for the help in publishing the full text
articles and for the chance given to the conference’s participants to meet the wide audience.

Chair of the Organizing committee Guest Editor
Assoc. Prof. G. Antova Prof. I. Ivanov
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The concentrations of heavy metals in the mushroom samples collected from the Batak mountain, Bulgaria have
been determined by flame and graphite furnace atomic absorption spectrometry after dry ashing, wet ashing and
microwave digestion. The study of sample preparation procedures showed that the microwave digestion method was the
best. Good accuracy was assured by the analysis of standard reference materials. In all cases, quantitative analytical
recoveries ranging from 92 to 104% were obtained. Results obtained are in agreement with data reported in the

literature.
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INTRODUCTION

Edible mushrooms are homely food for people
in eastern and central Europe, while in western and
northern European countries wild edible fungi are
less popular [1-3]. Many studies have confirmed
the high and balanced nutritional value of
mushrooms [4-10], since they are rich sources of
digestible proteins, vitamins B, D and K and in
some cases vitamins A and C [11-15]. Carpophores
are a good source of minerals, particularly K, P, Ca,
Mg and Na [16-23]. Mushrooms are considered not
only as spice and taste ingredients, but also as a
nutritional supplement in the human diet and can
also play a role as functional foods [24-29]. It is
worth stressing here that many studies have focused
on the medicinal properties of mushrooms [30-34].
They have also been reported to show anti-
inflammatory, antibacterial, antiviral and
antioxidant potential [35-36].

Mushroom has been used as a bioindicator by
various researchers to determine the heavy metal
pollutions [37-40]. Compared to green plants,
mushroom can build up large concentrations of
some heavy metals such as Pb, Cd, Hg, and a great
effort has been made to evaluate the possible
danger to human health from the ingestion of
mushrooms [41-43].

Decomposition of solid samples is an important
step in combined analytical methods. In most cases,
when using highly sensitive measuring methods,
such as flame atomic absorption spectrometry
(FAAS), graphite furnace AAS, ICP-OES, ICP-MS,
the sample is measured in an aqueous solution [44-
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46]. Combined analytical methods are favoured for
multi element analysis of environmental and
biological samples at very high speed. Sequential
and simultaneous determinations of the elements
can be made using the above analytical techniques
[47-50].

In this study, the levels of heavy metals in wild
edible mushrooms (Lactarius deliciosus) from the
Batak mountain, Bulgaria were determined by
flame and graphite furnace AAS after various
digestion methods.

EXPERIMENTAL
Sampling

One hundred and fifty mushroom samples were
collected in 2014 and 2015 from the Batak
mountain by the authors themselves.

Mushroom samples were washed with distilled
water and dried at 105°C for 24 h. The dried
samples were ground, then homogenized using an
agate pestle and stored in polyethylene bottles until
analysis.

Reagents

All reagents were of analytical reagent grade
unless otherwise stated. Double deionized water
(Milli-Q Millipore 18.2 MQ cm resistivity) was used
for all dilutions. HNOg, stO4, Hzoz, HF, HC|O4
and HCI were of suprapur quality (E. Merck). All the
plastic and glassware was cleaned by soaking in
dilute HNO;3 (1+9) and rinsed with distilled water
prior to use. The element standard solutions used for
calibration were prepared by diluting a stock solution
of 1000 mg I* (Pb, Cd, Co, Cr,
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Mn, Ni) supplied by Sigma and (Cu, Zn, Fe) by 25-ml volumetric flask and made up to volume. A

Aldrich. blank digest was carried out in the same way.
Apparatus Wet ashing
A Perkin EImer AAnalyst 800 atomic absorption Digestion of mushroom samples was performed

spectrometer with deuterium background corrector using an oxi-acidic mixture of HNO3:H.SO04:H,0,
was used in this study. Pb, Cd, Co, Cr, Mn and Ni (4:1:1) (12 ml for a 1-g sample). This mixture was
in plant samples were determined by HGA graphite heated up to 150 °C for 4h and brought to a volume
furnace using argon as inert gas. Other of 25 ml with deionized water. A blank digest was
measurements were carried out in an airyacetylene carried out in the same way.

flame. The instrumental parameters and operating Microwave digestion
conditions are given in Table 1. Multiwave 3000 closed vessel microwave
Digestion procedures system (maximum power was 1400 W, and the

Three types of digestion procedures were maximum pressure in Teflon vessels - 40 bar) was
applied. Optimum digestion conditions are given used in this study. Mushroom samples (0.25 )
below. were digested with 6 ml of HNO; (65%) and 1 ml

Dry ashing of H20, (30%) in microwave digestion system for

One gram of mushroom 5amp|e was p|aced into 23 min and diluted to 25 ml with deionized water.
a high form porcelain crucible. The furnace A blank digest was carried out in the same way. All
temperature was slowly increased from room sample solutions were clear. Digestion conditions
temperature to 450 °C in 1 h. The samples were  for the microwave system are given in Table 2.
ashed for approximately 4 h until a white or grey In order to validate the method for accuracy and
ash residue was obtained. The residue was precision the certified reference material (CRM) -
dissolved in 5 ml of HNOs; (25% v/v) and the  Virginia Tobacco Leaves (CTA-VTL-2) was
mixture, when necessary, was heated slowly to  analysed for the corresponding elements. The
dissolve the residue. The solution was transferred a  results are shown in Table 3.

Table 1. Instrumental analytical conditions of element analyses

FAAS
Element Wavelength Lamp current Slit width A_ir Acetylene
(nm) (mA) (nm) (I min?) (I min})
Pb 283.3 30 0.7 17.0 2.0
Cd 228.8 4 0.7 17.0 2.0
Ni 232.0 25 0.2 17.0 2.0
Cr 357.9 25 0.7 17.0 2.5
Mn 279.5 20 0.2 17.0 2.0
Co 240.7 30 0.2 17.0 2.0
Cu 324.8 15 0.7 17.0 2.0
Zn 213.9 15 0.7 17.0 2.0
Fe 248.3 30 0.2 17.0 2.0
GFAAS
nstrumental Pb cd Ni cr Mn Co
(Ar;?%]i;!?)w 250 250 250 250 250 250
33{2?1:2 @) 20 20 20 20 20 20
Modifier (pl) 5 10 5 5 5 5
Heating program temperature, °C (ramp time (s), hold time (s))
Drying 1 110 (1, 20) 110 (1, 20) 110 (1, 20) 110 (1, 20) 110 (1, 20) 110 (1, 20)
Drying 2 130 (5, 30) 130 (5, 30) 130 (5, 30) 130 (5, 30) 130 (5, 30) 130 (5, 30)

Pretreatment 850 (10,20) 700 (10,20) 1100 (10,20) 1500 (10,20) 1300 (10, 20) 1400 (10, 20)
Atomization 1500 (0, 5) 1400 (0, 5) 2300 (0, 5) 2500 (0, 5) 1900 (0, 5) 2400 (0, 5)
Cleaning 2400 (1, 2) 2400 (1, 2) 2400 (1, 2) 2400 (1, 2) 2400 (1, 2) 2400 (1, 2)
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Table 2. Operating conditions for mushroom samples in
microwave digestion system

Steps Time Power
(min) (W)
1 2 250
2 2 0
3 6 250
4 5 400
5 8 550
Vent: 8 min

Analytical procedure

Detection limit is defined as the concentration
corresponding to three times the standard deviation
of ten blanks. Detection limit values of elements as
microgram per liter in flame AAS were found to be
0.025 for Cd, 0.127 for Co, 0.083 for Cr, 0.072 for
Cu, 0.111 for Fe, 0.058 for Mn, 0.145 for Ni,
0.450 for Pb and 0.021 for Zn. The concentrations
of Cu, Zn and Fe were determined in the plant
samples using FAAS. The other elements (Cd, Pb,
Co, Cr, Mn and Ni) were below the corresponding
detection limits of FAAS. These elements in plant
samples were determined using graphite furnace
AAS by autosampler. During analyses, internal
argon flow rate through the graphite tube was
250 ml min?; gas flow was interrupted during
atomization. Sample volume, ramp and hold times
for the drying, ashing, atomization and cleaning
temperatures were optimized before analysis to
obtain maximum absorbance and minimum
background. Matrix modifiers were added
0.050 mg NH4H:PO4 + 0.003 mg Mg(NOs); for Pb,
0.050 mg NH4H2PO4 + 0.003 mg Mg(NOs), for Cd,
0.015 mg Mg(NOs), for Co, 0.005 mg Pd +
0.003 mg Mg(NQ3), for Mn, 0.015 mg Mg(NQO3).
for Ni and 0.015 mg Mg(NO3), for Cr. Most of the
matrix was removed before the atomization step
and less interference occurred during atomization.

Each graphite furnace AAS analysis calls for 20 pl
of solution and 5-10 pl of the matrix modifier. As
Table 1 shows, matrix modifier was used for all 6
elements determined by GFAAS. Characteristic
mass for 0.0044 absorbance was found to be 1.3 pg
for Cd, 17.0 pg for Co, 7.0 pg for Cr, 20.0 pg for
Ni, 6.3 pg for Mn and 30 pg for Pb.

Statistical processing

SPSS (Statistical Package for Social Science)
program for Windows was used for statistical data
processing.

RESULTS AND DISCUSSION

It is desirable to use a higher ashing temperature
in graphite furnace in order to remove the matrix
efficiently for many analytes in food, biological and
environmental samples. The ashing and atomization
temperatures of heavy metals were increased using
different chemical modifiers.

SPSS was used in this study. The comparison of
dry, wet and microwave digestion methods showed
no statistically significant differences in results.
Therefore, the microwave digestion procedure was
preferred because this procedure is more proper
with respect to both time and recovery than dry and
wet digestion. The disadvantage of the method
consists in its expensiveness and need of some
experience.

The standard deviations of the dry and wet
digestion methods are higher than those of the
microwave digestion method. The accuracy of the
method was evaluated by means of heavy metals
determination in CRM. The achieved results were
in good agreement with certified values. The results
from the analysis of CRM were all within the 95%
confidence limit.

Table 3. Observed and certified values (ug g) of element concentrations in the CRM (CTA-VTL-2) as average + S.D.

Observed value

Element Certified . Recovery . Recovery Microwave Recovery
value Dry ashing (%) Wet ashing (%) digestion (%)
Pb 22.1+1.2 22.5+1.1 101.8 21.0+1.3 95 23.0+0.8 104
Cd 1.52+0.17 1.44 £0.08 94.7 145+£0.09 954 1.50£0.05 98.7
Ni 1.98 +£0.21 1.89£0.1 95 1.91+£0.06 96 1.94 £0.02 98
Cr 1.87+0.16 1.87+0.22 100 1.78+0.13 95 1.91+£0.11 102
Mn 79.7+2.6 76.4+2.1 95.9 75.1+2.0 94.2 77.5+1.2 97.2
Co 0.429+£0.026  0.408 £0.009 95 0408 £0.02 95 0.433+£0.006 101
Cu 18.2+0.9 17.6 +0.8 96.7 18.9+0.9 104 18.1+0.7 994
Zn 43.3+2.1 42.3+3.0 97.7 43.9+2.6 101.4 441+1.6 101.8
Fe 1083 £33 1050 + 48 96.9 996.36 £49 92 1160 + 44 103
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Table 4. Concentration of heavy metals in mushroom samples (Lactarius deliciosus) collected from Batak mountain,

Bulgaria (n = 15)

Pb Cd Ni Cr Mn Co Cu Zn Fe

X 0.81 0.33 0.16 0.08 0.88 0.10 6.41 61.32 88.52
mg kg™

ﬁg kgt 0.11 0.08 0.05 0.01 0.83 0.01 1.64 6.07 10.64
Min 0.63 0.21 0.08 0.06 0.18 0.08 411 51.72 74.56
Max 0.94 0.42 0.22 0.11 2.76 0.12 8.93 69.26 105.13
95%

Confid. 0.06 0.04 0.03 0.01 0.46 0.01 0.91 3.36 5.89
Level

According to this study, the edible wild
mushroom Lactarius deliciosus could be used in
human nutrition due to its good parameters. Heavy
metal content of samples indicated that the Batak
mountain was an ecologically pure region of
Bulgaria, and therefore the mushrooms collected
from this location could be consumed without any
risk for human health.

CONCLUSIONS

The dry and wet digestion methods are more
time-consuming and complicated than microwave
digestion method without any advantage in terms of
digestion efficiency. The wuse of microwave
digestion system in mushroom samples provides a
better, safer and cleaner method of sample
preparation. The accuracy of the method was
checked and confirmed by CRM.

From the obtained concentrations of heavy
metals one can say that the locality Batak mountain
is ecologically clean area and very suitable for
collecting wild edible mushrooms that we can use
in our daily menu.
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ONPEAEJIAAHE KOJIMYECTBOTO HA TEXKHN METAJIN B [TIPOBU OT I'bBU YPE3
ATOMHA ABCOPBIIMOHHA CIIEKTPOCKOIINA

JI. Jocnatnues!, M. BanoBa

2

'Kameopa “®apmaronoeus, pusuonoeus na scueomuume u (usuonouuna xumus ", Bemepunapro-
meouyuncku gaxyamem, Tpaxuticku ynueepcumem, Cmapa 3azopa

’Kameopa “Hngpopmamuxa u mamemamuxa’”’, Cmonancku gpaxyimem,
Tpaxuticku ynueepcumem, Cmapa 3azopa

Hocmwvnuna na 27 okmomepu 2016 2.; npuema na 2 dexemspu 2016 2.

(Pesrome)

KonnenTpanuure Ha TeKKA MeTalu B podu ot re0u, chOpanu ot baramkara rurannHa B bwirapus ca
OTIpeieNiecHH 4Ype3 aTOMHOA0COpOIIMOHHA CIIEKTPOMETpUsT B IUIAaMBK M TpaduTHa mem cies cyxo

OIICIICIIABAHE, KHCCIMHHA MUHEpalIu3anusa

U MHKPOBBJIHOBA MHHCpAIU3ALUA.

IIpoyuBanero Ha

NpOLIEypUTE 3a MOJATrOTOBKAa HA MPOOM TOKa3a, 4ye METOABT Ha MHUKPOBBIHOBAaTa MHHEpAIH3aLUs € Hai-
no0pusT. JloOpaTa TOUHOCT € JIoKa3aHa upe3 aHaIM3 Ha cepTuduuupan pedepeHTeH MaTeprai. BeB BcHiku
cllyya Ha TpoOOIOrOTOBKA Ce TOTy4aBaT KOJUYECTBEHH U3BIMYAHUS HA EIEMEHTUTE Bapupamu oT 92 1o
104 mpouenra oT cepruduumpanaTa crtoifHOcT. [lomydeHuTe pe3ynraTh ca B ChIJIaCHE C JaHHHTE,

JAOKJIa/IBAHU B JIMTCPATypaTa.

Knwuoeu oymu: Amomna abcopbyuonua cnekmpockonus, pasmeapsmne, mexicKu Memanu,ebou


http://109.121.200.35/index.php?q=content/%D0%B2%D0%B5%D1%82%D0%B5%D1%80%D0%B8%D0%BD%D0%B0%D1%80%D0%BD%D0%BE%D0%BC%D0%B5%D0%B4%D0%B8%D1%86%D0%B8%D0%BD%D1%81%D0%BA%D0%B8-%D1%84%D0%B0%D0%BA%D1%83%D0%BB%D1%82%D0%B5%D1%82
http://109.121.200.35/index.php?q=content/%D0%B2%D0%B5%D1%82%D0%B5%D1%80%D0%B8%D0%BD%D0%B0%D1%80%D0%BD%D0%BE%D0%BC%D0%B5%D0%B4%D0%B8%D1%86%D0%B8%D0%BD%D1%81%D0%BA%D0%B8-%D1%84%D0%B0%D0%BA%D1%83%D0%BB%D1%82%D0%B5%D1%82

Bulgarian Chemical Communications, Volume 49, Special Issue G (pp.10 —15) 2017

Determination of Cd, Cr, Cu, Ni, Pb and Zn in compost: evaluation of different
approaches for sample preparation and instrumental analysis (MP-AES as an
alternative to ICP-OEYS)
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In the Bulgarian legislation are stated maximum acceptable concentrations for several elements (Cd, Cr, Cu, Ni, Pb
and Zn) in treated biowaste such as compost. The prescribed limits correspond to the soluble fraction of the elements
extracted with nitric acid or aqua regia using procedures described in EN 16173:2012 and EN 16174:2012, respectively.
In the current work it was compared the elemental transfer into solution when the two eligible reagents (nitric acid or
aqua regia) were used. The acid extractions were carried out under microwave irradiation in closed vessels. The soluble
fractions of the elements were measured by two alternative instrumental techniques i.e. inductively coupled plasma
optical emission spectrometry (ICP-OES) and microwave plasma atomic emission spectroscopy (MP-AES). The results
show that MP-AES is an adequate alternative to ICP-OES which fits the analytical purpose to monitor Cd, Cr, Cu, Ni,
Pb and Zn in compost. Several samples from different manufacturers were studied and it was found that the extraction
of Cd, Cr, Pb and Zn was not influenced by the applied acid treatment. On the opposite, the extraction of Cr and Ni was
significantly higher when aqua regia was used in comparison to the solely application of nitric acid.

Key words: elemental analysis of compost; microwave-assisted acid extraction of elements; inductively coupled plasma

optical emission spectrometry (ICP-OES), microwave plasma atomic emission spectroscopy (MP-AES).

INTRODUCTION

The intensive farming and the inadequate land
management leads to a reduction of the needed for
agriculture organic substances in soils [1]. Possible
solution of the latter problem can be found in the
application of compost as a source of organic
matter. Various types of compost have been
obtained from resources, such as municipal solid
waste, green waste, food processing waste, animal
matures, sewage sludge [2, 3].

Since the compost is a product from reutilized
materials it can be a source of pollutants, in
particular heavy metals, which will be deposited by
its use in the environment. The contamination with
toxic elements is a hazard to the human health and
the animal populations because these pollutants can
be taken up directly by humans and animals through
inhalation of dusty soil or they may enter the food
chain as a consequence of absorption by plants or
infiltration to the groundwater and contamination of
the drinking waters [4]. For this reason, monitoring
of the toxic chemical elements in agricultural soils
and soil improvers, such as compost, is needed. In
Bulgaria the quality requirements for compost are

* To whom all correspondence should be sent.
E-mail: vzapryanova@uni-plovdiv.net

10

prescribed in a regulatory document called
“Ordinance on treatment of biowaste” [5]. In the
latter document are stated maximum acceptable
levels for the soluble fractions of Cd, Cr, Cu, Ni, Pb
and Zn extracted from compost with nitric acid or
aqua regia following procedures described in
EN 16173 [6] and EN 16174 [7], respectively. No
preference is given to any of the suggested sample
preparation approaches. Hence the aim of the current
work was to assess if there is any significant
difference in the soluble fractions of the listed
elements extracted with each eligible reagent — nitric
acid or aqua regia.

Inductively coupled plasma optical emission
spectrometry (ICP-OES) is one of the recommended
instrumental techniques for elemental detection in
treated biowaste [8]. A relatively new instrumental
technique which can be used for multi-elemental
analysis with lower operational costs than ICP-OES
is microwave plasma atomic emission spectroscopy
(MP-AES) [9]. To the best of our knowledge MP-
AES was not previously used for determination of
Cd, Cr, Cu, Ni, Pb and Zn in compost samples and
this motivated us to test the applicability of this
technique for the intended purpose.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



V.Y. Zapryanova et al.: “Determination of Cd, Cr, Cu, Ni, Pb and Zn in compost: evaluation of different approaches ...."

EXPERIMENTAL

The reagents used for extraction of soluble
fractions of elements from compost were
hydrochloric acid (HC1 > 37%, Fluka, grade p.a.)
and nitric acid (HNOsz > 65%, Fluka, grade p.a.,).
Ultrapure water with 2 pS cm™ electroconductivity
(Ultrapure Water System Adjarov Technology Ltd.)
was used throughout this work for preparation of
solutions and rinsing the vessels. Standard solutions
were prepared from a multi-element standard
solution (ICP Multi-element Standard Solution 1V
1000 mg L - Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr,
Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, TlI,
Zn, Merck KGaA) by dilution with acidified
ultrapure water (5% w/w HNO3).

The analysed compost samples were produced
by three different manufacturers reutilizing green
waste from Bulgaria. Samples were dried in an
oven at 40 °C for 16 hours, after that they were
quartered to provide about 200 g sub-sample which
was homogenized with grinder for 2 minutes.

Acid extractions were accomplished according
to EN 16173 (reagent - nitric acid) [6] and EN
16174 (reagent - aqua regia) [7]. Sample with mass
0.5 g was weighed into microwave vessels and
10 mL nitric acid or 8 mL aqua regia (6 ml
hydrochloric acid and 2 mL nitric acid) were added.
The following microwave program for heating was
used: 20 min ramp to 175 + 5 °C, hold on
175+5°C for 10 min. After cooling to room
temperature the digests were filtered through filter
paper and diluted with ultrapure water to 50 g.
Blank samples were proceeded for each extraction
procedure.

A Microwave Digestion System (MARS 6,
CEM Corporation) with closed vessels was used to
perform the microwave-assisted extraction.

Inductively coupled plasma optical emission
spectrometer ICP-OES Agilent 720 and microwave
plasma atomic emission spectrometer MP-AES
Agilent 4200 were used for elemental detection
with operating parameters indicated on Table 1.

RESULTS AND DISCUSSION

Compost samples from three different Bulgarian
manufacturers  (represented in the text as
Manufacturer 1, Manufacturer 2 and
Manufacturer 3) were studied in the current work.
Samples with diverse origin were included in the
research aiming to subject to analysis varying
compost  matrices with  different  analyte
concentrations.

Inductively coupled plasma optical emission
spectrometry (ICP-OES) is a well-established
instrumental method for elemental analysis of
sludge, treated biowaste and soils [8]. For the

reason it was used as a primary technique for
detection of Cd, Cr, Cu, Ni, Pb and Zn in compost.
A second instrumental method for analysis which
applicability for the intended purpose has been
checked was the microwave plasma atomic
emission spectroscopy (MP-AES). Both element
specific detection techniques were tested in view of
the arising spectral and non-spectral interferences
when sample solutions after microwave-assisted
digestion with nitric acid or aqua regia were
analysed.

When an instrumental technique based on
emission spectrometry is used for elemental
analysis several issues should be considered for
selection of analyte lines which will be measured.
In the current study the set criteria for spectra
registration in priority order (for both ICP-OES and
MP-AES) were as follows: i) analyte lines free
from spectral interferences, ii) low background
noise and iii) high sensitivity of the measured lines.
The studied emission lines (nm) in compost
matrices for ICP-OES were Cd Il 214.439, Cd Il
226.502, Cd | 228.802, Cr Il 267.716, Cr Il
283.563, Cr | 357.868, Cu Il 224.700, Cu |
324,754, Cu | 327.395, Ni Il 221.648, Ni Il
230.299, Ni Il 231.604, Ni | 341.476, Pb Il
220.353, Pb 1 283.305, zZn Il 202.548, Zn Il
206.200 and Zn | 213.857. The respective ones for
MP-AES were Cd Il 214.439, Cd 11 226.502, Cd |
228.802, Cr | 357.868, Cr 1425.433, Cr | 520.844,
Cu | 324.754, Cu1327.395, Cu | 510.554, Ni |
231.096, Ni |1 341.476, Pb | 283.305, Pb | 405.781,
Zn 11 202.548, Zn 11 206.200, Zn 1 213.857 and
Zn | 481.053. The selected emission lines and the
corresponding  instrumental  conditions  for
measurements are presented on Table 1.

For all compost samples analysed by ICP-OES,
spectral interferences were registered for the lines
Cd Il 214.439, Cd Il 226.502 and Pb | 283.305.
When ICP-OES was used for analysis of the
compost produced by Manufacturer 3 spectral
interference from Fe | 213.859 over Zn | 213.857
was also found due to the high concentration of iron
(ca. 0.8%) in this sample. For this reason when
MP-AES was used for measurements the most
sensitive zinc line (Zn 1 213.857) was also not
preferred.

In order to compensate for the effect of non-
spectral interferences the method of standard
addition was used as calibration strategy in any
combination between final solution media (nitric
acid or aqua regia) and used detection technique
(ICP-OES or MP AES).

The obtained methodological detection limits
when using ICP-OES and MP-AES are given on
Table 2.
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Table 1. Operating parameters for ICP-OES and MP-AES

Agilent 720 ICP-OES Agilent 4200 MP-AES

Incident power, kW 1 1

Plasma gas, L min 15 20
Auxiliary gas, L min™* 15 1.5
Nebulizer Flow 200 kPa 0.55-1.0, L minta
Nebulizer type OneNeb® OneNeb®
Sample flow rate, mL min? 1.2 0.9

Optics viewing position axial axial
Integration time, s 0.05 3
Number of readings 3 3

Cd 1228.802, Cr 11 267.716,
Cu 1 324.754, Ni | 341.476,
Pb 11 220.353, Zn 11 202.548

Cd 1228.802, Cr | 357.868,
Cu 1 324.754, Ni | 341.476,
Pb 1405.781, Zn | 481.053

Selected analyte lines for
measurement, nm

2 varying for the different analyte lines (integrated software optimization was applied)

Table 2. Methodological detection limits obtained by
ICP-OES and MP-AES for analysis of compost after
digestion with different acid mixtures (dilution factor of
100 was applied)

media Measured MLOD Measured MLOD
line mg kg line mg kg'*

Cd1228802  0.14
Cri1267.706  0.20
Nitric Cul324.754 021
Acid  Nji341476 047
Pb11220353 1.1
Zn 11202548  0.27

Cd 1 228.802 0.30
Cr1357.868 0.46
Cu 1 324.754 0.21
Ni | 341.476 0.67
Pb | 405.781 2.0
Zn 1481.053 39

Cd 1228802  0.14
Cri267.716 021
Aqua Cul324754  0.22
Regia | 341.476 0.50
Pb11220.353 1.1
Zn11202.548  0.29

Cd 1228.802 0.30
Cr1357.868 0.44
Cu | 324.754 0.21
Ni | 341.476 0.69
Pb 1405.781 2.0
Zn 1481.053 41

It should be emphasized that independently from
the applied instrumental technique the achieved
detection limits for the final solutions containing
nitric acid or aqua regia were comparable. A clear
advantage of ICP-OES over MP-AES are the lower
detection limits of the analytes which can be
reached by the former method. However, looking at
the maximum acceptable levels for the target
elements in compost, according to the Bulgarian
legislation (Figure 1), it is obvious that for all
elements (except Cd) the achieved methodological
detection limits by MP-AES are at least 10 times
lower than the regulated levels (the lower ones
corresponding to the post transitional period). The
latter fact reveals the potential of MP-AES to be
applied for control analysis of Cr, Cu, Ni, Pb and
Zn in compost samples digested and diluted with
factor of 100. In order to lower the methodological
LOD of Cd when using MP-AES an analysis with
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dilution factor of 50 was also carried out. This was
possible due to the utilization of the OneNeb®
nebulizer which allows high dissolved solids to be
introduced into the spectrometer without clogging.
Under these conditions the loss of sensitivity for Cd
due to non-spectral interference was ca. 20% and
no substantial detonation of the background noise
was observed. As a result, the methodological LOD
of Cd for MP-AES was lowered to 0.18 mg kg
with  corresponding limit of quantification
0.60 mg kg*. The last value is more than two times
lower than the prescribed limit of 1.3 mg kg*Cd.

A comparison of the results between ICP-OES
and MP-AES was carried out for the compost
sample produced by Manufacturer 1. To eliminate
any artifact from sample heterogeneity six replicate
samples were dissolved and each solution
(DF = 100) was measured by both ICP-OES and
MP-AES. For each individual replicate it was
calculated the difference <Diff.=Cwp-aes — Cicp-oes>
and the corresponding relative difference
<RE|.:(CMP.AES — CICP-OES)/CICP-OES> between the
concentrations obtained by MP-AES and ICP-OES
as an assessment of the compliance of the two
instrumental methods. On Table 3 are presented the
calculated mean difference and the related standard
deviation from the analysis of the six replicate
samples when the compost sample was digested
with nitric acid and on Table4 the ones
corresponding to the analysis of the soluble fraction
of elements in aqua regia. The concentrations of the
analysed elements in the compost sample produced
by Manufacturer 1 can be seen on Figure 1.

The paired t-test was applied as formal statistical
tool to detect any significant difference
(p-value < 0.05) between the concentrations
measured by MP-AES and ICP-OES.

Even though in many cases the paired t-test
resulted in statistically significant deviation,
generally the relative difference of the results was
in the range from -5% to 5% which can be accepted
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as good compliance between the instrumental
techniques. The highest relative difference was
observed for the analysis of Cd which can be
explained with its low concentrations in the sample
solution and inevitably deteriorated repeatability of
the instrumental measurement under these
conditions. An emphasis can also be put on the
analysis of Cr for which the results obtained by
MP-AES are averagely elevated with 6.5% in
comparison to ICP-OES for solutions containing
only nitric acid (Table 3). On the opposite when Cr
was measured in the aqua regia soluble fraction the
MP-AES results were lower than the ones
registered by ICP-OES (Table 4). Summarizing the
results from Tables 2, 3 and 4 it can be concluded
that MP-AES can be used as an acceptable
alternative to ICP-OES for analysis of Cr, Cu, Ni,
Pb and Zn in compost samples. The analysis of Cd
by MP-AES is problematic due to the insufficient
detection power of the instrumental technique. The
following analysis of compost samples produced by
Manufacturer 2 and 3 was accomplished by final
measurement with ICP-OES.

According to the Bulgarian legislation for each
target element are prescribed two maximum
acceptable concentrations in compost i.e. Cd — 1.30

and 2.00 mg kg!; Cr — 60 and 100 mg kg?; Cu —
200 and 250 mg kg*; Ni — 10 and 80 mg kg*; Pb —
130 and 180 mg kg*; Zn — 600 and 800 mg kg™[5].
The higher limit is a requirement to the compost
production for the first 7 years from the launch of a
new manufacturing plant (transition period) and the
lower more rigorous limit corresponds to the next
ongoing time of biowaste treatment. The legal
limits are in regard to the soluble fraction of
elements extracted from the compost samples by
two eligible procedures i.e. extraction with nitric
acid (EN 16173:2012) or aqua regia (EN
16174:2012). Since in the official regulatory
document [5] no preference is given to any of the
sample preparation approaches it is supposed that
both extraction schemes should be accomplished
and the obtained results in each case should be
compared to the maximum  acceptable
concentrations.

In our study the solid compost sample was
subjected to preliminary homogenization, before
acid treatment, which efficiency was tested by
analysis of several separately dissolved replicates.
On Table 5 are presented the results obtained from
the analysis of 11 replicates of compost
(Manufacturer 3) treated with nitric acid.

Table 3. Comparison of the results obtained by ICP-OES and MP-AES for compost (Manufacturer 1) dissolved with
nitric acid (DF = 100)

Cd Cr Cu Ni Pb Zn
Diff.2, Rel.®, Diff.2, Rel.’, Diff.2, Rel.®, Diff.2, Rel.’, Diff.2, Rel.’ Diff.2, Rel.P",
mg kg* % mg kg! % mg kg! % mg kg'* % mg kg % mg kg'! %
Mean ¢ 0.01 0.7 3.8 6.5 9.2 5.9 0.5 1.6 0.4 0.3 36 52
sp d 0.16 115 15 2.6 4.1 2.6 1.2 4.3 2.9 2.2 7 0.9
p-valuee  0.90 0.002 0.003 0.39 0.74 <0.001

a Difference between the concentrations obtained by MP-AES and ICP-OES;

b Relative difference between the concentrations obtained by MP-AES and ICP-OES normalized to the result achieved
by ICP-OES;

¢ Mean value of the differences obtained from 6 replicate samples;

d Standard deviation of the differences obtained from 6 replicate samples;

¢ Obtained by the paired t-test.

Table 4. Comparison of the results obtained by ICP-OES and MP-AES for compost (Manufacturer 1) dissolved with
aqua regia (DF = 100)

Cd Cr Cu Ni Pb Zn
Diff.3, Rel.’, Diff.2, Rel.’, Diff.2, Rel.’, Diff.2, Rel.’, Diff.2, Rel.’, Diff.2, Rel.b",
mg kg* % mg kg* % mg kg'* % mg kg'* % mg kg % mg kg'* %
Mean ¢ -0.11 -8.5 -3.7 -4.0 6.6 4.2 0.1 0.2 -4.3 -34 32 4.7
Sp ¢ 0.25 18.5 1.1 1.6 0.6 0.3 0.4 1.0 0.6 0.4 4 0.8
p-value © 0.32 <0.001 <0.001 0.54 <0.001 <0.001

a Difference between the concentrations obtained by MP-AES and ICP-OES;

® Relative difference between the concentrations obtained by MP-AES and ICP-OES normalized to the result achieved
by ICP-OES;

¢ Mean value of the differences obtained from 6 replicate samples;

d Standard deviation of the differences obtained from 6 replicate samples;

¢ Obtained by the paired t-test
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Table 5. Assessment of sample homogeneity - results for compost from Manufacturer 3

mg kg-l a
i RSD, %
Element Min Max Mean SD Percentiles
25-th 50-th 75-th
Cd 0.53 0.83 0.71 0.08 0.69 0.72 0.75 10.8
Cr 38 45 41 2 40 42 43 4.8
Cu 98 113 106 105 108 108 3.9
Ni 22 25 24 1 23 24 24 44
Pb 101 119 109 5 106 108 111 5.1
Zn 393 438 423 17 418 432 435 3.9
211 replicate samples were analyzed after extraction with nitric acid.
Cd Cr C
8 - 0 1.
oD ]6 o ]00 &n _________________________
%E‘rj T Z‘“ %0 3 320
g g 0 - o e
ER g 40 § w0
0.0 0 0
Nitric acid Aqua regia Nitric acid Aqua regia Nitric acid Aqua regia
% Ni 130 Pb %00 Zn
&0 e 160 0 700
) < 140 - EP ] + ________
Eh 60 £ 120 Y Rk I o jy IR Em
g £ 100 g0
E 40 £ s g 400
E E g
3 " 3 60 g 300
= 2 g
S 20 I S 40 S 200
L= - —— . 20 100
0 0 0 —
Nitric acid Aqua regia Nitric acid Aqua regia Nitric acid Aqua regia

Figure 1. Comparison of the extracted amounts of elements with nitric acid and aqua regia from three different compost
samples i.e. white bars - Manufacturer 1 (6 replicates), light gray bars - Manufacturer 2 (3 replicates) and dark gray
bars - Manufacturer 3 (3 replicates). The visualized uncertainties correspond to the standard deviation calculated from
the analysis of several replicate samples. With solid line is presented the maximum acceptable concentration for the first
seven years of compost manufacturing and with dashed line the one which is prescribed for the ongoing years

From the data given in Table 5 it can be derived
that the wused homogenization procedure is
adequate. Only for Cd the relative spread of the
concentrations exceeded 5%. However, since the
concentration of Cd is much lower than the ones of
the other elements, the higher variation range of the
Cd content is most likely to be due to the
deteriorated reproducibility of the instrumental
measurement (RSD% > 8%) and is less probable to
be a consequence of the sample heterogeneity.

Proving that the studied compost samples are
homogenous is needed in order to distinguish is
there any difference in the concentration of the
soluble fractions of Cd, Cr, Cu, Ni, Pb and Zn when
the compost was treated alternatively with nitric
acid or aqua regia. The obtained results for all
tested compost samples (Manufacturer 1, 2 and 3)
are shown on Figure 1.
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The concentration of Cd in the compost
produced by Manufacturer 2 is not presented on
Figure 1 since it was below the methodological
limit of quantification of ICP-OES (0.44 mg kg™).

It was found that the soluble fractions of Cd, Cu,
Pb and Zn were statistically identical when nitric
acid and aqua regia were used for sample treatment.
This conclusion is valid for the three studied
compost matrices. On the opposite for all compost
samples it was found that the extracted amounts of
Cr and Ni were significantly higher when aqua
regia was applied for extraction compared to the
treatment with nitric acid. A caution should be paid
on this fact since in some samples the
concentrations of Ni and Cr extracted with nitric
acid are below the maximum acceptable levels but
the content of these elements in the soluble
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fractions in aqua regia is above the prescribed
limits (Fig.1).

CONCLUSIONS

Concerning the sample preparation step for
monitoring of elemental impurities in compost it
can be concluded that the soluble fractions of Ni
and Cr in aqua regia may be significantly higher
than the ones extracted with nitric acid. No such
difference was observed for Cd, Cu, Ni and Zn. The
obtained results by ICP-OES and MP-AES were in
good accordance and the achieved methodological
limits of quantification with MP-AES were
sufficiently low to allow the application of this
instrumental technique to test the compliance with
the maximum acceptable concentrations in compost
for Cr, Cu, Ni, Pb and Zn. MP-AES can also be an
adequate technique for monitoring the accordance
of Cd concentration with its regulatory limit if
sample dilution factor is decreased down to 50.
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OITPEAEJISIHE HA Cd, Cr, Cu, Ni, Pb U Zn B KOMIIOCT: OLIEHKA HA PA3JIMYHUA
[MOoAXOAHN 3A ITPEABAPUTEJIHA ITIOJAT'OTOBKA HA ITPOBUTE 1

MHCTPYMEHTAJIEH AHAJIM3 (MP-AES KATO AJITEPHATUBA HA ICP-OES)

B. I1. Banpsimosal?*, K. K . Cumutunes!, E. H. ITuckona?

YKameopa ananumuuna xumus u komniomvpua xumus, Ilnosouecku Ynusepcumem ,, Iaucuii Xunenoapcku
ya. Lap Acen 24, 4000 I1nosous, Bvaeapus
2Jlabopamopus 3a usnumeane na mevpou buozopusa u komnocm, Enepzuiina Azenyus Inosous,
oyn. Pycxu 139, oghuc 403, 4000 I1nosous, bvreapus
Tocmwvnuna na 12 noemspu 2016 e.; npuema na 19 dexemepu 2016 .

(Pesrome)

ChriiacHO OBJITapCKOTO 3aKOHOAATENCTBO €a MOCTYJIMPAHH MPEIEIHO JOMYCTHMH KOHIIEHTPALUK 33 Ha0Op OT
enementu (Cd, Cr, Cu, Ni, Pb u Zn) B Tperupanu GHOOTIAIABIM KATO KOMIIOCT. 3a/la/ICHUTE TPAHUIU Ca IO
OTHOIIEHHE Ha Pa3TBOPUMUTE (paKIMU HA €JIeMEHTUTE, eKCTPAXUPaHHU C a30THA KHUCEJIMHA WM [apcKa BOJA,
ceriacHo mporenypu omucann B BJIC EN 16173:2012 uw BJIC EN 16174:2012. B nacrosmara paborta Oe
CPaBHEHO KOJIMYECTBOTO HA M3BJICUYCHUTE SJIEMEHTH B Pa3TBOP MPU H3IMOJI3BAHE HA MPENOPhYAHUTE PEAreHTH
(a3oTHa KHCeNMHA WIM I1apcka Boja). KuceqMHHUTE eKCTPaKIMM ca MPOBEICHH B MHKPOBBIHOBA CHCTEMA,
MoJI3Ballla 3aTBOPEHM CBHIOBE 3a pasTBapsHe. PasTBopuMHTE (QpakiMM Ha €JIEMEHTH Ca aHAJIW3UPaHH
MOCPEICTBOM J[BE MHCTPYMEHTAIHN TEXHHKH - ONTHKO-€MHCHOHHA CIEKTPOMETPHS ¢ MHAYKTHBHO CBBbp3aHa
mra3ma (ICP-OES) u aroMHO-eMHCHOHHA CIIEKTPOMETPHUSI ¢ MHKPOBBIHOBO reHepupana miasma (MP-AES).
IMonyuenute pesynrartu nokassat, ue MP-AES moxe na 6b1e npuinoxen 3a morutopunr Ha Cd, Cr, Cu, Ni, Pb
u Zn B KOMITOCT U METOABT ¢ aaekBarHa antepHaruBa Ha ICP-OES. Ipu m3ciensanero Ha HAOOp OT mpodu
KOMITOCT OT Pa3lIHuHK MPOM3BOAUTENH O¢ ycTaHOBEHO, ye ekcrpakiusara Ha Cd, Cr, Pb u Zn e cratuctudyecku
WJICHTHUYHA 32 PA3IMYHKUTE TTOAXO0/U Ha KUCEIHMHHO TpeTupane. 3akimtoueHneTo 3a Cr u Ni 6e mpoTHBOMOIONKHO
— eKCTpaxupaHUTE KOJMYECTBA OT TE3W EJNEMEHTH C I[apCKa BOJAa Ca 3HAYUTEIHO [O-TOJIEMH CIPSMO
U3BJICYEHUTE MPH CAMOCTOSATENHATA yIOTpeda Ha a30THA KUCEIIHHA.

Knrouosu oymu: enemenmern ananu3 Ha KOMIOCH;, MUKDOBBIHOB0-NOONOMOCHAMA KUCETUHHA eKCMPAKYus Ha
eNleMenmu; ONMUKO-eMUCUOHHA cnekmpomempus ¢ unoykmusHo cevpzana naasma (ICP-OES), amomno-
CeMUCUOHHA CNEKMPOMEMPUsL C MUKPOBBAH080 2enepupana naasma (MP-AES).
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The content of 8 essential and toxic elements (Cr, Mn, Fe, Ni, Cu, As, Cd, Pb) in most famous Bulgarian fruits as
strawberry, white cherry, peach, apricot, green apple, pear, blackberry, fig, prune, green and blue-black grapes, melon,
watermelon, quince and pumpkin were investigated. The highest content of Fe was found in quince (35.7+0.2 mg kg™),
followed by green grapes (16+0.2 mg kg™). Strawberry was rich in Mn (10.5£0.1 mg kg*), while green grapes had the
highest content of Cu (92142 pg kg?). The contents of toxic metals Ni, As and Cd were significantly below the
maximum levels for contaminants in food. Excessive lead content was observed in strawberry (369+1 pg kg1) and fig
(181£2 pg kg). K-Cluster analysis with three groups (K = 3) was carried out. The first cluster was occupied with white
grapes, the third cluster included white cherry, melon and watermelon, and all the other fruits were in the second
cluster. The differences in metal content of the investigated fruits were proven by application of statistical analysis.
Discriminant analysis was used to obtain a model of Bulgarian fruits which contained the following canonical variables
ordered by level of significance - Cr, Fe, Mn, Cu, Cd and Pb.

Key words: trace element content, fruits, ICP-MS, discriminant analysis.

INTRODUCTION

Fruits are very vital components of human
nutrition. They are good sources of fiber, minerals,
carbohydrates, organic acids, enzymes and
vitamins, contain more than 20 different minor and
trace elements. Most of them like Mn, Cu, Fe and
Cr, are mostly cofactors of many enzymes and thus
have very important role in several physiological
functions of humans, they facilitate normal
metabolism and growth. Any deficiency of these
essential elements causes disturbances in the whole
physiological system [1, 2].

The amount of metals in fruits is normally very
small, but their contents can be significantly altered
according to soil, air pollution and resulting from
manufacturing and packaging processes [3, 4].
Furthermore metals such as Cd, Pb, Cr and Ni may
contaminate the environment and thus into fruits at
various levels causing health problems [5]. For
some metals effects on the human body are
cumulative and it is necessary to control their level
in the food [6]. Thus for monitoring of fruits quality
in manufacture and trade good measurements are
always required.

Different techniques have been employed for
carrying out the determination of trace elements in
fruits across the world namely: stripping
potentiometry [7], flame furnace atomic absorption
spectrometry [8, 9], flow injection spectrometric
methods [10], atomic fluorescence

* To whom all correspondence should be sent.
E-mail: galg_toncheva@mail.bg

spectrometry [11], capillary zone
electrophoresis [12], inductively coupled plasma
mass spectrometry (ICP-MS) [13, 14].

ICP-MS is a methodology which provides a
rapid analysis and possibility for simultaneous
multi-element analysis. This technology dominates
as the most suitable methodology for quantification
in fruits according researches by other authors [3,
15]. Our experience to study the wild fruits [16]
also shows that it gives satisfactory results.

Because the data on the element composition of
traditional Bulgarian fruits are limited, in this work
using ICP-MS technique we determined 8 elements
in 15 most common Bulgarian fruits. Mathematical
model of the composition was developed.

MATERIALS AND METHODS
Plant material

The most popular fruits available in Bulgaria
were selected. Foodstuffs as strawberry, white
cherry, peach, apricot, green apple, pear, black
berry, fig, prune, green and blue-black grapes,
melon, watermelon, quince and pumpkin were
analyzed. All products are purchased from retail
stores, supermarkets and market squares in Plovdiv
areas. Fruits were purchased at the peak of their
season. A total of three subsamples weighing
0.2-0.3 kg were obtained of each food item.
Randomly from them one sample representing each
fruit was arranged. Before analysis all the products
were washed with ultrapure water to remove the
dust and soil particles and the fertilizers residues.
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The samples for analysis were prepared ready for
consumption, i.e. only the edible parts were
analyzed.

For element content determination all samples
were dried (18 h at 80 °C) and after homogenization
were stored at -18 °C. Prior instrumental analysis,
the dried fruit (~0.5 g) were treated on hot plate
with concentrated HNOs; (Merck, Darmstadt,
Germany) and 30% H»O, (Chimtex Ltd,
Dimitrovgrad, Bulgaria) according the procedure
described in ref. [16].

Analysis of moisture content and carbohydrate
content in fruits

The moisture content of the fruit was determined
by weighing the samples before and after drying at
97 °C for 16 h (ISO 712:2009). The content of total
soluble carbohydrates and monosaccharides was
determined by the method of Schoorl [17].

Determination of element contents in fruits

An inductively coupled plasma guadrupole mass
spectrometer (Agilent 7700 Tokyo, Japan), with an
octopole reaction system (He collision gas) was
used for simultaneous multi-element detection of
Cr, Mn, Fe, Cd, Ni, Cu, As and Pb in sample
solutions. Operating conditions for ICP mass
spectrometer are the same as in our previous
publication [16]. The calibrants in concentration
range 10-1000 pg L' were prepared from ICP
multi-element standard solution VI (110580 Merck,
Darmstadt, Germany) after appropriate dilution in
0.1 % (v v!) HNOs. Rhodium (CPAchem Bulgaria)
was used as an internal standard for correction of
both matrix effect and instrumental drift.

Statistical analysis

Program “Statistica” was used for the data
processing. The data distribution was normal
according to the criterion of Kolmogorov - Smirnov
[18, 19]. Discriminant analysis with a priori equal
probabilities was used for modeling groups of fruits
[20, 21]. K-means clustering was applied for
comparing the Bulgarian fruits. [22, 23]. This
method classifies data through fixed apriori number
of clusters [24].

RESULTS AND DISCUSSION

Dry matter, protein and carbohydrate content of
fruits

Table 1 shows basic chemical parameters of
Bulgarian fruits. Their profiles in the fruits are
typical for these types of foods [25, 26]. Slightly
higher levels of the protein content in grape, cherry
and apple were observed. This difference can be
explained by sortable and soil characteristics. A
green grape contains the highest carbohydrate
content (16.7%=+0.1) and proteins (1.1%=0.1).

Correlation between moisture content and trace
element composition of the fruit was not
established.

Element contents in fruit samples

The element contents with corresponding
combined uncertainties (U) - in fresh fruits are
summarized in Table 2. The studied fruits green
and red grapes have the richest composition in
terms of essential elements. These foodstuffs have a
high content of Fe, Mn, Cr and Cu. The main trends
in Bulgarian fruits are similar to those observed by
other authors [3, 4, 27]. The highest content of any
elements of all fruits was shown by Fe.

Iron is essential trace element. Iron participates
in two important processes in body such as
transport of oxygen and electron transfer, due to
iron-binding proteins [1]. Iron content in the
examined Bulgarian fruits ranges from 1.03%0.02
mg kg? to 35.7+0.2 mg kg?. Similar iron content
(from 2 mg kg to 48 mg kg™?) is observed for fruits
by Finland and Poland [3, 4]. The investigated
grapes, prunes and strawberries accumulate from
the soil more Fe than similar English products [27].
The highest Fe content was found in quinces
(35.7£0.2 mg kg?), followed by green grapes
(16+0.2 mg kg*t). Daily consumption of 100 g
Bulgaria quinces provides approximately 5% of the
Recommended Daily Allowance (RDAs) for Fe.
This value for consumption of 100g Bulgarian
grapes is approximately 2.5% of RDAs [28].

Chromium is a mineral that humans require in
trace amounts to enhance the action of insulin. The
highest Cr content was found in blue-black grapes
(220+£3 pg kgt) and the smallest - in melons
(15£0.3 pg kg?'). Bulgarian and Chinese
strawberries have similar content of this metal.
Bulgarian strawberries have a low content of Cr
(54+0.8 pg kg?l) compared to these by China
(88.3+4.5 pg kgt) [15]. Daily consumption of 100
g Bulgaria blue-black grape provides approximately
10% of the Recommended Daily Allowance
(RDAS) for Cr.

The amount of the essential elements Mn and
Cu is in the range from 0.8 mg kg™ to 10.5 mg kg™
for Mn and in the range from 140.0 pg kg* to
921 pg kg'* for Cu.

Bulgarian fruits have approximately the same
content of Mn as the analogical products from
Finland and Poland, while the content of copper is
lower than those analogs [3, 4]. The content of
toxic metals Ni, As and Cd were in amount
significantly below the maximum levels for
contaminants in food. Excessive lead content was
observed in strawberry (368.6£10.5 pg kg-1) and
fig (180.7 £20.5 pg kg-1) [29, 30].
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Table 1. Dry matter, protein and carbohydrate content in Bulgarian fruits

. Total carbo- Mono-
Ne  Fruits Dry Tatter, Prooteln, hydrate, saccharides, Totalosugar,
% % %
% %
1  Strawberries 8.35+0.19 0.7+0.1 8.2+0.1 6.3+0.1 1.9+0.1
2  Cherries white 17.00+0.12 0.9+0.1 14.54+0.2 13.440.2 0.9+0.1
3  Blackberries 15.50+0.10 0.9+0.1 6.3+0.1 6.1+0.1 0.2+0.1
4 Peaches 17.09+0.21 0.7+0.1 8.7£0.1 3.2+0.1 5.5+0.1
5 Apricots 14.24+0.25 0.6+0.1 7.3+0.1 4.4+0.1 2.940.1
6 Green apples 13.17+£0.13 0.5+0.1 8.8+0.2 6.9+0.1 1.940.1
7 Pears 12.14+£0.15 0.5+0.1 5.1+0.1 4.9+0.1 0.2+0.1
8 Figs 21.05+0.10 0.9+0.1 13.5+0.1 13.0+0.1 0.5+0.1
9 Prunes 21.56+0.15 0.4+0.1 10.3+0.1 9.1+0.1 1.2+0.1
10 Green grapes 19.30+0.12 1.1£0.1 16.7+0.1 16.6+0.1 0.1£0.1
11 Blue-Black grapes 19.00+0.15 1.1+0.1 14.0+0.1 13.7+0.1 0.3£0.1
12 Watermelons 9.24+0.10 0.6+0.1 6.6+0.1 3.1+0.1 3.5+0.1
13 Melons 7.98+0.10 0.3+0.1 4.9+0.1 2.1+£0.1 2.8+0.1
14 Quinces 16.65+0.15 0.4+0.1 9.1+0.1 8.4+0.1 0.7+0.1
15 Pumpkin 23.91+0.14 1.1£0.1 4.4+0.1 1.4+0.1 3.0+0.1
Table 2. Trace element content in Bulgarian fruits
Cr Fe Mn Ni Cu As Cd Pb
. Conc. Conc. Conc Conc Conc £+ Conc. Conc. Conc
Ne  Fruits +U +U +U +U
ng/kg mag/kg mg/kg ng/kg pgkg U pg/kg ng/kg ng/kg
1 ngs 54 08 508 008 105 01 263 03 140 1 19 004 82 01 369 1
2 fvuftg'es 57 02 130 00l 091 002 469 07 631 2 82 02 03 002 103 1
3 E;fﬁ';s 70 05 857 010 319 007 990 02 663 4 59 03 48 03 61 05
4  Peaches 120 02 720 010 390 0.03 163 128 1 20 0.1 4.4 0.1 64 1
5  Apricots 87 06 158 0.07 248 002 152 81 9 02 003 27 0.1 68 0.1
6 Sggfe”s 61 05 687 002 224 003 356 01 297 2 07 00l 04 002 28 06
7  Pears 87 09 132 0.2 227  0.02 91 2 838 8 30 0.2 21 001 95 1
8  Figs 41 03 112 0.2 285 0.02 169 2 255 2 33 0.2 5.9 03 181 2
9  Prunes 55 05 139 0.1 232 0.02 90 1 451 3 146 05 1.9 01 110 1
Green
10 grapes 126 1 16 0.2 8.2 0.1 146 1 921 2 25 0.1 32 004 58 03
Blue-
11 Black 220 3 10.6 0.1 5.8 0.1 134 2 751 9 6.0 0.2 46 005 83 05
grapes
1p Water- 33 1 103 002 101 002 422 04 202 1 21 01 52 01 102 1
melons . ) . ) ) . ) ) . .
13 Melons 15 03 104 008 099 001 403 04 487 2 09 007 13 0.1 34 2
14  Quinces 128 1 35.7 0.2 207 002 172 1 287 2 23 009 6.1 0.1 42 02
15  Pumpkin 74 1 9.3 0.2 081 001 177 1 567 3 6.8 02 122 01 133 2
The Scheffe criterion shows significant analysis was applied with grouping parameter “type

statistical differences in the studied fruits. The
availability of these differences in mineral content
in the fruits provides the reason for a subsequent
modeling of its origin. A linear discriminant
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the grouping in 3 clusters. The fruits included in
them had similar values of trace element content,
which differentiate them from the products in the
other clusters. In Table 3 is shown product
participation in each of the 3 clusters and also the
percentage distribution of the fruits into the three
clusters.

The first cluster contains only green grapes,
because this product is the richest of essential
elements. The second contains the predominant part
of the products. The third cluster contains four
fruits, which have almost equal content of the Ni,
Fe and Mn - watermelon, melon, apricot and white
cherry.

Canonical analysis was performed for a better
visualization of the results. The groups of the
products are presented in Figure 1. The first two
canonical variables are crucial for model.The figure
confirms our hypothesis for the presence of
significant differences between the separate groups
of fruits. The analysis of the Mahalonobis distances
(Table 4) between the three groups shows that the
second and the third group are close to each other
and are relatively far from the group of the white
grape. If we trace the projections of the clouds of
the various groups upon the first canonical variable
(which plays important role in discrimination of the
groups) — the white cherry, apricot, melon, water
melon are projected on the positive, while the fruits
of the second group are projected close to zero in
the negative direction. The white grape is projected
in the negative direction.

Table 3. Distribution of type summer fruits in clusters

o Number of Distribution
Fruits in clusters fruits of the
fruits, %
1 2 3

Green grapes 1 7.7
Blackberry, peach,
apple, pear, black 8 615
grapes, pumpkin, fig, '
prune
White cherry, apricot, 4 308

melon, water melon

Table 4. The mahalonobis distances for different fruits
groups

Mahalanobis distances

Groups G G2 Gs
1 2 3 4
G 0.00 83.54 218.69
G> 83.54 0.00 58.44
Gs3 263.81 58.44 0.00

Root 1 vs Root 2
Exclude condition: v10<=2

%04

Root 2

A S TR N RO S I
=]

Root 1 3

Figure 1. Disposition of the groups of fruits in the plane
of the first two canonical variables

CONCLUSION

The highest Fe content in Bulgarian fruits was
found in quinces (35.7+0.2 mg kg?), followed by
green grapes (16+0.15 mg kgt). Differences in the
values of trace element content for different groups
of fruits were statistically proven. This makes
efficient the use of the discriminant analysis for
qualitatively differentiate of various fruits. The
content of the elements Cr, Fe, Mn, Cu, Cd and Pb
determines the specificity of Bulgarian fuits.
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MATEMATHUYECKHN AHAJIN3 HA CbABPXKXAHUETO HA MUKPOEJIEMEHTU B
BBJI'APCKU ITNIOAOBE

I'. Tonuepa'”, K. Huxonosa?, JI. Bosmxues?, I'. Anrosal, 3. XKenes!

YTnoeouscxu Yuueepcumem Haucuii Xunenoapcku “, Inosous, 4000 Bvazapus
2Meouyuncku Yuueepcumem “Ilapackes Cmosnoe”, Bapua, 9000 Bvizapus
Hocmovnuna na 13 noemspu 2016 2.; npuema na 28 dexemepu 2016 .
(Pesrome)

B chcraBa Ha Hal-U3BECTHUTE OBJITAPCKH IUIONOBE - SATOJa, Osla yepela, MpacKkoBa, KalCws, 3elicHa
sI0bJIKa, Kpylla, KbIIMHA, CMOKHHS, CHHS CJIMBA, OSJI0 M YEPHO TPO3JE, IUHS, IBIEII, IO U THKBA €
ompeieNieHo chabpxkanreto Ha mukpoenementu (Cr, Mn, Fe, Ni, Cu, As, Cd, Pb). Haii-Bucoko chabpkaHue
Ha Fe e ycranoseno 3a mons (35.7+0.2 mg kg?), cinensana ot 6sm0 rposge (16+£0.2 mg kg?). Srogara e
oorara Ha Mn (10.5+0.1 mg kg?), mokato 6s710TO TpO3le IOKa3a Hal-BHCOKO ChabpkaHue Ha CU
(921 +£2 pug kgt). Coabpxkannero Ha Tokcuunn Metand Ni, As u Cd € B KOIHMYECTBa 3HAYUTEITHO MO-HUCKH
OT MaKCHMAJHO JIOIyCTHMHUTE HHUBA HAa 3aMbPCUTENN B XpaHu. HaGiromaBa ce 3aBHUIIEHO ChAbPKAHUE HA
onoBo B sroza (369+1 g kg?') u cmokuus (181+2 pg kg t). Hanpasen e K-kirbeTepen ananus ¢ Tpu rpynu
(K = 3). ITspBHUST KIBCTEP ChIBPIKA OSITIO TPO3/Ie, TPETUAT BKIIIOYBA Osia Yepelia, IbIell U TUHS, a BCHUKH
OCTaHaJIM TUIO/IOBE Ca BbB BTOPHSI KIIbCTEP. Pa3iMKUTE B CHIBPIKAHHETO Ha MUKPOEIEMEHTH Ca IPOBEPECHH
C TpWJIaraHe Ha JUCKPHMHHAHTEH aHaIn3. MaTeMaTHIeCKHUAT MOJIEN Ha CJIEMEHTHHS ChCTaB Ha OBJITapCKH
IUTOJIOBE BKJIFOYBA CJICJHUTE KAHOHMYHU MTPOMEHIIMBH TIOPEIEHH 10 HUBO Ha 3Hauumoct: Cr, Fe, Mn, Cu,
Cd u Pb.

Knwuoeu oymu: cvovporcanue Ha mukpoenemenmu, niooose, MacCneKmpomMempus ¢ UHOYKMUBHO C8bP3AHA NAA3MA,
OUCKPUMUHAHMEH AHATU3.
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Valorization of wastes of food industry and agriculture became a priority in the last years. Novel promising waste
materials are residues from the essential oils and natural pigment industry. Such underexplored waste is obtained from
Calendula officinalis (marigold) which is widely used as herbal medicine and industrially for extraction of lutein. The
aim of our work was to investigate the possibility for valorization of the waste of marigold. Two kinds of residues were
investigated — one obtained after extraction of marigold flowers by freon (1,1,1,2-tetrafluoroethane) and second
obtained after steam distillation. The total polyphenols and antioxidant activity of the ethanol extracts were investigated
and was found that extraction of the raw materials by freons preserves to a large extent polyphenols — wastes after freon
extracted marigold had 1543.8 mg/L total polyphenols compared to 336.5 mg/L for the after hydro-distilled marigold
flowers. The same results were confirmed from the data for antioxidant activity — wastes from freon treated flowers
showed 15856.2 pumol TE/l (by ORAC method) and 5011.3 pumol GAE/l (by HORAC method) while waste of hydro-
distilled marigold flowers showed almost 5 times lower values. The individual phenolic acids and flavonoids were
determined by HPLC and the main compounds found were chlorogenic and caffeic acids (from the phenolic acids), and
naringin from the flavonoids. By GC-MS were investigated polar metabolites and aroma compounds in the ethanolic
extracts. The results from the present investigation showed that the marigold waste could be a valuable source for
obtaining of by-products with pronounced antioxidant activity.

Key words: Calendula officinalis (marigold), waste valorization, antioxidant activity, polyphenols

INTRODUCTION

Marigold (Calendula officinalis) is a very
common flower grown across Europe as garden
plant. It has been used also as herb, edible plant and
it has well known medicinal properties [1]. The
flower is found in the wild but also it has an
important commercial application due to the facts
that its seed oil contains large amounts of calendic
acid which is used for coatings, in formulation of
cosmetics etc. [1]. Marigold flowers are also
a valuable source for commercial production of
lutein [2]. Due to the fact that the concentration of
active compounds in the plant materials are
relatively low after extraction or distillation of the
important biologically active substances large
quantities of wastes remain. Throwing simply away
or using as compost is among the very often used
procedures to eliminate these wastes. But they
could also serve as initial materials for extraction of
valuable by-products. In a previous work of us we
have investigated the possibility for extraction of
water-soluble pectic polysaccharides from several
plant wastes including marigold [3]. The aim of the
present work was to explore further the possibilities
for valorization of wastes of marigold obtained

* To whom all correspondence should be sent.
E-mail: antons@uni-plovdiv.bg

after extraction with freons and steam distillation.
MATERIALS AND METHODS

Materials

The waste Calendula officinalis mass (steam
distilled) was obtained from the region of Chehlare
(region of Plovdiv, crop 2015). The Calendula
officinalis (crop 2015, region of Plovdiv) was
extracted by freon (1,1,1,2-tetrafluoroethane,
R134a) as described by Nenov [4]. After treatment
the residues were cooled down, inspected for
elimination of impurities and dried under vacuum at
50 °C. The mass was stored at -18 °C until further
treatment. All the solvents used were of analytical
grade and purchased from local distributors.

Methods

The 70 % ethanolic extracts from two wastes of
Calendula officinalis (extracted by freon and steam
distilled) ~ were  obtained  according to
Kratchanova et al. [5].

The total polyphenol content of ethanolic
extracts was determined using the method
described by Singleton and Rossi, [6]. The
antioxidant activity by ORAC and HORAC assays
was measured as described by Ciz et al. [7].
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The content of individual phenolic and
flavonoid  components was analyzed on
Agilent 1220 HPLC system (Agilent Technology,
USA), equipped with binary pump and UV-Vis
detector. Wavelength of A= 280 nm was used.
Separation was performed using Agilent TC-C18
column (5 um, 4.6 mm x 250 mm) at 25°C. Mobile
phases constituted of 0.5 % acetic acid (A) and
100% acetonitrile (B) at flow rate 0.8 ml/min. The
gradient conditions started with 14% B, between 6
min and 30 linearly increased to 25% B, then to
50% B at 40 min. The standard compounds (gallic
acid, 3,4-dihydroxy benzoic acid, chlorogenic acid,
caffeic acid, p-coumaric acid, ferulic acid, ellagic
acid, catechin, epicatechin, rutin, naringin,
myricetin, quercetin, naringenin and kaempherol)
were purchased from Sigma-Aldrich (Steinheim,
Germany).

The individual volatile and non-volatile
compounds in the ethanolic extracts were
determined according to the following procedures:

1). Non-volatile substances — 0.2 ml ethanolic
extract was lyophilized and 50 pL pyridine and
50 uL  N,O-Bis-(trimethylsilyl)-trifluoroacetamide
(BSTFA) were added. The sample was incubated at
70 °C for 40 min. For analysis 1.0 uL from the
solution was injected on gas chromatograph Agilent
GC 7890 with mas-selective detector Agilent MD
5975 and column HP-5ms (30 m with diameter 0.32
mm and 0.25 pm thicknesses). The following
temperature regimen was used — initial temperature
100 °C (hold for 2 min) then increase to 180 °C
with 15 °C/min (hold for 1 min) and increase of the
temperature to 300 °C with 5 °C/min (hold for
10 min); injector and detector temperatures — 250
°C, helium was used as carrier gas at 1.0 ml/min.
The scanning range of mass-selective detector was
m/z = 50 — 550 in split-split mode (10:1).

2). Volatile substances — 1.0 ml ethanolic extract
was extracted with 1.0 ml dichloromethane (triple).
The combined organic layers were dried under
vacuum at 30 °C. To the dry residue 100 pL
dichloromethane was added. For analysis 1.0 pL
from the solution was injected on gas
chromatograph Agilent GC 7890 with mas-
selective detector Agilent MD 5975 and column
HP-5ms. The following temperature regimen was
used — initial temperature was 40 °C and then
increase to 300 °C with 5 °C/min (hold for 10 min);
injector and detector temperatures — 250 °C, helium
was used as carrier gas at 1.0 ml/min. The scanning
range of mass-selective detector was m/z = 40 -
400 in splitless mode.

The individual compounds were identified
comparing the retention times and the relative index
(RI) with those of standard substances and mas-
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spectral data from libraries of The Golm
Metabolome Database (http://csbdb.mpimp-
golm.mpg.de/csbdb/gmd/gmd.html) and NIST’08
(National Institute of Standards and Technology,
USA).

RESULTS AND DISCUSSION

Treatment of the wastes with aqueous-ethanolic
solutions is usually applied before extraction of
polysaccharides from the raw materials. It aims to
remove some low-molecular substances (pigments,
sugars, etc.) which will hamper the future
extraction. In our case it also aimed at obtaining of
extracts rich on polyphenolic substances [3, 8]. In
previous experiments we have investigated the
influence of the ethanol concentration on
extractability of polyphenols and subsequent
polysaccharide extractions (Slavov, unpublished
results). Our findings showed that extraction with
70% ethanol solutions gave the optimum results for
possibilities of combined valorization of the waste
materials of Rosa damascena and for this reason we
have decided the treatment of the marigold residues
after extraction or steam distillation to be
performed with 70 % ethanol. The extracts obtained
were subjected to preliminary analysis for their
total phenolic substances and antioxidant activity.
The results from the analysis are shown in Table 1.

The results from the preliminary experiments
suggest that steam distillation led to significant
reduction of polyphenols due to their partial
extraction. Extraction with freons preserves to a
large extent substances which contribute to the
antioxidant activity of the ethanolic solutions.

It seems also that this extraction led to better
disintegration of the cell walls of the plant materials
which is beneficial for the further extractions of
biologically active substances. In this respect
extraction of the plant materials by halocarbons
resembles extraction with supercritical CO;
although the state of the freons used is above their
critical point.

Furthermore we had investigated the
polyphenolic profile of the 70 % ethanolic extracts
obtained — Table 2.

Table 1. Polyphenols and antioxidant activity of 70 %
ethanol extracts of marigold wastes

Total ORAC, HORAC,
Waste -
Ne material phenolics, pmol pmol
mg/L TE/ GAE/|
1 Marigold — 1543.8 + 15856.2 5011.3 +
after freon 84.9 +1427.0 267.6
, a“ff::;%g;fn‘ 3365+ 36542+ 9812+
TR 36.2 211.3 79.8
distillation
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Table 2. Phenolic acids and flavonoids in 70% ethanolic
extracts.

70 % ethanol extracts

Table 3. Polar non-volatile substances in ethanolic
extracts. RI - relative index (Kovats retention index); %
of TIC - total ion current.

Phenolic acids, Marigold — Marigold —
mg/100 ml after steam
after freon Lo
distillation
Chlorogenic acid 3.44+0.42 0.24+0.01
Neochlorogenic acid 1.55+0.10 -
Vanillic acid 1.0240.03 0.42+0.08
Caffeic acid 3.08+0.89 0.13+0.04
p-Coumaric acid 1.64+0.09 0.09+0.01
Ferulic acid 0.38+0.05 0.01+ -
Ellagic acid 0.61+0.03 0.09+ -
Cinnamic acid 0.16+0.01 0.07+ -
Gallic acid 1.19+0.20 0.31+0.04
TOTAL, mg/100 ml  13.07+0.90 1.36+0.8
Flavonoids, mg/100
ml
Quercetin 1.39+0.08 0.46x0.04
Quercetin-3-B- 1.32+0.40 0.30+0.06
glucoside
Myricetin 1.67+0.06 -
Kaempferol 0.96+0.08 0.16+0.01
Naringin 40.99+1.20 3.35+0.58
Naringenin 6.69+0.90 2.86+0.09
Catechin 4.43+0.40 2.68+0.10
Epicatechin - -
TOTAL, mg/100 ml  57.45%1.20 9.81+0.80

% of TIC
Compounds Rl Marigold — Marigold -
after steam
after freon BTN
distillation
Succinic acid 1310 0.763%0.012 0.342+0.065
Fumaric acid 1355 0.407+0.015 0.367+0.008
L-Threonine 1390 0.319+0.020 0.192+0.015
L-Homoserine 1446 0.112+0.009 0.088+0.005
Malic acid 1488 2.505+0.090 0.776+0.079
Salycilic acid 1516 0.226+0.089 0.313+0.068
';(;Lhreon'c 1528 0.677+0.078  0.228+0.072
Vanillic acid 1758 0.241+0.085 0.144+0.079
:é?;ocat“h”'c 1813 0.299+0.056  0.233+0.046
Quinic acid 1843 1.372+0.120 2.615+0.111
Syringic acid 1888 1.310+0.110 1.399+0.099
Gluconic acid 1991 1.762+0.090 1.197+0.068
Glucaric acid 2013 0.722+0.085 0.302+0.078
Caffeic acid 2140 0.693+0.054 0.211+0.045
Linoleic acid 2209 3.113+0.154 3.684+0.132
Z(':'i'd'”o'e”'c 2217 2.675+0.123  3.403+0.097
Stigmasterol 3315 0.547+0.045 0.852+0.056
B-Sitosterol 3355 0.693+0.047 1.595+0.095

The highest contents of the phenolic acids were
observed for chlorogenic and caffeic acids — two
compounds which are known for their pronounced
antioxidant activities [9]. Other phenolic acids
contributing to the higher antioxidant activity of the
ethanolic extract from marigold treated with freon
were p-coumaric, neochlorgenic, gallic and vanillic
acids. Comparing the total amount of phenolic
acids could be concluded that ethanolic extract
from marigold treated with freon has 10 times more
than steam distilled residues. The 70% ethanolic
extract of freon treated marigold is also rich of
flavonoids (5 times higher) from which almost 85%
is due to presence of naringin and naringenin.

In the next analysis were determined by GC-MS
the volatile and non-volatile polar compounds
present in the 70% ethanolic extracts. The results
are presented in Tables 3 and 4.

The results from the analysis showed that even
after extraction / distillation a high amount of
linoleic and linolenic acids (which also includes
amounts of calendic acid — a conjugated linoleic
acid) [10] remain in the wastes. The extract from
marigold waste (freon) also is rich on malic, quinic,
caffeic and syringic acid. The results from the
analysis confirm the observation that extraction
with freons preserves to a larger extent in the plant
material the non-volatile biologically active
substances.

Table 4. Polar volatile substances in ethanolic extracts.
RI - relative index (Kovats retention index); % of TIC -

total ion current.

% of TIC
Compounds Rl Marigold — Marigold -
after steam
after freon TN
distillation

Hyacinthin 1075 0.205:0025  0.101%0.021
cheigze”eace“c 1274 01880054  0.125+0.065
Syringol 1336 0.333+0.065  0.099:+0.066
Eugenol 1358 0.265+0.075  0.142+0.078
2-
Methylbenzoate 1372 015420021  0.076+0019
a-Copaene 1379 0317+0.032  0.085+0.026
B-Cubebene 1391 0.296+0.065  0.102+0.059
Methyleugenol ~ 1405 0.144+0.012  1.358+0.025
B-Caryophyllene 1419 0.208+0.016  0.126+0.014
B-Copaene 1431 0.129+0.024  1.283%0.048
v-Cadinene 1513 1.985+0.089  1.566+0.087
Viridiflorene 1518 2.133+0.087  0.908+0.068
5-Cadinene 1520 1.922+0.095  0.322+0.069
Veridiflorol 1592 1.511+0.086  0.077+0.008
a-Cadinol 1641 3.180+0.113  0.713+0.063
a-Bisabolol 1648 3.514%0.124  3.085:0.114
oxide B
I-Methoxy- 1737 150540102  8.747+0.254
coumarin
a-Bisabolol 1792 2.221#0.098  5.949+0.168
oxide A
7-hydroxy- 1813 0.755+0.085  0.578+0.077
coumarin
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Results from analysis for volatile substances in
ethanolic extracts showed that even after the
extraction / distillation of the plant materials remain
significant amounts of aroma compounds in the
residues. The highest quantities of floral aroma
substances were found for a-Bisabolol oxide B, a-
Cadinol, a-Bisabolol oxide A and viridiflorene. The
above-mentioned compounds were found in
ethanolic extracts from the two investigated wastes
(marigold extracted with freons and steam distilled)
in relatively high concentrations and even more
some compounds (7-Methoxycoumarin,
methyleugenol, o-Bisabolol oxide A, etc.) were
preserved to a larger extent due to their insolubility
in water in steam-distilled marigold residues.

CONCLUSIONS

The present study focused on valorization of
marigold wastes showed that the 70% ethanolic
extracts have pronounced antioxidant effects and
also were rich on phenolic acids and flavonoids. To
a larger extent the extraction with non-polar
solvents  (halocarbons) led to significant
preservation in the wastes of valuable biologically
active substances. Steam distillation due to the
formation of water phase led to extraction and loss
of some of the substances. The investigated
approach of treatment of the wastes with ethanol
and obtaining of valuable by-products also have the
advantage that it could be combined with further
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extraction of the plant residues in order to obtain
polysaccharides and thus will lead to a better
valorization of the wastes.
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OIIOJI3OTBOPSBAHE HA OTIIAJBIIM OT Calendula officinalis — TIOJJYUABAHE
HA ETAHOJIHU EKCTPAKTU

H. C. Sluuesal, 1. H. Bacunesal, I1. H. Ienes?, I1. B. JTiotosal, C. E. Mutos, 3. A. Mopaanosal, M. A.
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Hocmwvnuna na 28 okmomepu 2016 e.; npuema na 21 dexemepu 2016 .

(PE3IOME)

Ornoy30TBOPSIBAHETO HA OTMAABIMTE OT XpaHUTENHATA MHIYCTPHUS U CEJICKOTO CTOMAHCTBO € €IMH OT OCHOBHHTE
MPUOPUTETH B MOCICAHUTE TOAWHU. EJAHM HOBHM M C TOJSIM IMOTEHIMA] KaTO HM3TOYHHK HAa OHMOJIOTHYHO AKTUBHH
BEIIECTBA OTMAAbLK Ca TE3W, IMOJYYCHH MNPH MpepaboTkaTta Ha ETCPUYHO-MACICHH W MEAMIUHCKH PACTCHHS.
HenocrarpuHo U3ciie[BaHu ca OTHAIBIMTE NONyYeH: IpH npepaboTka Ha mBetoBe Calendula officinalis (seBen) kouro
ca IIMPOKO M3IMOJI3BAHM B KO3METHKATa, KAKTO W 3a MOJy4aBaHe Ha jyTewH. llenta Ha HacTosiiata pabora € ma ce
U3CJIeBa Bh3MOXKHOCTTA 32 OMOJ30TBOPSIBAHE HA OTMAIBIUTE, MOJIYUYCHH MPH NpepaboTKa Ha HeBeH. Ha uscnensanus
ca TOJOKEHHW J[BA BHUJAa MaTepUalld — MOJYYCHH CJIe]] CKCTpakius Ha IBeToBe HeBeH ¢ ¢peon (1,1,1,2-
TeTpad)IyopoeTaH) U MOIyYCHH CJIe]] BOAHO-TapHa Aectunaius. O0uure noiaudeHoMu u aHTHOKCHIAHTHATA AKTUBHOCT
Ha EKCTPAKTUTE Ca M3CICABAaHU M ¢ HAMEPEHO, Ye SKCTPaKIMATa ¢ PPCOH 3ama3Ba JI0 TOJIIMa CTETCH NONH(EHOTHUTE
ChEJIMHEHUS — OTHA/IBIIUTE, MTOJIYIEHH Cie]] eKCTpakius ¢ ppeoH umar 1543.8 mg/L o6y monudeHo I B cpaBHEHHE C
336.5 mg/L 3a oTmaxbuuTe OT HEBEH, MOJYYEHH Clie]l BOAHO-MApHa aectunarus. [1oJo0HN pe3ynraTu ca MmonydeHd u
NpPU U3CIeBaHe Ha aHTHOKCHAAHTHATA aKTHBHOCT — OTMAABIMTE CleJ| eKCTpakims ¢ GppeoH mokas3sar 15856.2 pmol
TE/l (upe3 ORAC metona) u 5011.3 pumol GAE/l (mo HORAC wmertoaa), 10KaTo eKCTPAKTUTE, TOJYyYSHH OT OTIAIbIN
Ha HEBEH, IECTHJIMPaHH Ype3 BOJHO-TIApHA IECTHIIANNA UMAaT 5 bTH Mo-Manku croitHoct. Upes HPLC ca onpenenenn
MHIUBHIYATHUTE (DEHONHH KUCETMHU U (PIaBOHOMIM M € MOKa3aHO, Y€ OCHOBHHTE KOMIIOHEHTH Ca XJIOPOT€HOBA U
kadeeHa KUCEIMHH, U HapuHTUH (0T (iaaBonouaute). Upes GC-MS ca n3ciaenBaHu MONISPHUTE HEJICTINBH METa0OIMTH
W apOMAaTHYHUTE BEIICCTBA B C€TAHOJHUTE €KCTPAKTH. Pe3ynrarWre MOKa3BaT, 4ye OTMAABIMTE OT mpepaboTkKara Ha
I[BETOBE HEBEH Morar jaa ObaaT eIuH J00bp H3TOYHHMK 3a MOJyYyaBaHe Ha BTOPUYHMA TNPOAYKTH C H3pa3cHa
AHTHOKCHIAHTHA aKTHBHOCT.

Knouoeu oymu: Calendula officinalis (nesen), omnaowvyu, ononzomeopseane, ammuoxcuoanmma axKmueHOCH,
noaugenonu.

25



Bulgarian Chemical Communications, Volume 49, Special Issue G (pp.26 -31) 2017

Comparison of physicochemical parameters of pectic polysaccharides
from different plant materials
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Physicochemical parameters — degree of methoxylation, purity, molecular weight, foaming, emulsifying and
stabilizing properties of pectins derived through consecutive fractional extraction from waste rose petals were
investigated and compared with properties of eight commercial and non-commercial pectins. All of the investigated
pectins were high molecular weight with molecular masses in the range 1.32 x 10* + 4.08 x 10° Da. The polyuronic acid
content (purity) was above 50 % except for acid extracted rose pectin. It was found that all of the investigated pectins
except the one derived from celery had relatively low foaming and foam-stabilizing properties. Emulsions obtained with
acid extracted pectin (Rose A) showed higher transmittance index but it was relatively unstable when mechanically
treated. The most stable emulsion was obtained using celery pectin. The present data show that waste rose petals could
be used as source for obtaining of pectins with physicochemical properties similar to other well-known pectins.

Key words: pectins, waste rose petals, foams, emulsions.

INTRODUCTION

Pectins are complex structural
heteropolysaccharides build mainly by 1,4-linked
a-D-galacturonic acid units interrupted by single
(1—-2) linked a-L-rhamnose residues [1]. They are
commonly found in the middle lamellae of higher
plants [1, 2]. Pectins were used successfully for
many Yyears in the food and beverage industry as a
thickener, emulsifier, texturizer, a colloidal
stabilizer and as gelling agent in preparation of
jams and jellies [1, 3]. Pectin is usually added in
fruit juices, fruit drink concentrates, desserts,
baking fruit preparations and dairy products [1].

Apple pomace and citrus peels are the raw
materials traditionally used for industrial extraction
of pectins [4] because they contain high amounts of
pectic substances and are available in abundant
supply as residues from fruit juice production [5].
Other sources of pectin were also explored as
alternative sources — sugar beet pomace [6],
sunflower head residues, olive pomace [1] and
mango waste [7]. Pectins were also extracted from
potato pulp [6], peach pulp [8], pumpkin pulp [9]
and linseed residues [10]. In previous experiments
Slavov et al. [11] investigated the possibility to
extract water soluble pectin from waste rose petals.

The aim of the current research was to
investigate and compare the degree of
methoxylation, purity, molecular weight, foaming,
emulsifying and stabilizing properties of pectins
obtained through consecutive fractional extraction

* To whom all correspondence should be sent.
E-mail: antons@uni-plovdiv.bg
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of waste rose petals with pectic polysaccharides
derived from well-known commercial (apple
pomace, citrus peels) and non-commercial sources
(sunflower head residues, celery tubers, carrots and
grapefruits).

MATERIALS AND METHODS

Materials

The following pectins were used: from waste
rose petals (W-water, C-chelate, A-acid extracted,
prepared as described [12]), sunflower heads, apple
pomace, carrots, citrus peels, grapefruit peels and
celery tubers — prepared by acid extraction
according to [7]. Three of the investigated pectins
were commercial — two apple (obtained from
Obipectin, Switzerland; Ne6 — low-methoxyl pectin
and Ne8 - high-methoxyl pectin; numbering
according to Table 1) and one citrus pectin
(obtained from CP Kelco, Germany). All solutions
were prepared with deionized water from Milli-Q
system. Electrolyte 0.15 M NaCl (Merck) was used
for preparation of all the pectin solutions.

Methods

1. Physicochemical characterization

1.1. Degree of methoxylation

The degree of methoxylation (DM) of the
pectins  was determined according  to
Kratchanova et al. [13].

1.2. Intrinsic viscosity and determination of
molecular weight

The viscosimetric measurements of pectic
solutions were performed as described by
Panchev et al. [14].

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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2. Foam and emulsifying properties

2.1. Model foam systems

2.1.1. Foam preparation

In order to eliminate the influence of the protein
part co-extracted with pectic polysaccharides,
pectins were deproteinized by the Sevage method
[15]. Pectins were dissolved (0.6 wt %) by stirring
at 45 °C. Foam ability and stability were studied by
a stirring/shaking method whipping out 20 ml
pectin solution for 60 s in a graduated cylinder. The
initial foam volume and the subsequent foam
decrease during 60 minutes were monitored. The
foam ability was characterized by the volume of the
trapped air.

The total volume of pectin solution before (V1)
and after (V2) whipping, the volume of the formed
foam (Viwamo) Were measured immediately after
shaking (at t=0). The foam stability was
characterized by the volume of entrapped air, still
remaining in the foam after a certain period of time,
t > 0 (Vam) changed with the time t. All foam tests
were performed thrice and the data presented as
mean values.

2.1.2. Evaluation of foam capacity

Foam capacity was determined as described by
Diniz et al. [16] with some modification. Foam
capacity (FC) was determined by volume increase
(%) immediately after whipping and was calculated
by the formula:

FC% = (V, —V;/V;) x 100,

where V> is the volume of pectin solution after
whipping and V: is the volume of solution before
whipping.

2.1.3. Evaluation of foam stability

Foam stability was determined according to
Marinova et al. [17] with modification. Foam
stability was expressed by the parameter percentage
volumetric foam stability, FS % which is defined
as:

FS% = (Vtoam/Vioamo) X 100,

where Viamo was the volume of the formed
foam; Viam Was the volume of the foam changed
with time t. Stability of the foams over time was
assessed by measuring the foam volume at 1, 2, 3,4,
5, 6,7, 8,9, 10, 15, 20, 25, 30 and 60 min after
stirring.

2.2. Model emulsion systems

2.2.1. Emulsion preparation

Pectins were dissolved (0.6 wt %) by stirring at
45 °C. 20 ml solution (6 mg/ml) was homogenized
with 20 ml sunflower oil for 5 min at 50 s using
homogenizer (Ultra Turrax IKA T18 Basic,
Germany). The dispersity was determined
measuring the translucency index (T %) after 10
times dilution, on a Camspec-M 107
spectrophotometer at A=540 nm.

2.2.2. Evaluation of emulsifying activity and
emulsion stability

Emulsifying activity and emulsion stability of
the model systems of the studied pectins were
determined as described by Kuncheva et al. [18].

Microscopic Test — The microstructure of the
emulsions was evaluated by microscope system
(microscope CarlZeiss, Germany, equipped with a
camera connected to a personal computer) at 100
magnification immediately after preparation.

Centrifugal Test — The emulsion stability was
evaluated by centrifugation of 10 ml emulsion at
3000xg (Hettich EBA 20, Germany) for 20 min.
The height of the emulsified layer and separated
phases were recorded. The emulsifying stability
was calculated as a ratio of the height of the
emulsified layer and the height of the total content
of the tube and multiplied by 100.

Temperature Test — 5 ml of each emulsion was
placed in tubes and stored at four temperatures: -18
°C (frozen); 4°C (refrigeration conditions); 25°C
(room temperature) and 50°C for 48 hours. After
that the height of the emulsified layer and separated
phases were recorded. The emulsion stability was
calculated as a ratio of the height of the emulsified
layer and the height of the total content of the tube
and multiplied by 100.

RESULTS AND DISCUSSION

1. Physicochemical characterization of the pectins

Important parameters of pectic polysaccharides
which determine their possible application in food
industry are their degree of methoxylation, purity
and molecular weight. For this reason we analyzed
the pectic polysaccharides and the results are
presented in Table 1.

From the eleven samples two were high-
metoxyl, one was medium-metoxyl and the rest —
low-metoxyl pectins. All the pectins had polyuronic
acid content (purity) above 50% except the pectic
polysaccharides obtained by acid extraction from
waste rose petals. The ash content of the pectins
was in the range from 0.40 to 5.54 %.

2. Characterization of model foam systems

Foams are important two-phase systems present
in numerous colloidal products. Food foams very
often contain surface-active agent (usually proteins)
which improves the foam-forming and foam-
stabilizing properties.

In certain cases food polysaccharides could be
used as foaming agents or could be added in order
to  significantly  improve  physico-chemical
properties of the foams [19, 20]. In this regard we
examined the foam-forming abilities of the
investigated pectins (Fig. 1).
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Table 1. Physico-chemical characteristics of the pectins

Comparison of physicochemical parameters of pectic polysaccharides...

Type of . Viscosit Molecular Ash content,

Ne pgftin DM, % Purity, % ], dm3yg weight, Da %

1 Rose W 61.70 £ 0.8 53.97+1.3 0.0975 1.03 x 10° 5.06
2 Rose C 33.20+ 0.7 68.72+ 1.6 0.0362 2.65 x 104 4.29
3 Rose A 4950+ 0.9 46.22+1.1 0.0683 6.32 x 10* 5.54
4 Carrot 64.13+ 0.5 62.85+0.5 0.0416 3.20 x 104 4.6
5 Sunflower  28.28 + 0.4 88.94 + 0.8 0.0218 1.32 x 10* 3.31
6 Apple* 34.49+ 0.7 50.78 £ 1.2 0.1755 2.31x10° 1.77
7 Apple 35.06 +1.2 56.23 + 0.6 0.0515 4.29 x 10* 3.25
8 Apple* 56.26 + 0.6 71.29+0.9 0.2663 4.08 x 10° 1.01
9 Citrus* 1429+13 5414+ 1.2 0.0449 3.56 x 104 1.62
10 Grapefruit  14.00 £ 0.5 78.33+0.8 0.0253 1.62 x 10* 0.40
11 Celery 36.13+0.9 56.28 £ 0.7 0.1170 1.32 x 10° 1.90

* - commercial pectins.
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Fig. 1. Foam-forming abilities of the pectins

From the results it could be concluded that with
the highest foam-forming ability (> 100 %) is
characterized celery pectin, followed by grapefruit
— 65 % and citrus pectins (commercial) — 35.9 %.
The pectins obtained from waste rose petals showed
relatively low foam-forming ability — the one
obtained by acid extraction had 25 %, followed by
chelate-extracted pectin — 12.5 %. The lowest
foam-forming ability showed pectin obtained by
aqueous extraction — 7.5 %.

In further experiments, the ability of the
polysaccharides to stabilize the resulting foams was
investigated and the results for the 30" and 60™
minutes are summarized on Fig. 2.

All the investigated pectins showed less than 45
% retained foam volumes after 60 minutes.

The most stable foams were obtained using
pectins extracted through consecutive fractional
extraction of waste rose petals (Rose W and Rose A
samples) — 44.0% after 30 minutes and 1 hour.
Nevertheless these results should be interpreted
with caution since the initial values of foam ability
for these two pectin samples were very low. As a
conclusion from the results obtained for the foam
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stability it could be said that some of the pectins
were able to produce foams but they were not stable
over time.

3. Characterization of model emulsion systems

Emulsions are two (or more) phase dispersed
colloidal systems. Many foodstuffs exist in the
form of emulsions — milk, butter, margarine,
mayonnaise etc. In order to avoid the separation
between two immiscible phases an emulsifying
agent is added. The emulsifying agents have
amphiphilic nature (i.e. having both hydrophilic as
well as lipophilic moieties) and thus will migrate to,
and organize, at the interphase. In practice the most
used substances are lecithins, mono- and di-
glycerides, sucrose esters and polyglycerol esters.
Certain biopolymers also possess emulsifying
properties — proteins [21], polysaccharides [18] etc.
Therefore it was of interest to investigate and
compare the emulsifying properties of the pectic
polysaccharides from different sources.

Until now there were no data presented about
the emulsifying properties of pectins obtained from
waste rose petals. Emulsion systems type oil/water
(O/W - 1:1) were prepared. The microstructure of
the emulsions was monitored by direct observation
and comparing the structures of all emulsions it was
found that the celery pectin gave the best quality
emulsion system (equally dispersed droplets) -
Fig. 3.

In the images the oily dispersed phase can be
seen as areas of irregular shape (Fig. 3a, b and c) or
spheres (Fig. 3d) which suggest that the emulsion
prepared with celery pectin is the most stable.
Generally emulsions prepared using rose pectins
are not stable, with large droplets (Rose A),
irregular shapes and even for Rose W pectin with
distinct phase separation. Of the three types rose
pectins the most stable emulsion is the one made
with Rose A pectin.
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Fig. 2. Foam stabilities

Fig. 3. Images of the structures of model O/W emulsions
prepared with 0.6% pectin solutions: a). Rose W; b).
Rose C; ¢). Rose A and d). Celery

Table 2. Emulsion stability and light transmittance of 50
% O/W emulsions

Type of Separated phases, % T, %
pectin - -
Oil Water Emulsion
1 RoseW 2.0+01 445+12 53.0+06 336+1.2
2 Rose C 80x£0.2 365+13 550x08 489%23
3 Rose A 38+£01 240+08 721x11 5809
4 Carrot 82+03 398+15 520x06 269%28
5 Sunflower 20+0.1 46.0+0.7 520+11 98.0+1.9
6 Apple 23+02 444+11 533+09 78.0+26
7 Apple 6.1+01 408+09 531+11 286+1.2
8 Apple 47+03 442+15 512+08 198+13
9 Citrus 43+02 479+11 479+0.7 768+24
10 Grapefruit 54+01 595+0.8 351+13 51.7+1.38
11 Celery 49+02 426+0.7 525x09 19.6+0.8

Furthermore the quality and stability of the
emulsions was examined by measuring the light
transmittance index (T, %) and carrying out
centrifugal test. The results obtained are presented
in Table 2.

All the emulsions subjected to mechanical
treatment showed separation to a certain extent and
formation of oil and water phases.

The emulsion with the highest retain O/W phase
was obtained using Rose A (72.1 %) but from the
microscopic observations it is seen that the droplets
are not as fine as the emulsion obtained with the
celery pectin. The lowest separated oil phase had
emulsion with sunflower pectin but it shows also
formation of high amount of water phase. This
emulsion has the highest light transmittance
(98.0%), meaning quickly disrupting emulsion. The
emulsion obtained from Rose A pectin has the
lowest light transmittance (5.8 %).

An important parameter influencing the stability
of emulsions is the temperature of their storage. For
this reason they were stored 48 hours (Table 3) at
four temperatures (-18° C, 5 °C, 20 °C and 50 °C)
which were chosen because they are similar to
temperatures usually used for storage of foodstuffs.
Storing the emulsions under refrigeration (5 °C)
and ambient temperature (20 °C) results in the
smallest degree of separation (largest % saved O/W
emulsion). When the emulsions were frozen (-18
°C.) and subsequently thawed this often caused
phase reversion (O/W in a W/O emulsion) or
increased the percentage of water and oil phases.
This kind of inversion was observed for emulsions
obtained with apple (sample Ne 7 and 8), citrus and
grapefruit pectins. Increase of temperature to 50 °C
led in most cases to small increase of disruption of
emulsions compared to 20 °C.

Stabilities of emulsions prepared with pectins
from waste rose petals and celery were compared.
At -18°C the emulsions were the least stable and
were disrupted except for the celery pectin
emulsion which showed equal stability (over 80%
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retained O/W phase). The smallest changes of the
emulsions were observed under ambient (20 °C)
and refrigeration (5 °C) conditions. From the three

investigated rose pectins the highest emulsion
stability was observed with rose C pectin.

Table 3. Temperature test of emulsions stored for 48 hours at -18 °C, 5 °C, 20 °C and 50 °C.

Pectin t, °C Water O/W emulsion W/O emulsion Oil
-18 °C 449+1.3 8211 0.0 469+ 1.0
1 Rose W 5°C 33.3+0.9 66.7 + 0.7 0.0 0.0
20 °C 30.6+0.8 67.3+0.9 0.0 20+0.3
50 °C 347+1.2 65.3+0.6 0.0 0.0
-18 °C 76.0+£15 240+15 0.0 0.0
2 Rose C 5°C 224+1.0 776+0.8 0.0 0.0
20 °C 20.0+0.8 80.0+0.9 0.0 0.0
50 °C 375+0.7 62.5+0.4 0.0 0.0
-18 °C 37.7+15 54.7+1.7 0.0 7.5%+0.9
3 Rose A 5°C 220+1.1 78.0+0.6 0.0 0.0
20 °C 25505 745+1.1 0.0 0.0
50 °C 40.4+0.7 59.6 + 0.7 0.0 0.0
-18 °C 479+13 52.1+1.1 0.0 0.0
4. Carrot 5°C 33.3+0.9 66.7 + 0.6 0.0 0.0
20 °C 29.2+0.6 708+ 1.8 0.0 0.0
50 °C 36.0+0.9 60.0 + 0.7 0.0 4.0+0.6
-18 °C 42312 442+1.1 0.0 135+1.1
5. sunflower 5°C 40.4+0.6 447+13 0.0 149+0.7
20 °C 44.0+0.7 50.0+0.8 0.0 6.0+0.8
50 °C 46.0+1.0 34.0+0.9 0.0 20.0+0.7
-18 °C 48014 40014 0.0 120+1.3
6. Apple 5°C 43.1+£0.9 52.9+0.7 0.0 3.9+09
20 °C 451+1.1 54.9+0.6 0.0 0.0
50 °C 469+1.1 46.9+0.9 0.0 6.1+0.4
-18 °C 40013 0.0 540+£1.2 6.0+1.6
7. Apple 5°C 347+09 57.1+1.0 0.0 8.2+0.7
20 °C 340+1.2 58.0+0.9 0.0 8.0+0.8
50 °C 43.1+0.8 51.0+1.2 0.0 5.9+0.6
-18 °C 38.0+£1.0 0.0 22.0+£1.0 40.0+15
8. Apple 5°C 8.0+0.7 92.0+1.6 0.0 0.0
20 °C 29.2+0.6 70.8+0.7 0.0 0.0
50 °C 28.6+1.1 71.4+0.8 0.0 0.0
-18 °C 415+14 585+1.4 0.0 0.0
9. Citrus 5°C 442+0.6 3.8%+0.9 442+09 7.7+0.8
20 °C 45.1+0.8 49.0+0.8 0.0 59+0.8
50 °C 46.0+0.5 54.0+0.9 0.0 0.0
-18 °C 451+13 51.0+1.4 0.0 39+1.0
10. Grapefruit 5°C 34604 0.0 57.7+0.4 7.7+05
20 °C 37.3+0.6 0.0 58.8+0.9 3.9+09
50 °C 47.1+1.0 0.0 529+ 1.0 0.0
-18 °C 7.8+0.8 922+1.4 0.0 0.0
11. Celery 5°C 18.0+1.1 82.0+1.2 0.0 0.0
20 °C 20.0+0.8 80.0+0.8 0.0 0.0
50 °C 176 0.7 82.4+09 0.0 0.0

CONCLUSIONS

For the first time to our knowledge we
investigated physicochemical properties of pectins
derived through consecutive sequential extraction
of waste rose petals and compared them with the
properties of known commercial and non-
commercial pectins. The results from the
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experiments showed that rose pectins have (as most
of the investigated pectins except for celery pectin)
slight foaming and foam-stabilizing abilities.
Concerning the emulsifying properties the highest
quality emulsion was obtained with celery pectin.
From rose-derived pectins the highest emulsifying
ability showed acid extracted pectin (Rose A) but
its emulsions were relatively unstable. The highest
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emulsion stability was observed using celery pectin.
The present data showed that waste rose petals are
promising source for obtaining of pectins with
physico-chemical properties similar to other
commercial and non-commercial pectins.
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CpaBHI/ITCHHO HN3CJICIBAaHC Ha (I)I/I?:I/IKO-XI/IMI/I‘{HI/I nmapaMcTpn Ha ICKTHHOBU
nojJar3axapujiun OT pas3iinMdHU PpaCTUTCIHHU U3TOYHUIIU

J1. B. Mapkosa, U. H. Bacunesa, H. C. SInueBa, A. M. CnaBoB*

Kameopa Opeanuuna xumus, Yrusepcumem no xpanumennu mexronoeuu, oyu. ,, Mapuya* 26, 4002, I1nogous,
Bvacapus, e-mail: antons@uni-plovdiv.bg
Hocmwvnuna na 28 okmomepu 2016 e.; npuema na 21 dexemepu 2016 .

PE3IOME

®OuU3NKO-XUMUYHUTE MapaMeTpd — CTeMeH Ha METOKCWIMpaHe, 4YHCTOTa, MOJIEKyJHa Maca,
MeHO00pa3yBaIllK, EMYJITHPAIIA ¥ CTAOMIN3UPAIIM CBOMCTBA HA MEKTHHM, MOJYYCHH Ype3 TMOCeI0BaTeHa
(pakIMOHHA EKCTPAKIINS OT OTJACCTUIIMPAHU PO30BH I[BETOBE Ca M3CJICABAHU M CPABHEHH ChC CBOICTBATA HA
0CEM KOMEPCHATHM ¥ HEKOMEPCHATHM TICKTWHOBU MOJM3aXapuad. BCHUYKd u3cieaBaHu MpoOH ca
BHCOKOMOJIEKYJIHH HOIM3aXapuau ¢ Monekynau macu o 1.32 x 10* no 4.08 x 10° Da. IToanypoHHIHOTO
chabppikanue (unctotata) € Haa 50% ¢ M3KIIOUeHHE HA KUCETHHHO-CKCTPAXUpPAHHUs MEKTHH OT OTHaIbucH
po3oB 1BsAT. HamepeHo e, 4e BCHUYKHM H3CICJBAHM MEKTHHU C M3KIIOYCHHE HA TICKTHH OT IEJIUHA, UMAT
OTHOCHTEITHO HUCKH TIEHOOOpa3yBalli U NeHOCTA0MIM3HUpPAIIN CBOMCTBA. EMyicHs, MoslydeHa ¢ KUCeTHHHO-
eKCTpaxupaH MEKTHH OT OTHAIbYCH PO30B IIBAT, MMa HAi-BHCOK MHICKC Ha CBETJOMPOIYCKIUBOCT, HO €
HECTaOWJIHA TPU MEXaHWYHU Bb3AeHCTBHSA. Hali-cTaOWIHM eMyJICHH C€ TONydaBaT ¢ MEKTHH OT IICTHHA.
HOHy‘IeHI/ITe pe3yiaratu 1MoKasBaT, Y€ OTHNaAb4YHUA PO30B LBAT € ZIO6’bp HU3TOYHHUK 3a IIOJIy4aBaHC Ha
MEKTUHOBH TOJIN3aXapUIH, YUUTO (PU3NKO-XUMHUHU CBOWCTBA Ca CPAaBHUMH C TE3W Ha IPYTrH 100pe U3y4eHU
MEKTHHU.
Knrouosu 0yMll.' NEeKmuHU, omnaovyen pOo306 yesnm, nenu, eEmyicuu.
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Synthesis and antibacterial activity of 2-substituted benzothiazoles
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Multicomponent amidoalkylation reaction of benzothiazole, alkyl chloroformates and cyclic carbonyl compounds
for the synthesis of five 2-substituted benzothiazoles is described. The conditions for chromatographic separation and
isolation of the newly synthesized products by column chromatography on silica gel or neutral alumina are established.
The isolated crystalline compounds are characterized spectrally and tested for antibacterial activity

Key words: Benzothiazole, Multicomponent reaction, Antibacterial activity

INTRODUCTION

Benzothiazole and its derivatives are important
heterocyclic compounds, which are common
feature of many natural products and
pharmaceutical agents [1]. Benzothiazoles have
attracted continuing interest because of their varied
biological activities such as anticancer [2],
anticonvulsant [3], antiviral [4], antitubercular [5],
analgesic [6], anti-inflammatory [7], antidiabetic
[8] and other activities. Moreover, 2-substituted
benzothiazoles (Figure 1) exhibit activity against
both Gram-positive and Gram-negative bacteria
[9, 10].

Multicomponent reactions are simple and
efficient method in the sustainable and diversity-
oriented synthesis of heterocycles with various
biological activity [11]. The ease of access to a
large number of compounds, combined with high-
throughput screening techniques make
multicomponent reactions a very important tool in
modern drug discovery [12].

Savel

4-(benzo[d]thiazol-2-yl)phenol

-0

2-(4-nitrophenyl)benzo[d]thiazole

Figure 1. 2-substituted benzothiazoles with
antimicrobial activity

* To whom all correspondence should be sent.
E-mail: stab@uni-plovdiv.bg

This method for performing the reactions offers
several advantages, such as simple procedure, short
time, clean reaction conditions, simplified
purification and good yields [13].

We have previously used N-acyliminium ions
derived from various cyclic imines (e.g. 3,4-
dihydroisoquinoline, benzimidazole, benzothiazole)
and acyl chlorides as electrophilic reagents in
intermolecular a-amidoalkylation reactions toward
methylene active carbonyl compounds [14-19]. In
continuation of our studies on the functionalization
of aza-aromatic systems, we herein report a simple
and catalyst free method for the direct coupling of
cyclic ketones such as 1-indanone, 5,6-
methylenedioxy-1-indanone and dimedone with
benzothiazole, activated by alkyl chloroformates
(Scheme 1).

s
W P =]
CLy L Sy
Ny TR — 1]
+ s N R Y
CICOR; A sad
HO 0" Ry

Scheme 1. One-pot syntesis of 2-substituted
benzothiazoles 5 a-d, 6
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EXPERIMENTAL

General information:

Commercial solvents and reagents, such as
benzothiazole, alkyl chloroformates and cyclic
ketones were purchased from Sigma-Aldrich and
were used without further purification. Melting
points were determined on a Boetius PHMKO5 hot
stage apparatus and are uncorrected. IR and MS
spectra were measured on Perkin Elmer 1750 Furie
Transform and HRMS "Q-Exative Orbitrap"”
(Thermo Fisher Scientific, Waltham, MA, USA)
spectrometers, respectively. H-NMR, ¥*C-NMR
spectra were measured on Bruker Avance AV600
and DRX 300 devices in CDCIl; and MeOD as
solvents. Chemical shifts are given in part per
million (ppm) relative to TMS and coupling
constants are indicated in Hz. All the NMR spectra
were taken at room temperature in CDCls; or
MeOD. TLC was done on precoated 0.2 mm Merck
silica gel 60 plates. Silica gel and neutral alumina
were used for column chromatographic separation.

General one-pot procedure for the synthesis of 2-
substituted benzothiazoles 5a-d, 6

To benzothiazole (2 mmol) dissolved in 1,2-
dichloroethane (5 mL) were added alkyl
chloroformate (2 mmol) and the corresponding
cyclic ketone (2 mmol). The reaction mixture was
stirred for 2 h at 80 °C or 24 h at room temperature
(Table 1). After completion of the reaction
(monitored by TLC), 30 mL CHCI; was added and
the mixture was extracted successively with 50 mL
10% HCI, 50 mL 3% Na,CO; and 3x20 mL water.
The combined organic layers were dried (Na>SO.)
and concentrated. After the distillation of the
solvent (CHCIs) the products were purified by
column chromatography on silica gel or neutral
alumina using mixtures of petroleum and diethyl
ether as eluents.
Ethyl-2-(1-ox0-2,3-dihydro-1H-inden-2-yl)
benzo[d]thiazole-3(2H)-carboxylate (5 a)

Isolated with elluents petroleum : diethyl ether
8:1, 4:1; Yield: (76 %); M.p.: 127-130 °C;

'H-NMR (300 MHz, CDCls) (8, ppm): 1.38 (t, J
=7.2, 3H, CO,CH,CHg), 3.00 (dd, 2J = 18, %) = 5.4,
1H, ArCH,CH), 3.10 (dd, %J = 18, % = 7.5, 1H,
ArCH,CH), 3.54 — 3.59 (m, 1H, CH), 4.32 — 4.39
(m, 2H, CO2CH,CH3), 6.48 (d, J = 4.2, 1H, CH),
6.94 — 7.14 (m, 3H, Ar), 7.34 — 7.40 (m, 2H, Ar),
7.54 - 7.77 (m, 3H, Ar);

BC-NMR (300 MHz, CDCls) (8, ppm): 14.69,
27.67, 53.75, 62.77, 65.42, 117.54, 122.10, 124.11,
124.38, 125.62, 126.74, 127.71, 123.91, 154.42,
204.41;

m/z [M+Na]* calcd. 362.11, found 362.11;
[2M+Na]* calcd. 701.33, found 701.33;

IR (KBr, cm?): v(C=0) - 1703, 1724, v(C-O) -
1268, v(C-S-C) — 750, v(Csp?-H) — 2982, 3065,

Methyl-2-(1-oxo-2,3-dihydro-1H-inden-2-
yhbenzo[d]thiazole-3(2H)-carboxylate (5 b)

Isolated with elluents petroleum : diethyl ether
4:1, 3:1; Yield: (86 %); M.p.: 138-141 °C;

'H-NMR (600 MHz, CDCls) (8, ppm): 3.02 (dd,
2J=18,3J =6, 1H, ArCH,CH), 3.10 (dd, 2J =18, %)
= 6, 1H, ArCH,CH), 3.58 (br. s, 1H, CH), 3.92 (s,
3H, CO,CHa), 6.49 (br. s, 1H, CH), 6.98 — 7.15 (m,
4H, Ar), 7.38 — 7.42 (m, 2H, Ar), 7.58 — 7.79 (m,
2H, Ar);

13C-NMR (600 MHz, CDCls) (8, ppm): 27.47,
53.42, 117.36, 121.95, 123.96, 124.34, 127.58,
135.06, 136.71, 154.30, 204.50;

m/z [M+Na]* calcd. 348.06, found 348.06, [M-
H] calcd. 324.07, found 324.07;

IR (KBr, cm?): v(C=0) - 1698, 1722, v(C-O) —

- 1471

Ethyl-2-(5-0x0-6,7-dihydro-5H-
indeno[5,6-d][1,3]dioxol-6-yl)benzo[d]thiazole-
3(2H)-carboxylate (5 ¢)

Isolated with elluent petroleum : diethyl ether
4:1; Yield: (60 %); M.p.: 97-99 °C;

'H-NMR (600 MHz, CDCls) (8, ppm): 1.40 (t, J
= 6, 3H, CO,CH.CH3), 2.89 (dd, 2 = 18, *J = 6,
1H, ArCH,CH), 2.97 (dd, 2J = 18, % = 6, 1H,
ArCH,CH), 3.57 (br. s, 1H, CH), 4.33 — 4.40 (m,
2H, CO2CH:CHs3), 6.06 (d, J = 6, 2H, OCH.0),
6.47 (d, J = 6, 1H, CH), 6.77 (s, 1H, Ar), 6.97 —
7.13 (m, 4H, Ar), 7.85 (br. s, 1H, Ar);

3C-NMR (600 MHz, CDCls) (8, ppm): 14.57,
27.40, 102.35, 102.38, 105.75, 117.33, 124.18,
125.41, 131.40, 148.44, 154.61, 201.96;

m/z [M+Na]"* calcd. 406.07, found 406.07;

IR (KBr, cm?): v(C=0) - 1688, 1718, v(C-0O) —
1256, v(C-S-C) — 754, v(Csp*-H) — 2980, 3056,

Methyl-2-(5-ox0-6,7-dihydro-5H-
indeno[5,6-d][1,3]dioxol-6-yl)benzo[d]thiazole-
3(2H)-carboxylate (5 d)

Isolated with elluent petroleum : diethyl ether
4:1; Yield: (81 %); M.p.: 92-94 °C;

'H-NMR (600 MHz, CDCls) (8, ppm): 2.79 (dd,
2J=18,3J =6, 1H, ArCH,CH), 2.87 (dd, 2J =18, %)
= 6, 1H, ArCH,CH), 3.47 (br. s, 1H, CH), 3.83 (s,
3H, CO,CHj3), 5.98 (d, J = 6, 2H, OCH;0), 6.36
(br. s, 1H, CH), 6.67 (s, 1H, Ar), 6.88 — 7.04 (m,
4H, Ar), 7.76 (br. s, 1H, Ar);

13C-NMR (600 MHz, CDCls) (8, ppm): 27.37,
53.42, 102.36, 105.54, 105.75, 111.20, 114.25,
117.31, 120.49, 121.91, 124.30, 125.45, 131.36,
148.45, 154.64, 201.95;
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m/z [M+Na]" calcd. 392.06, found 392.06;
IR (KBr, cm?): v(C=0) - 1694, 1719, v(C-0O) -

- 1472, v(O-CH2-O) — 2918

Ethyl-2-(4,4-dimethyl-2,6-
dioxocyclohexyl)benzo[d]thiazole-3(2H)-
carboxylate (6)

Isolated with elluent petroleum:diethyl ether
4:1; Yield: (67 %); M.p.: 160-161 °C;

'H-NMR (300 MHz, MeQOD) (5, ppm): 1.04 (s,
6H, 2xCHs), 1.26 (t, J = 7.2, 3H, CO,CH,CHs),
2.27 (s, 4H, 2xCH,), 4.17 (g, J = 7.2, 2H,
CO.CH,CHs3), 6.87 (s, 1H, CH), 6.88 — 6.91 (m,
1H, Ar), 6.96 — 7.03 (m, 2H, Ar), 7.72 (d, J = 7.8,
1H, An);

13C-NMR (300 MHz, MeOD) (8, ppm): 14.78,
28.26, 32.89, 58.99, 63.01, 116.41, 117.16, 121.71,
124.10, 125.32, 131.15, 154.37,

m/z [M+Na]* calcd. 370.11, found 370.11,
[2M+Na]* calcd. 717.32, found 717.32

IR (KBr, cm?): v(C=0) - 1708, v(C-O) — 1247,

- 1472
Antibacterial studies:

The antibacterial effect of the synthesized
products against clinically isolated Gram-positive
and  Gram-negative  bacteria -  Bacillus
licheniformis ATCC 14580, Bacillus cereus ATCC
11778, Staphylococcus aureus ATCC 6538P and
Escherichia coli ATCC 8739 was studied. For this
purpose the method described by Marinova et al.
was used [20]. The substance was dissolved in 50
% DMSO solution and added to the growing media
in series of twofold decreasing concentrations
between 50 — 0.012 ppm. 200 ul of each dilution
were inoculated in an amount of 1 x 10° CFU
(Colony-forming unit) for various bacteria and
transferred in  microplates. The plates were
cultivated at 37 °C for 18 — 20 h. The growing
media used for the cultivation of the test
microorganisms was Muller-Hinton broth. The
optical density of the samples was read at the end

and time. Using the optimized conditions, the
reactions were carried out in dry dichloroethane for
2 h at reflux temperature (80 °C) for the reaction
with 1-indanone and 24 h at room temperature for
5,6-methylenedioxy-1-indanone and dimedone,
respectively. As shown in Table 1, the reaction
worked well with different cyclic ketones and the
desired compounds were obtained in good yields.
Even though the analysis of the crude products
suggests that mixtures of diastereoisomers are
formed in these reactions, we only managed to
isolate single diastereoisomers by preparative
column chromatography (yields given in Table 1).
Particularly striking example is 5b where the TLC
of the reaction mixture showed two products in
nearly 1:1 ratio, but only one of these was isolated
after column chromatography. Most likely this is
due to epimerisation process taking place in the
chromatography column. Such epimerization is
plausible, considering the CH-acidity of the product
and the possibility for enolisation at one of the
stereogenic centers. The determination of the
relative configuration of the isolated products
proved difficult and was not accomplished.

The 'H-NMR spectra of compounds (5 a-d)
exhibited a distinctive set of two doublet of
doublets (dd) in the range of 6 = 2.79 — 3.10 ppm
for diastereotopic protons from benzylic CH, group
adjacent to the newly formed stereogenic center.

All products (Table 1) were purified by column
chromatography and characterized by IR, 'H-NMR,
13C-NMR and ESI-MS analysis.

The synthesized benzothiazole derivatives were
evaluated for  antibacterial activity. The
antibacterial activity of the compounds was
examined via agar diffusion method with
concentration of the compounds 100 pg. Effect on
Gram-negative bacteria Escherichia coli and Gram-
positive Bacillus licheniformis, Bacillus cereus,
Staphylococcus aureus was measured.

Table 1. Synthesis of benzothiazole derivatives
(5a-d, 6)

of the cultivation period with (A = 600 nm) against Reaction
inoculated media. Pro- R: R, conditions Yields M. p.
duct (Time/ % °C
RESULTS AND DISCUSSION Temperature)
. . . 5a OEt H 2h/80°C 76 127-130
O_ur primary aim was to develop an efficient 5b  OMe H 2h/80°C 86 138-141
multicomponent  one-pot procedure for the 5¢ OEt OCH,0 24 h/rt. 60 97-99
synthesis of benzothiazole derivatives through the 5d OMe OCH,0 24h/rt. 81 92-94
reaction of benzothiazole (1), alkyl chloroformates 6 OEt 24h/rt. 67 160-161

(2) and cyclic ketones (3, 4) and to study their
antibacterial activity. The results are shown in
Table 1. The reaction conditions were optimized by
varying parameters such as solvent, temperature
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Products Microorganisms MIC
(5, 6) (sterile zone, mm) mg/ml
54 Bacillus Ii_cht_enifor_mis -19 0.027
Escherichia coli - 22 0.055

5b Shows no activity -
5c Bacillus Ii_cht_enifor_mis -18 0.027
Escherichia coli - 22 0.060

5d Shows no activity -
6 Bacillus cereus - 10 0.031

Staphylococcus aureus - 12 0.031

The highest activity against Escherichia coli and
Bacillus licheniformis showed compounds (5a, 5c¢)
- MIC 0.027 - 0.060 mg/ml. Compound (6)
displayed antibacterial activity against Bacillus
cereus and Staphylococcus aureus -
MIC 0,031 mg/ml (Table 2).

CONCLUSIONS

An efficient method for multicomponent
synthesis of 2-substituted benzothiazole derivatives
is demonstrated. The presented methodology offers
several advantages, such as simple procedure, clean
reaction and good yields. Three of the newly
synthesized compounds showed moderate activity
against both Gram-positive and Gram-negative
bacterial strains.
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CHUHTE3 U AHTUBAKTEPUAJIHA AKTUBHOCT HA 2-3AMECTEHU BEH30THUA30JI1
1. Crpemckut, C. CratkoBa-AGerxe!”, /1. Teoprues?, IT. Anrenos’, M. HBanos

UTnoeouscku Yuueepcumem ,, Haucuii Xunenoapceku”, Kamedpa Opzanuuna xumus,
ya. Lap Acen, 24, 4000 ITnoeous, e-mail: stab@uni-plovdiv.bg

2 Kameopa Buoxumus u muxpobuonozus, yi. Llap Acen, 24, 4000 ITnosous, e-mail: danail_d_g@abv.bg
Tocmwvnuna na 11 noemspu 2016 2.; npuema na 1 anyapu 2017 a.
(Pesrome)

[TpuokeHa e MyJITUKOMIIOHEHTHA Peaklys Ha aMUIOAIKHIMPaHe MEXIy OCH30THa30J, alKWIXJIOpOohOpMHUATH U
LIUKJIMYHA KapOOHWIIHU ChEJMHEHUs. YCIEIIHO ca CHHTE3UpaHW NeT 2-3aMEeCTeHH OCH30THa30JI0BH IPOU3BOJHU C
nobpu nmobwBu (or 60 mo 86 %). Hamepenm ca ycmoBus 3a xpomarorpadcko pasfensHe W H30IHpaHe Ha
HOBOIOJIYYCHUTE CBHEJAWHECHUS] C pPas3NpeleNuTelIHa TEeYHO-TeYHAa KOJOHHA Xpomarorpadus Ha CHIIMKarenl WIn
HEyTpaJieH aJyMHHHEB OKCHJ. M30IupaHuTe KPUCTAIHU CBhEJAWHEHUS] Ca CHCKTPAJHO OXapaKTepU3UpaHU C
nadppavepsena, AMP-crekrpockomms # MAC-criekTpoMeTpus.

U3cnenBaHa e aHTHOAKTepHAIHATA aKTUBHOCT HA CHHTE3MPAHHUTE ChEIAWHEHUs C JUCK-AU(PY3MOHEH METOM Cpelly
YEeTHPHU IlaMa MHKPOOPTaHH3MH - TpaMm-oTpuuarentu Gakrepun Escherichia coli ATCC 8739 u rpaM-TioIoKATETHH
Bacillus licheniformis ATCC 14580, Bacillus cereus ATCC 11778, Staphylococcus aureus ATCC 6538P.

Knrwuosu oymu: Fernzomuazon, Myimuxkomnonenmuna peaxkyus, AHMubaxmepuaiHa akmusHoc
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Human exposure to As, Cd, Cu, Cr, Mn, Fe, Ni, Zn and Pb through consumption of freshwater fishes (carassius,
freshwater bream, common roach and European crap) was estimated by evaluation of target hazard quintet (THQ),
target risk (TR), and hazard (HI) indexes. The elements were determined by ICP-OES.

The results from this study show that the THQ for the studied toxic and essential microelements are less than one;
signified that a daily exposure at this level is unlikely to cause any adverse effects during a person lifetime. Additionally
hazard index of each microelement was also lower than one suggesting that these pollutants pose no hazard to local
residents. The TR values were between 10 and 10 meaning that there is no important cancer risk associated with the

consumption of the examined in the present study fish species.

Key words: toxic/essential elements, freshwater fishes, THQ, HI, Mandra Lake

INTRODUCTION

Fish consumption entails important potential
health benefits such as lowering the risk of
cardiovascular diseases. However, fish may also be
a source of environmental contaminants. Exposure
to these contaminants could imply health risks,
especially for the more vulnerable consumer
groups, such as pregnant women and children [1].

Heavy metals tends to accumulate in advanced
organisms through bio-magnification effects in the
food chain. Thus, they can enter into human body,
and accumulate in the human tissues to pose
chronic toxicity. Chronic assimilation of heavy
metals is known cause of cancer [2] and can
damage vital organ functions. Accumulation of
heavy metals in the food web can occur either by
accumulation from the surrounding medium, such
as water or sediment, or by bioaccumulation from
the food source [3]. In the aquatic environment,
heavy metals in dissolved form are easily taken up
by aquatic organisms where they are strongly
bound with sulfhydryl groups of proteins and
accumulate in their tissues. The accumulation of
heavy metals in the tissues of organisms can result
in chronic illness and cause potential damage to the
population [4].

Heavy metals can be classified as potentially
toxic  (arsenic, cadmium, lead, mercury,
nickel, etc.), probably essential (vanadium, cobalt)
and essential (copper, zinc, iron, manganese,
selenium) [5]. The essential metals can also
produce toxic effects when the metal intake is
excessively elevated. Fish accumulates heavy

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

metals in its tissues through absorption and human
can be exposed to metals via food web. This will
cause acute and chronic effect to human [6]. For the
estimation of the potential risks to human health of
heavy metals in fishes, several ways have been
adopted such as calculating the carcinogenic and
non-carcinogenic effects. Risk assessment is one of
fastest method which is need to evaluate the impact
of the hazards on human health and also need to
determine the level of treatment which are tend to
solve the environmental problem that occur in daily
life [7]. Current non-cancer and cancer risk
assessment methods do not provide quantitative
estimate of the probability of experiencing non-
cancer and cancer effects from contaminant
exposure. These method are typically are based on
the Target Hazard Quotients (THQ) and Hazard
Index (HI).

The purpose of this study is to determine the
concentration of some heavy metals such as As, Cd,
Cu, Cr, Mn, Fe, Ni, Zn and Pb in four freshwater
fish species habitat in Bulgarian Mandra lake,
which is directly connected with Black Sea basin.
By using the target quotient (THQ) and hazard
index (HI), health risk associated with heavy metals
in these fishes was evaluated.

MATERIALS AND METHODS
Study Sites

Mandra Lake, is a large freshwater lake in South
Eastern Bulgaria, located south of Burgas. It is the
southernmost of the three Burgas lakes with water
surface area of about 1,300 hectares. Its length is 8
km and its maximum width is 1.3 km. It is situated

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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in a well-shaped river wvalley, oriented
perpendicular to the beach and the mouth and the
dam are near the southern end of Burgas. Four
rivers flow into the lake. This area was selected due
to rapid growth of development which are mixed
development area comprises residential,
commercial, small and medium enterprises and
industry.

Field sampling

The freshwater fish samples analyzed in this
study are carassius (Carassius auratus), freshwater
bream (Abramis brama), common roach (Rutilus
rutilus) and European crap (Cyprinus carpio). Fish
sample was collected from a single fisherman in
order to assure regularity in fishing methods. The
fish was collected from selected points and
transported to the laboratory on the same day in the
pre-cleaned polyethylene bags. Total length and
weight of the sample brought to laboratory on ice
after collection were measured to the nearest
millimeter and gram before dissection. All samples
were frozen and stored at -18°C immediately upon
returning from the field.

Sample Digestion and Instrumental Analysis

Approximately 1.0 g of homogenized miscle
tissues sample was digested with 10 cm® HNO;
(ultra-pure Merck ® Darmstadt, Germany) in a
digestion system and diluted to final volume of 25
cm® with double deionised water. MARS 6
Microwave Sample Preparation System (CEM
Corporation, USA) delivering a maximum power
and temperature of 800 W and 200 °C, respectively,
and internal temperature control, was used to assist
the acid digestion process.

One reagent blank for each digestion was
included as a representative standard reference,
homogeneity and process efficacy in sample
replicated. The digested sample was transferred to a
marked flask post-cooling.

All fish samples were analyzed for As, Cd, Cu,
Cr, Mn, Fe, Ni, Zn and Pb using an Inductively

Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). ICP-OES model used in this study was
Optima 8000  (Perking Elmer, USA).
The instrument working parameters were as
follows: plasma gas flow - 10 L/min, auxiliary gas
flow - 0.4 L/min, nebulizer gas flow - 0.6 L/min,
peristatic pump flow rate - 1.5 ml/min, spay
chamber - cyclonic glass, nebulizer - concentric
glass, MEINHARD® Type C. Results were
quantified using an calibration curve generated
from the responses obtained from multiple dilutions
of a multi-element calibration standard prepared
(Optima Family Multi-Element Standard, Matrix
per Volume: 2% HNOs3). Analytical quality control
included analysis of a 2 % ultrapure HNO3z blank
and a sample duplicate from the microwave
digestion.

A DORM-2 (NRCC, Ottawa) certified dogfish
tissue was used as the calibration verification
standard. Recoveries between 90% and 108% were
accepted to validate the calibration.

RESULTS AND DISCUSSION

As, Cd, Cu, Cr, Mn, Fe, Ni, Zn and Pb
levels in fish species

The concentration of different metals (mg/kg
wet weight) in the edible portion of fishes subject to
this study are given in Table 1.

There are significant differences on the
concentration presents for the heavy metals for Cd,
Cr, Cu, Fe, Mn, Ni, Pb and Zn for the different fish
species.

Among the heavy metals studied, Zn showed the
highest level of accumulation. Tiizen observed a
similar trend in his studies about some marine
fishes in the Turkish part of Black Sea [8]. In a
study performed in the muscle of five common
Slovak fish species the lowest mean Zn
concentration was detected in Wels cattish
(4.61 mg/kg w.w) and the highest mean zinc

Table 1. Mean concentrations (mg/kg w.w) and standart deviation of heavy metals for each species (N is the number of

analyzed fish species)

N As Cd Cr Cu Fe Mn Ni Pb Zn
Carassius 3 nd 0.041+ 0.044+ 0.17+ 2.23+ 0.19+ 0.09+ 027+ 698+
0.005 0.004 0.11 1.63 0.10 0.05 0.07 0.66
Freshwater 3 nd 0.020+ 0.033= 0.12+ 5.85+ 0.32+ 0.055+ 0.15+ 1.94+
bream 0.001 0.004 0.11 1.97 0.03 0.004 0.02 0.16
Common 3 nd 0.046+ 0.05% 0.11+ 1.68+ 0.19+ 0.11+ 025+ 4.99+

roach 0.007 0.05 0.03 0.96 0.16 0.03 0.06 1.12
European 2 nd 0031 003t 0.16£ 1.92= 0.050+ 0.08+ 0.20+& 3.27+

crap 0.001 0.01 0.01 0.15 0.005 0.01 0.02 0.06
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concentration in common carp (26.30 mg/kg
w.w.)with a significant difference in the
bioaccumulation of Zn among different fish species
[9]. It is well established that accumulation rate of
zinc is higher in omnivorous fish than predatory
fish. The results from this study are in accordance
with the data from literature.

The lowest mean iron concentration (1.68 mg/kg
w.w) was found in common roach and highest
mean iron concentration (5.85 mg/kg w.w) in
freshwater beam. Similar (2.99-4.38 mg/kg w.w) to
our values were found in muscle of five fish species
from the Erren River [10]; in five fish species from
the Candamo River (Peru) [11] and from 3.70 to
21.10 mg/kg w.w for five common Slovak fish [9].

Higher level of lead in the blood can cause
kidney dysfunction and brain damage. The Pb
concentration in this study varies between 0.15
mg/kg w.w for freshwater beam up to 0.27 mg/kg
w.w for carassius. In a study performed in
Véstonice reservoir in Czech Republic the highest
lead concentrations were found in tissues of asp
(0.12 mg/kg w.w) and carp (0.09 mg/kg w.w) while
the lowest lead concentrations were found in
pikeperch tissues (0.01 mg/kg w.w) and in pike
gonads (0.03 mg/kg w.w) [12]. The mean lead
concentration measured in rainbow trout in Western
Anatolia, Turkey is 0.08 mg/ kg w.w which is less
the values found in this study [13]. According to
Bulgarian Food Codex, the maximum lead level
permitted for fishes is 0.4 mg/kg [14] and our
results are below this value.

The cadmium levels found in this study ranged
between 0.020 mg/kg w.w in freshwater beam up to
0.046 mg/kg w.w in common roach. Cd levels in
the literature varied between 0.005 mg/kg w.w in
carp and pikeperch and 0.01 mg/kg w.w in catfish
from Serbian part of Danube River [15]; between
0.003 mg/kg w.w and 0.005 mg/kg w.w in fish
muscle in the rivers of Lithuania [16]; and around
0.03 mg/kg w.w for common carp from two ponds
in Slovak Republik [9]. The Codex Alimentarius
limit for cadmium content in fish muscle is 0.05
mg/kg wet weight. This limit was not exceeded.

Chromium concentrations varied from 0.03
mg/kg w.w (European crap) to 0.05 mg/kg w.w
(common roach ). Similar results were publishes for
the muscle tissies of Europan crap from two
southwestern Slovak fish farms [9]. In carp muscles
from the five Bohemian ponds chromium
concentrations ranged from 0.56 to 0.69 mg/kg wet
weight [17]. High variations of chromium
concentrations (5.57-197.12 pg/g dry mass) were
found in the muscle of Labeo umbratus from the
Witbank Dam [18]. Chromium content in fish
muscle did not exceeded the limit of Codex

Alimentarius (4.0 mg/kg wet weight) in any of the
analysed samples.

Copper concentrations ranged from 0.11 mg/kg
w.w for common roach to 0.17 mg/kg w.w for
caracuss. Higher copper concentrations were
reported in fish from the Atatiirk Dam Lake [19,
20]. Similar mean copper concentrations to our
results was found in the muscle of Clarias fucus
from the Duy Minh Lake [21], in the muscle of
three fish species from four Taimyr Peninsula
Lakes [22], and in muscle of marketable carp
(Cyprinus carpio) from five south and west
Bohemian fish ponds [17]. In this study, none of the
analyzed muscle samples exceeded the limit for
copper allowed by Bulgarian Food Codex
(10.0 mg/kg w.w) [14].

Manganese concentrations in the muscle showed
a high variation and amount. Concentrations of
manganese fluctuated between 0.05 mg/kg w.w. in
European crap and 0.32 mg/kg w.w. in freshwater
beam. Similar manganese concentrations were
found in the muscle of Lepisosteus platyrhincus
from the Okeechobee Lake (0.394 pg/g wet weight)
[23], and in the muscle of Lisa abu and Silurus
triostegus from the Atatirk Dam Lake (0.40 and
0.35 pg/g w.w., respectively) [19]. The limit for
manganese in Codex Alimentarius is not defined
but our results are in good agreement with the data
found in the literature.

Our results for Ni showed relatively low nickel
concentrations, fluctuating between 0.055 mg/kg
w.w in freshwater beam and 0.11 mg/kg w.w in
common roach. Higher levels (more than 40 times
greater than our results) of nickel concentrations
were found in the muscle of Labeo umbratus from
the Witbank Dam [18]. In the muscle of Silurus
triostegus from Atatiirk Dam Lake the mean nickel
concentration of 0.56 ug/g wet weight was recorded
[19]. Results comparable to ours were published for
the muscle of common carp (Cyprinus carpio) from
the five south and west Bohemian ponds [17].
The Bulgarain Food Codex limit for nickel content
in fish muscle is 0.5 mg/kg w.w [14]. Our values
are lower than the limit.

Health risk assessment

The THQ [24] which is the ratio between the
exposure and the reference dose (RfD), is used to
express the risk of non-carcinogenic effects. Ratio
of less than 1 signifies non-obvious risk.
Conversely, an exposed population of concern will
experience health risk if the dose is equal to or
greater than the RfD. The method for the
determination of THQ was provided in the United
States EPA Region Il risk-based concentration
table [24]. The dose calculations were carried out
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using standard assumptions from an integrated
United States EPA risk analysis.

A THQ below than one implies that the level of
exposure is smaller than the reference dose; a daily
exposure at this level is believed to cause any
adverse effects during a person’s lifetime. The
models for estimating THQ is expressed as:

(M¢ .1 . 1073.EF .ED)
THQ =
(RfD.BWa.ATn)

where Mc is the metal concentration in muscle
tissues of fish (pg/g), IR is the mean ingestion rate
of fish (5.205 g/day), EF is the exposure frequency
(53 day/year) or number of exposure events per
year of exposure, ED is the exposure duration, total
for adult (70 years for females and 63 years for
males), RfD is the reference dose (Cu = 0.04,
As = 3x10% Zn = 0.3, Ni= 0.02, Cr -3 x 103,
Fe -9x10%, Cd -13x10%, Pb - 4x10% Mn -
0.144 ug/g day), BWa is the body weight, adult
(60 kg for females and 68 kg for males kg), and
ATn is the averaging time, noncarcinogens and it
was calculated by multiplying exposure frequency
in exposure duration over lifetime (day/year).

The hazard index [24] from THQs can be
expressed as the sum of the target hazard quotients
of each individual element:

HI = THQas + THQcd + THQc + THQc, +
THQre + THONi + THQzn+ THQp, + THQmn

In cases where cancerogenic HI did not exceed
one, it was assumed that no chronic risks were
likely to occur at the site.

Target cancer risk [24] indicates carcinogenic
risks. The model for estimating TR was shown as
follows:

(M¢ .1 .1073.CPSo0.EF .ED)

(BWa .ATc)

where CPSo is the carcinogenic potency slope, oral
(As = 1.5 and for Ni= 1.7 mg/kg bw-day); ATc is
the averaging time, carcinogens (day/years) and
was calculated by multiplying exposure frequency
in exposure duration over lifetime. TR value for
intake of As and Ni was calculated to indicate the
carcinogenic risk since Cu, Hg and Zn do not cause
any carcinogenic effects.

The theoretical and estimated lifetime target
hazard quotients (THQs) for As, Cd, Cr, Cu, Fe,
Mn, Ni, Pb and Zn to humans due to exposure to
consumption of freshwater fishes from Mandra
Lake were calculated and presented in Table 2
and 3.

As it can be seen from the Table 3 and Table 4,
the THQs of As, Cd, Cr, Fe, Mn, Ni, Pb and Zn did
not exceed the safe value of one.

Also the total THQ means HI was less than one
for all fish species (between 0.027 and 0.061 for
females and between 0.033 and 0.063 for males)
and it demonstrated that ingestion of those fishes
subject to this research does not result in over
exposure of studies metals. Thus, no adverse effect
poses to the health of consumers.

TR =

Table 2. Risk values of each metal contaminant of the freshwater fish species (females)

Females
Fish Target hazard quotients (THQs) Target Risk (TR)
samples Hazard
. Index .
As Cd Cr Cu Fe Mn Ni Pb Zn (H1) As Ni Pb
Carassius  0.00 0.003 0001 00003 0021 000012 00004 0006 0002 0034 000 133105 2.27.105
Frﬁg‘;‘ﬁter 000 0002 0001 00003 0054 000019 0.0002 0.003 0001 0061 000 7.84.10° 1.24.105
Common 6y 0004 0001 00002 0016 000011 00004 0005 0001 0028 000 152105 2.10.10°
roach ’ ’ ’ ’ ’ : ’ : : ’ ' T "
European 55 0003 0001 00003 0018 000003 00003 0004 0001 0027 000 1.1410° 1.65.10°
cron . . . . . . . . . . . 14, 65.
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Table 3. Risk values of each metal contaminant of the freshwater fish species (males)

Fish

samples Target hazard quotients (THQs)

As Cd Cr Cu Fe Mn

Target Risk (TR)

Carassius ~ 0.00 0.003 0.001 0012 0018 0.0001
Freshwater 500 0001 0001 0009 0.048 0.0002
bream
common 09 0003 0001 0008 0014 00001
roach
Er‘g;pea” 000 0002 0001 0012 0016 0.00003

Hazard
Index .
Pb Zn (H1) As Ni Pb
0.0003 0.005 0.002 0.042 0.00 1.06.10° 1.81.10°
0.0002 0.003 0.001 0.063 0.00 6.22.10% 9.85.10°
0.0004 0.005 0.001 0.033 0.00 1.21.10° 1.66.10°
0.0003 0.004 0.001 0.035 0.00 9.02E-06 1.31.10°

Calculated average value of carcinogenic risk
(TR) of carassius, freshwater beam, common roach
and European crap was performed for As, Pb and
Ni, since only those elements from the analysed
ones show carcinogenicity (Table 1 and 2). The
values are as follows: between 9.02x10° and
1.06x10° for Ni for both males and females and
between 9.85x10° and 1.24x10° for Ph. Since the
total concentration of As is below detection limits
for this toxic element TR values are equal to zero.
In the literature TR for arsenic and nickel was
found to be 8.6x10° (range, 4.7x10°, Labeo rohita
to 1.5x10*% Catla catla) and 4.7x10* (range,
3.0x10*, Oreochromis nilotica to 5.8 x103, Catla
catla), respectively for fishes from Kolkata
wetland, India [25].; and between 1x10° to 1x10*
for Cu, Pb, Ni, Cd and Cr except Zn (6.17x10*) for
cultured P. hypophthalmus from India [26]. In a
previous study related with Black Sea marine fishes
the TR values for As and Ni are as follows:
4.3x10° for As and 3.57x107 for Ni [27].
Comparing our values with those stated in the
literature and the guidelines values, indicates that
analysed fish from Mandra Lake are safe for human
consumption.

CONCLUSION

In this study, the selected freshwater fish
individuals had metal levels below the guideline
values established by different environmental
agencies. The estimation of noncarcinogenic risk
(THQs) conducted in this study showed that
adverse health effects may not occur when
considering different fish consumption patterns.
Hazard index (HI) of each elements were also
lower than one suggesting that these pollutants
perhaps pose no hazard to local residents. The
target cancer risk (TR) due to As, Pb and Ni
exposure through freshwater fish consumption from

Mandra Lake do not have the probability of
contracting cancer over a long lifetime in future.
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OLEHKA HA ITPUEMA HA HAKOU TOKCHUYHU U ECEHLIMAJIHY EJIEMEHTH YPE3
KOHCYMAILIUA HA CIIAAKOBOJHU PUBU B BBJII'APUA

K. Ileftuesa, JI. Makenoncku, M. CrandeBa

Meouyuncku ynusepcumem Bapua, @axyrimem no xumus,
byn. Lap Ocsobooumen 84, 9000 Bapna, e-mail: peytcheva@hotmail.com

ITocTbpnuna Ha 10 HoemBpu 2016 r.; npuera Ha 15 nekemBpu 2016 T.
(Pesrome)

Onenkara Ha ekcriosumusara cupsmo As, Cd, Cu, Cr, Mn, Fe, Ni, Zn u Pb e chinectBeH enemeHTt ot
KOJIMYEeCTBEHATa OIEHKA Ha PUCKA 32 YOBEUIKOTO 3JBpaBe. PUCKBT, CBHP3aH C KOHCYMalusTa Ha HIKOM
CIIAJIKOBOJIHHM PHOH, € OLICHEH Ype3 MpecMsiTaHe Ha KoeuileHTUTe 3a HekaHieporeHeH puck (THQ), nunexc
Ha onacHocT (HI) u kanneporenen puck (TR). Xumuunure enemeHty ca ananusupanu upe3 ICP-OES.

Pesynratute OT TOBa M3cienBaHe TOKasBaT, 4e THQ cToifHOCTHTE 3a TOKCHYHHTE M ECCHLUAIHU
MUKPOEJIEMEHTH Ca TI0/I €MHUIA, T.€ JHEBHATA €KCIIO3HIIMS IPY TOBA HUBO € MAJIKO BEPOSITHO J1a MPUIHHU
HEe)KeNaH! eeKTH 3a LEeNUs TIEPHOJ] Ha YOBEIIKHS KHUBOT. B TONbIHEHHE, MHICKCHT HA OMACHOCT 32 BCEKH
eIMH MHKPOEJIEMEHT € ChIIO IO/ EJUHUIIA, KOETO IpeJroiara, 4¢ Te3H 3aMbPCHTENIN HE TPEICTaBIISIBAT
omacHOCT 3a MecTHUTe >xuTend. CroiiHocTuTe 3a TR ca mexmy 10° m 10% koero mokassa, ue He
CBIIIECTBYBAa PHCK OT PaKOBU 3a00JISIBaHUS MPUYMHEHHW OT KOHCYyMalUsITa Ha TE3HW BUAOBE CIAJKOBOJHH
puoH.

Kniouosu oymu: moxcuunu memanu, ciaokosoonu pubu, THQ, HI, Ezepo Manopa.
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Synthesis, structure and nonlinear optical properties
of tellurium oxide — bismuth oxide — boron oxide glasses
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TeO,-Bi»03-B203 glasses are prepared using a conventional melt-quenching method. The polarizability approach
based on the Lorentz-Lorenz equation is applied and the optical basicity and the oxide ion polarizability are estimated.
The glasses possess relatively high values of the optical basicity (0.734-0.936) and the electronic oxide ion
polarizability (1.785-2.276 A3). The theoretical refractive index of the glasses is also estimated. On this basis the third
order nonlinear optical susceptibility of the glasses is established using generalized Miller’s rule. The glasses possess
comparatively high third order nonlinear optical susceptibility in the 0.64-2.31x10® esu range. The chemical bonding
of the glasses is elucidated on the basis of the interaction parameter and the single bond strength of an average cation-
oxide ion (M-O) bond. It is found that the glasses possess relatively low values for the average single bond strength
(352-254 kJ/mol) and low values of the interaction parameter (0.051-0.028 A-%). These results indicate for the presence
of weak chemical bonds which are formed between TeO., TeOs, BiOs, BO4 and BOs groups confirmed by IR spectral
analysis.

Key words: Oxide glasses, polarizability, optical basicity, chemical bonding, IR spectra, nonlinear optical materials

INTRODUCTION

Nonlinear optical materials are attracted much
attention because of their importance for the
development of optical information processing
technology. Since optical nonlinearity is caused by
electronic polarization of a material upon exposure
to intense light beams, the electronic polarizability
is one of the most important properties which
govern the nonlinear response of the material. The
estimation of the electronic polarizability of ions is
subject of the so called polarizability approach
which is well known especially in the field of glass
science [1]. During the past two decades numerous
oxide glasses were investigated by means of the
polarizability approach with aim to explain the
origin of optical nonlinearity. It was established
that bismuthate and tellurite glasses possess high
optical nonlinearity and have possible application
as nonlinear optical materials [2].

Tellurite glasses have attracted much scientific
and practical attention due to their unique
combination of properties such as low melting
temperatures, chemical durability and stability, high
dielectric constant, low phonon energy, broad
optical transmission window and high linear and
nonlinear refractive indices. In this respect TeO,-
based glasses are promising optical materials for
up-conversion lasers and nonlinear optical materials

* To whom all correspondence should be sent.
E-mail: tina.tasheva@gmail.com

exhibiting high second and third order nonlinear
optical susceptibility [3-6].

Bismuthate glasses are of great interest also
because of their potential for the application in the
field of optoelectronics and nonlinear optics as
photonic switches and third harmonic generation
(THG) materials due to their low melting
temperatures, extensive glass formation range,
physical stability, high refractive index and high
nonlinear optical susceptibility [7-9].

Recently, the optical properties and structure of
Te0,-Bi»05-B,0O3; glasses have been studied
[10-12]. Hasegawa [10] has found that the glasses
possess high refractive index, high optical basicity
and high third order nonlinear optical susceptibility.
Zhao et al. [11] have applied the polarizability
approach and have investigated the structure of the
glasses by means of Raman spectroscopy and XPS
spectroscopy. Azuraida et al. [12] have made
comparative studies of bismuth and barium boro-
tellurite glasses and have concluded that the
addition of Bi,Os in boro-tellurite glasses improves
the optical properties.

The purpose of the present study is to synthesis
of novel TeO,-Bi,03-B,0; glasses and to apply the
polarizability approach to them. The structure of
the glasses by means of IR-spectroscopy is also
investigated.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 43
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EXPERIMENTAL

Glasses in the ternary TeO,-Bi»03-B,03 system
were prepared using a conventional melt-quenching
method. The glass compositions are given in
Table 1, column 2. The compositions are divided
into three series. Reagent grade commercial
powders of TeO,, Bi.O; and H3BO; were mixed
together and melted in a corundum crucible at
900°C for 20 min in an electric furnace. The melts
were poured onto an alumina plate and pressed to a
thickness of 1~2 mm by another copper plate. The
samples obtained from the third series of
compositions were classified as opal glasses. The
IR-spectra of the glasses were recorded in the 2000-
400 cm™ range by using FT-IR spectrometer Varian
600-IR. The samples for these measurements were
prepared as KBr discs. The precision of the
absorption maxima was + 3 cm™,

THEORETICAL BACKGROUND

Recently, the polarizability approach has been
applied to different simple oxides, binary and
ternary oxide glasses [13-16]. The most familiar
and widely used relationship in the polarizability
approach is the Lorentz-Lorenz equation which
relates the molar refraction (Rm) to the refractive
index (n,) and the molar volume (V) of the

substance by,
R (noz B 1)

m = —Vm (1)
(n2+ 2)
Assuming that the molar refraction of a glass
with a common molecular formula AxByC.O is
additive quantity it follows that,

R, = 2.52(Xaip tYag + 20 + N, ) 2)
where a,,, a5, are the polarizabilities of

cations A, B and C and «, is the polarizability of

the oxide ion, and x, y and z are the numbers of the
cations A, B and C and n is the number of the oxide
ions in one molecule of glass.

It is possible to calculate the so-called
theoretical optical basicity An and the electronic
oxide ion polarizability ao? for ternary oxide glass

on the basis of the following equations proposed by
Duffy and Ingram [17,18],

Ay = XA+ XA, + XA, (3)
and
1.67
a, = —— (4)
© 1.67-A,,

where X, X,, X, are equivalent fractions based on

the amount of oxygen each oxide contributes to the
44

overall material stoichiometry and A;,A,,A, are

basicities assigned to the individual oxides.
The third order nonlinear optical susceptibility

7, can be predicted by generalized the so-called
Miller’s rule [19],

AV =[70T10" Jesu (5)
where ¥®is linear optical susceptibility calculated
in accordance with,

2
o (n?-1)

X = (6)

Based on Sun’s fundamental condition of glass
formation [20] Dimitrov and Komatsu [21]
proposed an approach for calculation of average
single bond strength Bm.o of oxide glasses using
values of single bond strength Bmo for
corresponding simple oxides and taking into
account the molar part of each oxide in the glass
composition. In the case of ternary oxide glass the
following equation can be used,

Bu_o- = XBa o+ YBg o + (1_ X— Y) Bco @)
where X, y and (1-x-y) are molar parts of each oxide
in the glass composition.

According to the general theory of the dielectric
constant of simple ionic crystals based on quantum-
mechanical treatment of the complex interaction
between neighboring ions proposed by Yamashita
and Kurosawa [22] the interaction parameter A of
ternary oxide glass could be calculated by using the
following equation [23],

Ax (3921-a; ) oy (3921-a, ) . ®)
"2(a, +3.921)(ay +a,)  2(c +3.921) (. +arg)
(3.921-a,, )

*s 2(arc +3.921) (e +xc)

where X3, Xz and Xs are equivalent fractions based
on the amount of oxygen each oxide contributes to

the overall glass stoichiometry, ao? is oxide ion
polarizability of the glass and ¢, , oy, and a;c

are cation polarizabilities. Pauling’s value of 3.921
A for the electronic polarizability of the free oxide
ion is used.

RESULTS AND DISCUSSION

We have calculated the theoretical optical basicity
and oxide ion polarizability of TeO,-Bi»O3-B,03
glasses by Eq. 3 and 4 using optical basicity data of
TeO, (A=0.975), Bi:0O3 (A=1.19) and B:0s
(A=0.42) [23]. The molar refraction of the glasses
was determined by Eq. 2 taking into account the
cation polarizability and oxide ion polarizability.
According to [13] the cation polarizabilities are

o .. =1.595 Ad o, =1.508 A% «_, =0.002 AS.
e Bi B
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Table 1 Composition, Molar mass M, density d, molar volume V, optical basicity A, electronic oxide ion
polarizability ao»., molar refraction R

Composition M, d, Vm, A 002, Rm,
g/mol g/em®  cm3/mol A3 cm®/mol
Series 1 10Te0,50 Bi,0340B,03 276.79 5.75 48.11 0.857 2.053 19.21
20Te0240Bi,0340B,03 246.15 5.43 45.33 0.829 1.986 17.86
30Te0,30Bi,0340B,03 215.52 5.11 42.20 0.800 1.920 16.55
40Te0,20Bi,0340B,03 184.88 4,78 38.65 0.768 1.852 15.27
50Te0,10Bi,0340B,03 154.24 4.46 34.58 0.734 1.785 14.02
Series 2 45.5 Te0,30.0Bi20324.5B,04 256.05 5.85 43.76 0.891 2.143 18.83
59.65Te0,25.0Bi,0315.35B,03 222.38 5.89 37.76 0.936 2.274 18.08
60.2Te0,20.0Bi,0319.8B,03 203.06 5.56 36.54 0.891 2.145 16.90
Series 3 31.2Te0245.0 Bi,0323.8B,03 276.05 6.21 44.44 0.936 2.274 20.08
31.0Te0,40.0Bi20329.0B,03 229.46 5.70 40.25 0.891 2.145 17.86
45.5Te0,35.0 Bi,0319.5B,04 249.28 6.05 41.18 0.936 2.276 19.09

The molar volume was estimated and the results
of Vm, theoretical optical basicity Am, oxide ion

polarizability ¢, and molar refraction Rn are

listed in Table 1. It is seen that the glasses possess
relatively high optical basicity (0.734-0.936) and
electronic oxide ion polarizability (1.785 -
2.276 A®) which indicate for their basic nature. The
results obtained are in good agreement with the
data  reported by Hasegawa [10] and
Zhao et al. [11] for other bismuth boro-tellurite
glasses. We have estimated the theoretical
refractive index of TeO,-Bi»Os-B,0s glasses using
Eq. 1. The data are listed in Table 2, column 3. As
can be seen the glasses possess high values of
refractive index in the 1.713-1.938 range. The third

order nonlinear optical susceptibility y©®, was

predicted by generalized Miller’s rule (see Egs. 5
and 6). The results are listed in Table 2, column 4.
TeO,-Bi»0s-B,03 glasses show relatively high
values of the third order nonlinear optical
susceptibility in the 0.64-2.31 x 10*% esu range
which are close to those reported in Refs. 24, 25.

This means that TeO.-Bi,03-B,O3; glasses are
probably good candidates for nonlinear optical
applications. It was established that third order
nonlinear optical susceptibility y® of the glasses
increases with increasing electronic oxide ion
polarizability, that is optical basicity and refractive
index.

As can be seen in Table 1 the glasses with high
optical nonlinearity possess high electronic oxide
ion polarizability, optical basicity and refractive
index.

Sun [20] has suggested a bond energy criterion
for glass formation and has reported comprehensive
data on single bond strength Bm-o in kcal per
Avogadro bond for various simple oxides based on
their dissociation energy Egq. Yamashita and
Kurosawa [22] have proposed a general theory of
the dielectric constant of simple ionic crystals based
on guantum-mechanical treatment of the electronic
structure of constituent ions in order to take into
account the effect of charge overlapping between
neighboring ions.

Table 2 Composition, refractive index no, third order nonlinear optical susceptibility ¥, interaction parameter A, single

bond strength Bu-o

Composition X® 1013 A, Bwm-o,

Mo esu A3 kJ/mol
Series 1 10Te0,50 Bi,0340B,03 1.730 0.64 0.036 279
20Te0,40Bi,0340B,03 1.718 0.58 0.039 297
30Te0,30Bi,0340B,03 1.713 0.56 0.042 316
40Te0,20Bi,0340B,03 1.720 0.59 0.046 334
50Te0,10Bi;0340B;03 1.745 0.70 0.051 352
Series 2 45.5 Te0,30Bi,0324.5B,0; 1.807 1.06 0.033 283
59.65Te0,25.0Bi,0315.35B,0; 1.938 2.31 0.028 272
60.2Te0,20Bi;0319.8B,03 1.893 1.79 0.033 291
Series 3 31.2Te0,45.0 Bi»0323.8B,0; 1.864 150 0.028 254
31.0Te0,40Bi,0329.0B,053 1.842 1.32 0.032 274
45.5Te0,35.0 Bi,0319.5B,0 1.895 1.81 0.028 263
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A quantitative measure of this complex
interaction is given by the so-called interaction
parameter A, which in fact for a chosen cation-
anion pair represents the charge overlapping of the
oxide ion with its nearest positive neighbor.
Therefore, the average single bond strength and the
interaction parameter represent the chemical
bonding of the glasses based on two different
approaches — on the thermodynamics and
polarizability, respectively. Both parameters of
TeO,-Bi,03-B,03 glasses were estimated by using
Egs. 7 and 8. For the calculation of the average
single bond strength of the glasses the following
values for the corresponding individual oxides were
used - 285 kJ/mol for TeO,, 103 kJ/mol for Bi>Os3
and 498 kJ/mol for B.O; (see Ref. 23). The
obtained data for both parameters are presented in
Table 2. The glasses possess small single bond
strength in the 254-352 kJ/mol range and small
values of interaction parameter in the 0.028-
0.051 A-® range. Small interaction parameter means
week interionic interactions resulting in large
unshared electron density at one averaged oxide
ion. These values of Bum.o and A suggest for the
presence of predominantly ionic character of the
bonds in the glass structure. Probably Te-O-B, Te-
0O-Bi and Te-O-Te, along with Bi-O-B and Bi-O-Bi
chemical bonds are formed in their structure.

With a view to confirm the presence of such
bonds the structure of the glasses in the present
study was investigated by means of IR
spectroscopy. The IR spectra of TeO,-Bi,O3-B203
glasses are shown in Figs. 1-3. In the spectra of the
glasses from Series 1 (Fig. 1) it can be seen the
presence of two well-defined bands at 1338-
1164 cm* range, a band at 1014-1001 cm™ and two
low frequency bands at about 670 cm? and
440 cm?. The intensity of the band at about
670 cm™ increases and that of the band at about
440 cm* decreases with the TeO, content increase
and Bi,Os content decrease.

In the spectra of the glasses from Series 2
(Fig. 2) it can be seen the presence of two well-
defined maxima at 1325-1316 cm™ and 1210-1206
cm? respectively, weak maxima at 1071-1017 cm'?
and strong band at about 658-649 cm?® with a
shoulder at 750-742 cm™ .

The spectra of the glasses from Series 3 are
similar each other. A broad band in the 1325-
1206 cm* could be observed along with weak band
at around 1045-1022 cm? in the high frequency
range. In the low frequency range four or five
bands exist, namely at 759-713 cm? , 658-633cm™ ,
617 cm™ , 562-548 cm™ and 438-433 cm™. The last
band decreases its intensity with Bi»Os decrease.
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The change of the tellurium coordination
polyhedron from TeOs to TeOs, the change of
boron coordination polyhedron from BOs; to BO4
and existence of BiOg and BiOsz groups are well
known from structural investigations of different
tellurite, borate and bismuthate glasses [7, 25-30].
Arnaudov et al. [26] and Dimitriev et al. [27] have
studied the Te-O stretching vibrations of a-TeO;
and 16 crystalline tellurites built up by TeOs, TeOq
or combinations of these polyhedra as well as series
of tellurite glasses containing similar polyhedra.
The characteristic stretching vibrations of these
structural groups are located in the 670-635 cm'
range. According to IR- spectral data for large
number of bismuthate crystals and glasses collected
by lordanova et al. [30] the stretching vibrations of
BiOs are in the 480-420 cm™ range while those of
BiOs groups are around 860-840 cm™,
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Fig. 1. IR spectra of the TeO-Bi»03-B,0s glasses from
Series 1.
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Fig. 2. IR spectra of the TeO,-Bi,03-B,0s glasses from
Series 2.

The characteristic bands of boron containing
crystals and glasses are in the high frequency range
of the spectra in which are located the stretching
vibrations of BOs; and BO, structural groups.
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Fig. 3. IR spectra of the TeO»-Bi»03-B,03 glasses from
Series 3.

According to the review article by
Gautam et al. [31] on infrared spectroscopic studies
of borate glasses with different additives the
asymmetric stretching vibrations of B-O bonds of
trigonal BOs units could be observed in the 1480-
1200 cm™? range. The band at about 1345-1235 cm
is connected with the presence of pyroborate and
orthoborate groups. The absorption maxima at
about 1015 cm™ gives information of the presence
of pentaborate groups containing both BO; and BO4
units. The bonds at about 1046-1020 cm™ are
assigned to the B-O stretching vibrations of BO4
units. Similar results about the vibrations of BOs
and BO4 units in the structure ZnO-Bi,03-B,0; and
CdO-Bi;03-B,0; have been reported also by
Saritha et al. [32] and Pal et al. [33].

On the basis of the discussion mentioned above
the following assignment of the bands in the spectra
of TeO,-Bi,03-B,03 glasses is made. The bands in
the 1338-1278 cm™ range and the bands at 1229-
1196 cm™ range are assigned to the asymmetrical
stretching vibrations of BOs units in pyro- and
orthoborate superstructural units. The absorption
maxima in the 1071-1001 cm™ range is attributed to
the stretching vibrations of BO, units. The
absorption band around 670-650 cm is probably
due to overlapping between asymmetrical
stretching vibrations of axial Te-O bonds in the
TeO4 groups and asymmetrical stretching vibrations
of TeOsz pyramidal groups. The shoulder at 760-
713cm? could be assigned to symmetrical
stretching vibrations of equatorial Te-O bonds in
TeO4 groups or to symmetrical stretching vibrations
of TeOs groups. The band around 440 cm? is
attributed to the Bi-O stretching vibrations of BiOs.
The observed structural units namely BOs, BO,,
TeOs;, TeO4 and BiOg are interconnected in the
structure of the TeO»-Bi,03-B.03 glasses by B-O-
B, B-O-Te, B-O-Bi, Te-O-Te and Bi-O-Bi chemical
bonds.

CONCLUSION

The polarizability approach based on the
Lorentz-Lorenz equation has been applied to TeO--
Bi»0O3-B,03 glasses. It was established that the
glasses possess high refractive index (1.713-1.938),
high electronic ion polarizability (1.785-2.276 A%)
and high optical basicity (0.734-0.936). The
theoretical  third order  nonlinear  optical
susceptibility y® was determined and it was found
that the glasses possess high values of ¥® in the
0.64-2.31x10" range. It was established that the
glasses have small single bond strength and
interaction parameter, thus suggesting the presence
of weak chemical bonds. Such bonds, namely B-O-
Te, B-0O-Bi, Te-O-Te and Bi-O-Bi probably
interconnect TeO4, TeOs;, BiOs, BO3z and BO.4
groups which were confirmed by IR spectral
analysis of the glasses. The high polarizability of
oxide ions in these bonds accounts to the observed
linear and nonlinear optical properties of the
glasses.
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CHUHTE3, CTPYKTYPA U HEJIMHEWHU OIITUYHU CBOVMICTBA HA
TEJIYP-BUCMYT-BOP OKCHUJHU CTHKIIA

T. P. Tamesa, B. B. /lumutpoB

Kamedpa ,, Texnonozus na cunuxamume ““, XuMukomexHoi02u4en u Memaiypeusien yHueepcumen,
oyn. Kn. Oxpuocku 8, Coghusn 1756, Bvaeapus, e-mail: tina.tasheva@gmail.com

ITocTpnumna va 7 HoemBpu 2016 r.; npueta Ha 3 ssuyapu 2017 .
(Pestome)

TeO,-Biz03-B203 cThkiia 0sixa CHHTE3MPAaHH IOCPEACTBOM PS3KO OXJIaXKJAaHE Ha CTOMMIKH. berre
NPWIOXKEH MNOJSPU3ALMOHHUS NOoAXol, ©OasupaH Ha ypaBHeHuero Ha Jlopentu-Jlopenu. Onrudeckara
OCHOBHOCT M KHCJIOpOJHATa IMOJIIPU3YEMOCT OsiXa ONpeAeeHH. YCTaHOBEHO €, Y€ CTBhKJAaTa MPHUTEXaBaT
CPaBHHUTEIHO BUCOKHM CTOMHOCTH 3a omTudeckaTa ocHOBHOCT (0.734-0.936) m kuciopoiHata €leKTpOHHA
nosspusyemoct (1.785-2.276 A®). TeopeTuunusr mokasaten Ha HpedynBaHe ChIIO Oele ompeneneH. Ha
HEroBa OCHOBAa O€lIe ONpejieicHa HeJMHEHHAaTa ONTHYECKa BB3NPUEMYMBOCT OT TpeTH mopsabk ¥
nocpeicTBoM MunepoBoto mpasuio. CThKIaTa IIPUTEKABAT CPaBHUTENHO BUCOKU croiinocth 3a & (0.64-
2.31x10™ esu). XMMHUYECKOTO CBBP3BAHE € M3SACHEHO, HAa OCHOBATA HA €/IHA OCPEIHEHA KATHOH-KUCIOPOJL
(M-O) xumuyHa Bpb3Ka, HOCPEICTBOM MapaMeThpa Ha MEXAYHOHHO B3aMMOJECHCTBUME M 3/ApaBHHATa Ha
Bpb3KaTa. YCTAaHOBEHO €, Y€ CThKJIaTa NMPHUTEKAaBaT CPABHUTEIHO HUCKM CTOMHOCTM 3a 37paBHHATa Ha
XHUMUYHATa Bpb3Ka (352-254 kJ/mol) u HECKH CTOWHOCTH 32 mapamMeThpa Ha MEXIYHOHHO B3aMMOJICHCTBHE
(0.051 1o 0.028 A=), Tesu pesyaraTd Npeanonarar HAIMYMETO Ha C1abHW XMMUYHH BPB3kd Mexay TeOs,
TeOs, BiOs, BOs u BOsrpynute, notespaeHu upe3 MY criekTpasieH aHamus.

Knwuosu ()y./nu: OKCUOHU CmvKia, nojspusyemocnt, onmu4ecKka OCHOBHOCN, XUMUYECKO C6bp3eane, u4d
CneKmpocKonus, HenUHeluHU ONMUYHU mamepuaiu.
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Cloud point extraction of lanthanides with 3-ethylamino-but-2-enoic acid
phenylamide from water samples prior to ICP-MS determination
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A compound representative of the enaminones class is studied as a new ligand for Cloud Point Extraction (CPE) of
lanthanides (La, Ce, Eu, Gd, Er) from aqueous medium. Extraction parameters such as water phase pH, heating
temperature, incubation time, type and quantity of surfactant are optimized. Analyte concentrations are measured by
ICP-MS after appropriate dilution of the surfactant-rich phase. The extraction system based on the new ligand showed
high efficiency for separation of lanthanides from concomitant alkali and alkaline earth elements, which significantly
reduces the risk of spectral interferences in real samples. Selectivity of the tested enaminone is compared to the classical
ligand 8-hydroxyquinoline. The instrumental drift in sensitivity is corrected by internal standardization with Re. The
optimized procedure is applied on water certified reference material and real water samples. Obtained limits of

detection are in the interval 0.2-1.3 ng L'* with 10-fold preconcentration.

Keywords: Lanthanides, Cloud Point Extraction, Enaminones, ICP-MS, Water Analysis.

INTRODUCTION

Cloud point extraction (CPE) is a green
alternative to classical extraction techniques that
doesn’t require use of toxic, volatile and flammable
solvents [1]. Due to its advantages, CPE has been
extensively used in the last decades for separation
and preconcentration of organic [2-4] and inorganic
[5-7] substances. Extraction of metal ions is
principally performed by preliminary formation of
water insoluble complexes with variety of ligands:
pyridylazo and thiazolylazo derivatives, such as
1-(2-pyridylazo)-2-naphthol (PAN), 1-(2-thiazol-
yazo)-2-naphthol (TAN), 4-(2-pyridyl-azo)
resorcinol (PAR), 2-(5-bromo- 2-pyridylazo)-5-
(diethylamino) phenol (5-Br-PADAP), ammonium
pyrrolidinedithiocarbamate (APDC), diethyldithio-
carbamate  (DDTC), 2-amino-cyclopentene-1-
dithiocarboxylic acid (ACDA), O,O-diethyldithio-
phosphate (DDTP), 8-hydroxyquinoline (oxine, 8-
HQ) and dithizone [8]. Still few authors report
procedures for CPE of lanthanide ions (Ln) with
ligands as Alizarin Red S and cetyltrimethyl-
ammoniumbromide (CTAB) [9], water-soluble
calixarenes [10], hydrophobic calixarene platforms
[11], 8-hydroxyquinoline[12, 13] and 2-(5-bromo-
2-pyridylazo)- 5-diethylaminophenol [14].

ICP-MS is considered to be one of the most
appropriate techniques for lanthanide analysis in
diversity of real samples [15-17]. Nevertheless, the
direct determination of these elements is hindered

* To whom all correspondence should be sent.
E-mail:stefanova@uni-plovdiv.net

by spectral interferences caused by barium [18, 19].
Most of the authors recommend separation
procedure before the measurement [20].

In this study is presented the potential of
enaminones (En) as ligands for CPE of lanthanides
from water samples.

EXPERIMENTAL

Instrumentation

All measurements are performed with ICP-MS
Agilent 7700. The measurements were done using
standard plasma operating conditions; Micromist
(Glass Expansion) nebulizer, using normal
resolution (0.65 amu); 5 replicates per sample;
1 point per mass peak and 0.1s acquisition time.
Two isotopes per analyte were monitored 14%142Ce,
1SLIS8EY,  196157Gq, 166.188Fr with exception of
lanthanum where only one isotope is free from
isobaric interference **La.

Reagents and standard solutions

All reagents and solvents were analytical grade
and used  without  further  purification.
Monoelemental solutions of Ce, Er, Eu
(1000, mg L) were purchased from CPA-spectr™.
Solutions for La and Gd with concentration
1000 mg L* were prepared by dissolving of Gd,Os
(99,9%, Sigma-Aldrich) and La(NOs)s-6H.0
(99,99%, trace metals basis, Sigma-Aldrich) in 1
mol L* HNO; ( p.a.,Merck) on heating plate and
then diluting with double distilled water. Stock
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solution of Re (1000 mg L) was obtained from
Merck (Darmstadt, Germany). Selectivity test was
performed using Multi elemental solution,
100 mg Lt CPA Chem Ref. Ne BS6A.K1.5N.L1. A
buffer solution with pH=8.3 was prepared from
NH.OH and NH4NO3 (Merck). Certified reference
material for surface water SPS Quality Level 1
(Spectrapure standards, Oslo, Norway) was used
for method validation. Triton X-100 (TX-100,
Merck) and Triton X-114 (TX-114, Fluka AG)
were  tested as  surfactants for  CPE.
8-Hydroxyquinoline (Sigma-Aldrich) was used for
selectivity comparison.

3-ethylamino-but-2-enoic  acid  phenylamide
(En) was synthesized according to a procedure
described by Venkov and Angelov in [21].

Cloud point extraction of lanthanides
with tested enaminone

Calibration standards and model solutions were
prepared in plastic test tubes as it follows: 40 mL of
tested water solution containing target lanthanide
ions 1 pg L (and concomitant elements 10 pg L™)
was buffered at pH=8.3 by the addition of 5 mL
NH4sOH/NH4sNO3 buffer solution. Then 0.2 mL
(0.06 mol L) solution of the ligand in ethanol was
added and the sample was shaken for 2 minutes.
Finally, 5 mL 10 % TX-100 were added and test
tubes were placed in water bath for 30 minutes at
70°C. After incubation, samples were cooled in
freezer. Then the water phase was removed with
pipette and surfactant rich phase (SRP) was diluted
with 1 mol L HNO; with internal standard (1S) Re
to final volume of 4 mL. Procedural blank was also
prepared.

Real samples and Reference material

SPS Water Level 1: Acidified surface water
samples were neutralized to pH~5 and then
prepared according to the procedure for model
solutions.

Cloud point extraction of lanthanides with
8-hydroxyquinoline
The method for CPE with 8-HQ described
elsewhere [12] with slight modification - i.e. the
SRP was directly diluted with 0.01 mol L* HNO;
(with IS Re) after CPE.

RESULTS AND DISCUSSION

Optimization of extraction parameters for CPE
with enaminone

The optimization of extraction parameters was
started with pH of the initial aqueous solution
because it affects both ligand’s and analytes’
behavior. In our previous studies on liquid-liquid
extraction, we found that the highest efficiency of
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the reaction between lanthanides and enaminones
was achieved in basic medium [22, 23]. The
investigated pH range here (from 6 to 9) confirmed
that in acidic and strong basic medium the complex
formation is suppressed. Expectedly, the highest
signals were obtained for pH=8 and for this reason,
NHsNO3/NH,OH with pH~8.3 was used for further
experiments.

CPE was tested at the optimum pH value
without the addition of ligand because the
lanthanides are partially hydrolyzed in basic
medium; their hydrophobic hydroxides could be
extracted in SRP. Furthermore some authors have
reported high yields for lanthanides obtained by
CPE in basic (pH>9) [24] and even in acidic media
[13] without addition of ligand. The results
presented in Figure 1 indicate that ligandless
extraction is possible but with low efficiency. The
presence of tested enaminone results in a twofold
increase in the signals for all elements and ensures
higher recoveries.

In addition, it was discovered that the order of
mixing the reactants during the sample preparation
also influences the signals. Up to 30% lower signals
are measured when the surfactant is added before
the ligand. This is probably due to the higher
solubility of the ligand in a micellar phase formed
by surfactant, which decreases its concentration in
the aqueous phase before completing the reaction
with target ions. Therefore, it is recommended to
add firstly the ligand to the sample solution and
after vigorous stirring, to introduce the surfactant.

The concentration TX-100 was varied in the
interval 0.5-5%, in order to define the minimal
amount of surfactant needed for extraction of
lanthanides, keeping all other parameters constant.
It was established that 1% TX-100 is sufficient for
guantitative extraction of the analytes.
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Figure 1. Signals for lanthanides after dilution of SRP
with 1 mol L' HNO; with and without ligand.
Constant conditions: pH=8.3; CL,=1pg L*; 12 umol
Enaminone; 1% TX-100; incubation time of 1 hour,
t=70°C; dissolution of SRP - 1 mol L"*HNOs.
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The incubation time affects both the duration of
CPE and its effectiveness, so it is tested on four
levels (15, 30, 45 and 75 min.). The signals for all
test elements are increased by ~ 25% at an
incubation time of 30 minutes in comparison to 15
min. incubation. The extension of incubation time
was found unnecessary since it does not improve
the efficiency of extraction.

The temperature of the water bath (ranging from
70°C to boiling) showed no significant influence on
extraction, so all subsequent experiments were
performed at 70°C.

Separation of the water phase and SRP was done
after 1 h cooling of the samples in freezer.
Preliminary experiments showed that when residual
sample solution was separated by the surfactant rich
phase by simple decanting, essential decrease of
analyte signals was observed. Pipetting the upper
phase of aqueous solution allows more precise and
reproducible separation, without analyte loss. After
separation, the viscous SRP was dissolved with
1 mol L** HNOs up to 4 mL final volume. Hence, a
preconcentration factor of 10 is obtained for the
developed CPE procedure of lanthanides with
enaminone.

Comparison of CPE procedures with both ligands
3-etylamino-but-2-enoic acid phenylamide and 8-
hydroxyquinoline

The new CPE system for extraction of
lanthanides with 3-etylamino-but-2-enoic  acid
phenylamide (En) was compared to a published
CPE method with a well-known ligand
8-hydroxyquinoline (8-HQ) [12]. The comparison
was made in three aspects: 1) affinity towards
target lanthanides; 2) co-extraction of concomitant
elements; and 3) potential spectral interferences
caused by co-extracted elements. For these reasons,
extraction was performed under optimal conditions
for both ligands with standard solution of
lanthanides (Ln 1 pg L), and with the same
solution spiked with multielement standard (MY)
containing 28 elements in concentration 10 pg L-1.

When lanthanides only are subjected to the
optimized CPE procedures both ligands show high
affinity towards them (Figure 2).

The tested enaminone shows better results,
allowing to achieve quantitative recoveries, while
the efficiency of the reaction with 8-HQ is lower
(R=71-94%).

Both ligands were compared also when the
model solution of multielement standard with
concentration 10 pg L are subjected to CPE
procedures (Figure 3). The experiment showed that
alkali and alkaline earth elements are not extracted
in both CPE systems. The recoveries for Na, K, Mg

and Ca are less than 5%, so they are not shown in
the graph. The extraction degree of Ba is also very
low (~5%), but it needs special attention because
the most significant risk of spectral interference on
lanthanide isotopes is due to the formation of
polyatomic barium ionic species as hydrides,
oxides, and hydroxides.

8-hydroxyquinoline, as a broad spectrum ligand
binds most of the elements in the soliton. Its high
affinity to Al is due to the formation of well-known
compound Tris (8-hydroxyquinolinato) aluminum.
Comparative extraction efficiency for both ligands
is observed for Cu, Zn, Cr, and Bi.

3-etylamino-but-2-enoic  acid  phenylamide
extracts most of the concomitant elements in lower
degree (V, Mn, Fe, Co, Ni, Mo, Ag, and Ba). Only
for Pb, the tested enaminone shows higher
efficiency than 8-hydroxyquinoline.

In this comparison, 3-etylamino-but-2-enoic
acid phenylamide shows better selectivity than
8-HQ, which could be an advantage of the new
compound in case of complicated matrices with
high concentrations of metals.

Co-extracted elements could worsen the overall
performance of the proposed method for lanthanide
preconcentration in two aspects: the depletion of
ligand could decrease the recovery for analytes
and/or the presence of elements in final solution
could provoke spectral interferences on selected
lanthanide isotopes.

100 +
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Recovery, %
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Figure 2. Analytical recovery for lanthanides after CPE
with 8-HQ u En; optimal conditions for each ligand.
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Figure 3. Recovery for concomitant elements
(C=10 pg L) after CPE with 8-HQ and En.
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To study both effects, model solutions of
lanthanides only and lanthanides mixed with multi-
elemental solution were subjected to the optimized
CPEs. In all cases, the concentration of lanthanides
was one order of magnitude lower than other
elements (1 and 10 pg Lt respectively). Isolated
SRPs were diluted and measured by ICP-MS.
Figures 4 and 5 show signals for two isotopes per
element (with exception of La) after extraction with
3-etylamino-but-2-enoic acid phenylamide and 8-
hydroxyquinoline respectively in the presence and
absence of multi-elemental solution.

When the CPE is performed with enaminone,
the signals for all tested isotopes are statistically
identical independently on the presence of co-
extracted elements (Fig. 4) This is evidence that the
extraction of target Ln ions is not deteriorated by
the concomitant metal ions even if their
concentration is higher by 1 order of magnitude. In
addition, comparable signals for the two series
showed that co-extracted elements do not provoke
spectral interference.

When the CPE is performed with the classical
reagent 8-hydroxiquinoline, the signals of extracted
lanthanides in the presence and absence of
concomitant elements are statistically
indistinguishable again, with exception of *La
(Fig. 5). The minor increase of average values in
the presence of multi-elemental solution is an
indication for possible spectral interferences when
the content of co-extracted elements in a real
sample exceeds too much this of tested lanthanides.

The most significant difference is observed for
L a. 1t should be noted that the only other isotope
of ***La (natural abundance, NA=0.09%) could not
be measured because of strong isobaric overlap
originated by two other elements: the main isotope
of barium (*®Ba, NA= 71.7% and co-extraction
~5%) and *%Ce (NA=0.25%, extraction ~94%). It
can be seen from Figure 2 that the extraction degree
of La with 8-HQ is the lowest among examined
lanthanides (R=71%). The observed enhancement
in the presence of multi-elemental solution could be
due to the synergistic effect originated by the
formation of mixed complexes. There are
investigations proving that lanthanides are capable
of forming some mixed complexes with transition
metals such as Co, Ni and Mn [25]. As can be seen
from our previous investigations, the extraction
degree of these elements with 8-HQ is much higher
in comparison to tested enaminone (Fig. 3).

Analytical performance

Both sensitivity and limits of detection of ICP-
MS method are highly dependent on natural
abundance of selected isotope. Therefore, the final
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method includes the isotopes free from isobaric
overlap of examined lanthanides which are more
abundant - ***La,'*°Ce, Eu, ¥*'Gd, 1°Er.

Non-spectral matrix effect generated by the
surfactant phase diluted in the final solution was
studied. It was established that the high
concentration of surfactant causes suppression of
the signals for all tested elements (from 16% for Er
up to 22% for La) in comparison to water
standards.
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Figure 4. Signals for lanthanides after CPE in presence
(Ln + MY) and absence (Ln) of concomitant elements;
used ligand - En.
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Figure 5. Signals for lanthanides after CPE in presence
(Ln + MY) and absence (Ln) of concomitant elements;
used ligand - 8-HQ.

Therefore it is recommended that all calibration
standards must be subjected to the CPE procedure
together with the analyzed samples.

Furthermore, typical for ICP-MS sensitivity drift
was also observed although the instrument was
conditioned by 20 minutes aspiration of diluted
surfactant solution (10% TX-100). Since the signal
drift was similar for all analytes, it was assumed
that it is due to a change in sample transport and
aerosol generation. Several elements were tested as
IS candidates (Ge, Rh, In, Te, Re and TI) in order to
overcome this effect. Re was selected as the most
appropriate one.
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The analytical figures of merit for the CPE
procedure for lanthanides with 3-ethylamino-but-2-
enoic acid phenylamide as a new ligand are
presented in Table 1. Procedural calibration was
made by 4 standard solutions and a blank passed
through CPE in concentration range 0.05-5 ug L*
with  preconcentration factor of 10. Good
coefficients of determination (R?>0.9972), together
with low standard deviations obtained for the
calibration  slopes, are evidence for the
reproducibility of the procedure. Limits of detection
(LOD) for all elements are calculated as the
concentration, equivalent to three standard
deviations of the blank sample (n=5), divided by
the corresponding slope of procedural calibration.

Analysis of certified reference material and
application

Accuracy of the procedure is proved by analysis
of certified reference material for surface water SPS

Quality Level 1. Obtained data is presented in
Table 2. Analytical recovery was in the range 94-
108% and all measured concentrations are
statistically identical with the certified values. This
good coincidence is clear evidence for the accuracy
of the procedure. It should be mentioned that
barium is also present in the reference material (in
concentration 50 pg L) and the obtained results
are an indication for effective separation of
lanthanides from interfering element by CPE
procedure with enaminone.

The CPE procedure was applied for
determination of lanthanides in real water sample
and results are shown in Table 2. For approval of
adequateness of the procedure, samples were spiked
with analytes. Recoveries of spiked lanthanides at
two levels (100 and 500 ng L) were in the range
97-104% for all studied elements (Table 2).

Table 1. Analytical figures of merit obtained by measuring 5 calibration standards passed through the extraction
procedure. Standards concentration — 0, 0.05, 0.1, 1, 5 ug L'%; internal standard %°Re; Preconcentration factor of 10.

Slope, SD Intercept, _ SD R? LOD,

(cpsLn cpsIS?t Lug Ln) slope (cpsLn cpslIS?) intercept ng L?
1399 a 1.09 0.02 -0.2 0.5 0.9976 1.3
140Ce 1.32 0.02 -0.4 0.5 0.9982 0.4
BlEy 0.60 0.01 -0.2 0.3 0.9972 0.2
157Gd 0.32 0.01 -0.1 0.1 0.9977 0.6
166 0.45 0.01 -0.2 0.2 0.9975 0.2

Table 2. Certified and measured concentration for lanthanides (ug L) after CPE with 3-Ethylamino-but-2-enoic acid
phenylamide in certified reference material for surface water — SPS quality Level 1, with corresponding uncertainty (U)

estimation:  * Expanded instrumental uncertainty; ** Uncertainty given in the certificate; Results obtained for
lanthanides in real water (ng L) sample and R% - recovery of spiked samples.
. R,%
Meas., U, Cert., ~x Waterl, U k=2* R, % spike spike Water 2, U,
-1 —9% -1 -1 r T -1 -1 —9%
Mg L k=2 Mg L ng L 100 ng L 500 ng L ng L k=2
La 0.52 0.01 0.50 0.01 68 1 103+1.3 97£1.6 130 10
Ce 0.47 0.03 0.50 0.01 2 0.1 104+0.5 97+1 780 20
Eu 0.52 0.03 0.50 0.01 1 0.2 98+1 95+1.2 390 20
Gd 0.49 0.02 0.50 0.01 1 0.4 102+1.2 101+0.5 2100 30
Er 0.49 0.02 0.50 0.01 2 0.2 98+1.2 99+2.4 420 10
method allows eliminating of spectral interferences.
CONCLUSIONS Obtained limits of detection with preconcentration
The proposed procedure for CPE with factor of 10 are satisfactory for examination of real

3-ethylamino-but-2-enoic acid phenylamide shows
high potential for determination of lanthanides in
complex environmental samples. The ligand is
more  selective than  classical compound
8-hydrohyquinoline used for separation of
lanthanides. The effective separation of lanthanides
from concomitant barium by developed CPE

waters samples.
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EKCTPAKILIMA ITPU TEMIIEPATYPA HA KOAT'VJIALIMA HA JIAHTAHUAM OT BOJJHHA
I[TPOBU C 3-ETUJIAMHWHO-bYT-2-EHOBA KUCEJIMHA ®EHUJIAMUJ] U ICP-MS
AHAIJIN3

E. K. Bop6anosal, I1. A. Aurenos?, K.K. Cumutuues?, JI. Y. Kaitnaposa®, B. M. Credanopa'™

ITnosouscku ynueepcumem ,, Ilaucuii Xunenoapcxu “, [lnoeous, yn. Llap Acen 24

1Kame()pa AHAIUMUYHA XUMUS U KOMNIOMBPHA XUMUSL

2Kameopa opeanuuna xumus

Iocrenuna Ha 11 HoemBpu 2016 T.; mpueta Ha 16 nexkemspu 2016 .

(Pestome)

W3crenBad € HOB JIMTaH OT KJIAC CHAMHHOHU 32 €KCTPAKIIMS MPU TeMIleparypa Ha Koaryianus Ha nantanuau (La,
Ce, Eu, Gd, Er) or Bomuu pastBopu. ONTHMHU3UpAHH Ca EKCTPAKIMOHHHMTE mHapaMmeTpu: PH Ha Bomnarta (asa,
TEeMIIepaTypa W BpeMe Ha HarpsBaHe, BUJ M KOJMYECTBO HA H3MOJ3BAHOTO MMOBBPXHOCTHO aKTHBHO BEIIECTBO.
KonnenTpanusara Ha aHanutute € omnpeneneHa upe3 ICP-MS, cien momxonsamo paspexnane Ha [TAB-oborareHarta
¢aza. ExcTpakinoHHaTa CHCTeMa C HOBHSI JIMTAH/ MPUTEKaBa BHCOKA e(DEKTHBHOCT 3a pa3/elisiHe Ha JIAHTaHHIU OT
CHI'BTCTBALINTE ATKAJIHN U AIKAIO3EMHH €IIEMEHTH, KOSTO 3HAYMTEIHO [OHIKABA PUCKA OT CIIEKTPAIHHU MPEYCHUsI [IPU
aHanu3 Ha peaiqHu mpodu. CeNeKTHBHOCTTA HAa W3CIIe/IBAaHHS €HAMUHOH € CpaBHEHA C Ta3M 3a 8-XUAPOKCHXHHOIMH.
HNucTpyMeHTanHUAT nperi) Ha YYBCTBUTCIHOCTTa € KOPUTHUPAH C BBTPEUICH CTaHAApPT peHuil. OnTtumu3upaHarta
mpoIleypa ¢ NPUIoKEHA 3a aHAJM3 Ha cepTUUIMpPaH pedepeHTeH MaTepuan Bojaa u peanHu npodu. [lomyueHure
rpaHuuy Ha oTkpuBaHe ca B untepsaia 0.02-0.13 ng L, npu dakrop Ha konnentpupane ®K=10.

Koatouosu nymu: Jlantannau, Excrpakuus npu Temneparypa Ha koaryianus, Enamunonu, |ICP-MS, Ananus Ha Boan
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Lipid composition of five accessions Sinapis alba L. seeds was investigated. The amount of glyceride oil in the
seeds was 22.4 — 38.9%. The main components in triacylglycerols were erucic (28.0 — 53.2%), oleic (13.7 — 25.1%),
palmitic (3.9 — 5.2%), gadoleic (9.4 — 14.2%) and linoleic acid (4.9 — 17.4%). The total content of phospholipids was
36 — 69% and the major representatives were phosphatidylcholine, phosphatidylinositol and
phosphatidylethanolamine. In the sterol fraction (0.37 — 0.51%) the main component was B-sitosterol (51.9 — 55.9% in
free sterols and 52.8 — 59.7 % in sterol esters), followed by campesterol (19.1 — 30.5% and 31.1 — 33.5%, respectively)
and brassicasterol (11.9 — 22.5% and 3.7 — 8.9%). The fatty acid composition of sterol esters was similar to
triacylglycerols with exception of the palmitic acid which amount was found to be higher in esterified sterols. The total
tocopherol content was 456 — 1025 mg/kg and the main representatives were o-tocopherol and y-tocopherol. The

oxidative stability of all examined accessions of Sinapis alba L. seed oil was 14.8 — 25.1h.

Key words: Sinapis alba L., seed oil, fatty acids, phospholipids, sterols, tocopherols

INTRODUCTION

Yellow mustard (Sinapis alba L.) is cultivated
as an important oil crop and its total production is
about 43 million tons per annum, mainly in
Bangladesh and India [1, 2]. The oil content in the
seeds of species from family Brassica ranges from
40.0 to 42.0% [3] and those of mustard seeds is
28.0 — 42.0% [1,4,5]. Only George et al., 1985 [6]
established that the oil content of the latter is
26.8%. Mustard seed oil is one of the edible
vegetable oils in human diet and has a pungent
flavor and aroma as well as high amount of
selenium and magnesium which gives it anti-
inflammatory properties [7]. It is valuable industrial
oil but contains high levels of erucic acid (40.0 —
50.0%) which make it less desirable as a dietary
fat [6]. Despite that, significant amounts of linoleic,
oleic and linolenic acid were also established [1, 4].
Many researchers have developed the genetic
control of fatty acid composition of Brassica
species and Sinapis alba in order to obtain a seed
oils with reduced amount of erucic acid [8-12].

There are some studies on biologically active
components in mustard seed oils. Phospholipids in
the oil are investigated by Parti et al., 2003 [4] and
their amount is 6.44% but according to
Chhokar et al., 2008 [1] it is 1.32%. Nevertheless,
there is no information about the individual
composition of phospholipid fraction as well as
fatty acid composition. Total sterol content in

* To whom all correspondence should be sent.
E-mail: zhanapetkova@uni-plovdiv.net

mustard oil is about 0.80% where the free sterols
consist of 0.32% and esterified sterols are 0.48%
[3]. The predominant components of the sterol
fraction are f-sitosterol, brassicasterol, campesterol
and AS5-avenasterol [2, 3]. Mustard oil contains a
high level of tocopherols which amount is 410
mg/kg and y-tocopherol predominates [13]. a-, B-,
v- and &-Tocopherols are also established in
mustard oil by Mortuza M., 2006 [2].

On the whole, the aim of the study is to be
determined the lipid content, fatty acid
composition, individual composition of
phospholipids, sterols and tocopherols as well as
oxidative stability of the oil isolated from five
different accessions of mustard seeds.

MATERIALS AND METHODS

Samples

Five accessions of Sinapis alba L. with different
origin has been analyzed. Two Russian (Zuzanka
and Stalingradskaya), two Bulgarian (BG431 and
BG290) and one landrace from Romania (RO268)
have been evaluated ex situ on the experimental
field of the Institute of Plant Genetic Resources,
Sadovo. Seeds were harvested at 10 % moisture,
stored at room temperature and analyzed.

Isolation of glyceride oil and determination
of oil content

Mustard oil was extracted from grounded seeds
using n-hexane in a Soxhlet apparatus for 8 h [14].
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Fatty acid composition

Fatty acid composition of triacylglycerols
(TAG) and sterol esters was determined by gas
chromatography (GC) [15]. Fatty acid methyl esters
(FAMEs) were prepared by pre-esterification of the
triacylglycerols, esterification of free fatty acids
isolated from sterol esters after saponification with
sulfuric acid in methanol [16]. Determination of
FAMEs was performed on HP 5890 gas
chromatograph equipped with a 60 m x 0.25 mm x
25 um capillary DB-23 column and a flame
ionization detector. The column temperature was
programmed from 130°C (hold 1 min), at 6.5°C/min
to 170°C, at 3°C/min to 215°C (hold 9 min), at
40°C/min to 230°C (hold 1 min); the injector and
detector temperature were 250°C. Hydrogen was
the carrier gas at a flow rate 0.8 mL/min.
Identification was performed by comparison of the
retention times with those of a standard mixture of
FAME subjected to GC under identical
experimental conditions.

Determination of phospholipids

Ground seeds were subjected to Folch extraction
[17]. Individual phospholipid classes were isolated
by two-dimensional thin-layer chromatography
(TLC) [18]. Identification was performed by
comparing the respective Rr values with those of
authentic standards. The quantification was carried
out spectrophotometrically at 700 nm after
scrapping the phospholipid spot and mineralization
of the substance with a mixture of perchloric and
sulphuric acid, 1 : 1 (v/v) [19].

Determination of sterols

Free (Rf = 0.4) and esterified sterols (R = 0.8)
were isolated from the glyceride oil by TLC with
mobile phase n-hexane: acetone, 100: 8 (v/v). Then
free sterols were subjected to GC without
derivatization while sterol esters were hydrolyzed
with 2N KOH in ethanol and sterols were extracted
with n-hexane and purified by TLC [20]. Sterol
composition was determined on HP 5890 gas
chromatograph equipped with a 30 m x 0.25 mm
DB - 6 capillary column and flame ionization
detector. The temperature gradient was 90°C (hold

2 min) up to 290°C at a rate of change 15°C/min
and then up to 310°C at a rate of 4°C/min (hold 10
min); the injector and detector temperature was
300°C and 320°C. Hydrogen was the carrier gas at a
flow rate of 0.8 mL/min. Identification was
confirmed by comparison of retention times with
those of a standard mixture of sterols.

Determination of tocopherols

Determination of tocopherols was carried out by
high performance liquid chromatography (HPLC)
[21] on 250 mm x 4 mm Nucleosil Si 50-5 column
and fluorescent detection at 295 nm excitement and
330 nm emission. The operating conditions were
mobile phase of n-hexane: dioxane, 96:4 (v/v) and
flow rate 1 mL/min.

Oxidative stability

The oxidative stability (induction period in
hours) was determined by Rancimat apparatus
Methrom 679 (at 100 °C and an air flow rate
20 L/h) [22].

RESULTS AND DISCUSSION

Total oil content of different accessions of
mustard seeds, the quantity of biologically active
substances of the oils as well as their oxidative
stability were established (Table 1).

Oil content in all examined oils differed in small
range (22.4 — 29.4%) apart from accession Zuzanka
where its quantity was higher (38.9%). Similar
results were observed in previous studies where the
oil content was 28.0 — 42.0% [1, 4, 5, 6].
Phospholipid content in the oils varied from 3.6 to
6.9% where their amount in Stalingradskaya was
found to be similar to those presented by
Parti et al., 2003 [4] (6.44%).

On the other hand, these values were much
higher than results reported by Chhokar et al., 2008
[1] where the amount of phospholipids in mustard
oil was significantly lower (1.32%). Total sterol
content in all samples was about 0.4 — 0.5% which
was lower than data reported by Nagaraj, 2009
(0.8%) [3].

Table 1. Lipid composition of mustard seeds

Compounds Accessions _
BG 431 BG 290 RO 268 Zuzanka Stalingradskaya

Oil content, % 26.7 29.4 26.8 38.9 22.4
Phospholipids, % 3.6 4.4 5.6 4.2 6.9
Sterol content, % 0.51 0.44 0.47 0.37 0.48

- free 0.42 0.34 0.38 0.30 0.38

- esterified 0.09 0.10 0.09 0.07 0.10
Tocopherols, mg/kg 705 465 1025 353 456
Oxidative stability, h 25.1 14.8 16.4 17.0 22.3
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Fraction of free sterols was comprised by
approximately 80.0 % of total sterols. The amount
of free sterols in all samples (0.30 — 0.42%) was
approximately four times higher than this of
esterified sterols (0.07 — 0.10%). Nonetheless,
according to Nagaraj, 2009 [3] the fraction of free
sterols was presented in lower quantity (0.32%)
than esterified sterols (0.48%). Tocopherol content
in seed oil from Romania (RO 268) was found to be
in high level (1025 mg/kg) followed by Bulgarian
accession BG 431 (705 mg/kg). Tocopherol content
of the others seed oils were from 353 to 465 mg/kg
which was in a good agreement with Vaidya and
Choe, 2011 [13]. Oxidative stability of all seed oils
was 14.8 — 25.1h. This results were higher than that
observed by Ciubota-Rosie et al., 2013 [23] and
Jham et al., 2009 [24] (7h). The seed oils from
BG431 and Stalingradskaya were found to be more
stable against oxidation than the others samples.

Fatty acid composition of triacylglycerols of
mustard seed oils is shown in Table 2.

Table 2. Fatty acid composition of triacylglycerols of
mustard oils

Fatty Accessions
acids, BG BG RO Zuzanka Stalin-
% 431 290 268 gradskaya
C 120 0.2 0.2 0.2 0.3 0.2
C 140 0.1 0.2 0.2 0.4 0.2
C 141 0.3 0.4 0.4 0.6 0.4
C 160 4.0 4.5 4.8 5.2 3.9
C 161 0.3 0.3 0.3 0.3 0.2
C 180 1.6 2.0 2.3 2.3 1.3
C 181 13.7 238 209 25.1 21.2
Cis2 11.5 174 147 135 4.9
C 183 3.6 5.9 5.4 4.5 2.1
C 2000 1.3 14 1.7 11 0.9
C 201 94 139 142 11.1 10.6
C 202 0.8 0.9 0.7 0.6 0.2
C 220 1.8 1.1 1.5 1.0 0.7
C 221 514 28.0 327 34.0 53.2
SFA 9.0 9.4 107 10.3 7.2
UFA 91.0 90.6 89.3 89.7 92.8
MUFA 75.1 66.4 685 71.1 85.6
PUFA 159 242 208 18.6 7.2

As can be seen, erucic, oleic, linoleic and
gadoleic fatty acids were the major components in
triacylglycerol fraction in all examined seeds oils.
Erucic acid predominated in all of them and varied
from 28.0 to 53.2% considering that it was higher
in the seed oils from accessions BG 431 and
Stalingradskaya. The latter was in a good
agreement with results reported by George et al.,
1985 [6]. The presence of erucic acid in accession
BG 290 (28.0%) was the same as the data reported

by Vaidya and Choe, 2011 [13]. Moreover, its
amount in RO 268 was almost similar to this in
Zuzanka. The quantity of oleic acid for all
investigated oils was from 13.7 to 25.1%, which
was in a good agreement with results reported by
Vaidya and Choe, 2011 [13] and Chhokar et al.,
2008 [1] apart from accession BG 431 where it was
lower and similar to data observed by Parti et al.,
2003 [4]. Linoleic acid was found to be 11.5 —
17.4% in all samples except the oil from
Stalingradskaya where its amount was lower
(4.9%). The data was close to this reported by
Parti et al., 2003, Chhokar et al., 2008 and Vaidya
and Choe, 2011 [1, 4, 13]. Interestingly, there was
higher level of gadoleic acid (9.4 — 14.2%) in all
investigated mustard seed oils and the amount of
linolenic acid was about 5.0% apart from
accessions BG 431 and Stalingradskaya where its
guantity was 3.6 and 2.1%, respectively.
Unsaturated fatty acids (UFA), especially
monounsaturated (MUFA), predominated in all the
oil of accessions. The content of UFA was higher in
Stalingradskaya (92.8%) and lower in RO 268 and
Zuzanka (89.7%). The quantity of PUFA varied
from 7.2 (Stalingradskaya) to 24.2% (BG 290) and
those of MUFA — from 66.4 (BG 290) to 85.6%
(Stalingradskaya). The higher level of UFA was at
the expense of the lower amount of SFA which
were presented mainly by palmitic acid.

Composition of free and esterified sterols of
different accessions of mustard seed oils is
presented in Table 3.

The composition of free sterols and sterol esters
was similar in all mustard oils but there were
differences in the quantity for all their
representatives.  B-Sitosterol was the main
component in all samples and its amount was
approximately the same in both sterol fractions
(51.9 — 55.9% in free sterols and 52.8 — 53.9% in
esterified sterols) except Stalingradskaya where it
was found to be 59.7% in esterified sterols.

The percentage of campesterol was higher in
sterol esters (31.1 — 33.5 % vs. 19.1 — 30.5 % in
free sterols) while the content of stigmasterol was
close in both fractions (1.1 — 1.5% in free sterols
and 0.9 — 2.1% in esterified sterols). There was low
content of cholesterol in both fractions but in the
sterol esters it was several times higher than free
ones.

Fatty acid composition of sterol esters is shown
in Table 4.

Erucic acid was the major component in all
samples (26.7 — 46.2%), followed by oleic acid
(19.4 — 32.0%).
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Table 3. Individual composition of free and esterified sterols of mustard oils

Accessions
Sterols, % BG 431 . BG 290 . RO 268 . Zuzanka _ Stalingradska}ya
free  Coter” free  Corer- free oM free ol free M-
fied fied fied fied fied
Cholesterol -* 1.0 0.2 0.7 0.2 0.7 - 0.5 - -
Brasicasterol 225 8.9 22.2 7.0 20.7 5.5 19.3 6.1 11.9 3.7
Campesterol 195 311 19.6 32.5 19.1 31.9 24.2 335 30.5 32.2
Stigmasterol 1.5 0.9 13 1.0 1.2 1.3 1.5 21 1.1 15
B - Sitosterol 52.8 53.8 53.5 52.8 55.9 53.6 51.9 53.9 53.8 59.7
A® - Avenasterol 0.6 0.9 0.5 11 0.4 1.0 0.6 0.3 0.5 0.6
AT - Stigmasterol 0.3 05 0.3 0.5 0.3 0.9 0.4 0.7 0.3 0.3
A’ - Avenasterol 2.8 2.9 2.4 4.0 2.2 4.5 2.1 2.9 1.9 2.0

* - Not identified

Table 4. Fatty acid composition of esterified sterols of mustard oils

Fatty acids, % e .
’ BG 431 BG 290 RO 268 Zuzanka Stalin-gradskaya
C 120 0.4 0.4 0.2 1.4 0.9
C 11 1.0 1.0 1.0 1.1 1.0
C uo0 1.0 0.6 0.5 1.8 1.2
C 1 1.0 1.2 1.9 1.4 1.8
C 150 0.3 0.2 0.2 0.5 0.3
C 160 10.9 8.1 9.8 16.7 12.9
C 161 0.9 0.5 0.5 1.0 1.2
C 1o 0.3 0.2 0.2 0.6 0.4
C 180 3.2 3.0 4.0 5.5 3.7
C 181 19.4 27.8 26.5 27.3 32.0
C 182 34 7.0 35 3.3 35
C 183 0.2 0.5 0.3 0.1 0.3
C 200 1.3 1.6 2.0 1.6 0.9
C 201 8.0 13.7 14.7 9.0 8.2
C 2022 0.3 0.4 0.2 0.4 0.4
C 20 2.2 1.2 1.3 1.6 1.0
C 221 46.2 32.6 33.2 26.7 30.3
SFA 19.6 15.3 18.2 29.7 21.3
UFA 80.4 84.7 81.8 70.3 78.7
MUFA 76.5 76.8 77.8 66.5 74.5
PUFA 3.9 7.9 4.0 3.8 4.2

The highest amount of erucic acid was established
in BG 431 (46.2%) at the expense of lower quantity
of oleic acid (19.4%).0On the other hand, bigger
guantity of oleic acid was found to be in seed oil
from accession Stalingradskaya (32.0%). Palmitic
acid was presented in smaller amounts in BG 431,
BG 290 and RO 268 (8.1 — 10.9%) but it was
higher in Zuzanka and Stalingradskaya (12.9 —
16.7%). The quantity of stearic acid in all samples
varied from 3.0 to 5.5%. The content of linoleic
acid varied from 3.3 to 7.0% and those of linolenic
and eicosadienoic acid were found to be less
than 0.5%.

The qualitative composition was similar to this of
triacylglycerols but there were quantitative
differences between all accessions. The amount of
erucic acid in BG 431, Zuzanka and Stalingradskaya
was lower in esterified sterols (26.7 — 46.2%) than in
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triacylglycerols (34.0 — 53.2%). On the other hand,
its quantity in BG 290 and RO 268 was higher in
sterol esters (32.6 — 33.2%) than in triacylglycerols
(28.0 — 32.7%). There were similar differences in the
content of other fatty acids such as oleic, palmitic
and gadoleic for all investigated seed oils.
Considerably higher percentage of SFA was found in
sterol esters than in TAG (15.3 — 29.7% vs. 7.2 —
10.7%). On the other hand, the amount of
unsaturated fatty acids in sterol fraction was lower
(70.3 — 84.7%) than in TAG (89.7 — 92.8%). SFA in
seed oil from Zuzanka were found to be 29.7% but
the amount of those in other accessions were
significantly lower (15.3 — 21.3%). The quantity of
MUFA varied from 66.5 to 77.8% while these of
PUFA were 3.8 — 7.9% which was lower than in
TAG (72 - 24.2%). Individual tocopherol
composition is given in Table 5.
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Table 5. Tocopherol composition of mustard oils

Tocopherols, % Accessions .
' BG 431 BG 290 RO 268 Zuzanka Stalingradskaya
a-tocopherol 26.5 26.5 17.4 37.2 16.1
[3- tocopherol -* - 4.2 - -
B-tocotrienol - - 1.6 - -
y- tocopherol 70.7 73.5 60.1 63.8 82.7
y-tocotrienol - - 9.3 - 1.2
d- tocopherol 2.8 - 7.4 - -
* - Not identified
Table 6. Phospholipid composition of mustard oils
Phosoholipids. 9 Accessions
ospholipids, ~o BG431  BG290 RO 268 Zuzanka Stalingradskaya
Phosphatidylcholine 51.0 50.2 46.1 37.1 37.2
Phosphatidylinositol 23.8 28.0 29.3 23.7 245
Phosphatidylethanolamine 16.8 14.2 17.2 16.5 17.9
Phosphatidic acids 1.1 0.5 0.7 6.0 -*
Phosphatidylserine 0.6 0.2 0.2 3.1 4.2
Sphingomyeline 25 3.0 2.6 4.3 5.2
Others 4.2 3.9 3.9 9.3 11.0

* - Not identified

v-Tocopherol predominated in all investigated
mustard oils and it was over 70.0% except in RO
268 and Zuzanka. The amount of a-tocopherol was
found to be higher in BG 431 (26.5%), BG 290
(26.5%) and Zuzanka (37.2%), while in seeds oils
from RO 268 and Stalingradskaya were established
significantly lower quantities (16.1 and 17.4%).
There were minor amounts of - and 3-tocopherol
as well as unsaturated derivatives p- and
y-tocotrienol (observed only in RO 268).

Phospholipid composition of mustard seed oils
is shown in Table 6.

The major phospholipid components were
phosphatidylcholine (37.1 — 51.0%) followed by
phosphatidylinositol ~ (23.7 - 29.3%) and
phosphatidylethanolamine (142 -  17.9%).
Accessions Zuzanka and Stalingradskaya were
observed to contain lower quantity of
phosphatidylcholine at the expence of higher
content of the other phospholipids. The quantity of
sphingomyeline was considerably higher (2.5 —
5.2%) which made mustard seed oil different from
the other vegetable oils (1.0 — 2.0%) [25].

CONCLUSIONS

All investigated seeds of Sinapis alba were
found to be rich in glyceride oil which contained
great amount of biological active substances. There
were some differences in fatty acid composition as
well as in sterol, phospholipid and tocopherol
content as a result of the genotype of the plants,
climatic and agrometeorologic conditions. On the
whole, it could be summarized that because of the
higher quantity of erucic acid all of the examined

seed oils were not suitable for human consumption,
but could be used for biodiesel production.
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JIMITUAEH CbCTAB HA CEMEHA OT CHUHAII (Sinapis alba L.)
I'. A. Anrosal, M. 1. Anrenoa-Pomogal, XK. 10. ITetkosa'”, O. T. Tenesa!, M. I1. Mapuepa?

L1y, Haucuii Xunenoapcku”, Kameodpa ,, Xumuyuna mexnonozus”,
yr. ,,Lap Acen” 24, 4000 ep. I[Inoous, bvacapus

2 Aepapen ynusepcumem - ITnoeous, 6yx. , Menoenees “ 12, 4000 2p. ITnosous, Bvreapus
Hoctenmna Ha 11 HOemBpu 2016 T.; mpuera Ha 5 nexkemspu 2016 .

(Pesrome)

W3cnenpaH e IMMUIHASA ChCTaB Ha CEMeHa OT neT oOpasiu cuHar (Sinapis alba L.). CpappkaHHeTo Ha TIMLEPUITHO
Macio B cemeHara € oT 22.4 no 38.9%. OCHOBHMTE MACTHM KHCEIMHM B TPHALMITIHLEPOIHTE ca epykoBa (28.0 —
53.2%), onennosa (13.7 — 25.1%), mamvuruHoBa (3.9 — 5.2%), ragonenHosa (9.4 — 14.2%) u nuHOMOBA KUcenuHa (4.9
— 17.4%). O6wmoto QochonmunuaHo chabpKaHHE Bapupa Mexay 3.6 m 6.9%, KaTo OCHOBHHTE NpEJCTABUTEIH ca
¢docoaruaunxonun, hocharuauarHosuTon u (docharuauieranosaMud. B creposnosara ¢pakius (0.37 — 0.51%)
OCHOBHHTE KOMHOHEHTH ca [-curoctepon (51.9 — 55.9% B cBoGogunTe crepomm u 52.8 — 59.7 % B creponoBute
ecrepu), nociensan ot kamnecrepod (19.1 — 30.5% u 31.1 — 33.5% cwoTBeTHO) U Opacukactepon (11.9 —22.5% u 3.7 —
8.9%). MaCTHOKMCEIMHHHUAT CHCTaB Ha CTEPOJIOBUTE €CTEPH € MNOA0OEH Ha TO3M Ha TPHALMIMIHMIECPOIHUTE C
M3KJIFOYEHHE Ha NaJIMUTHHOBATA KHCEINHA, YHETO KOJIMYECTBO € M0-BHCOKO B CBbp3aHUTe cTeposin. ChAbPKAHUETO HA
Tokodepoiu e 456 — 1025 mg/Kg, kaTo OCHOBHHTE MPEACTABUTEIH ca - U Y-ToKo(hepoa. OKCHIaHTHATA CTAOMIHOCT Ha
M3CIeBaHUTE Macya oT cemeHa ot Sinapis alba L. e cpasuurenno Bucoka (14.8 — 25.1 h).

Knwouoeu oymu: Sinapis alba L., amyepuono macno, macmmuoxucenunen cwvcmas, @ocporunudu, cmeponu,
moxogheponu
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Spectral similarity versus structural similarity: Raman spectra
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The study of the relation of spectral similarity and structural similarity shows that the search in Raman spectral
libraries gives hitlist compounds structurally similar to the unknown and that the peak search performs equal with the
full spectrum search algorithm based on the correlation coefficient. As a result of the study the optimal values for peak
search tolerances were found and they are higher than those suited for identity search.

Key words: Raman spectra, spectral similarity, structural similarity

INTRODUCTION

Despite the advance of various 1D and 2D NMR
experiments [1] and hyphenated techniques in
chromatography [2] the Fourier transform (FT)
mid-infrared (MIR) absorption spectroscopy is still
the most used routine method in organic labs for the
confirmation of structures or identification of
known organic compounds (either pure or in
mixtures). Nowadays, as an analytical technique,
FT-Raman spectroscopy offers many pluses over
FT-MIR spectroscopy [3]. The most important of
them are the following: (1) little or no sample
preparation is required; (2) water as a liquid is a
weak scatterer — no special accessories are needed
for measuring aqueous solutions; (3) water vapors
and carbon dioxide are very weak scatterers —
sample compartment purging is unnecessary; (4)
Raman bands are narrower and both the overtones
and combination bands are generally weak; (5) the
spectral range reaches well below 400 cm?, making
the technique applicable to organic compounds
containing heavier elements; (6) The symmetric
molecular vibrations which appear as low-intensity
bands in the IR spectrum exhibit very strong
Raman bands. Also here has to be mentioned that
the construction of Raman spectral libraries is
widely in progress [3].

The current study of ours cast light on the
capability of so called similarity search in Raman
spectral libraries to obtain a list of compounds
(called hitlist) whose structures are most similar to
that of the unknown. The similarity search
capability of IR and Raman databases has been
extensively explored since late 1970s [4] and has
been proven to exist. Later, a practically oriented
approach of extracting large and frequent
substructures contained in the IR hitlist structures

* To whom all correspondence should be sent.
E-mail: plamen@uni-plovdiv.net

has been developed [5]. A successful attempt has
been made by Varmuza and co-workers to
formalize and systematize the study of
structure/spectrum relation for IR [6] and low
resolution mass-spectra [7]. In the present paper we
apply the method of Varmuza et al. [6] and extend
it to Raman spectra.

SPECTRA AND METHODS

The Raman database used consists of 330
Raman spectra of organic compounds. The Raman
spectra are measured in our lab on RAM 11 (Bruker
Optics) with a focused laser beam of Nd:YAG laser
(1064 nm) from 4000 cm™ to 51 cm™ at resolution
2 cm with 25 scans. The compound structures are
represented as connection tables and binary
substructure descriptors (0/1) are calculated by
software SubMat [6] (supplied by Prof. Varmuza)
using a set of 500 substructures. The similarity of
chemical structures is calculated with these
descriptors by the commonly used Tanimoto
index [8] as it is done in [6-7].

The comparison of Raman spectra is done by
two different spectral similarity measures, SpSim;
and SpSimy, given by Egns. 1 and 2, respectively.

SpSim; = 2K / (M + N) (1)
2 AN
SpS|m2 Zﬁ- (2)

where K is the number of matched bands in the two
spectra (U and R) each of them consisting of M and
N spectral bands. The two expressions in the
denominator of Eqgn. 2 are the Euclidean norm of
the vector composed of the corresponding peak
intensities [9]. In our library search software IRSS
[5, 9] the spectral bands are represented with their
intensity and wavenumber only. Two peaks are
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regarded as matched if one falls within the two
intervals centered around the other peak. First
interval has a width equal to twice the wave humber
tolerance, Av, and the second twice the intensity
tolerance, Al. The peak matching is illustrated in
detail in our previous paper [10]. For comparison
purpose, a full spectrum search algorithm based on
the correlation coefficient is used [5].

The criterion for capability of the similarity
search, grand mean of Tanimoto indices, T(h), is
borrowed from Varmuza et al. [6] (Egns. 11 and 12
in the cited paper). With *h’ is designated the
number of hits which are used for finding the
corresponding Tanimoto index average values.

RESULTS AND DISCUSSION

A general opinion among the spectroscopists is
that the peak search in IR libraries gives lesser
results than full spectrum search: even such was our
experience  when the maximum common
substructure (MCS) concept had been applied to
hitlist structures [5]. It has to be mentioned,
however, that these findings were produced with
both  tolerances—in  absorbance, AA, and
wavenumber, Av-being small and thus suited for
identity search. Furthermore, that was a result of
numerous search sessions and intuitive assessment
of search performance by a spectroscopist.

The found optimal tolerances for identity IR
library search are in the range AA = 0.4 - 1.0 a.u.
and Av = 4 - 7 cm [11] when SpSim, was used.
For identity Raman library search these appeared to
be Al = 0.2 - 1.0 arbitrary intensity units (a.i.u.) and
Av = 4 - 11 cm™. For both spectral methods as
measure of the identity search effectivity the
average hit position of ‘the unknown’ was used as
optimum criterion: both tolerances were varied in
the intervals 0.1 - 1.0 a.u./a.i.u. and Av = 3 -
50 cm-1, respectively, and test search sessions with
50 spectra were used.

The proposed by Varmuza et al. method allows
to quantitatively estimate similarity search results
and find the optimal tolerance values. To find the
optimal tolerances for similarity peak search (PS)
each Raman spectrum of the spectral library was
searched in the same library and the first hit
(identical spectrum) was removed thus calculating
the grand mean T(1) of Tanimoto indices upon 330
search sessions. Fig. 1 shows T(1) as a function of
Al and Av when SpSim; is used, and Fig. 2 when
SpSim is applied.

As can be seen from both figures, the highest
T(1) values are around 0.60 which compared to the
average best structural similarity of 0.80 is neither
so low nor so high as one can wish. The average
62

structural similarity of Raman library is 0.30 which
is quite low than the highest T(1) values.

When the full spectrum search algorithm based
on the correlation coefficient (CC) is used, the
value of T(1) is nearly the same as the above
mentioned one: the situation different from the
corresponding comparison made for IR spectra
where Tps(1) = 0.70 < Tee(1) = 0.74. 1t has to be
noted here that the statistical distribution of these
obviously random variables is unknown and thus an
interval estimate could not be made but the curves
‘h / T(h)’ for IR spectra are quite distinctive and
different from one another which is not the case for
Raman spectra (see Fig. 3).

0.62
0.60
0.58 - =

~ 056 -

= 4 —0.1 =08 ~_
St 03 —04
0.52 0:5 0:6 —_—
0.50 0.7 0.8

0.9 L0

0.48

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Av/em?

Figure 1. Grand mean of Tanimoto indices as a function
of the wavenumber tolerance, Av, varied by different
values of the second tolerance, Al. The used spectral
similarity measure is SpSim.
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Figure 2. Grand mean of Tanimoto indices, T(h), as a

function of the wavenumber tolerance, Av, varied by

different values of the second tolerance, Al. The used
spectral similarity measure is SpSim.

The last could be attributed to higher variability
of the intensity of the characteristic group
vibrations in Raman spectra than in IR spectra [12].
As a whole, the discussed results proved that
Raman spectra can be used for similarity search and
one can derive some conclusions about the
unknown structure by a surveying the hitlist
structures in some way or the other.
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Figure 3. Grand mean of Tanimoto indices, T(h), as a
function of the hit position, h, for search in the Raman
library. The peak search is done with SpSim; and Al =
0.4 a.i.u. and Av = 30 cm'®. Logarithmic transformed
spectra are compared by full spectrum search algorithm
based on the correlation coefficient.

The found optimal values from Fig. 1 are Al =
0.3-0.4 a.i.u. and Av = 20 - 40 cm* and from Fig.
2 Al =0.7 - 0.9 a.i.u. and Av = 30 - 55 cm™. As
expected, the sensitivity (recall) is lost by small
values of both tolerances and the selectivity is lost
by their high values and obviously both tendencies
lead to the T(1) decrease. The wider optimal
tolerance intervals for the second spectral similarity
measure are explained with its better selectivity
which is achieved by the dot product (scalar
product) of peak intensities in the numerator in
Egn. 2. The other facts that support the last
assertion are the less steep of the curves in Fig. 2
when the wavenumber increases and that nearly all
of the curves are close to each other. A detail view
of both figures reveals that the curves are shifted
upwards and downwards with the change of Al in a
systematic way despite the small library size.

As mentioned above, for Raman spectra there is
no difference between similarity search capabilities
of the full spectrum search and the peak search.
This can be clearly seen from Fig. 3 where an
additional spectrum transformation—a logarithm of
intensities—was tried to improve the similarity
search. Since Raman intensities are saved as byte
variable (from 0 to 255) in the libraries maintained
by our software IRSS, it was hoped that the
transformation given by Eqn. 3 will decrease the
effect of variability of Raman band intensities, Ix.
As seen, the gain in the similarity search capability
is only for hits at positions 3 to 10 but the overall
structural similarity of hitlist structures to that of
the unknown is very important for such methods as
MCS and k-nearest neighbors which use all hitlist
structures.

I°9 = log (Ik+1) / 8 (3)

The similarity search can be explored also with
the distributions of structural similarity of three
kinds of pairs as it is shown in Fig. 4.
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Figure 4. The distribution of structural similarity of
three kinds of pairs (see text for explanation).

For (1) all pairs of library structures (altogether 330
x 329 /2 = 54,285 pairs), for (2) ‘unknown/first-hit’
pairs (330 T(1) wvalues), and for (3) the
‘structure/its-most-similar-structure’ pairs (also 330
pairs). As can be seen, the distributions of the first
two kinds of pairs are different and on average the
library search does give a structurally similar first
hit. Of course, there is a heavy overlap between
them and the middle histogram is not closer the
rightmost one which is a perfect case of T(1)
distribution.

CONCLUSION

The performed study showed that the search in
Raman spectral libraries gives hitlist compounds
structurally similar to the unknown and the
corresponding hit structures can be used in the
structure elucidation process. The peak search
performs equal with the full spectrum search
algorithm based on the correlation coefficient due
to higher variability of the intensity of the
characteristic group vibrations in Raman spectra
than in IR spectra as the high values of Al tolerance
compensate the difference in band intensity in
structurally similar compounds.
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BPB3KA MEXIY CIIEKTPAJIHOTO IIOJOBUE U CTPYKTYPHOTO IIOJOBUE
3A PAMAH CIIEKTPAU

I1. H. IMenues”, C. X. ITonesa, C. P. Haukoa

Kameopa ,, Ananumuuna xumust u KOMRiomvpHa xumus ",
Inosouscku Yuusepcumem ,, [aucuii Xunenoapcku”, yn. Llap Acen Ne 24, 4000 I1nogous,
e-mail: plamen@uni-plovdiv.net

IMocTenuna Ha 13 HoemBpu 2016 r.; npuera Ha 28 HoemBpu 2016 T.
(Pesrome)

Uscnensanero Ha Bpb3KaTa MEXy CHEKTPAIHO 1MOJ00ME M CTPYKTYPHO MOJ00ME MTOKa3Ba, Y€ ThPCEHETO
no moxobue B PamaH criekTpasHu OMOJIMOTEKH € TOAXOJAINO 32 Tpolieca Ha pa3KpHBaHEe CTPYKTypara Ha
HEU3BECTHU CBHEJAWHCHUSA. B pe3ynraT Ha UW3CIEIBaHETO Ca HAMEPEHH ONTHMATHHTE CTOWHOCTH Ha
TOJICPAHCHUTE, W3IOJI3BAHM TPU NMHKOBO THPCEHE U T€ Ca MO-TOJIEMU OT TE3H, KOWTO Ca MOIXOJSAIIHA 3a
ThPCEHE 3a WACHTH(DUKAITHA.

Kniouosu oymu: Paman cnekmpu, CRekmpaniuo noooodue, CmpykmypHo nooooue

64



Bulgarian Chemical Communications, Volume 49, Special issue G (pp.65 —70) 2017

Fatty acids, tocopherols and oxidative stability of hazelnuts during storage
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Hazelnuts of three cultivars (Ata Baba, Ran Trapezundski and Tonda Gentile) grown in Bulgaria were stored for 1,
3, 6 and 12 months at different conditions: unshelled (in shell) or shelled (kernels), at 4°C (fridge) or at 20°C (in
shadow), and then were analyzed about fatty acids composition, tocopherols and oxidative stability (induction period)
of their oil. The results revealed that fatty acids were not practically changed up to 12 months in spite of the different
storage conditions whereas the tocopherols amount gradually decreased and that trend was slightly stronger at 20°C
than at 4°C as well as for nuts in shell than the kernels. Concerning oxidative stability, the oil from initial hazelnuts had
long induction period (40, 47 and 58 hours for Ata Baba, Ran Trapezundski and Tonda Gentile cultivars, respectively).
This oxidative stability gradually decreased during the storage period with the same trend, namely the hazelnuts stored
at 20°C in shell had slightly shorter induction periods than the corresponding kernels stored at 4°C. All these results
indicate that it is possible to store hazelnuts up to 12 months without considerable and harmful changes in their main

lipid characteristics. In order to keep their quality at most it is preferable to store them as kernels at 4°C.

Key words: hazelnuts, storage, fatty acids, tocopherols, oxidative stability

INTRODUCTION

Nuts have been known and used as food since
ancient times [1] and during the years their health
benefits have been clearly recognized [2, 3].
Among all nuts hazelnuts are preferable because of
their delicious taste, delicate flavor and beneficial
nutritional properties. However, due to high fat
content (above 60%) they tend to deteriorate as a
result of lipid oxidation. Since the hazelnuts are
consumed mainly as kernels the storage conditions
are of crucial importance to keep their quality for
longer periods. In spite of the significance of that
problem, there are not too many publications on the
effects of storage conditions on the hazelnut lipid
characteristics. Up to now the following have been
studied: the storage atmosphere (air or enriched
with oxygen vs. inert gases or vacuum [4-8]),
temperature (mainly 4-7°C vs. 20-25°C [4, 7-10], in
single cases —25°C [8, 11] or even 55°C [12]), the
presence of nut shell [4, 5, 9, 10, 13]. The storage
periods are usually up to 12 months [4, 5, 7-12,
14], but also periods of two [13] or four [15] years
have been tested. The investigated hazelnut
characteristics are: textural [6, 11] or sensory [6, 7,
10] attributes, total phenolics [7, 8, 10], acidity
and/or peroxide value [4, 7, 10, 13], hexanal
content [7, 8], conjugated dienes and trienes [4],

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

a-tocopherols [12, 13], fatty acids [5, 9, 13-15].
Unfortunately, in these investigations the effects of
only single storage condition on particular lipid
attribute have been examined. Moreover, some
results are contradictory. For that reasons the aim of
our work was to study the effects of the two most
popular and easy to perform even at home storage
conditions, namely the temperature (4°C in fridge
and 20°C in shadow) and the presence of nut shell,
on the fatty acids, tocopherols and oxidative
stability (Induction period in hours) of the oil from
hazelnuts stored up to 12 months. Thus, some more
general recommendations could be given in order to
save the quality of nuts not only as
industrial/market product but also as preferable
dietary stored at home.

EXPERIMENTAL

Samples

Hazelnut cultivars Ata Baba (Corylus pontica C.
Koch), Ran Trapezundski (Corylus maxima Mill.)
and Tonda Gentile (Corylus avellana L.) were
grown in orchards near the town of Kardzhali,
Bulgaria. Fruits of three consecutive crops (2009-
2011) were collected and corresponding portions of
them were stored as kernels (shelled) or in shell,
both types in polyethylene bags, at room
temperature (20°C, in shadow) or in refrigerator
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(4°C) for 1, 3, 6 and 12 months. Initial portions of
hazelnuts were used as respective references (0O
months storage).

Reagents

All reagents and solvents were of analytical
grade and were wused without additional
purification. The reference fatty acid methyl esters
and tocopherols were from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA).

Extraction of lipids

Hazelnuts (each sample of about 20 g kernels
after removing the shell) were ground and the oil
was extracted with n-hexane in Soxhlet apparatus
for 8 h [16]. The solvent was distilled in rotary
evaporator and stock hexane solution of the oil was
prepared.

Analysis of fatty acid (FA) composition

Fatty acids were determined by gas
chromatography (GC) of their methyl esters
(FAME). For the purpose, about 50 mg oil were
transmethylated with 1 % sulfuric acid in methanol
[17]. Then the FAME were purified by preparative
silica gel thin-layer chromatography (TLC) on 20 X
20 cm glass plates developed with hexane-acetone
(100:6, v/v) mobile phase. A drop of methyl oleate
solution was used as a reference near the edge of
the plate. After development, the zones were
visualized under UV light (366 nm) after spraying
with 0.1 % ethanolic 2,7 -dichlorofluorescein.
FAME zone (Rf ~ 0.7) was scraped and eluted with
diethyl ether in a small glass column. The solvent
was evaporated under a gentle stream of nitrogen
and the rest was dissolved in hexane to give 1 %
solution of FAME. GC was performed on a Trace
GC Ultra (Thermo Scientific, Bremen, Germany)
gas chromatograph equiped with FID and a
DB-22560 m x 0.25 mm x 0.25 pm column
(J&W Scientific, USA). The column temperature
was programmed from 150°C to 240°C with
5°C/min and held at this temperature for 20 min.
The injector and detector temperatures were 260°C
and 280°C, respectively. Helium was the carrier gas
at flow rate of 1.0 mL/min. Reference FAME
mixture was used for peak identification according
to the retention times. The analyses were performed
in triplicate. The software package XcaliburTM 2.0,
Revision 2.0 SR 1 (Thermo Scientific, Bremen,
Germany) was used to record and process the data.

Analysis of tocopherols

Tocopherols were analyzed directly by HPLC
on 250 mm x 4 mm Nucleosil Si 50-5 column
(Macherey-Nagel), eluted by hexane-dioxane
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(96:4, v/v) and fluorescent detection at 290 nm
excitement and 330 nm emission [18].

Determination of oxidative stability

Oxidative stability (Induction period in hours)
was measured at 100°C (3 g oil sample, air flow 20
L/h) by Rancimat 679 (Metrohm, Switzerland)
equipment.

Data processing

Mean values from three consecutive years, each
with three parallel measurements, were compared
by Student’s t-test (Microsoft Excel software) [19].

RESULTS AND DISCUSSION

Fatty acid composition

The main fatty acids in the investigated
hazelnuts are oleic (18:1, from 73.3 % to 80.4 %
depending on the cultivar, Fig. 1), linoleic (18:2,
with values of 7.2 %, 9.8 % and 14.5 % for Tonda
Gentile, Ran Trapezundski and Ata Baba cultivars
respectively, Fig. 2), palmitic (16:0, in the range 6.8
— 7.8 %, Fig. 3) and stearic (18:0, between 2.3 %
and 2.8 %, Fig. 4). Other fatty acids as palmitoleic
(16:1), linolenic (18:3), arachidic (20:0) etc. are
below 0.2 %. As could be seen (Figs. 1 — 4), the
cultivars Tonda Gentile and Ata Baba differ almost
twice in their linoleic acid proportion. Nevertheless,
fatty acids composition of the investigated
hazelnuts in general is similar to that of Turkish [5],
Italian, Spanish [12, 20], Croatian, French [21]
cultivars. Unlike the available information about
fresh hazelnuts the findings published about fatty
acids composition of stored nuts are not too many,
not systematic and indeed discrepant. Moreover,
usually the effect of only single storage condition
on fatty acids has been examined. Thus,
Koyuncu et al. [14] have observed in kernels from
three Turkish cultivars slight decrease of 18:2 after
the 6th month storage at 21 °C in vacuum bags,
without effect of the shell presence or absence on
the fatty acids composition [5]. Other authors [9]
have noticed increase of 18:0 (from 2.6 % to 3.1 %)
after the 8" month and decrease of 18:3 (being 0.1
% in the initial oil) after the 12" month in whole
hazelnuts stored at 20 °C but without such changes
in kernels stored at 4 °C. Unfortunately, no
comparative experiments with whole nuts stored at
4°C and kernels at 20°C were implemented.

On the other hand, Ebrahem et al. [13] have
shown that 18:1 and 18:2 have not changed in
kernels and in whole hazelnuts stored at 0 °C up to
12 months. Similarly, Beyhan et al. [15] have
stored whole hazelnuts in warehouse up to 4 years
practically without differences in their fatty acid
composition. In addition to these results, our
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experiments confirme that fatty acids have not been
changed during hazelnut storage up to 12 months
irrespective of different conditions such as

temperature (4 °C or 20 °C) and the presence or
absence of shell, as well as irrespective of the
Ata Baba

80

80
020k

2205

18:1 [%]

rnds

0

1 3 6 1 3 6
months of storage months of storage

Ran Trapezundski
t i i B

differences in the initial fatty acid composition of
the three analyzed cultivars (Figs. 1 —4).
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Fig. 1. Oleic acid (9-18:1) content of the oil from three cultivars hazelnuts stored up to 12 months at different

conditions: at 20°C or 4°C, as kernels (k) or in shell (s).
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Fig. 2. Linoleic acid (9,12-18:2) content of the oil from three cultivars hazelnuts stored up to 12 months at different

conditions: at 20°C or 4°C, as kernels (k) or in shell (s).
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Fig. 3. Palmitic acid (16:0) content of the oil from three cultivars hazelnuts stored up to 12 months at different

conditions: at 20°C or 4°C, as kernels (k) or in shell (s).
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Fig. 4. Stearic acid (18:0) content of the oil from three cultivars hazelnuts stored up to 12 months at different

conditions: at 20°C or 4°C, as kernels (k) or in shell (s).

Tocopherols

Tocopherols are important biologically active
substances with significant role of strong natural
antioxidants. Since their availability prevents the

oils from lipid oxidation higher amount of
tocopherols is valuable and desirable virtue.
Hazelnut oil from different varieties contains

tocopherols in quite wide range: from 115 to
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600 mg/kg [12, 20 — 24]. Oils from the three
cultivars presented here have quite high initial

amounts: 560 mg/kg in Ran Trapezundski,
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520 mg/kg in Ata Baba and 500 mg/kg in Tonda
Gentile (Fig. 5).
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Fig. 5. Total tocopherols in the oil from three cultivars hazelnuts stored up to 12 months at different conditions: at 20°C

or 4°C, as kernels (K) or in shell (s).
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Fig. 6. Oxidative stability (induction period) of the oil from three cultivars hazelnuts stored up to 12 months at different

conditions: at 20°C or 4°C, as kernels (k) or in shell (5s).

After the first storage month these amounts
gradually decrease and that trend is slightly
stronger at 20°C than at 4°C as well as for nuts in
shell than the Kkernels. Likewise, respective
reducing of the individual a-, - and y-isomers is
observed (not shown here). As can be seen (Fig. 5)
hazelnuts stored at 4°C as kernels contain slightly
more tocopherols than that stored at 20°C in shell,
irrespective of the differences between the three
cultivars. Only two publications were found in the
literature concerning determination of tocopherols
during hazelnuts storage. They revealed that (i) the
remaining amount of a-tocopherol after 9 months
storage of kernels was higher at lower temperature
(three investigated cultivars) [12], and (ii) hazelnuts
stored up to 12 months at 0°C and at 10°C
contained slightly higher amount of a-tocopherol as
kernels than in shell (one investigated cultivar)
[13]. Despite the scarce information, these findings
confirm our results that storage of hazelnuts at 4°C
as kernels is preferable for keeping their quality for
longer period.

Oxidative stability

The oxidative stability of oils is important
indicator for their admissible shelf-life. It depends
on the fatty acid composition, the availability of
natural antioxidants (tocopherols, etc.) as well as on
the presence of synergists (e.g. phytosterols). The
oxidative stability of hazelnut oil is among the
highest for vegetable oils: 16 h of refined [24, 25]
or 20 — 40 h of cold-pressed [26] samples (at the
same experimental conditions as presented here).
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The fresh oils from investigated here three cultivars
have even better indexes, i.e. 40 h, 48 h and 59 h
for Ata Baba, Ran Trapezundsli and Tonda Gentile,
respectively (Fig. 6).

During storage of nuts, these values have
gradually decreased and some effect of the
temperature and shell can be seen, namely the
decrease of oxidative stability is stronger at 20°C
than at 4°C as well as the kernels have slightly
higher stability than nuts in shell. Some reasonable
interpretation of these results might be the moisture
held by the shell which induces/favors undesirable
processes as lipid oxidation and degradation.
Comparing the three analyzed cultivars, the highest
oxidative stability of Tonda Gentile can be
explained by the lowest percentage of linoleic acid
(Fig. 2) regardless of the lowest amount of
tocopherols (as main antioxidant in that oils,
Fig. 5). Unfortunately, no data in the literature have
been found to compare with these results excepting
only partial characteristics of lipid oxidation such
as acidity, peroxide value [4, 7, 10, 13], antioxidant
capacity (expressed as Trolox equivalent [8]) or
conjugated dienes and trienes [4]. Thus, the authors
have observed gradual increase during storage of
acidity and peroxide values at that in greater extent
at higher temperature (25°C vs. 7°C for kernels and
whole nuts [4]; or 20°C in shell vs. kernels at
4°C [10]). On the other hand, no significant effects
of the storage conditions (temperature and shell) on
the antioxidant capacity (as Trolox equivalent, [8])
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as well as on the conjugated dienes and trienes [4]
have been observed.

CONCLUSION

Fatty acids have not been changed significantly
during hazelnuts storage up to 12 months
irrespective of different conditions such as
temperature (4°C or 20°C) and the presence or
absence of shell, as well as irrespective of the
differences in the initial fatty acid composition of
the three analyzed cultivars. The fresh oils have
quite high initial amounts of tocopherols which
gradually decrease during storage and that trend is
slightly stronger at 20°C than at 4°C as well as for
nuts in shell than as kernels. The oxidative stability
of the fresh oils decrease similarly during the
hazelnuts storage. Thus, it is possible to store
hazelnuts up to 12 months without considerable and
harmful changes in their main lipid characteristics.
In order to keep their quality at most it is preferable
to store the hazelnuts as kernels at 4°C.
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MACTHHU KUCEJIMHU, TOKODEPOJIU U OKUCIIMTEJIHA CTABUJIHOCT HA
JIEHTHUIIU ITO BPEME HA CbXPAHEHUETO UM

C. M. Momumnosa®®, C. II. Tauesa', M. /1. 3natanos?, I'. A. Aurosa?, M. 1. Aurenosa-Pomosa?,
E. bnaroesa®

Y Unemumym no opeanuuna xumus ¢ Llenmuvp no gpumoxumus, Bvizapcka akademus na naykume,
yi. ,,Akao. I'. Bonues*, 6ok 9, 1113 Coghus, bvreapus

2I{amedpa ., Xumuuna mexnonozus “, I1Y ,, I1. Xunenoapcxu“, ya. ,, Llap Acen* 24, 4000 I1no60us, bvicapus
8 Onumna cmanyus no 3emedenue, yia. ,,Munvopcka ™ 1, 6600 Kvpoowcanu, bvreapus
[ocrenmna Ha 13 HOemBpH 2016 T.; mpuera Ha 6 nekemspu 2016 .
(Pesrome)

Jlemrautn ot TpU copra (Ama baba, Pan Tpanesynocku u Tonoa [Jocenmuine), oTraexaanu B benrapus,
ca chxpaHsBanu 3a 1, 3, 6 u 12 Mecena mpu pa3IMYHU YCIOBHS: C YEPYNKHU WM KaTo siaku, npu 4°C (B
xnamqunHuk) wid npu 20°C (Ha csHKa), Cliel KOETO Ca aHAJIM3UPAaHW MAaCTHO-KHMCCIUHHUS ChCTaB,
TOKO(EPOTUTE U OKUCIUTEITHATA CTA0MITHOCT (MHIYKITMOHEH TIepHo/T B YaCOBE) HA MaciiaTa uM. PesynraTure
MOKa3BaT, 4e MacCTHUTE KHCEIHHHU MPAaKTUIECKH HE ce MPOMEHST A0 12 Mecena HE3aBUCHMO OT Pa3iIMYHUTE
YCJIOBUS Ha ChbXPaHEHHE, IOKATO KOIWYECTBOTO HA TOKO(EPOINTE MOCTETICHHO HAMaJIsiBa, U Ta3d TCHACHITHS
e Manko mo-cwiHOo m3paseHa mpu 20°C, orkonkoto mpu 4°C, KakTO W TPH JICIIHUIUTE C YEPYIKH, B
cpaBHeHHe C sakuTe. [10700HO CHOTBETHO HamalsBaHE ce HAOMIOgaBa M NMPU MHAWBUIyAIHUTE O-, - U
y-u3oMepu. OTHOCHO OKHCJIHTENTHAaTa CTAOWIHOCT, MaciaTa OT W3XOMHHUTE JICHIHUINA WMAaT JIbIbl
uHaykuuoHeH nepuoy (40, 47 u 58 vaca, choTBeTHO IpH copToBeTe Ama baba, Pan Tpanesynocku n Tonoa
JDicenmune). Ta3zn okucaUTENHA CTAOMITHOCT MTOCTETICHHO HAMAJsBa 110 BpeME Ha ChXPAaHEHUETO MO CHIIUS
HA4MH, KaKTO TIpH TOKo(deponnTe, T.e. JemHumnure, cbxpanssanu npu 20°C ¢ yepynku UMaT Majiko MO-KbC
WHAYKIMOHEH Nepuojl. BCHYKHM Te3u pe3ynTaTd IOKa3BaT, 4e € BB3MOXKHO JICHIHUIHTE Ja ObaaT
ChbXpaHsABaHU 70 12 Mecena, 6e3 1a HACTBIISIT 3HAYUTEIHU U BPEJHH 3a 3/IpaBETO MPOMEHH B OCHOBHUTE MM
JUNHAIHA XapaKTepUCTUKU. 3a Jla ce 3ara3y KayecTBOTO UM B Hal-TOJIsIMa CTEIIEH, € MPETNOPBhUNTENIHO TE 1
ObJIaT chXpaHsABaHM Kato suku mpu 4°C.

Knwuosu Oymu: JeuwHuyu, CobxpanerHue, Macmnu Kuceiulu, mozcod)epozlu, OKCUOAHMHA CIMAOUTHOCT
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Theoretical insights regarding the electronic spectra
and proton transfers in a sensor molecule
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Prototropic tautomerism and possible interpretations of observed electronic absorption and emission spectra are
attempted on the basis of time dependent density functional theory (TD DFT) calculations on 2-[2’-hydroxyphenyl]-
quinazolin-4-one. Energy differences and excited state proton transfers are studied in the gas phase and in several

solvents.

Keywords: 2-/2-hydroxyphenyl]-quinazolin-4-one, keto-enol tautomerism, electronic absorption and emission spectra,

TD DFT, ESIPT transition structures
INTRODUCTION

2-[2’-hydroxyphenyl]-quinazolin-4-one, HPQ,
1, Fig. 1 is recently being introduced as a valuable
sensor for metal ions (mostly divalent) in aqueous
solutions thus contributing to the activities against
water pollution. The property utilized in this regard
is its relatively bright fluorescence in solution,
which is quenched by formation of metal ion
complexes following the Beer — Lambert law. For
example, metal ion fluorescence sensing for Fe3* is
possible in the range of 10 to 10" M [1]. Detecting
of Hg®* can be done in the same range of
concentrations at pH 5.5 - 6.5 [2].

Quantitative and selective detection of Zn?* and
Cd?* has also been reported [3].

Compound 1 is fluorescent and solvatochromic
in solution. HPQ may be crystallized in two
polymorphic forms showing blue, B, or blue-green,
BG, fluorescence in the solid state. [4] B and BG
forms have different =x...x, O...H-C and
C=0...C=0 dipolar interactions in their respective
crystal lattices. This has possibly been the reason
to suggest that the actual fluorescent species is an
aggregate [3].

As shown on Figure 1, HPQ may exhibit a
number of prototropic tautomers, e. g. 1-H and 3-H
4-keto (2, and 1) forms, or 1-H-4-hydroxy-2’-keto
vs. 2°,4-dihydroxy forms (6, 3) [5]. In addition,
twice as many isomers may be generated due to a
relatively low barrier to rotation around the C; - C2’
single bond, Fig. 1.

Figure 1. Some possible tautomers of HPQ. Atom numbering is shown with tautomer 1, which is thus 3-H; Tautomer 2
is 1-H, etc. Pertinent degrees of freedom for prototropic isomerization at each heteroatom, plus a rotation about the C, —
C2’ bond can give a total of 2, i.e. 32 isomers.

* To whom all correspondence should be sent.
E-mail: bakalova@orgchm.bas.bg; kaneti@orgchm.bas.bg
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Figure 2. The electronic absorption — emission cycle of HPQ [1 — 4]

Within the manifold of possible prototropic
tautomers, the observed fluorescence can be
alternatively based on an excited state proton
transfer mechanism, ESIPT, [6] which apparently
occurs in agueous solution at pH in the range of 2.0
—5.5, Fig. 2, as well as in polar solvents.

To understand the structural changes underlying
the observed UV light absorption and visible
fluorescence  emission, we  undertake a
computational study of electron excitation and
structure relaxation in the molecule of 1 and some
of its tautomers. This may be conveniently
achieved by means of density functional theory,
DFT, [7] for the ground electronic states in their
equilibrium So. For the excited electronic state(s),
S: and vibrationally excited S;*, we may use the
time dependent form of DFT, TD DFT [8]. We use
the GAUSSIAN 09 program [9] with default
geometry optimization procedures and the 6-
31G(d,p) basis set with PBEQO, [10] M06-2x [11]
and MN12sx [12] functionals for the outlined
equilibrium Sy and S; tautomeric structures of 1,
Figure 1, in the gas phase and a series of solvents,
using the PCM solvent model [13]. The transition
structures for involved intramolecular proton
transfers have also been pursued using the standard
“Berny” optimization procedure implemented in
GAUSSIAN 09 [9]. Solvent effects on the spatial
structures of ground So and first excited S:
electronic states of HPQ are studied within the
PCM computational formalism in tetrahydrofuran,
dichloromethane, methanol and dimethylsulfoxide.
No solvent relaxation effects have been accounted
for.
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EXPERIMENTAL ELECTRONIC SPECTRA
AND ESIPT

The UV and visible electronic absorption
spectrum of HPQ show intense absorption at ca.
330 nm, which is barely affected by solvent
polarity. In addition, another less intense absorption
appears in polar and preferably aprotic solvents as
DMSO and DMF, being merely a shoulder in
CH3CN and CH3;OH at about 400 nm. The two
solid state fluorescence peaks appear at ca. 460 +
500 nm [1]. Solution photoluminescence appears at
492 nm in THF and THF/water, with intensity
rapidly  increasing with increasing  water
concentration [2]. The recorded emission profiles
are rather sharp, contrary to the observed
absorption, and support the notion that solid state
HPQ fluorescence is related to severely restricted
rotation of the hydroxyphenyl fragment around the
connecting C — C bond with quinazolinone [3, 14].
The observed Stokes’ shift of fluorescence,
ca. 10.10° cm? relative to the “main” absorption
peak, suggests a proton transfer mechanism as the
source of the emissive excited state structure [6].
The “secondary” longer wavelength absorption
could be interpreted as indication of an equilibrium
of prototropic isomers even in the ground So
electronic state 1 and should be attributed to the
keto- form 4 [1 —4].

COMPUTATIONAL MODELING OF
PROTOTROPIC ISOMERS AND PROTON
TRANSFER

The proton transfer processes shown on Figure
2, which could be the evident source of observed
light absorption — emission phenomena of HPQ
have been reproduced first in the gas phase using
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the three mentioned DFT functionals. Ground S
state energy minimizations of 2-(2’-hydroxyphenyl)
guinazolin-4-one 1 proceed smoothly to indicate
that the structure is a minimum on the potential
energy surface, as confirmed also by full
vibrational analysis. The comparison of calculated
closed shell So thermodynamic free energies AG for
most tautomers shows that isomer 1 is indeed the
most  stable, while the remaining possible
tautomers, starting with 2, are at least 4 kcal.mol™
less stable in DMSO. In less polar solvents, studied
here, this energy difference increases and becomes
more than 7 kcal.mol? in the gas phase. We can
therefore safely assume that the main Sy species
existing in solution under standard conditions is 2-
(2°-hydroxyphenyl)-3H-quinazolin-4-one 1

The minimization of corresponding 2’-keto
structure 3 at the Sy energy surface however
behaves differently with the chosen functionals.

The MO06-2x models of keto-structures 4, 5, 6
yield the corresponding enols 1, 2, 3 in the gas
phase as well as in all solvents studied. PBEO in
addition shows 5 as a minimum in solution, with
significant proton transfer from NH to O, but still
far of the enol 2. Still, within the PBEO model 5 is
less stable than corresponding 2 by ca. 3 kcal.mol™.
MN12sx, on the other hand, indicates that keto-
isomers 4, 5, 6 are local minima in all solvents,
with minimal effects of solvent polarity. The latter
result apparently corresponds to the observed
second less intense longer wavelength absorption of
HPQ in polar solvents [1 — 4]. Computed TD DFT
vertical Sop —> S;* transition energies are relatively
independent of the used functional and choice of
solvent. Therefore, we only show the complete
manifold of results for PBE0/6-31G(d,p)
calculations in Table 1, MO06-2x/6-31G(d,p)
calculations in Table 2, and MN12sx/6-31G(d) in
Table 3.

One may notice that on Figure 1 HPQ tautomers
are shown in keto-enol pairs according to chosen
starting structures. With the three used DFT
functionals, geometry optimization of the selected
keto-enol pairs, at the So potential surface, mostly
converge to the respective enols 1, 2, 3. The
notable variation of results with the MN12sx/6-
31G(d,p) functional, Table 3, is the prediction of
the keto-form 4 a minimum, somewhat more stable
in solution than corresponding enol 1 according to
calculated free energy differences AAG, ca. 1
kcal.mol* depending on the solvent. Nevertheless,
calculated vertical So — S: transition energies are
pairwise identical. Note also that computed vertical
electron absorptions are practically independent of
the solvent. The chosen pairs remain identical also
after TD DFT relaxation, with the corresponding

final structures the keto-isomers 4, 5, 6. In other
words, selected PBEO (pbelpbe in GAUSSIAN),
MO06-2x and MN12sx functionals uniformly predict
ESIPT between the hydroxyphenyl and the
quinazolin-4-one fragment of HPQ. In the case of
ESIPT we also find insignificant solvent
dependence with decreasing emission wavelengths
in more polar solvents, which reproduces the
experiment fairly well, see Figure 3.

S¢* 1 S
\‘ 4* 0=C,NHto HO-C,=N
- ESIPT 6*
296 nm 355 nm 448 nm 1474 nm
SO

Figure 3. MO06-2x/6-31G(d,p) diagram of Sp and S;
electronic states of 1 and its possible prototropic
conversions in the excited state. Transition energies in
THF: absorption is arrow up; fluorescence emissions are
given by arrows down; state total energy values for each
species in hartrees are as follows: Sp: -799. 2184; Si*:
-799.0643; Si: -799.0789; ESIPT to 2: -799.0871; 3*: -
799.0796. For comparison, corresponding values from
TD MN12sx/6-31G(d,p) calculations in DMSO are:
So: -798.9443; S1*: -798.7991, absorption at 314 nm; Si:
-798.8128, emissions at 376 nm; ESIPT to 2: -798.8294,
641 nm; 3*: -798.9005. Excited prototropic structures
are marked by asterisks, see also Figure 1.

As far as used computational models suggest an
equilibrium between enol and keto-isomers of HPQ
even in the ground electronic state, we attempted
several searches for transition structures for proton
transfer at the SO potential energy surface. However,
we met no success in this direction. On the other
hand, we verify the identification of ESIPT in HPQ
by the location of its transition structure at the S1
potential energy surface using two computational
models, TD M06-2x and TD MN12sx. The resulting
structure from the TD MN12sx/6-311(d,p)
computation is shown on Figure 4.
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1.091

v(imag)= 273 1/cm
E =-798.95095 a.u.

Table 1. PBE0/6-31G(d,p) and TD(nstates=6) PBE0/6-31G(d,p) computational results for most stable isomers of HPQ

in the ground Sy electronic state and corresponding S; structures. Total energies are in hartrees, AAG in kcal/mol, and
wavelengths in nanometers. f is the calculated oscillator strength.
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TD(nstates=6) MN12sx/6-311G(d,p)

Figure 4. The transition structure for ESIPT on the Si-

potential energy surface of 1, TD=(nstates=6)
MN12sx/6-311G(d,p). Distances are shown in A.

So So-S1 vertical S1 relaxed
Str E AG AAG Nabs f AFI f
Tetrahydrofuran
1 -798.642772 -798.466386 0.00 322.0 0.447 493.0 0.275
4 -798.642772 -798.466385 0.00 322.0 0.447 493.1 0.275
2 -798.635007 -798.460104 3.94 324.3 0.331 494.2 0.301
5 -798.629412 -798.455364 6.92 380.5 0.345 495.6 0.298
3 -798.625260 -798.449889 10.35 337.9 0.171 657.0 0.095
6 -798.625283 -798.449899 10.35 341.3 0.259 656.9 0.095
Dichloromethane
1 -798.643149 -798.466786 0.00 322.0 0.450 490.4 0.239
4 -798.643149 -798.466783 0.00 322.0 0.451 490.7 0.285
2 -798.635636 -798.460655 3.85 324.4 0.334 491.6 0.311
5 -798.630102 -798.456008 6.76 380.5 0.348 492.4 0.310
3 -798.625749 -798.450342 10.32 337.1 0.176 647.4 0.100
6 -798.625767 -798.450279 10.36 340.7 0.270 647.3 0.100
Methanol
1 -798.644604 -798.468386 0.00 320.6 0.429 483.4 0.321
4 -798.644604 -798.468383 0.00 320.6 0.429 481.5 0.325
2 -798.638109 -798.462880 3.46 323.2 0.320 484.3 0.349
5 -798.632811 -798.458560 6.17 378.0 0.334 484.1 0.350
3 -798.627638 -798.452189 10.16 333.1 0.174 611.9 0.121
6 -798.627655 -798.452162 10.18 338.5 0.318 611.7 0.122
Dimethylsulfoxide
1 -798.644782 -798.468597 0.00 321.3 0.448 482.7 0.325
4 -798.644782 -798.468594 0.00 321.3 0.448 481.8 0.328
2 -798.638416 -798.463161 341 379.0 0.334 483.5 0.353
5 -798.633148 -798.458876 6.10 323.8 0.347 483.4 0.354
3 -798.627871 -798.452421 10.15 333.2 0.188 607.8 0.124
6 -798.627888 -798.452457 10.12 338.2 0.324 607.5 0.125
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Table 2. M062x/6-31G(d,p) and TD(nstates=6) M06-2x/6-31G(d,p) computational results for most stable isomers of
HPQ in the ground S electronic state and corresponding S; structures. Total energies are in hartrees, AAG in kcal/mol,
and wavelengths in nanometers. f is the calculated oscillator strength.

So So-S1 vertical S1 relaxed
Str E AG AAG Aabs f Aabs f
Tetrahydrofuran
1 -799.218399 -799.042051 0.00 295.6 0.525 355.4 0.704
4 -799.218399 -799.042052 0.00 295.6 0.525 355.5 0.699
2 -799.210472 -799.034316 4.85 293.2 0.390 448.2 0.441
5 -799.210472 -799.034314 4.85 294.2 0.397 448.7 0.439
3 -799.203155 -799.027473 9.15 296.9 0.372 474.0 0.379
6 -799.203166 -799.027530 9.11 301.4 0.500 475.8 0.374
Dichloromethane
1 -799.218781 -799.042421 0.00 295.6 0.529 356.0 0.721
4 -799.218781 -799.042422 0.00 295.6 0.529 356.0 0.715
2 -799.211098 -799.034990 4.66 293.3 0.394 447.6 0.451
5 -799.211098 -799.034984 4.67 293.3 0.394 492.3 0.310
3 -799.203648 -799.027958 9.08 296.6 0.377 469.9 0.400
6 -799.203660 -799.027973 9.08 301.3 0.512 468.6 0.405
Methanol
1 -799.220254 -799.043888 0.00 294.3 0.508 358.6 0.781
4 -799.220253 -799.043902 -0.01 294.3 0.508 358.6 0.775
2 -799.213563 -799.037627 3.94 292.2 0.381 446.0 0.488
5 -799.213563 -799.037639 3.92 292.3 0.381 483.2 0.351
3 -799.205569 -799.029879 8.79 294.2 0.362 457.4 0.474
6 -799.205581 -799.029883 8.78 300.9 0.558 457.5 0.476
Dimethylsulfoxide
1 -799.220434 -799.044076 0.00 295.0 0.528 359.0 0.788
4 -799.220434 -799.044073 0.00 295.0 0.528 359.0 0.782
2 -799.213870 -799.038009 3.81 292.8 0.397 4457 0.493
5 -799.213870 -799.038044 3.79 292.8 0.398 445.6 0.493
3 -799.205805 -799.030117 8.76 294.6 0.381 456.4 0.482
6 -799.203660 -799.027963 10.11 301.3 0.512 468.6 0.405
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Table 3. MN12sx/6-31G(d,p) and TD(nstates=6) MN12sx/6-31G(d,p) computational results for most stable isomers of
HPQ in the ground S electronic state and electron transitions to corresponding S; structures. Total energies are in

hartrees, AAG in kcal/mol, and wavelengths in nanometers. f is the calculated oscillator strength.

So So-S1 vertical Sirelaxed
Str E AG AANG Aabs f ARl f
Tetrahydrofuran
1 -798.942197 -798.764794 1.38 3145 0.509 371.7 0.833
4 -798.942213 -798.766995 0.00 320.1 0.653 371.6 0.833
2 -798.934143 -798.758373 5.41 312.2 0.328 520.9 0.256
5 -798.926314 -798.752122 9.33 380.9 0.333 520.7 0.257
3 -798.928128 -798.752730 8.95 333.2 0.235 697.6 0.085
6 -798.928128 -798.752687 8.98 333.2 0.235 697.6 0.085
Dichloromethane
1 -798.942584 -798.765187 1.54 3145 0.513 372.2 0.845
4 -798.942599 -798.767636 0.00 320.5 0.664 372.3 0.846
2 -798.934774 -798.759028 5.40 312.2 0.332 515.2 0.269
5 -798.927022 -798.752812 9.30 380.7 0.336 515.3 0.268
3 -798.928614 -798.753214 9.05 3325 0.248 614.4 0.004
6 -798.928614 -798.753220 9.05 3325 0.248 4155 0.282
Methanol
1 -798.944083 -798.766679 0.91 313.1 0.489 375.6 0.894
4 -798.944094 -798.768133 0.00 313.1 0.489 375.7 0.894
2 -798.937180 -798.760097 5.04 312.3 0.324 501.8 0.309
5 -798.929804 -798.755500 7.93 377.6 0.322 501.7 0.310
3 -798.930508 -798.755097 8.18 330.2 0.301 645.6 0.106
6 -798.930508 -798.755125 8.16 330.2 0.301 645.6 0.106
Dimethylsulfoxide
1 -798.944267 -798.766857 0.92 313.9 0.510 376.1 0.900
4 -798.944276 -798.768323 0.00 322.2 0.713 376.1 0.900
2 -798.937490 -798.760403 4.97 312.9 0.340 500.5 0.314
5 -798.930150 -798.755831 7.84 378.6 0.337 500.4 0.314
3 -798.930742 -798.755371 8.13 330.0 0.307 640.9 0.108
6 -798.930742 -798.755364 8.13 320.0 0.308 640.9 0.108
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CONCLUSION

We provide a detailed computational analysis of
UV absorption and steady state fluorescence of
HPQ by means of TD DFT calculations. This
proved to only be possible considering the complete
manifold of isomers, mostly prototropic tautomers
of the molecule. Suggested ESIPT as the source of
observed large Stokes shift of fluorescence is
proved computationally.

Acknowledgement: A part of the reported
computations has been carried out on the MADARA
cluster, 10CCP, acquired under Project
RNF01/0110 (2009-2011) of the National Research
Fund of Bulgaria.
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TEOPETUYHU BUXJAHWSA 3A EJIEKTPOHHUTE CITEKTPU U ITPEHOCHU HA TIPOTOH
B MOJIEKVYJIATA HA EJVUH CEH30P
CH. bakanosa u X. Kanetu

Hucmumym opeanuuna xumus ¢ yeumop no gpumoxumus, BAH
ya. Akao. I'. Bonues., bn.9, 1113 Coghus, bvrcapus

Iocrenuna Ha 14 noemBpu 2016 r.; npuera Ha 21 nexemspu 2016 .
(Pesrome)

[IpoToTpornHaTa TaBTOMEpHs M BB3MOXKHATA HHTEPIIPETAIs HAa HAONIOAaBaHUTE AOCOPOIMOHHU M EMHCHOHHU
CJICKTPOHHH CIIEKTPH Ha 2-2’XUIPOKCUPCHHUI-XUHA30IMH-4-0H ca M3CIE/IBAaHU C MIOMOIITA Ha 3aBUCHMAaTa OT BPEMETO
Teopus Ha (YHKIMOHANA HA TUIBTHOCTTA. M3caenBann ca eHEpruuTe Ha eNEKTPOHHUTE MPEXOAH M MPEHOCca Ha MPOTOH
BBB BB30Y/ICHO CHCTOSTHHE B ra30Ba ()aza U HIAKOJIKO Pa3TBOPUTEIIS.

Knwuoseu oymu: 2-2°xudpoxcupenun-xunasonun-4-on, Kemo-eHOAHA MASMoMepusl, eleKmpoHHU abcopOYUOHHU U
emucuonnu cnexmpu, TD DFT, npexoOnu cmpykmypu 3a npenoc Ha nPOmMoH 668 6b30Y0eH0 CbCMOosHUe

7



Bulgarian Chemical Communications, Volume 49, Special Issue G (pp.78 —82) 2017

Antioxidant activity of different extracts of dried
and frozen fruits of Schisandra chinensis (Turcz.) Baill

A. V. Terzieval, R. Z. Vrancheva®", N. D. Delchev?

IStudent of specialty “Analysis and Control of Food Products”,
Department of Analytical Chemistry, University of Food Technologies-Plovdiv,
26 Maritza Str., 4000 Plovdiv, Bulgaria

2 Department of Analytical Chemistry, University of Food Technologies-Plovdiv,
26 Maritza Str., 4000 Plovdiv, Bulgaria

Received November 10, 2016; Revised January 03, 2017

Schisandra chinensis has been used in traditional Chinese medicine for hundreds of years. In the last decades, the
pharmacological and chemical studies of this drug revealed various valuable biological and pharmacological activities,
such as antihepatotoxic, antioxidant, detoxificant, anticarcinogenic, tonic and anti-inflammatory effects. The purpose of
current study was to assess the antioxidant activity and phenolic profiles of different extracts (water by maceration at
ambient temperature; water, 70% and 96% ethanol extracts by heat-reflux extraction at 70°C) of dried and frozen fruits
of Schisandra chinensis (Turcz.) Baill. Antioxidant potential of investigated extracts was determined by four most
applied spectrophotometric methods, namely DPPH, ABTS, FRAP and CUPRAC. The 70% ethanol extracts of dried
fruits showed the highest antioxidant activity by all of the tested methods. The highest antioxidant potential of frozen
fruits was defined in water extract obtained by heat-reflux extraction at 70°C. Besides, that were the extracts with
highest total phenol contents, defined by Folin-Ciocalteu’s assay. HPLC analysis of phenol profiles of the investigated
extracts revealed the presence of chlorogenic, p-cumaric and sinapic acids.

The established strong antioxidant activity of analyzed extracts of dried and frozen fruits of S. chinensis is a

prerequisite for their future application as natural preservatives in different food systems.

Key words: Schisandra chinensis, antioxidants, phenol acids, biological activity, HPLC

INTRODUCTION

Currently, about 50 000-70 000 plant species are
used in food and cosmetic industries, as well as in
folk and traditional medicine all over the world.
Apart from their better organoleptic impact, the
plants also amplify the chemical composition of
food with biologically active substances that exhibit
high antioxidant, antimicrobial, antiviral, antitumor,
immunostimulatory and other valuable activities for
human health [1].

Antioxidants are important compounds used
against oxidative damages in food systems and free
radical induced oxidative stress-associated diseases
in humans, such as cancer, atherosclerosis,
neurodegenerative diseases and inflammation [2].

In the recent years, there was increased interest
in the natural antioxidants with plant origin because
of the proved toxic, mutagenic and carcinogenic
effects of commercial synthetic ones [3]. Usually,
the antioxidant potential of the plant extracts was
related to their polyphenolic compounds with
strong redox properties (absorbed and neutralized
free radicals, quenched singlet and triplet oxygen or
decomposed peroxides) [4]. Besides, they exhibit

* To whom all correspondence should be sent.
E-mail: radka_vrancheva@yahoo.com
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other valuable biological properties, such as,
cardioprotective, antimutagenic, antibacterial, anti-
viral and anti-inflammatory activities [5, 6].
Considering the important role of phenolic
compounds in human health and nutrition, it is
mandatory to provide new data on their amounts or
variety in medicinal plants and natural foods.

Schisandra chinensis is a traditional Chinese
medicine and has been used for hundreds of
years [7].

The dried fruits of Schisandra chinensis are
extensively used in traditional medicine to treat
asthma, gonorrhea, enuresis, dysentery, diarrhea,
diabetes, atopic dermatitis and others [8]. Fruits of
this species also exhibited anti-inflammatory,
antiviral, anticancer  and neuroprotective
effects [9, 10].

Chemical composition of S. chinensis consists
of amino acid, polysaccharides, sesquiterpenes,
vitamins, organic acids, volatile oil, lignans and
triterpenoids. Most of the biological activities of
this plants were associated with the presence of
lignans  and  ftriterpenoids  that  exhibit
hepatoprotective, anti-inflamotory, antioxidant,
anti-HIV and anticancer activities [11].

Although the fruits of S. chinensis have been

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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used in traditional medicine for many years, their
health-promoting  properties are still  being
investigated, and new extraction methods were
searched in order to use this fruits in a better way in
the food and pharmaceutical industries [12]. The
differences in the composition and antioxidant
activity of plant extracts were due to the genetic
factors, the degree of maturity of plants, cultivation
techniques,  post-harvest  handling,  storage
conditions and solvents and conditions applied for
extractions [13]. Therefore the purpose of current
study was comparative analysis of antioxidant
activity and phenol profile of different extracts
from dried and frozen fruits of S. chinensis.

MATERIALS AND METHODS

Plant material

The samples of Schisandra chinensis were
cultivated in the area of Pleven city (Bulgaria). Part
of the fruits was stored in freezer at -18°C. Fresh
fruits were dried in shade at ambient temperature
and grounded before analysis.

Extraction procedure

Each fresh and frozen sample (1.0 g) was
extracted three times with 10 mL of the relevant
extraction solvent (96% ethanol, 70% ethanol (v/v)
and distilled water) under reflux-heat at 70°C for
20 min. Water extracts obtained by maceration
were extracted three times for 24 h with 10 mL
distilled water at ambient temperature. The residue
of plant material was removed through filter paper
filtration and the combined extracts were
evaporated to dryness under vacuum. The dried
extracts were stored in refrigerator at 4°C in dark
and dissolved in appropriate solvent before
analyses.

Total phenolics

The total phenolic contents were measured using
a Folin-Ciocalteu assay according to the procedure
described by Stintzing et al. [14] with some
modifications. Folin - Ciocalteu reagent (1mL)
(Sigma) diluted five times was mixed with 0.2 mL
of sample and 0.8 mL 7.5% Na,COs (Sigma). The
reaction was 20 min at room temperature in
darkness. After reaction time, the absorption of
sample was recorded at 765 nm against blank
sample, developed by the same way but without
extract. The results were expressed in mg
equivalent of gallic acid (GAE) per g dry weight
(DW), according to calibration curve, build in range
of 0.02 - 0.10 mg.mL* gallic acid (Sigma) used as a
standard.

HPLC analysis

Qualitative and quantitative determination of
phenolic acids was performed by using Elite
LaChrome (Hitachi) HPLC system equipped with
DAD and ELITE LaCHrome (Hitachi) software.
Separation of the phenolic acids was performed by
Supelco Discovery HS Cig column (5 pm, 25 ¢cm x
4.6 mm), operated at 30°C wunder gradient
conditions with mobile phase consist of 2% (v/v)
acetic acid (solvent A) and acetonitrile (solvent B).
The gradient program used was: 0-1 min — 95% A
and 5% B; 1-40 min: 50% A and 50% B; 40-45
min: 100% B; 46-50 min: 95% A and 5% B. The
detection of phenolic acids was carried out at 280
and 320 nm and the flow rate was 0.8 mL.min.

Antioxidant activity

Antioxidant activity of the obtained extract was
defined by four spectrophotometric methods: DPPH
(1,1-diphenyl-2-picrylhydrazyl), ABTS (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid)),
FRAP (ferric reducing antioxidant power) and
CUPRAC (cupric reducing antioxidant capacity),
described previously by lvanov et al. [15].

Statistical analysis

Three independent extracts with the relevant
solvent (96% ethanol, 70% ethanol (v/v) and
distilled water) were prepared from the analyzed
samples of fresh and frozen fruits and each extract
was analyzed for total phenols, phenolic acid
content and antioxidant activitiy in triple
replication. The presented values are means (n = 3)
with standard deviations (= SD). Figures were
made by Microsoft Office Excel ® 2010.

RESULTS AND DISCUSSIONS

Total phenols

The highest total phenol content was defined in

the 70% ethanol extract of dried fruits, as the water
extract, obtained by maceration was with the lowest
amount of phenols. Water extract obtained under
reflux-heat at 70°C showed the highest total phenol
content, among the investigated extracts of frozen
fruits of S. chinensis (Table 1).
Cai et al. [16] also reported that alcohol extract
(80% methanol) of dried fruits of S. schinensis
contained about five times higher amount of total
phenols (1.05 g for 100 g DW) compared to that in
the water extract obtained in the same conditions
(in a water bath shaker at 80°C). Pliszka et al. [12]
found that 80% methanol extract of frozen fruits
contain 128.3 £ 5.5 mg GAE for 100 g FW total
phenols. This value is close to the total phenol
content determined in the water extract under heat-
reflux in our study (Table 1).
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Table 1. Total phenolic content of extracts of dried and
frozen fruits of S. schinensis

Extracts Total phenols Total phenols
in dried fruits, in frozen
mg GAE.g*! fruits, mg
DW GAE.g!FW
96% ethanol 1.08 £0.02 0.84 £0.03
70% ethanol 2.15+0.06 0.55+0.01
water 0.91+0.01 0.68 £0.02
water,70°C 1.76 £0.26 1.23+0.02

Considering that water is non-toxic and eco-
friendly solvent it is more appropriate solvent for
obtaining the extracts with high phenols content
compared to the 80% methanol.

HPLC analysis

Provided HPLC analysis of obtained extracts
revealed the presence of chlorogenic, p-coumaric
and sinapic acids (Table 2). The dominant phenolic
acid in all of the investigated extracts is chlorogenic
acid. That is of great importance because this
phenolic acid has been shown to possess multiple
beneficial properties, including analgesic, anti-
carcinogenic, antioxidant, anti-diabetic, anti-
inflammatory, anti-microbial, cardioprotective,
hypotensive and neuroprotective effects [17].
Sinapic and p-coumaric acids were in highest
concentration in the 70% ethanol extract of dried
fruits and water extract of frozen fruits, obtained
under heat-reflux at 70°C. These phenolic acids
also possessed valuable biological activities. It was
found that sinapic acid has antiinflammatory effect
by suppressing production of some
proinflammatory mediators [18]. p-coumaric acid
could be used against oxidative stress by protecting
DNA from oxidative damages [19].

HPLC-UV-MS analysis of extracts of dried
fruits of S. schinensis revealed the presence of
chlorogenic (3.26 = 0.25 pg.g? plant material),
p-coumaric (<0.02 pg.g! plant material) and
gentisic acids (<0.02 pg.g* plant material) [20].

Comparing with the results obtained by
Mocan et al. [20] our samples were with higher
concentration of phenolic acids. The differences
could be explained with the different extraction
method wused, as well as genetic factors,
geographical and climate conditions, type of soil,
season of harvesting, drying and storage of herbs.

Analysis of antioxidant activity

The highest ability to scavenge DPPH- and
ABTS™* radicals possess 70% ethanol extract of
dried fruits of S. schinensis. This extract also
showed the highest reduction ability defined by
FRAP and CUPRAC methods (Fig. 1). Besides,
this was the extract with highest total phenol

content (Table 1) and highest amount of
chlorogenic, p-coumaric and sinapic acids
(Table 2).

Among the investigated extracts of frozen fruits
the highest antioxidant activity defined by all of the
tested methods possessed the compounds extracted
with water under reflux-heat at 70°C (Fig. 2). The
highest antioxidant potential of this extract could be
explained with the highest amount of total phenols
and phenolic acids compared to the other extracts.
The other three extracts (96% ethanol, 70% ethanol,
water extracts, obtained at ambient temperature) of
frozen fruits showed similar antioxidant potential.

Hot water extracts of dried and frozen fruits of
S. schinensis were with higher total phenol content
and antioxidant activity than the water extracts,
obtained by maceration at ambient temperature.
Heating the water extracts at 70°C resulted in
obtaining the extracts with higher contents of
biologically active compounds.

The observed differences in the total phenol
content, phenolic acid concentration and
antioxidant activity of the investigated extracts
could be explained with the different solvent and
methods for extraction used, as well as different
type of used fruits (dried and frozen).

Table 2. HPLC analysis of phenolic acids of obtained extracts of dried and frozen fruits of S. schinensis.

Chlorogenic p-coumaric Chlorogenic p-cumaric
acid, acid, Sinapic acid, acid, acid, Sinapic acid,
Extract pg.gt DW ug.gtDW ug.gt DW pg.gt FW ng.gt FW ug. gt FW
0,
96% 297.9+5.2 104.5+£1.6 32.6+0.9 324+2.1 18.8+0.5 104+1.1
ethanol
70%
556.2 + 6.4 1573+ 14 62.2+2.7 19.2+1.1 142+1.4 11.8+1.1
ethanol
Water 1335+ 1.8 77.3+1.1 26.2+0.8 214+14 16.3+14 121+14
V;’gt‘g 265.1+3.1 89.6+1.5 289408 55.6 + 3.5 28321 165+ 14
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Figure 1. Antioxidant activity of extracts of dried fruits of S. schinensis defined by DPPH, ABTS, FRAP and CUPRAC

methods.
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Figure 2. Antioxidant activity of extracts of frozen fruits of S. schinensis defined by DPPH, ABTS, FRAP and

CUPRAC methods.

CONCLUSION

The present study indicates that the selected
solvents are able to obtain extracts from S.

chinensis fruits w

ith a high antioxidant activity and

high phenolic acids content. This is a base for
potentially future application of S. chinensis fruits
as source of natural antioxidants in different food

systems.
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AHTUOKCUJAHTHA AKTUBHOCT HA PA3JIMYHU EKCTPAKTU OT U3CYIIEHU U
3AMPA3EHU IIJIOJOBE OT Schisandra chinensis (Turcz.) Baill.

A. B. Tepsuesal, P. 3. Bpanuesa®*, H. JI. Jlenues?

1Cmyoenm om cneyuannocm ,, Anaius u Konmpon na Xpanumennume npooyKmu ,
kameopa ,, Ananumuuna xumus “, Ynueepcumem no xpanumennu mexuoao2uu-111060us,
oyn. ,,Mapuya “ Ne26, 4000 I[1noeous

2 Kameopa ,, Ananumuuna xumus “, Ynusepcumem no xpanumennu mexuono2uu-I1noeous,
oyn. ,,Mapuya “ Ne26, 4000 I[1noeous

Hocmovnuna na 10 noemspu 2016 2.; npuema na 3 snyapu 2017 2.
(Pesrome)

Kuraiickusit  numonnuk  (Schisandra chinensis) e  u3mon3saH B TpajMIMOHHATA KHUTAWCKAa MEIUIIMHA B
MPOABIDKEHHUE Ha CTOTUIM TOOWHM. [Ipe3 mociequuTe neceTuieTus, papMakoIOTHIHUTE M XUMAYHHA U3CICIBAHUS HA
TOBa pacTEHHE pa3KpHxa Pa3IMyHH [eHHH OHOJOTHYHH U (HapMaKOIOTUYHH aKTHBHOCTH, KaTO aHTHXEIAaTOTOKCHYHA,
AHTHOKCHJIAHTHA, JETOKCHKHpAIla, AaHTUTYMOpHA, TOHW3WpAalla W TPOTHBOBB3MAIHMTENHA akKTHBHOCT. llenta Ha
HACTOSIIIOTO M3CIICABAHE € JIa CE ONpPE/ICId aHTHOKCHIAHTHA aKTHBHOCT U ()eHOHUS NMPOQIIN Ha Pa3IMdHA €KCTPAKTU
(BozeH mpwm cTaifHa Temmeparypa, BojieH, 70% u 96% eTaHONIeH eKCTpakT upe3 ekcTpakius Ha BogHa 6ans mpu 70 °C u
obpaTeH XJIaJHWK) Ha M3CYIIEHH W 3aMpaseHd miogoBe ot Schisandra chinensis (Turcz.) Baill. AntnokcumantHus
MMOTEHIMA Ha M3CJCIBAHUTE EKCTPAKTH € OMPEHENICH Ype3 YETUPU HAW-4eCcTO M3IMOJI3BAHH CIEKTPO(POTOMETPUIHU
metoan, a umenHo DPPH, ABTS, FRAP u CUPRAC. 70% eTaHOJeH €KCTPaKT OT CYIIEHUTE IJIO0BE MPUTEKaBa Haii-
BHCOKA aHTHOKCHUIAHTHA AaKTHBHOCT, ONpEAEJICHAa Ype3 BCHYKMA TECTBAaHM MeToad. Hail-BHCOK aHTHOKCHIAHTEH
MMOTEHIMA Ha 3aMpPa3eHUTE IUIOJOBE € OINpPEIC/ICH BHB BOJHMS EKCTPAKT, MOJIydeH Ype3 eKCTPaKIus Ha oOpareH
xnmagauk mpu 70° C. OcBeH TOBa, TE3W SKCTPAKTH Ca ¢ HAW-BUCOKO CHIBp)KaHUE Ha OOIIO (PEHOIIH, OMPEICIICHH IO
merona Ha Folin-Ciocalteu. Ypes HPLC ananu3 Ha (eHONHHMAT mpodus HA M3CIEIBAHUTE €KCTPAKTH CE yCTaHOBH
HAJIMYHETO HA XJIOPOTEHOBA, p-KyMapoBa M CHHAIIOBA KHCEJIMHA.

YcTaHOBeHAaTa BHCOKA aHTHOKCHAAHTHA AKTHBHOCT HA H3CICIBAHUTE CKCTPAKTH OT H3CYIICHH W 3aMpa3eHHU
wiogoBe ot S. chinensis e mpezamocraBka 3a OBAEIIOTO UM MPHUJIAraHe KATO €CTECTBEHH KOHCEPBAHTU B Pa3InYHU
XPAHUTEIHA CHCTEMH.

Knrouoeu oymu: Schisandra chinensis, anmuoxcudaumu, gpeHoaHu xuceaunu, ouoirocuuna akmugnocm, HPLC
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Compatibility of measurement results for the active substance Zineb,
determined by CIPAC and ICP-OES methods
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The presented work evaluates the metrological compatibility of the results of the active substances for five batches
Zineb, measured by the classical CIPAC25:1993 method in the Accredited Testing Laboratory to Agria S.A., with those
measured by a new ICP-OES method. The absolute value of the difference between the measured results for each pair
was calculated and was found smaller than twice the standard measurement uncertainty of that difference, which
confirmed the compatibility of CIPAC 25 and ICP-OES methods.

The new instrumental ICP-OES method is a faster and “greener” alternative to the classical CIPAC 25 method for
determination of the active substance Zineb in biocidal products.

Key words: Zineb, CIPAC, ICP-OES, compatibility

INTRODUCTION

Dithiocarbamates (DTCs) are among the most
commonly used classes of organosulfur pesticides.
According to the carbon chain DTCs can be divided
into the following subsets: DMDs - dimethyl
(dithiocarbamates); EBDs — ethylene bis (dithio-
carbamates); PBD s-propylene bis (dithiocarba-
mates) [1]. The object of our study is Zineb — EBD
from the so-called "group of Maneb" - Zineb,
Maneb, Mancozeb.

Zineb with CAS Number (12122-67-7) has
molecular formula (CiHsN2SsZn)x, and IUPAC
name Zinc ethylene bis (dithiocarbamate). It is a
solid, yellowish-white  powder with  non-
characteristic odour.

One of the leading companies in the field of
producing, importing and trading with herbicides,
fungicides and pesticides is Agria S.A., situated
near to Plovdiv, Bulgaria.

Agria S.A. has modern facilities for production,
formulation and packaging of plant protection
products from the dithiocarbamate group, among
them Perozine Marine, which contains Zineb
(95% min) as an active ingredient.

Perozine Marine is primarily used as a co-
biocide/booster biocide in marine antifouling paints
to increase the efficacy of the primary biocide to
reduce colonization of biofouling organisms on
immersed objects, structures and vessels in the
marine environment.

Antifouling paints containing Zineb are applied
to the surface of structures to be protected against
the build-up of aquatic fouling organisms. This is

* To whom all correspondence should be sent.
E-mail: dilldimitrova@yahoo.com

achieved via the slow release of the active
ingredient over time. These formulations are widely
used on the hulls of marine vessels, docks, fishnets
and buoys.

Over many years use Zineb has proved to be a
very effective partner to the primary biocide in
controlling the growth of biofouling organisms. In
addition the active ingredient Zineb is considered to
be less harmful to the environment than other
booster biocides.

In the recent paper [2], Karsaz and Afshar are
showing the usefulness of Zineb and Ziram as
alternative to the TBT (Tributyltin) which
utilization has been stopped since 2003 because of
its negative impacts on the marine environment.
Comprehensive data about Zineb (product type 21)
characteristics and risk assessment of its
applications is provided by the European Chemicals
Agency (ECHA) in the report published in [3].

For the preparation process of a technical grade
pesticide it is very important the active ingredient
to be precisely measured and declared.

CIPAC Method 25/TC/M/3 is available to
analyze the Zineb content in the Technical Grade of
the Active Ingredient (TGAI) [4]. In this paper it
will be denoted as CIPAC 25. It is an officially
accepted method and is based on the procedure
described by D. G. Clarke [5]. The method is set up
on the classical titrimetric determination of the
carbon disulfide mass fraction produced after
thermal degradation of the complex performed by
means of an installation called Clarke Apparatus.
The testing Laboratory of Agria S.A., which is
accredited pursuant to BDS EN ISO/IEC 17025,
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works with this method since many years. It is
recommended for the quality control, the accuracy
of the results to be proven either by CRM (Certified
Reference Materials) or by inter laboratory
comparison with different methods of analysis.
Moreover the CIPAC 25 measurement procedure
uses HxSO4, CdSO,, etc., needs almost an hour to
be accomplished and does not belong to the group
of environmentally friendly methods. Therefore the
replacement of the classical CIPAC 25 method with
better, “greener” methods is highly welcomed.

A new instrumental method based on
measurements of Zineb bonded sulfur by ICP-OES
has been developed by us. The new method was
optimized for maximum precision and reliability.

The analytical task is to quantify the active
substance — Zineb in manufactured products in the
range between 95+99 % with target uncertainty
U_c < 1% (expanded uncertainty U <2%, k=2). For
both CIPAC 25 and ICP-OES methods uncertainty
budget was constructed using Kragten [6]
spreadsheet approach. The combined uncertainty
u_c was calculated according to the EURACHEM /
CITAC GUIDE [7]. All experimental data and
uncertainty budget constructed for both methods
have been reported on the international seminar
“Modern methods for chemical analysis and
control“, organized by Thermo Scientific, ACM2
Ltd and Plovdiv University in Plovdiv 20.05.2015
and have been submitted for publication in another
paper. The experiments showed better precision of
the instrumental ICP-OES method with higher
sample throughput and environmentally friendly
characteristics in comparison to the classical one.
The combined uncertainty for the active ingredient
Zineb measured (96.6 % w/w) was found 0.46% for
ICP-OES and 0.82% for CIPAC 25 method
respectively.

Due to the fact, that both methods are indirect
and use sulfur determination for quantification of
Zineb and because in the manufacturing process the
product could suffer from some unknown
variations, it is needed compatibility of the
CIPAC 25 and ICP-OES methods to be checked for
different series of technical material. In this work
we evaluate the metrological compatibility of both
methods. It must be underlined that there are no
CRMs with Zineb higher than 95% available on the
market. So the comparison by different methods of
analysis seems to be the most applicable procedure
for quality control.

In the present work the compatibility of the
results from CIPAC 25 and ICP-OES analysis has
been evaluated according to the method described
in [8].
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MATERIALS AND METHODS

Apparatuses

CIPAC 25 method

Apparatus for determination of Zineb according
to CIPAC 25 (Clarke installation); calibrated
balance Mettler AE200; automatic calibrated
burette Brand; beaker 600 mL; magnetic stirrer.

ICP-OES method

Thermo ICP-OES iCAP 6300, -calibrated
balance Mettler AE200; volumetric flask, class AS
V =250 mL; US bath, plastic test tubes 50 mL;
syringe filter 0.45 pm.

Reagents

CIPAC 25 method

Merck KGaA iodine solution (titrimetric
standard), Sigma-Aldrich products: sodium diethyl-
dithiocarbamate  trihydrate,  sulphuric  acid,
tetrasodium salt of ethylenediaminetetraacetic acid
(EDTA), potassium hydroxide, cadmium sulphate,
acetic acid, phenolphthalein indicator solution,
starch; deionized water.

ICP-OES method

Sigma-Aldrich sulfur standard for ICP; Merck
KGaA ammonia solution; deionized water.

Procedures

CIPAC 25 method
A set of five different batches of Zineb produced
in Agria S.A. have been analyzed. 0.3 g of each
sample containing Zineb is dissolved in 30%
tetrasodium salt of EDTA solution and is
decomposed by boiling with 2 mol/L sulphuric acid
to ethylenediamine sulphate and carbon disulphide.
The latter is passed through a cadmium sulphate
(18.5 g in 100 mL distilled water) scrubber to
remove hydrogen disulphide, and then into an
absorption train containing 2 mol/L methanolic
potassium hydroxide to afford potassium methyl
xanthate.  The  produced xanthate, after
neutralization with 10% acetic acid, is titrated with
0.05 mol/L iodine standard.
Calculation of Zineb active ingredient (A.l.)
(A— B).M.M,,Zb.K
A% = 1000 .100 (1)
A = volume of iodine used for titration of the sample, mL
B = volume of iodine used for titration of the blank, mL
M= molar concentration of iodine, mol/L
MmZb = molar mass of Zineb, g/mol
m= sample weight, g
K = factor of apparatus
ICP-OES method
The same set of five different batches of Zineb
produced in Agria S.A. has been analyzed by
ICP-OES. The optimized instrumental conditions
are listed in Table 1. External “bracket” calibration
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was used. For that purpose two sulfur standard
solutions were prepared - 160 and 200 mg/L S in
ammonia medium as follows: (i) for 160 mg/L
calibrator - 8 g of standard solution of sulfur
1000 mg/L were weighed in a test tube and
dissolved to 50 g with 3.75% ammonia (75 mL
25% ammonia to 500 mL with deionized water)
and (ii) 10 g standard solution of sulfur 1000 mg/L
was dissolved in the same manner for 200 mg/L
calibrator.

Sample: 0.2 g Zineb from each batch was
dissolved in 250 mL 7.5% ammonia in a volumetric
flask. An ultrasonic bath was used for faster
dissolution (dilution factor DF = 1250). Second
dilution was made just before the instrumental
analysis by mixing 25 g of the above sample
solution with 25 g of 3.75% ammonia. The final DF
= 2500 ensures that in the prepared Zineb samples
solution the S concentration will lie between the
bracket standards.

For determination of unbonded sulfur, water
extracts have been developed as follows: 0.5 g of
each batch Zineb was suspended in 50 g deionized
water. The sample solution was filtered through
syringe filter 0.45 um. Second dilution was made
just before the instrumental analysis by mixing 25 g
of the above sample solution with 25 g of
7.5% ammonia.

Table 1. Instrumental parameters of the ICP-OES
determination of sulfur

Parameter Value
Radiofrequency power 1250 W
Plasma gas flow rate 15 L min?
Auxiliary gas flow rate 0.5 L min?
Nebulizing/carrier gas 0.7 L mint

flow rate
Peak processing
Background correction

3 pixels per peak
2 sides one pixel

Number of replicates 4

Replicate read time 10s

Nebulizer type OneNeb Flow Blurring®
nebulizer

Sample flow rate 1.2 mL min?

Spray chamber Single-pass cyclonic
chamber

Viewing mode Axial

Spectral lines for sulfur 182.624 nm

Calculation of Zineb active ingredient (A.l)
after ICP-OES determination of sulfur

CyVipr - My, My Zb.

Al % =
mpr.mlpr.4.AmS

100 (2)

C,= content of bonded in the Zineb sulfur
(measured by ICP-OES), mg/mi
Vr = initial volume for sample dissolution, ml

ma,= amount of sample solution taken, g
myr = final sample weight (for second
dilution),g
MmZb = molar mass of Zineb, g/mol
Ams = atomic weight of sulfur, g/mol
mpr = sample weight, mg
ICP-OES determination of sulfur after *““bracket™

calibration
I I,
— (12 - (1.~ f°)> + G, <(1Z -#)- 11>
C,— = 3
l L—1

I, = intensity of the sample Zineb, cps

I, = intensity of the extracted sample Zineb, cps

I1 = intensity of the low standard of S, cps

I, = intensity of the high standard of S, cps

F = ratio between concentrations of Zineb
sample and the extracted one

C1= concentration of the low standard, mg/mL

C.= concentration of the high standard, mg/mL

RESULTS AND DISCUSSION

Despite the fact that the manufacturing process
of technical Zineb (near 95%) is strictly controlled
the final product differs in the active substance
content from 95 till 99%. Fit for purpose analysis
has to be performed to justify the particular content
of the active ingredient. Therefore representative
samples from five batches of Zineb, manufactured
in different days in Agria S.A. have been collected.
For each batch the active substance Zineb was
determined by the CIPAC 25 method in the Testing
Laboratory of Agria S.A. and by the ICP-OES
method in the laboratory of the University of
Plovdiv, Department of Analytical Chemistry and
Computer Chemistry. Results obtained from both
methods are listed on columns (2) and (3) in
Table 2. No reference material Zineb was available,
hence the reliability of the tests could be concluded
if the results from both methods are compatible.

One commonly used approach described in the
textbooks [9] for comparing analytical methods is
the use of regression lines. In this approach one
axis of a regression graph is used for the results
obtained by the classical method, and the other axis
for the results obtained by applying the new or
comparative method to the same samples. It is clear
that if each sample yields an identical result with
both analytical methods, the regression line will
have a zero intercept “a”, with a slope “b” and a
correlation coefficient “r” - equal to 1. In the
current case however the commented above
regression approach is inapplicable and can give
unreliable estimations.
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Working with the sets of data from Table 2 and
using the line regression approach (CIPAC25
versus ICP-OES), the calculated parameters are
b =1.65; a=62.5 and r = 0.985, which are quite far
from the ideal case. The reason is that all five

samples tested, contain Zineb in pretty close
concentration to the centroid — 96.6 %, and due to
the uncertainty attributed to the results it seems we
do evaluation of regression with very close to one
point of concentration, which is a nonsense.

Table 2. CIPAC and ICP-OES results and their estimators of compatibility (see in the text) for determination of the

active substance Zineb in percent (%)

ICP-OES
No batch CIPAC 25 x, x; [x;-x| u, u; uy kuy
@) () @) (4) ) (6) (@) (8)
1 95.51 95.05 0.46 0.78 0.44 0.90 1.79
2 95.71 95.40 0.31 0.78 0.44 0.90 1.80
3 96.66 97.35 0.69 0.79 0.45 0.91 1.82
4 96.73 97.44 0.71 0.79 0.45 0.91 1.82
5 97.63 98.40 0.77 0.80 0.45 0.92 1.84

Therefore another approach using the model
given in [8] was selected as a more reliable
estimator of the compatibility of both methods for
Zineb quantification. The metrological
compatibility of measuring results is defined in
[VIM3 2.47] [10] as: “property of a set of
measurement results for a specified measurand,
such that the absolute value of the difference for
any pair of measured quantity values from two
different measurement results is smaller than some
chosen multiple of the standard measurement
uncertainty of that difference”. In our case and
according to [8] the compatibility could be proved
if the absolute value of the difference |x;-x.| for
each pair of results (ICP-OES - CIPAC25) is
smaller than the combined uncertainty of the
difference u_d multiplied by the coverage
factor k=2.

Hence for the data in Table 2 the difference d
for each pair (x;— for ICP-OES method and x,. - for
CIPAC 25 method) was found and the absolute
value is given on column (4). The combined
uncertainty ug, of the difference for each pair of
measurement results was calculated according to
the propagation law using the equation 4:

ug =Ju? +u? (4)

The u, and u; from columns (5) and (6) on
Table 2 are the combined uncertainties estimated
for CIPAC 25 and ICP-OES measurements of
Zineb respectively.

The obtained u, are listed in column (7)

As one can see, all the five values in column (4)
are smaller than those in column (8) which is the
condition to claim that the results are compatible:

lxi-xc|<kug

®)
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Moreover all the five values in column (4) are
smaller than those in column (7) which is even
more significant proof.

Figure 1 was constructed with the same data
from Table 2 but averaged points (from CIAPAC
25 and ICP-OES) have been added for each batch
sample tested with dotted line for CIPAC 25 and
solid line for ICP-OES. It is important to emphasize
that lines are crossed and with a different distance
between them. All this is an evidence for the
existence of random effects in the measurement
shifts rather than a systematical one.

1 2 3 4 5

====Xc, %, CIPAC method =——Xi, %, ICP-OES method e average value

Fig. 1 Plotted results for the active substance zineb (the
error bars shows the target uncertainty)

CONCLUSION

The new instrumental ICP-OES method is a
faster and *“greener” alternative to the classical
CIPAC 25 method for determination of the active
substance Zineb in biocidal products. The
metrological compatibility between the new ICP-
OES method and CIPAC method is proved for
measuring concentrations near 96.6 % with fit for
purpose accuracy. The absolute value of the
difference between measured results for each
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measurement pair is smaller than twice the standard
measurement uncertainty of that difference, and
confirms the compatibility of the methods.

ICP-OES method could be recommended for
wider use.
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CBBMECTUMOCT HA PE3VJITATUTE OT AHAJIN3 HA AKTUBHATA CYBCTAHINA
[IUHEB, OITPEJEJIEHA YPE3 CIPAC 1 ICP-OES METO/IU

JI. K Yaxspopa-Iumutposa, B. M. Kmeros

ITnosouscku ynueepcumem “Ilaucuti Xunenoapcku”, Kameopa Ananumuyuna xumusi u KOMRIOMbPHA XUMUSL,
ya. Llap Acen Ne 24, I1nosous, bvicapus

e-mail: dilldimitrova@yahoo.com

Hocmwvnuna na 11 noemspu 2016 2.; npuema na 1 oexemspu 2016 e.

(Pestome)

IMpencraBenara pabora oleHsIBa METPOJIOTMYHATA CHbBMECTHMOCT Ha PE3YJITATHTE OT ONPEAEISIHETO HA aKTHBHATA
cybcrannus B ret naptuau [{une6 npoussenen B Arpust A/l, namepenn upes kinacnuecku CIPAC 25: 1993 meton B
akpeauTHpanara yabopatopus kbM Arpus AJl, ¢ Te3n, uamMepeHu upe3 HoBoch3naneH ICP-OES meron. AGconroTHaTa
CTOMHOCT Ha pa3inMKaTa MEXIy H3MEPEHHTE DPEe3yNTaTH 3a BCSKa JBOWKA € IMo-MajKa OT ABa IbTH CTaHAApTHATa
HEOIIPEeICHOCT TP M3MEpBaHe Ha Ta3W pa3jifKa, KOeTo MOTBbpkaaBa cbBMmectumocTtTa Ha CIPAC 25 u ICP-OES

MCTOOUTE.

Hosocw3manennsat ICP-OES mHcTpyMeHTaneH MeTon € mo-0bp3a W I0-,,3eJieHa’™ ajTepHaTHBa Ha KIACHYCCKUS
CIPAC 25 meton 3a onpefensiHe Ha akTHBHaTa cyocTaniys LlnHeO B OHOIMIHN IPOAYKTH.

Knruoeu oymu: Luned, CIPAC, ICP-OES, memponozuyna cbémecmumocm
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Optimizing the determination of mercury in human urine by ICP-MS with a
collision cell mode
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The applicability of ICP-MS (Thermo Scientific iCAP Qc) and possible interferences from Tungsten oxide were
evaluated for mercury quantification in human urine. The mass spectrometer is equipped with a collision cell with
helium gas, working with Kinetic Energy Discrimination (KED) mode. This mode is widely used to suppress
polyatomic interferences, which are inherent to the ICP-MS. A demerit of the KED mode is the worsening of the
sensitivity and lowering of the signal to noise ratio, especially for the lower mass region. Therefore instead of KED,
STD mode (not pressurized cell) is preferable, where low limit of detections are desirable.

The present work shows that after optimizing, the mercury determinations by He KED mode, more than double
improved signal to noise ratio could be obtained, compared to STD mode. Instead of decreased sensitivity, the signals
for all Hg isotopes were higher and precise, when working in KED. The ratios of recorded signals were compared with
the natural abundance of Hg isotopes and a very good match was estimated. This is an evidence of the absence of
spectral interferences. By the optimized method instrumental detection limits of 2 ng/L (2Hg) were achieved. A
certified reference material - human urine was analyzed with an excellent recovery of Hg, in the range of 99 and 101 %.
A very good recovery (90-110%) was found also in human urine samples, spiked with 5 ppb Hg and diluted with
DF=20.

Key words: ICP-MS, mercury determination, Hg, collision cell, human urine

from the organism through urine and feces, with
about two months” half-life [5].
Quantification of mercury in urine is a

INTRODUCTION

Mercury (Hg) is considered as one of the most

toxic and dangerous to the human organism heavy
metals [1]. At levels above the permissible
concentrations Hg has toxic and carcinogenic
effects on the kidneys, immune and reproductive
systems, the myocardium and nervous system [2,
3, 4]. It is easily concentrated in inner organs, due
to its affinity for S-H groups [3]. Hg is mainly
absorbed through the respiratory system, the
gastrointestinal tract and the skin. It is excreted

noninvasive method widely used for assessment of
the risk of human exposure.

The substances suitable for use as biomarkers
are  defined  through  experimental  and
epidemiological toxicological studies among
workers [6]. Mercury is also used as a biomarker in
the international occupational medicine practice.
Table 1 presents data on the permissible
concentrations of mercury in urine [8].

Table 1. Reference levels for monitoring of the exposure to Hg (Reymond Meister, 2004)

Without

Blologlcal professional NOAEL* M_ar)lfestatlon of Hal_f-llfe Comment

material exposition clinical effect period

Urine Reflects the exposition
(ug/L) <5 35-50 100 60 days of the past 2-4 months

*NOAEL - No-observed-adverse-effect level

* To whom all correspondence should be sent.
E-mail: panova22@abv.bg
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In Bulgarian legislation mercury is listed along
with 14 substances, which are monitored for
protection of employees from the risks related to
occupational exposure to chemicals. Biological
environment, appropriate biomarker, biological
limit and time for sampling are specified [7].
According to WHO a biological limit up to
100 pg/L is given for mercury in urine (2003) [9].
Patients, who do not consume contaminated with
Hg foods, have a level of Hg in urine
<0.5 ug/L [1].

Quantification of Mercury is a complicated
analytical task, especially in biological materials,
where the maximum permissible concentration is
very low. ICP-MS is a powerful tool for trace
elements determinations. Aim of this study is to
optimize an ICP-MS method for determination of
Hg in human urine, capable to achieve limits of
quantification < 1 pg/L.

MATERIALS AND METHODS

The analysis was performed on a Thermo
Scientific ICAP Qc ICP-MS (Thermo Scientific,
Germany), equipped with a collision cell with
helium (He) and kit for online introduction of
internal standard. Running conditions for ICP-MS
are summarized in Table 2.

Stock solutions of mercury (Hg) with a
concentration of 1000 mg/L (Honeywell Fluka™)
was used. Rhenium (CPAchem Ltd) was used as
internal standard with a final working concentration
of 15 pg/L. The isotope '®Re was preferred
because it is free of isobaric interferences. For the
preparation of all solutions and reagents, ultra-pure
water (18.2 M Q.cm) from VWR Puranity TU and
nitric acid (HNOs, 2 v/v) from Fisher Chemical
were used. Reference material was purchased from
Seronorm (Trace Elements urine, Seronorm,
Nycomed AS, Oslo, Norway).

Urine samples were collected in plastic bottles.
Total volume excreted was measured and recorded
for each 24-h urine specimen. Specimens were
stored at 4°C, and analysis was performed within
7 days. The samples were thoroughly mixed before
dilution with 2% HNOs. Two dilution factors were
used (DF = 20 and DF = 100).

The certified reference material Seronorm was
prepared according to the supplier instruction and
diluted with 2% HNOs; (DF = 200) before
measuring.

Agueous standards for Hg external calibration
were prepared in 2% HNOgz at concentrations of 25,
50, 100, 250 and 500 ng/L from a stock solution of
1000 mg/L Hg.

The laboratory analysis was performed by
external calibration, with online introduction of
internal standard rhenium.

Table 2. Optimized operating conditions of the ICP-MS
ICAP Qc

Plasma conditions

RF-power 1550 W

Nebulizer Gas Flow 0.96 L min?

Auxilliary Gas Flow 0.80 L min?

Plasma Gas Flow 14.00 L min*

He gas flow 3.2 mL min*
Mass Spectrometer Settings

Dwell time 0.3 sec

Sweeps 15

Replicates 4

Survey run 180-220 amu

RESULTS AND DISCUSSION

Determination of mercury by ICP-MS may be
performed by registration of the mercury isotopes’
signals, shown in Table 3. In the same table are
given the potential polyatomic interferences of
Tungsten oxides. The signals of five from seven
isotopes of mercury were measured - %8Hg, 1%°Hg,
200Hg, 2Hg and 2%?Hg. Two isotopes - *Hg and
204Hg were excluded from data processing, due to
their low natural abundance percentage. Moreover
the latest is overlapped by 2%Pb and if Lead is
present in the urine samples, it could cause isobaric
interference. Rhenium (**Re) was used as internal
standard for nonspectral interferences and
sensitivity drift correction. There are five isotopes
of tungsten - 1w, 82\ 18\ 18\W and 85\,
which are able to generate oxide radicals with mass
range from 196 to 202 amu. Table 3 presents the
isotopes and possible interferents.

Optimization of the experimental determination
was performed to achieve the best signal to noise
ratio. The mass spectrometer is equipped with a
collision cell with helium gas, working in Kinetic
Energy Discrimination (KED) mode. This mode is
widely used to suppress polyatomic interferences in
ICP-MS. A demerit of the KED mode is the
worsening of the sensitivity and lowering the signal
to noise ratio, especially for the lower mass region.
Therefore, a standard mode (not pressurized cell -
STD) is preferable instead of KED, where the
desirable limits of detections are low. Both KED
and STD modes were tested for mercury
measurements of the lowest calibrator — 25 ng/l Hg.
Higher sensitivity and precision were expected for
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the signals measured in STD mode. The results of
the experiment, however, show that when working
with a collision cell with helium gas in KED mode,
RSD for all isotopes of Hg observed are almost 2
times lower than in STD mode (Figure 1).

Table 3. Mercury and tungsten isotopes with
natural abundance (NA) and possible mass spectra
overlaps from WO interferences

Isotop NA% Isotop NA% Interference
%Hg  0.146 W 0.126 W0
1%Hg  10.02 8w 26.31 182W10
1%¥Hg, 16.84  ®w 14.28 18BW*%Q
WWHg 2313 Bw 30.64 W0
WHg 1323 18w 28.64 1BWIOH
22Hg  29.8 18\W1OH
2Hg  6.85 204py

This effect could be explained with better
focusing of the ion beam, when the cell is working
in KED mode. Probably this tolerates the passage
of Hg" ions, with negligible effect of their kinetic
discrimination. Because the mercury isotopes are
heavy enough, they are barely discriminated, when
hit with Helium. Another test was performed,
measuring the signals in KED with variable Helium
collision gas flow. It was observed that the
maximum signal to noise ratio (S/N) for all Hg
isotopes measured could be recorded at 3.2 ml/min
He gas flow. When a lower He flow is used the S/N
ratio is dropping with up to 40%. Human urine
samples were measured in KED mode at 3.2
ml/min He. In this case spectral interferences were
found, due to the variable concentrations of
tungsten (see Table 4). Therefore, after tune
optimization, 4.925 ml/min was chosen as optimal
collision gas flow. The efficiency of the
interference correction was checked by scans in a
mass range of 180-210 amu (atomic mass unit). The
experimentally recorded signals of the five selected
mercury isotopes were compared and normalized to
20Hg (Figure2).

A very good match with the natural abundance
of the results, obtained from the analysis of 25 ng/I
Hg standard and the Seronorm reference material
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(DF=200), was observed. This is an evidence of the
analytical selectivity of the proposed method.

The five human urine samples were measured after
dilution as follows: (i) dilution factor DF=100 and
(ii) dilution factor DF=20. The estimation of the
matrix effect was monitored by the Internal
standard shift. The drop of the signals of ***Re, used
as Internal standard, was insignificant for both
dilution factors. Hence working with less diluted
urine samples (DF=20) is preferable, related to
lower methodological limit of quantification (LoQ).
The use of internal standard is necessary for
correction of the typical for ICP-MS sensitivity
drift (see Table 4).

For better precision relatively long dwell times
were selected 0.3 s per mass. A forced to Blank
calibration was preferred. The calculated
instrumental detection limits are as follows:
12 ng/L for *8Hg; 4 ng/L for **Hg; 4 ng/L for
20Hg; 15 ng/L for ®Hg; 2 ng/L for 2%2Hg. A very
high value for BEC (background equivalent
concentration)  was  recorded for  2%'Hg
(BEC=79 ng/L). For this reason only three of the
isotopes (**Hg 2°Hg 202Hg) were chosen for
guantitative measurements of Hg in urine. The
concentrations of Hg measured in the five samples
human urine are given in Table 4. The difference
between the results from the three Hg isotopes is
acceptable. Taking into consideration the used
dilution factor DF=20, mercury could be measured
in urine samples with limit of quantification
0.26 nug/L for *°*Hg 2®°Hg and 0.15 pg/L for 22Hg
(LoQ was calculated using 10c criteria). All patient
samples tested showed lower than 5 pg/L content of
Hg, from 1 to 2.7 pg/L with acceptable precision.
Regardless of the variable content of Tungsten in
the urine (see the signals for #2W given in Table 4)
no spectral interferences were registered.

In order to validate the method all patient urine
samples were spiked with 5 pg/L Hg before
dilution. The recovery of the spikes was found to be
in the range from 90% to 108%, which refers the
method as “fit for purpose” for quantification of
mercury in human urine

A certified reference material - human urine
(Seronorm Trace Elements Urine, Nycomed AS,
Oslo, Norway) was analyzed with an excellent
recovery of the referent concentration of Hg. The
results are shown in Table 4.



M. Panova et al.: “Optimizing the determination of mercury in human urineby ICP-MS with a collision cell mode ”

16

BRSD [%] STD

14 T ERSD %] KED

12~

10 ~

A Y
A HHTY

N B
200Hg 201Hg 202Hg

A\

(=T S L =A N
|

198Hg 199Hg

m Natural Abundance %
14
|
@ St Hg 20 ppt oo
12 s |
- oot
O Seronorm et
1 et
o
o
0.8 oot
prcsot
=] prcsot
st
prcsot
0.6 — ot —
. ooy
st
prcsot
prcsot
04 - B ot
prcsot
prcsot
e
0.2 oot |
’ oot
st
0 o
198Hg 199Hg 200Hg 201Hg 202Hg
10.2 16.84 23.13 13.22 29.8

Fig. 1. RSD % obtained by STD and KED mode for
25 ng/L Hg (n=4).

Fig. 2. Hg isotope ratio normalized to 2°°Hg. The numbers
on the bottom are natural abundance in %

Table 4. Results of ICP-MS determination of Hg (ug/L) in human urine, urine spiked with 5 pg/L Hg and CRM —
Seronorm, obtained from different isotopes. An interval is given as + SD, n=4. Recovery is given in brackets (R %).

IS driﬁ(l) 182W (CpS) ) 199 Hg 200 Hg 202 Hg
Urine 1 97.3% 16,454 1.28 +0.08 1.31 +0.05 1.19 +0.06
Urine 2 98.5% 7,472 1.85+0.05 1.85 +0.07 1..97+0.15
Urine 3 99.4% 1,415 2.49 +0.12 2.69+0.13 2.63+0.013
Urine 4 98.8% 36,612 1.1+0.16 1.37 +0.18 1.17 +0.17
Urine 5 99.8% 35,844 0.82 +0.003 0.93 +0.05 0.76 + 0.04
Urine 1 + Hg 95.3% 16,986 5.2 (105 %) 5.2 (105 %) 5.2 (104 %)
Urine 2 + Hg 95.5% 7,320 4.5 (90 %) 45(91%) 4.5 (90 %)
Urine 3 + Hg 96.2% 1,441 5.4 (108 %) 5.4 (107 %) 5.3 (106 %)
Urine 4 + Hg 95.8% 34,646 4.7 (93 %) 4.6 (92 %) 4.6 (92 %)
Urine 5 + Hg 95.6% 33,301 4.6 (91 %) 4.4 (92 %) 4.5 (90 %)
Seronorm 40.7 95.9% 3,433 41.2 40.5 40.4
(36.1-45.3)® (101.2 %) (99.5 %) (99.3 %)

Human urine was diluted with DF=20, Seronorm was diluted with DF=200. Urine was spiked (+ Hg ) with Hg 5 ng/L before
dilution. @ 18Re Internal Standard drift in %; @ Signals in counts per second measured for 182w; ) Hg acceptable range from the

Seronorm certificate

CONCUSION

Even if Tungsten is not present in the urine of
patients and the risk for a potential spectral
interference for ICP-MS mercury determination is
low, we recommend the collision cell with KED
mode to be used. The KED mode improves the
signal to noise ratio and allows reaching lower
instrumental limits of quantification more than
twice comparing with the STD mode. Maximum
signal to noise ratio was obtained with 3.2 mL/min
He collision gas flow, but to guaranty the effective
interference suppression from the variety of the
urine constituents it is preferable to work with
4.925 mL/min He flow. A simple dilution of
collected urine with dilution factors DF=20 and use

of Re as Internal standard is enough to avoid the
multiplicative matrix effects. The optimized ICP-
MS method is valid for determination of mercury in
human urine for concentrations higher than
0.15 pg/L with 90-110% recovery. It is applicable
for medical studies in cardiovascular toxicity,
reproductive toxicity, neurotoxicity, nephrotoxicity,
immunotoxicity and carcinogenicity, where ultra-
trace amounts of Hg in human urine have to be
measured.
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OIITUMU3NPAHE OIIPEJEJIAHETO HA )XUBAK B HOBEIIIKA YPUHA
YPE3 ICP-MS B PEXUM C KOJIM3UOHHA KIIETKA

M. Ianosal, B. Kmertos ?, /1. Jlapuesa *3, T. Tomona'*, JI. Tomos!
YTexnonoeuuen yenmuwp 3a cnewna meouyuna — Ilnoeous, e-mail: panova22@abv.hg

2Kamedpa ananumuuna Xumus u KOMRIOMbPHA XUMUS,
Inosouscku ynueepcumem "llaucuii Xunenoapcku"

3Kameopa no xnunuuna nabopamopus, Meouyuncku ynusepcumem, Ilnosous
4Kameopa xumuuecku nayxu, Meouyuncku ynueepcumem, Ilnosous
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Omuenena e npuinoxkumoctra Ha ICP-MS (Thermo Scientific ICAP QcC) u Bb3MoXHUTE HHTEPHEPESHITHMH OT
BOJ(pPaMOB OKCHJ NIPH KOJMYECTBEHO omperensHe Ha HQ B doBemka ypuHa. MacCIeKTpOMETBPBT € 00OpYABaH C
KOJIM3MOHHA KJIeTKa C ra3 xenui, paborema B pexxum KED (Kinetic Energy Discrimination). To3u pexuM ce u3mona3sa
LIMPOKO 3a TMOATHCKAaHE Ha IOJIMATOMHH NpedeHus, kouto ca npucbim Ha ICP-MS. Henocratek Ha pexuma KED e
BJIOIIABAHETO HA YYBCTBUTEIHOCTTA W HAMAISIBAHETO HA CHOTHOIICHHETO CHUTHAN/IIYM, OCOOEHO 3a MO-HHUCKUSA MAacoB
nuanas3oH. 1o Tasu nmpuyKMHA B Cly4anTe, M3MCKBALM HUCKW I'PaHUIM HAa OTKPUBAHE, 3a MpeArnoynTane e pexum STD
(xnetkaTa He e moj HajsiraHe), BMecto KED.

Hacrosimata paboTa moka3sa, 4Ye clie[ ONTUMH3UpaHe Ha ycJoBHATa 3a ompeneisHe Ha HQ B pexum KED,
OTHOILIECHUETO CUrHaj/ IIyM MOXe Jia ce oxo0pH JI0 ABa IBTH, B cpaBHeHUe ¢ pexuM STD. Bmecto HamansBaHe Ha
YYBCTBHTEIHOCTTA, CUTHAJIUTE 32 BCHYKM M3MEPEHH HM30TONM Ha HQ, ca MO-BUCOKM M ¢ HO-I00pa MOBTOPSEMOCT
n3non3Bane Ha KED pexum. OTHOIIGHWsTAa HA PErHCTPHPAHUTE CUTHAJIHM Ha M30TOnMTe Ha HQ Osxa cpaBHEHH c
TaOJIMYHHUTE CTOWHOCTH Ha TAXHOTO MPUPOJHO PA3NPOCTpaHEHHE, NPH KOETO Ce YCTAHOBH MHOIO 0OPO ChBIIAJCHHUE,
KOETO € JIOKa3aTeJICTBO 3a JIMIICAaTa Ha CIEKTPallHU NpeYeHHs BbpXY curHainurte Ha Hg. Upes3 onTUMU3HpaHus METOJ ca
MOCTMIHATH MHCTPYMEHTAIHH TPaHUIM Ha OTKpHBaHe oT 2 NG/L (3a 292Hg). OTinyen aHanuTHueH Jo6uB (B TPaHULUTE
o1 99 o 101 %) e mocTUrHAT cpsiMO cepTU(HUIIMpaHaTa CTOWHOCT Ha pedepenTeH marepuan yputna. ICP-MS ananusst
Ha potupanu ¢ 5 pg/L. Hg u paspeaenu c¢ pakrop 20 npobu ypuHa nokasBa aHaJuTHYeH A00UB B MHTepBaia ot 90 —
110 %.

Knrouosu oymu: |1CP-MS, onpeoensine na scusax, Hy, konusuonna kiemxa, ypuna
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In recent years, large number of preclinical and clinical studies support the hypothesis of a link between oxidative
stress, anxiety and depression. In search of novel sources of antioxidants in the last years, medicinal plants traditionally
used in folk medicine have been extensively studied for their antioxidant activity (AOA). The purpose of this study was
to determine the antioxidant activity of the extracts of medicinal plants Valeriana officinalis, Melissa officinalis,
Crataegus monogyna, Hypericum perforatum, Serratula coronata and their combinations Antistress 1 and Antistress 2,
which used as food supplements are recommended for chronic fatigue, anxiety and stress. This was done though
measuring the Oxygen Radical Absorbance Capacity (ORAC), Hyrdoxyl Radical Averting Capacity (HORAC) and via
electrochemical method (EM). The most pronounced is AOA of the extracts from M. officinalis
(ORAC, 6751.0+£214.3 umol TE/g, HORAC, 1887.8£51.0 umol GAE/g and EM, 24.901+1.445 pmol/l.min) and H.
perforatum (ORAC, 5950.5£328.4 umol TE/g, HORAC, 2128.3£200.1 pumol GAE/g and EM, 23.605+1.334
umol/l.min), which could be a result of the high concentration of rosemary acid in the first extract and of flavonoids in
the second. They contribute to the greatest extent of the activity of Antistress 1 and Antistress 2. The conducted study
for acute toxicity in vivo reported 100 percent survival of experimental animals, indicating that both individual and
combined extracts are non toxic to the tested animals.

Key words: herb extracts, toxicity, antioxidant activity, ORAC, HORAC, voltammetry

medicine  antioxidants are  enzymes  or

INTRODUCTION nonenzymatic substances that have the ability to

Oxidative stress represents a violation of pro-
and antioxidant balance of the body, which is a
result of either increased formation of reactive
oxigen species (ROS) in the cell, which may
damage lipids, proteins and DNA; or of a reduced
activity of natural antioxidant system. There is
plenty of evidence about the involvement of pro-
oxidant agents such as peroxide radicals (ROO¢),
hydroxide radical (HOe), superoxide anion (O2)
and singlet oxygen (*Oz¢) in the pathophysiology of
aging, mutagenesis and many chronic degenerative
diseases such as cancer, cardiovascular disease,
Alzheimer's disease, Parkinson's disease and
others [1]. The definition, which is given to
antioxidant is generally "a compound which is
opposed to oxidation or inhibits reactions caused by
oxygen and peroxides" [2]. In biochemistry and

* To whom all correspondence should be sent.
E-mail: kacarovam@abv.hg

dispose of ROS, or prevent their formation [3].
Phenolic compounds are a group of secondary
metabolites, which include flavonoids
(anthocyanins, flavones, catechins, etc), phenolic
acids, stilbenes, tannins and others with antioxidant
and chelating properties, and could act as reducing
agents, hydrogen donors or singlet oxygen
scavengers [4]. Epidemiological studies have
shown that long-term intake of foods and herbal
medicines rich in plant polyphenols, provides
certain protection against neurological,
cardiovascular disease, diabetes, osteoporosis,
neurodegenerative diseases [5, 6, 7]. In the recent
years, the depression is largely considered to be
associated with the oxidative stress in the organism
[8], which in turn leads to a demand for natural
antioxidants to combat it. It is well known that the
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extracts from Valeriana officinalis, Melissa
officinalis and Crataegus monogyna, Hypericum
perforatum have anxiolitic and sedative properties
[9], Serratula coronata has anabolic and
neuroprotective effects [10] and are successfully
used in the traditional medicine for centuries. A
better effect is sought by preparing combinations of
these elements. One of the most famous figures of
herbalism in Bulgaria in the last century is Peter
Dimkov who has published three volumes of
traditional herbal medicine he has collected over
decades [11]. The dietary supplements Antistress 1
and Antistress 2 which are the objects of our
research are based on one of these recipes.
Therefore the purpose of this study is to determine
the antioxidant activity of the extracts of medicinal
plants Valeriana officinalis, Melissa officinalis,
Crataegus monogyna, Hypericum perforatum,
Serratula coronata and the combinations from
them Antistress 1 and Antistress 2, as well as
establishing their nontoxicity on experimental
animals.

MATERIALS AND METHODS

Plant materials.

Individual herbs (V. officinalis, M. officinalis, C.
monogyna, H. perforatum and S. coronata) were
collected in the Rhodope Mountains, Bulgaria in
July 2014. Dry extracts were prepared with
extraction of individual herbs with 40% ethanol
(v:v) according to the industrial technology of
“Extractpharma” Ltd. Sofia, Bulgaria. Antistressl
is a combination of V. officinalis, M. officinalis, C.
monogyna and S. coronata in proportion 4:3:3:1,
and Antistress2 is compound of V. officinalis,
H. perforatum and S.coronata in proportion
4.5:45:1. These combinations are registered as
food supplements by the company “Avicena Herb”
Ltd. Plovdiv, Bulgaria.

Animals.

In acute toxicity tests 90 male Wistar rats
weighing 180-200 grams were used. The animals
was housed under standard laboratory conditions:
12:12 dark-light cycle, 45% relative humidity,
temperature 26.5 + 1°C and free access to food and
water. The experiments were approved by the
Committee on Animal Ethics of the Bulgarian
Agency for Food Safety permit Ne127 and decision
of the ethical committee at MU Plovdiv protocol
Ne3/21.04.2016.

Determination of Total Polyphenols.

The determination is performed by the method
of Singleton and Rossi [12]. Determinations are
performed on spectrophotometer Spekol 10 (Carl
Zeiss, Germany).
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Determination of Antioxidant Activity.

Oxygen Radical Absorbance Capacity (ORAC)
method - The method developped by Ou et al., was
used with some modifications [13]. This method
measures the ability of an antioxidant to neutralize
peroxid radicals. The method is based on the
inhibition of the decline of fluorescence of
fluorescein during its oxidation in the presence of
an antioxidant. The thermal decomposition of
2,2’-azobis(2-amidinopropane) dihydrochloride
(AAPH) is used as a peroxid radical generator. The
results are expressed in pwmol Trolox equivalents
per gram of extract. Measurements are performed
on FLUOstar OPTIMA fluorometer (BMG
LABTECH, Offenburg, Germany). The excitation
wavelength of 485 nm and emission wavelength of
520 nm were used.

Hydroxyl Radical Averting Capacity (HORAC)
method - The method was developed by
Ouetal.[14], and measures the ability of an
antioxidant to form complexes in conditions of
Fenton reaction, caused by the interaction between
Co (I) and H20;. The results are expressed in pmol
gallic acid equivalents per gram of extract.
Measurements are performed on FLUOstar
OPTIMA  fluorometer (BMG LABTECH,
Offenburg, Germany). The excitation wavelength
of 485 nm and emission wavelength of 520 nm
were used.

Electrochemical Method for Determination of
Antioxidant Activity. The electrochemical method
was used to determine the antioxidant activity [15].
The experiment’s methodology consists in taking
voltamperogram of cathodic electroreduction of
oxygen using the "Analyst AOA" (RU.C.31.113.A
N28715), connected to a PC. The antioxidant
activity of the tested samples was calculated
according to kinetic criterion K (in micromoles per
litre-minute) indicating the quantity of the reactive
oxygen species in time.

Design of Experiments to Study the Acute
Toxicity of Plant Extracts. The experimental
animals (90 in total) were divided into 15 groups of
6 animals. The animals were treated orally with the
extracts once with a dose of 10g / kg b. w. by using
a probe. The survival of the animals 24 hours after
administration of the extracts is recorded.

RESULTS AND DISCUSSION

The results of the AOA of the medicinal plants
we tested, determined by ORAC method are
specified in Table 1 (column 2).

According to this method, the most pronounced
is AOA of the extracts from M. officinalis and H.
perforatum, which could be attributed to the high
content of rosemary acid (55.6 £ 0.30 mg/g) in the
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first extract and flavonoids  respectively
(62.36 +0.71 mg/g) in the second [16]. They
contribute to the fullest extent to the activity of
Antistress 1 and Antistress 2 given their share in
them. The explanation for the low activity of
extracts from V. officinalis and S. coronata is
probably the lesser content of polyphenolic
compounds on account of their characteristic
terpenes and ecdysteroids.

The ORAC method is widely used by a number
of teams to analyze the AOA in dry plants [17] or
foods and spices [18]. Wojcikowski et al. used the
ORAC method to investigate the antioxidant
activity of 55 medicinal plants after sequential
extraction with three solvent as a result of which
they reported higher activity of the herbal extracts
[19]. Kratchanova et al. performed a similar study
of 25 medicinal plants as compared AOA of water
and acetone extract of the dry palnts [20]. They
recorded higher activity of acetone extracts of C.
monogyna, M. officinalis and H. perforatum (2163,
1121 and 1141 umol TE/g) compared to water
extracts (364, 996 and 629 pmol TE/g). The
activities we recorded for the same plants are much
higher, as they are calculated per gram of dry
extract.

The flavonoids’ ability to form complexes,
which allows them to manifest themselves as AO
was demonstrated by HORAC method, but in the
scientific literature there is scarcely any
information on its use. Only in recent years it was
established as a criterion for determining the AOA
together with ORAC method. Denev et al. used it
for analysis of AOA of six herbal extracts [21] and
Wasek et al. used it for twenty-seven food
supplements [22]. The teams used both methods to
more fully characterize the antioxidant properties of

the respective objects while determine the
polyphenol content. Like them, our team used
HORAC method of determining the AOA of
extracts from V.officinalis, C. Monogyna, S.
Coronata, M. Officinalis, H. perforatum and the
combinations Antistress 1 and Antistress 2. The
results are presented in table 1 (column 3).

The most pronounced AOA is the one of the
extract of H. Perforatum, which is largely due to
four major flavonoid - rutin, hyperozide, quercetin
and apigenin with a total amount of
62.36 + 0.71 mg/g [16]. The high activity of the
Antistress 2 respectively is due to the fact that H.
Perforatum is 4.5/10 thereof. M. officinalis extract
also has high activity, though flavonoids were 0.9
mg/g, but dominated phenolic acids (57.1 mg/g),
represented primarily by rosemary acid, then by
caffeic, ferulic and p-coumaric ones [16].

In the literature there is data about the
relationship between AOA and content of
polyphenol compounds in herbs. Some authors
report good linear relationship between these two
parameters [20, 23] while others do not observe
such [24]. In our experiments, good correlations
were found between the total amount of
polyphenols in the extracts (tablel, column 4) and
their ORAC (r> = 0.9042) and HORAC
(r? = 0.9293) values, represented on Figure 1.

Our research is the first to make comparative
assessment of ORAC and HORAC AOA of the
abovementioned plants, and combined extracts
Antistress 1 and Antistress 2. Determination of the
antioxidant activity of each of the extracts gives
better idea about their ability to act independently
as antioxidants, as well as their contribution to the
activity of the combined extracts.

Table 1. ORAC and HORAC antioxidant activity and polyphenol content of extracts from V.officinalis, C. Monogyna,
S. Coronata, M. Officinalis, H. perforatum and their combinations Antistress 1 and Antistress 2

Extracts ORAC, umol TE/g HORAC, umol GAE/g Polyphenols, mg/g
M. officinalis 6751.0+£214.3 1887.8+51.0 238.96+4.8
H. perforatum 5950.5+328.4 2128.3+200.1 222.29+6.4
C. monogyna 3917.3£227.8 1052.1+£32.5 113.04£1.9
Antistress 2 3774.7£99.3 1132.4+44.8 132.36+2.4
Antistress 1 3746.2+180.1 861.7+25.2 128.57+2.4
S. coronata 1142.74£25.5 575.2+18.8 95.24+0.3
V. officinalis 820.5+21.9 381.6+14.0 43.36+1.3

Results are presented as mean + S.D.
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Figure 1. Correlation between the amount of polyphenols and AOA of the surveyed extracts determined by ORAC and

HORAC methods

Table 2. Antioxidant activity of the extract from
V.officinalis, C. Monogyna, S. Coronata, M. Officinalis,
H. perforatum and the combinations Antistress 1 and
Antistress 2, as measured by electrochemical method

Extracts K, pmol/l. min+£SD AOA
Antistress 2 28.795+1.125 3.551
Antistress 1 27.136+1.874 3.346
M. officinalis 24.901+1.445 3.071
H. perforatum 23.605+1.334 2911
V. officinalis 20.751£1.521 2.559
C.monogyna 17.878+0.832 2.204
S. coronata 15.643+0.761 1.929
Trolox 8.109+0.010 1.000

To more complete characterization of the tested
extracts’ AOA, an electrochemical method was
used as well. The kinetic criterion values for each
of the samples and the AOA calculated relative to
that of Trolox are given in Table 2.

While AOA determined by ORAC and HORAC
correlates directly proportional to the content of
polyphenols, the activity determined by
electrochemical method does not follow this
correlation. From the literature it is known that the
AO may act by three mechanisms: by attachment of
the radical to a conjugated system of double bonds,
giving hydrogen and participating in reactions with
a transmission electron [25]. The used
electrochemical method is applicable to AO which
exhibit antioxidant activity by any of the three
mechanisms. Therefore AOA of not only phenol
type compounds is measured by this method. The
combined extracts Antistress1 and Antistress 2
show the most prominent AOA. This is probably
due to the synergistic effect among their
components - compounds of phenolic type, terpene
derivatives (valerenic acid, bornyl acetate),
phytosteroids such as  20-hydroxyecdysone,
anthracene derivatives (hypericin) [16].
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The extract from V. officinalis has the lowest
activity based ORAC and HORAC methods but
according electrochemical method it ranked fifth.
This method determines the overall antioxidant
potential of all types compounds in the sample.
Yashin et al. create a database of AOA for different
groups of foods and beverages using the described
method [26]. According to the results obtained by
Tewari et al., mixed extracts combine in optimal
proportion the components of different herbs,
which voids the possibility of overdose in their
individual administration [27].

Halliwell’s longtime studies on free radicals,
antioxidants and their role in the body lead to the
conclusion that the in vitro and in vivo experiments
in this area should go hand in hand [1]. According
to these studies, even if some AO exhibit very high
AOA in in vitro models it is not certain that in vivo
they will prove to be prooxidants. The review
article by Tirzitis and Bartosz also treat this
problem [28]. In line with this, our team conducted
also an experiment for determining acute toxicity of
the individual extracts and combinations thereof,
which is the first of a series of pharmacological
tests. 24 hours after oral administration of
Antistress 1, Antistress 2 and the extracts included
in their composition at a dose of 10 g/kg b.w. we
observed 100 percent survival of experimental
animals. In the open literature the doses in which
the combinations and the extracts included in their
composition are used are typically in the range of
100 mg/kg b.w. to 500 mg/kg b.w. [29]. Using such
big dose in our experiment gives us reason to
believe that the tested products are practically
nontoxic.

CONCLUSIONS

High antioxidant activity of the extracts in vitro
is quantifies by three methods —
ORAC (820 - 6751 umol TE/g), HORAC (381-
2128 pmol GAE/g) and electrochemical (15.6 -
28.7 pmol/l.min). Good correlation was observed
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between the total amount of polyphenols in plant
extracts combinations Antistress 1 and Antistress 2
and their antioxidant activity determined by ORAC
and HORAC methods. It was confirmed that by the
electrochemical method antioxidant activity of the
compounds not only of phenolic type is determined
but also of fitosteroids, terpene and anthracene
derivatives. The extracts of Valeriana officinalis,
Melissa  officinalis,  Crataegus = monogyna,
Hypericum perforatum and Serratula coronata and
combinations Antistress 1 and Antistress 2 are
nontoxic, which has been shown in in vivo testing
for acute toxicity. This is a prerequisite for the
continuation of experiments to prove the anxiolytic
activity of combinations Antistress 1 and
Antistress 2.
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B mocnenHuTe TOAMHM TONEMHAT OpOil NMPENKIMHUYHUM W KIMHUYHHM W3CJIEIBAHHS MOJKPENAT XHUIOTe3ara 3a
BpB3KaTa MEX/y OKCUAATHBHUS CTPEC, TPEBOKHOCTTA U JETNPECUBHUTE ChCTOSHUS. B ThpceHe Ha HOBM U3TOYHUIIM Ha
AQHTHUOKCHJIQHTH HAIOCIIEABK BCE IOBEYE Ce M3CIeBAT JICYCOHHTE PACTEHHUS, KOUTO OT BEKOBE CE H3IOJI3BAT B
HapoJHaTa MeaumuHa. llenTa Ha HACTOAIIOTO TMPOyYBaHE € Ja C€ ONpEAeNN AHTHOKCHIAHTHATa AaKTUBHOCT Ha
eKCTpaKTH OT JieueOHHUTe pacteHus Valeriana officinalis, Melissa officinalis, Crataegus monogyna, Hypericum
perforatum, Serratula coronata u xomOuHaMuUTe OT TSIX AHTHCTpec 1 1 AHTHCTpEC 2, KOUTO ca XpaHUTEIHH J00aBKH,
NIPENOpBYBAHM NIPU XPOHUYHA yMOpa, TPEBOKHOCT U cTpec. ToBa e HampaBeHO 4pe3 m3MmepBaHe Ha Oxygen Radical
Absorbance Capacity (ORAC), Hyrdoxyl Radical Averting Capacity (HORAC) u mo enexroxmmudeH meron. Haii-
M3pa3eHa € aHTHOKCHJAHTHATa akTUBHOCT Ha ekctpaktute ot M. officinalis (ORAC, 6751.0+214.3 pumol TE/g,
HORAC, 1887.8+51.0 umol GAE/g u 24.901+1.445 pmol/l.min) u H. perforatum (ORAC, 5950.5+328.4 umol TE/g,
HORAC, 2128.3+200.1 pumol GAE/g u 23.605+1.334 pmol/l.min), KOSTO BEPOSATHO € CICACTBHE OT BHCOKAaTa
KOHLIEHTpAallMsi Ha PO3MAapHHOBA KHCEIWHA B ITbPBUS EKCTPAKT M CHOTBETHO Ha (pJaBoOHOMIOM BBB BTOpHs. Te
JIOTIPUHACST B HAW-TOJIsIMa CTETeH 3a akTHBHOCTTA Ha AHTHCTpec | u AuTHCTpec 2. [IpoBeseHo e in Vivo usciensane 3a
ocTpa TOKCHYHOCT KaTo e oTyeTeHa 100% npekuBsSeMOCT Ha ONUTHUTE KUBOTHH, KOETO TOKA3Ba, Y€ CAMOCTOSITETTHUTE
1 KOMOMHHMPAaHUTE €KCTPAKTH Ca HETOKCHYHH.

Knwuoeu odymu: pacmumennu excmpaxmu, moxcuunocm, aumuoxcuoanmua akmusrocm, ORAC, HORAC,
0IMAMNEPOMEMPUsL
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Co-Mn mixed oxide catalysts for purification of waste gases from n-hexane
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Single-component Co and Mn and bi-component Co-Mn oxide samples have been prepared by precipitation,
characterized by different methods (XRD, TPR and XPS) and tested in the reaction of complete n-hexane oxidation. The
highest activity demonstrated the catalyst, with Co/Mn=1 molar ratio (CoMn1). The coexisting of pairs Co?**-Co®* and
Mn®*-Mn** with the predominance of Co® and Mn** species, high specific surface area and low degree of crystallinity
are responsible for highest catalytic activity of the CoMn1 sample.

Keywords: mixed oxide, cobalt, manganese, total oxidation, n-hexane

INTRODUCTION

Air pollution has been one of the European
Union's main environmental policy concerns since
the late 1970s [1]. In 2013, the EU proposed a Clean
Air Policy Package to reduce future emissions of air
pollutants until 2030. The main air pollutants are
particulate matter (PM), SOz, NHs;, NOx, volatile
organic compounds (VOCs), CHs. Abatement of
volatile organic compounds (VOCs) and carbon
monoxide (CO) in the waste gases is an important
task in regard to environmental protection and odour
control. Such gaseous emissions are discharged by
many branches of industry, such as chemistry and
petrochemistry, oil and natural gas processing,
energy production, machinery, polygraphy, food
processing and many others. VOCs are involved in
the formation of ground level ozone, ozone depletion
and some of them can act as greenhouse gases [2, 3].
There are many techniques for VOCs removal, such
as adsorption, absorption, biofiltration, thermal, and
catalytic combustion [4, 5]. The choice of the
technique to be used depends on the VOC nature, its
concentration and waste gas flow rate. The catalytic
combustion is a promising abatement technique for
VOCs removal especially in cases when the organics
cannot be recycled or it is present in low
concentrations [6]. Since the catalytic combustion
takes place at temperatures much lower than those
required for thermal incineration, it results in lower
costs and low NOx formation. Moreover, the
efficiency of VOCs catalytic combustion is higher
than that of thermal incineration. There are a great
number of successful commercial catalysts
developed for CO and VOC total oxidation. It is well
known that the catalysts for CO oxidation and VOC
combustion can be classified into three categories:
supported noble metals, metal oxides or supported
metal oxides, mixtures of noble metal and metal

* To whom all correspondence should be sent.
E-mail: anidka_pk87@abv.bg

oxides. The major part of the commercial catalysts
for these processes belongs to the first category,
because the reaction can start at temperature as low
as the room temperature. Nevertheless, there still
exists a demand for development of new optimized
catalysts with increased efficiency for mass and heat
transfer [7, 8] and which do not contain any noble
metals. The high cost of precious metals, their
limited availability and sensitivity to higher
temperatures and poisons has motivated the search
for substitute catalysts. Among all the studied metal
oxides the most active single metal oxides are those
of Cu, Co, Mn and Ni [9]. Manganese and cobalt
containing catalysts are less expensive and they
demonstrate high activity in CO and VOCs oxidation
[10, 11]. Despite the large number of studies on
single component manganese oxides [12, 13] and
cobalt oxide [14-17] based catalysts, there are only a
few works focused on the catalytic properties of
combinations of these two oxides in the combustion
reaction of VOCs [18]. According to literature data
the addition of manganese to the cobalt catalysts
results in decrease of the Cos0, particles size [19]
and it also facilitates their reduction. In our previous
studies [20, 21] we established that the combination
between cobalt and manganese oxides changed
significantly the activity in the n-hexane and
methane oxidation and this depended on the
sequence of cobalt/ manganese introduction.

The current work is orientated towards
investigation of structural and catalytic properties of
a series of cobalt-manganese mixed oxides. The test
reaction is n-hexane combustion. n-Hexane is one of
the major air pollutants being component of many
emissions and effluents related to industry.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 99
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EXPERIMENTAL
Catalyst preparation

The catalyst samples were prepared using a co-
precipitation procedure. Aqueous solutions of
Co(NOs3)2.6H20 and Mn(NO3),.4H,0 with different
molar ratios were premixed. The single component
cobalt and manganese samples were also prepared.
Aqueous solution of Na.COs (1 mol/l) was added
slowly to the mixed nitrate solution at continuous
stirring and maintaining the temperature of 70 °C.
The final pH value was 11. The precipitate was
filtered and then washed several times with distilled
water until reaching pH = 7. The product was then
dried at 60 °C and subsequently calcined at 500 °C
for 3 hours. The samples were denoted as Co, Mn,
CoMn1.5, CoMnl, and CoMn3 where the number
represents the Mn/Co bulk ratio.

Catalysis characterization

The specific surface area of the catalyst samples
was determined by low temperature adsorption of
nitrogen according to the BET method using a Nova
1200 (Quantachrome) apparatus. Prior to each
measurement, the samples were degassed for 3 hours
at 300 °C.

X-ray diffraction (XRD) patterns were recorded
on TUR M62 apparatus, HZG-4 goniometer with
Bregg-Brentano geometry, CoKa radiation and Fe
filter. XRD data processing was performed by using
the X'Pert HighScore program.

Temperature programmed reduction (TPR) was
carried out feeding a flow mixture of 10 % H; in Ar
at 10 ml/min flow rate, temperature rate of
10 °C/min up to 700 °C.

The cobalt and manganese concentrations in the
catalysts were determined by Atomic absorption
spectroscopy (AAS) using Perkin Elmer 5000
spectrophotometer and Inductively coupled plasma -
Atomic  emission  spectroscopy  (ICP-AES)
performed by High Dispersion ICP-OES Prodigy
spectrometer. The results are an average value of
three parallel measurements. The measurement
accuracy is 0.02% (relative standard deviation).

X-ray  photoelectron  spectroscopy  (XPS)
measurements were carried out on the ESCALAB
MkII (VG Scientific) electron spectrometer at a base
pressure in the analysis chamber of 5x107° mbar
using twin anode MgKa/AlKa X-ray source with
excitation energies of 1253.6 and 1486.6 eV,
respectively. The spectra were recorded at the total
instrumental resolution (as it was measured at the
FWHM of Ag3ds. photoelectron line) of 1.06 and
1.18 eV for MgKa and AlKa excitation sources,
respectively. The energy scale has been calibrated by
normalizing the C1s line of adsorbed adventitious
hydrocarbons to 285.0 eV. The processing of the
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measured spectra includes a subtraction of X-ray
satellites and Shirley’s type of background [22]. The
peak positions and areas are evaluated by a
symmetrical Gaussian-Lorentzian curve fitting. The
relative concentrations of the different chemical
species are determined based on normalization of the
peak areas to their photoionization cross-sections,
calculated by Scofield [23].

Catalytic measurements

n-Hexane oxidation was carried out in
acontinuous flow type of glass reactor at
atmospheric pressure with catalyst bed volume of
about 1 cm? (fraction 0.31-0.63 mm). External mass
transfer limitations have been minimized by working
at high gaseous hourly space velocity GHSV (14400
h™1). The reaction temperature was measured by
internal thermocouple. The concentration of n-
hexane in air at the reactor inlet was fixed at 830
ppm. The reaction products were analysed by a
HP5890 gas chromatograph equipped with thermal
conductivity detector and flame ionization detector.
“Aalborg” mass flow controllers were used to
maintain stable gas flow rates. The gas
chromatograph was calibrated based on known
concentrations of n-hexane and the decrease in the
respective peak areas was used as a measure of the
conversion degree. The conversion degree was
calculated as the ratio of converted to inlet quantity
of hexane.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the calcined
single- and bi- component samples are shown in
Figure 1. The main phase in the single component Co
catalyst is Co304 determined by the peaks at (26 =
21.90, 36.77, 43.19, 44.95, 52.58, 65.69, 70.28,
7749, and 92.98) (PDF 01-074-1657). The
manganese sample (Mn) exhibited diffraction lines
corresponding to Mn,O3 (26 = 27.87, 38.34, 44.62,
65.66, 73.9) (PDF = 01-078-0390), Mn3;O4 (26 =
21.01, 37.10, 44.67, 56.07) (PDF = 00-016-0350)
and MnO; (26 = 33.20, 65.17) (PDF 00-004-0591).
The diffraction reflections appear at slightly smaller
26 values in the Co-Mn mixed samples. This is direct
proof for the incorporation of manganese in the
lattice of Co3O4. As it is known Co and Mn cations
have similar ionic radii and can form stable mixed
oxides members of solid-solution series [20]. The
XRD reflections for CoMnOs (20 =28.4, 38.5, 63.8)
(PDF-00-012-0476) are visible in the spectrum of
CoMn3 sample. The diffraction peaks for all bi-
component samples are weak and relatively broad
making difficult the phase identification. On the
other hand this is an evidence for high dispersity of
prepared mixed oxide materials.
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Table 1 presents the
characterization by N>
analysis, and XPS.

Pure cobalt and manganese oxides have
comparable surface areas while that of the
bicomponent is higher. One of possible explanation
is that the nano-size oxide formation is responsible
for increasing in surface area. It can be seen from the
table that by increasing the amount of manganese,
the surface area gradually decreases.

The oxidation state of cobalt and manganese on
the surface is determined by XPS analysis. Figure 2
shows the spectra in the regions of Co2pi. and
Mn2p. The presence of Co?" ions in the cobalt-
containing samples is confirmed by the presence of
a peak with binding energy 796.9 eV, together with
the relatively intensive 3d—4s "shake-up" satellite
with binding energy 803-804 eV (Figure 2A). The
presence of Co?" and Co®* ions is observed in all Co-

results of samples
adsorption, elemental

binding energies in the intervals 641.5 - 642.5 eV
and 642.5 - 643.5 eV are characteristic of Mn** and
Mn** ions, respectively.

From the spectra (Figure 2B) it is determined that
the concentration of Mn*" -containing species is
higher than that of Mn** species.

As it can be seen from Table 1, the Co/Mn ratio
in the bulk is higher than that on the surface
demonstrating enrichment in manganese on the
surface in the mixed samples with increasing its
concentration in the sample. From the analysis of
XPS data we found, also, that with increasing of the
amount of manganese the relative abundance of Co**
ions sharply decreases. According the authors in [9],
the doping of manganese into the spinel structure of
cobalt oxide increased crystal defects, which
probably caused the increase of the amount of
octahedrally coordinated divalent cobalt cations that
are responsible for catalytic activity. As can be seen

contained samples (see Table 1). from the Table 1, Mn* and Mn* present
Figure 2B shows the XP spectra of manganese- simultaneously on the surface.
containing samples in Mn2p region. Registered
Table 1. Sample characterization
Atomic ratio
Seer, _ Co/Mn Co/Mn at Co?* Co?* Mn3* M+
Sample [malg] '(glteh;ebn“tgi ‘he(;“g‘;";ce [at%]  [at%]  [at%]  [at%]
analysis)
Co 26 - - 4 27 - -
Mn 25 - - - - 12 21
CoMnl 67 1.25 0.94 6 10 4 13
CoMnl.5 51 0.6 0.50 6 5 5 19
CoMn3 36 0.3 0.10 0.9 11 7 18
® CoMnO * N Co2p,, *, . Co
\ MnO, ¥ MnO, | Mn O, COMITH COW //\t
o ©® : ® CoMn3 e s .

CoMnl.5

CoMnl

Intensity, arb. units

v Mn

Co /Co’

4 |Mn"Mn*'=30:70 T
Sat, Mn"*

Co’'/Ca’'=14:86

Mn’/Mn*"=38:62

A\ | A
CoMnl.5 i PASA\ CoMnl5 2~y &\
- B N\, - %
Co’'/Cao’'=356:44 = [Mn"'/Mn*'=21:79=0.26

T T T T T
20 40 60 80 100
20

Fig. 1. XRD pattern of all studied samples
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Fig. 2. XP spectra of studied samples: A) Co2py, region;
B) Mn2p region.
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TPR profiles of all samples are shown in
Figure 3. The monometallic Co sample exhibits two
reduction peaks at around 314 °C and 382 °C. These
two peaks fit well in the reduction interval of bulk
Co030.4 powder or supported relatively large Co304
particles [24]. The peak at 314 °C is attributed to the
reduction of Cos04 into CoO and that at 382 °C
originates from the further reduction of CoO into
Co° Hydrogen consumption at 302 and 433 °C is
registered with the single-component manganese
sample. These two reduction peaks are ascribed to
the subsequent reduction of Mn;O3 into Mn3;O, and
further into MnO [25].

Several overlapping peaks are appeared in the
region 220-420 °C of bi-component samples. As is
visible from TPR data of mono-component samples,
cobalt and manganese oxide are reduced within the
same temperature interval and it is difficult to make
a correct assignment of the reduction peaks to the
respective oxide phases. According to the authors of
ref. [26] and [27] hydrogen consumption at 280 and
360 °C is due to the reduction of highly dispersed
manganese oxide phase, probably in the form of 2D
epitaxial layers. As it is seen from XRD (Fig. 1) the
reflection patterns for Co-Mn catalyst are very broad
and low intensive indicating finely dispersed
particles. The low reduction temperatures for bi-
component samples are with accordance with
particle size effect — the smaller the particle size,
the lower is the registered reduction temperature. We
suggest that the reduction peaks in the temperature
interval 220-420 °C come from the reduction of
finely divided MnOx and Co3O4 particles. The
appearance of a broad peak of hydrogen
consumption above 450 °C for Co-Mn oxide

370
405

298

232 CoMn3

346 39

219 CoMnl.5

489
250 340
N

o
@
©

H, - consumption

314

302 433

Mn

T T T T T
200 300 400 500 600 700

Temperature, °C

Fig. 3. TPR profiles of single- (Co, Mn) and bi-
component (Co-Mn) oxides.

102
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catalysts prepared by co-precipitation was already
mentioned in [20]. Itcould be associated with
reduction of a Co-Mn mixed oxide. Das et al. [28]
reported the reduction of pure (Co1xMny)3O4 phase
at a temperature slightly above 600 °C. Due to the
presence of many different phases, which are being
reduced within the same temperature interval, the
quantitative analysis of the TPR profiles of bi-
component catalysts cannot be accurate.

The temperature dependences of the complete n-
hexane oxidation over the mono- and bi-component
catalysts are shown in Figure 4. H,O and CO, were
the only detectable reaction products of n-hexane
oxidation on all investigated samples. The order of
activities is as follow: CoMn1>Co> CoMn3>Mn>
CoMn1.5.

It is well known that oxide catalysts operate in the
oxidation reactions through a Mars -van Krevelen
mechanism [14, 20]. According to this mechanism
the VOCs are oxidized by the solid. The oxygen
species introduced in the organic molecule come
from the lattice. In this way the catalytic behaviour
can be correlated to the lattice oxygen mobility. The
lattice oxygen mobility is associated with the
catalyst reducibility [29]. According to the TPR data,
the reduction behavior of all bi-component samples
is similar. Therefore in order to explain the
difference in the catalytic activity it is necessary to
search for another reason. One possible explanation
is a very low crystallinity of the cobalt and
manganese oxides, as it is visible from XRD data
and as a consequence an increase in the
concentration of the accessible active sites in these
samples. The additional factor could be the
simultaneous presence of Mn**~Mn** couple.

100

1] /

404 —*—CoMn3
. —#— CoMnl
—A—CoMnl.5
20 —e—Co
—m—Mn

T T T
150 200 250 300 350

Temperature, °C

Fig. 4. Catalytic activity testing of investigated materials
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It was established that catalytic activity increases
when the pair Mn**-Mn3* exists in the structure of
the manganese oxide [20]. The other reasons for a
considerable improvement in activity of CoMnl
sample could be the highest specific surface area and
the simultaneous presence of Co?* and Co®" ions on
the surface. It is well accepted that Co®* is the
catalytic active species in the oxidation reactions,
but the presence of Co?* can additionally impact on
the activity, because Co?* located at a relatively
opened coordination position can be a centre for
oxygen adsorption and formation of active oxygen
species, which are a prerequisite for catalytic
oxidation [6]. Obviously there are optimal ratios of
Co*/Co* and Mn*/Mn* in the bi-component
catalysts, which control the catalytic activity.
Although the sample CoMn3 has a lowest surface
area in comparison with the other bi-component
oxides and manganese is the predominant
component of the surface (see XPS data), it
demonstrates relatively high catalytic activity. One
possible explanation is the phase composition. From
XRD data (Fig. 1) ilmenite CoMnOjs structure was
identified in this sample. It has been shown that the
ilmenite-type catalysts were significantly more
active for the complete catalytic oxidation of
hydrocarbons [30].
CONCLUSION

The co- precipitation method used for the
synthesis of bulk Co-Mn mixed oxide is suitable for
obtaining catalysts with good catalytic performance
in n-hexane oxidation reaction. All studied bi-
component samples consisted of finely dispersed
and easily reducible oxides. A significant
improvement of the activity was observed over
CoMn1 catalysts with a Co/Mn molar ratio of 1:1.
The doping of manganese into the spinel structure of
cobalt oxide decreases the crystallinity of the cobalt
oxide thus increasing crystal defects, which
probably causes an increase of the amount of
divalent cobalt cations in a relatively opened
coordination position. The coexisting of pairs Co?*-
Co** and Mn*-Mn** with the predominance of Co®*"
and Mn*" species and the highest specific surface
area are responsible for the highest catalytic activity
of the CoMn1 sample.
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Co-Mn CMECEHU OKCUJIHUN KATAJIN3ATOPU 3A IIPEUNCTBAHE
HA OTIIAABYHU I'A30BE OT n-XEKCAH

W. J1. Mopnanosa*, C. XK. Toxgoposa, X. I'. Kones, 3. I1. Uepke3zopa-XKeepa

Hucmumym no kamanus, bvreapcka akademus na naykume, yi. Axkao. I'. bonues, o1. 11,
1113 Cogpus, bvreapus
Hocmwvnuna na 11 noemspu 2016 2.; npuema na 30 auyapu 2017 .
(Pestome)

Upe3 METOIBT Ha ChyTasiBaHE ca MOJyYeHU eIHO- U ABYKOMNIOHeHTHH Co-Mn okcuau. Te ca u3cneaBaHu ¢ pa3IuuHU
¢msukoxumuyan Meroau (XRD, TPR and XPS) u m3nuranu B peakumsita Ha IBJIHO OKUCIEHHE Ha N-XekcaH. Haii-
BUCOKaTa KaTaJMTHYHA AKTHBHOCT IPOSBSIBA Karanu3arop ¢ MoiHO choTHomenne Co/Mn=1. ExHoBpeMeHHOTO
npuchcTBUe Ha aBoiikure Co?* - Co®* u Mn®* - Mn** ¢ npeo6nagasaiy koHuentpauuu Ha Co®* u Mn** fionu, BucokaTa
crenuduIHa MOBBPXHOCT, KAKTO U HUCKATa CTENEH Ha KPUCTAITHOCT JOIIPUHACAT 32 Hali-BUCOKA KaTAIUTHYHA aKTHBHOCT

Ha oOpaszer; CoMnl.

Knrouosu ()ymu: NBbJIHO OKUC/NeHUe Ha XeKCAH, KObOanm-man2anosu Kamaausamopu, peHmeenoe (ﬁa308 aHanus,
permeeHosa qbomoeﬂekmpOHHa CNEeKMpOCKONUsL.
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Aziridines are attractive and versatile building blocks in organic synthesis and medicinal chemistry because they
allow convenient access to useful nitrogen-containing biologically active compounds. Many aziridine-containing
compounds demonstrate very useful pharmacological activity including anticancer, antibacterial, antimicrobial activity,
etc. strongly indicating that the presence of the aziridine ring in natural as well as synthetic compounds is essential for
such activities. Chiral aziridines have found widespread use in organic synthesis. This manuscript shows variety of
methods for the synthesis and ringOopening of three-membered aziridines and their application for the synthesis of six-

membered isoquinolines.

Keywords: aziridines, synthesis, biological activity, isoquinolines

BIOLOGICAL IMPORTANCE
OF AZIRIDINES RING-SYSTEM

Small heterocyclic ring systems are of central
importance in theoretical, synthetic organic,
bioorganic, and medicinal chemistry, and in
particular aziridines are very useful and interesting
systems as they occur in a number of natural and
biologically active substances [1-7]. Aziridines are
highly valuable heterocyclic compounds and are
widely used during the synthesis of numerous drugs
and biologically active natural products (and their
derivatives) [8-13]. Over 100 biologically active
aziridine-containing  compounds  demonstrate
confirmed pharmacological activity including

Mistosanes

extracted from Streptomyces verticillatus
anti-tumor and antibiotic activity that act by DNA alkylation

Mitomycin A: X=OMe,Y=Me, Z=H
Mitomycin B: X=OMe,Y=H, Z=Me
Mitomycin C: X=NH,,Y=Me, Z=H

Porfiromycin: X=NH,,Y=Me, Z=Me

isolated from a strain of Streptomyces aureus

antitumor, antibacterial
effects [14].

While the aziridine group is known as a useful
reaction intermediate [15, 16], it is also an
interesting  structural fragment in bioactive
compounds. The aziridine’s proton accepting
properties, its rigidity and its potential reactivity
can all contribute to specific molecular interactions
with proteins, and indeed several important natural
products such as mitomycin C [17], porfiromycin
[18], and carzinophilin A [19] contain the aziridine
functionality. A number of saccharide derivatives
containing the aziridine group have been made,

antimicrobial, and

mostly as intermediates [20], but also as
glycosidase inhibitors [21].
Madurastatin B1 Leacadine
isolated prepared as neoplasm inhibitors,
from Actinomadura madurae IEM 0745  used for treatment of multiple sclerosis
strain
antibacterial activity
o
0 H,N
OH
N NH
o
OH
Azirinomycin (2S,3S)-Aziridine-2,3-dicarboxylic acid

antibiotic activity antibacterial activity

H
N N

Fig. 1. Natural products containing an aziridine ring fragment.

* To whom all correspondence should be sent.
E-mail: mariya.p.penkova@gmail.com
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The toxicity of aziridine derivatives will depend
on its own structure and activity whilst sharing the
general characteristics of the aziridine group. As
powerful alkylating agents, aziridines have an
inherent in vivo potency [22, 23]. Mitomycins and
porfiromycin, generally nonreactive in the natural
oxidized state, behave as bifunctional ‘alkylating’
agents upon chemical or enzymatic reduction [24].
As an electrophile, substituted aziridines are subject
to attack and ring-opening by endogenous
nucleophiles such as nitrogenous bases in DNA
base pairs, resulting in potential mutagenicity [22,
23]. Aziridine alkaloids also belong to a rare and
somewhat neglected group of natural products
which are known to play a seminal role in the
secondary metabolism of some micro-organisms,
plants and various marine organisms [25]. The
aziridine-containing compounds have been of
interest as both immuno-modulatory and anticancer
agents since the late 1950s [26]. Polymerization
products of ethylenimine, their polymerizable
homologs, as well as substitution products were
considered useful for disinfecting [27-29].
Aziridines are inherently strained making them
attractive for study because they allow for
convenient access to amines, amino alcohols,
diamines, and other useful nitrogen-containing
molecules. Chiral aziridines have found widespread
use in organic synthesis. [30—33] The development
of efficient and stereosclective methods for
synthesis of aziridines is an inviting challenge in
organic synthesis. General approaches to the
asymmetric  synthesis of aziridines through
cyclization methods can be divided into two main
categories: (A) nitrogen nucleophilic cyclization on
the adjacent position bearing a leaving group and

0S0;
leq. C|so3 : NH;
/\r Et,0/ CHCI3 R
(1:0 0r 10:1) R'

0°C, 2h (extractive work up)
Scheme 1

1-1.3 eq. tBuOCl

TsN \ R 1-1.3 eq. Nal
\Hn/\/ MeCN, r.t., 5-24h
EorZ

Scheme 2
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(B) ring closure to three-membered ring via attack
of a stabilized carbanion on the electrophilic
nitrogen bearing a leaving group [34].

METHODS FOR AZIRIDINE SYNTHESIS

The synthesis of an aziridine derivative is most
frequently accomplished in a two-step synthesis
from a suitably substituted -amino alcohol. Instead
of classical and well-known Gabriel and Wenker
reactions, a lot of reactions have been recently
discovered. The De Kimpe Azirdine Synthesis
allows the generation of various aziridines by the
reaction of a-chloroimines with nucleophiles such
as hydride, cyanide, or Grighard reagents.
Denolfetal. [35] reported the Asymmetric
Synthesis of Aziridines by Reduction of N-tert-
Butanesulfinyl o-Chloro Imines. Amino alcohols
were converted into their hydrogen sulfates with
chlorosulfonic acid. Li et al. used improved, mild
variation of the typical Wenker synthesis for the
synthesis of aziridines [36] (.Scheme 1.)

Bieber  presented two alternative and
complementary one-pot procedures for the direct
transformation of 2-amino alcohols to N-tosyl
aziridines [37]. The authors found that less
hindered aziridines can be obtained in high yields
by tosylation and in situ cyclization affected by
potassium hydroxide in water/dichloromethane.
Minakata et al. [38] used tert-butyl hypoiodite as a
mild and powerful reagent for the cyclization of N-
alkenylamides leading to various N-heterocycles.
N-alkenylsulfonamides gave three- to six-
membered saturated N-heterocycles in good yields,
whereas alkenylbenzamide derivatives afforded N-,
O- or N-, S-heterocycles (.Scheme 2.).

NH
> R
6.2 M ag. NaOH
rt,2h

R R: H, alkyl, Ph
R" alkyl, Ph, Bn, H

(% I

n:1,2,3,4
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HO N/>

L e al 4 ¢q. NaOH
R _—
dioxane / H,O (1:1) R R'
R e HCI 90°C, 12h
Scheme 3
0.1eq.1,
5 mol-% BuyNI Ar NTs
A X +  PhI=—NTs ———— >
MeCN
r.t., 3h
Scheme 4
1.05 eq.
0

o

—
0.25-1.05eq. Me—N O
amvy NH (0]

o~

R/\)J\R. R N

2 eq. NaOH R /<J H\
PH MeCN or CH,Cl,, 4-40h we R'

R'" Ar, CO,tBu
Scheme 5
Biologically important N-B- complexation of N-alkyl-2-phenylaziridines to
hydroxyethylaziridine intermediates were promote a regioselective B-lithiation. The lithiated

conveniently prepared by regioselective ring-
opening reactions of various epoxides with in situ-
generated ethyleneimine from B-chloroethylamine
under basic conditions in an  agueous
environment [39] (Scheme 3).

Vinylaziridines are useful and versatile synthetic
intermediates, as the relief of ring-strain provides a
driving force for efficient ring-opening or ring-
expansion reactions. Furthermore, the vinyl group
can be derivatized into interesting functionalities.
The ring-closure of vicinal amino alcohols
constitutes a straightforward route to aziridines.
Several methods exist for this transformation,
although many cannot be applied to vinylaziridines
due to their acid lability. This comparative study
describes the most effective sequences for the
formation of N-H vinylaziridines  [40].
Hodgson et al. recently used reaction of N-(2-
chloroethylidene)-tert-butylsulfinamide with
Grignard reagents or organoceriums gives terminal
N-tert-butylsulfinyl aziridines in good yields and
with  organoceriums  good  diastereomeric
ratios [41]. The authors also found that oxidation of
terminal N-tert-butylsulfinyl aziridines provides
synthetically useful terminal N-Bus (Bus = tert-
butylsulfonyl) aziridines. Azzena used BH;s

intermediates  were configurationally  stable,
allowing an enantioselective preparation of cis-2,3-
disubstituted aziridines. The structure and
stereochemistry of the synthesized BH; complexes
have been proved with DFT calculations and NMR
experiments [42]. A mild, efficient, and selective
aziridination of olefins with p-toluenesulfonamide
catalyzed by dirhodium(ll) caprolactamate is
described. Aziridine formation occurs through
aminobromination and subsequent base-induced
ring closure [43]. A metal-free catalytic
aziridination of styrene derivatives with N-
tosyliminophenyliodinane (Phl=NTs) is promoted
by a combination of I, and tetrabutylammonium
iodide (TBAI). TBAI; as highly efficient catalyst as
well as  N,N-diiodotosylamide as  actual
aziridination reagent are generated in situ [44]
(Scheme 4).

N-N ylides for the aziridination of a range of
enone systems can be prepared by in situ amination
of a tertiary amine. The amine may be used sub-
stoichiometrically, and promising levels of
enantioselectivity are observed with quinine as
promoter [45] (Scheme 5).
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catalyst:

0
0,
SO,N; 0.5 mol-%
catalyst
/_/ . NSES
DCM, MS 4 A
Me351 25°C, 24h
R: Ar, vinyl, alkyl (SESN3) ee>99% Ar=3,5-CI2-4-(CH,);Si-C¢H,
Scheme 6
SO,NH, 3 mol-%
2eq. [Au(4,4',4"-tri-tert-butyl-2,2":6',2"-terpyridine] OTf
N 1.2 eq. PhI(OAC)2
MS 4 A, MeCN, 50°C, o.n
O,N
Scheme 7
O R
1.5eq. O
d 1.2 eq. TFOH Ny
R—N; + X\ >
EtCN, 0°C, ~12h
Scheme 8

Recently, Fukunaga reported that aziridination
of vinyl ketones using SESNs in the presence of a
Ru(CO)-salen complex provides synthetically
useful enantiopure aziridinyl ketones. A formal
asymmetric synthesis of (+)-PD 128907 was
achieved in an eight-step sequence via
aziridination [46] (Scheme 6).

Chen reported an efficient and practical
aminohalogenation and in situ intramolecular Sn2
substitution of a,B-unsaturated esters and ketones
gave N-p-tosyl-aziridine-2-ketones and
carboxylates in moderate to good vyields and
excellent anti stereoselectivity [47]. Triethylamine
was found to be an effective base for the in situ
cyclization for most substrates. Li et al. used a
gold(l) compound, supported by 4,4'4”-tri-tert-
butyl-2,2":6',2”-terpyridine (tBustpy) as the ligand
for efficient catalyzis of olefin aziridination [48]
(Scheme 7).

Complementary to existing routes, the Lewis
acid catalyzed reactions of phenyldiazomethane
with a-imino esters selectively produce cis-
aziridine-2-carboxylates ~ without ~ competitive
formation of enamino ester or carbene dimer
byproducts [49]. An electrochemical aziridination
process is described that delivers a nitrene
functionality to olefins from N-aminophthalimide.
Remarkably, both electron-rich and electron-poor
olefins are converted to aziridines with high
efficiency [50]. A straightforward synthesis of
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aziridines is reported from electron-rich azides,
electron-deficient olefins, and triflic acid in cold
acetonitrile [51]. Ester substrates bearing a
nucleophilic carbonyl give products of an olefin
aminohydroxylation (Scheme 8).

Baumann and Baxendale reported preparation of
azirines from oxime precursors via mesylation and
base-promoted cyclisation [52].

AZIRIDINES RING-OPENING

The recent studies on the chemistry of three-
membered  nitrogenous  heterocycles  [62]
demonstrated the importance of this methodology
to the preparation of other nitrogen- containing
heterocycles. Nitrogen-containing heterocycles are
ubiquitous in natural products, as well as in drugs
and drug candidates.[53-55] Among nitrogenous
heterocycles, the tetrahydroisoquinoline core
represents a relevant structural motif frequently
found in natural products and biologically active
compounds.[56-59] Of the various synthetic
approaches to nitrogenous heterocycles, the use of
organometallic compounds has recently emerged as
a particularly robust methodology [60, 61].
Recently, Giovine et al. reported synthesis of
1,2,3,4-Tetrahydroisoquinolines by microreactor-
mediated thermal isomerization of laterally lithiated
arylaziridines [63] (Scheme 9).
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HsC
\ £+
N -
E
Scheme 9.
S
e Ar
AN
1.2 eq. S(OTF); X
_—

1,2-DCE, 90°C, 2h

.

Ar

Scheme 10

OH

OMe Ar
Scheme 11
Ts Ts NQ MeO,
MeOQ,
Ry
2 eq. AlEt,Cl
—_—
NG CH,Cl,
48h, r.t, MeG
MeO
Scheme 12
R R*
AN = 5 mol% [(RhCp*Cl,),]
| ’ + \N)t@ 20 mol% AgNOz
— l eq. Cu(OAc),
R2 H /\R3 EtOH, reflux, 12h
Scheme 13

Scandium(lll) triflate mediated intramolecular
ring expansion of aziridineswas used also as a
direct access to 4-aryltetrahydroisoquinolines [64]
(Scheme 10).

Wei and Zang reported a cascade ring
opening/cyclization of aziridines with catalyst
Yb(OTf); [65] (Scheme 11).

Gutierrez et al. successfully used the addition to
the a-benzyl TosMIC derivative with N-
tosylaziridine and AIEt,Cl to yielded isoquinoline
in 68% yield. Similar results were obtained in the
reaction of N-tosyl aziridine and the a-benzyl
TosMIC derivatives [66] (Scheme 12).

Huang et al. used rhodium-catalyzed synthesis
of isoquinolines.through selective cleavage of the
N-N bond or the C=N bond followed by sequential

\
NTs

Li E
E+
HyC——N — | H,C—N
3-Li
OH
COEt  MeO N CO,Et
Base
N
/
MeO
OMe Ar
\ R
N
/

NHTs

N ™
///1

C-H activation and cyclization with internal
alkynes [67] (Scheme 13).

CONCLUSIONS

Natural and/or synthesized aziridine-containing
compounds have shown to be promising candidates
for the development of new drugs toward several
diseases, especially neoplasms. No doubt
incorporaton of an aziridine warhead will allow
development of interesting new synthetic and semi-
synthetic compounds with clinical utility.

Acknowledgements: The current study was
accomplished in the frames of the Fund for
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I[MPUJIOXXEHUE HA A3MPU/INHU 3A CUHTE3 HA M30XMHOJIMHOBU [TPOU3BOJHU

M. IlenkoBa*, C. HukomnoBa

Inosouscku ynusepcumem ,, Ilaucuii Xunenoapcru *, Xumuuecku ¢paxynmem, Kameopa Opeanuuna xumus,
yn. "Llap Acen" 24, Ilnosous 4000
e-mail: mariya.p.penkova@gmail.com

Hocmovnuna na 11 noemepu 2016 2.; npuema na 13 oexemspu 2016 2.
(Pe3rome)

AzupuavHUTE ca Pa3HOOOpa3sHH CTPYKTYPHH €JEMEHTH, H3II0JA3BaHM B OpPraHWYHMS CHHTE3 U
MEJUIMHCKATa XUMUSI, ThI KaTo MO3BOJIABAT yI0OEH JOCTHIT 10 TIOJNIE3HU a30T-ChIbPIKAIIA 1 OMOIOTHYHO-
AKTHBHU BEIIECTBa. MHOTO a3UpUAMH-CHABPKAIIY ChEIWHECHUS MPOSBABAT (PapMaKOIOTHYHA aKTUBHOCT, B
TOBa YHUCII0O NPOTUBOPAKOBA, AHTHOAKTEpHAIHA, aHTUMUKPOOHAa M Jp., NOKa3Balld Y€ a3sUPUAWHOBUAT
NPBCTEH € OTIOBOPEH 3a INPOSABEHATa aKTHBHOCT. XHUPAJHWUTE A3MPUIOMHUA Ca YECTO YHOTpeOsiBaHU B
oprannyHus cuHTe3. CTaTUATa OMMCBAa CUHTE3BT U OTBAPSIHETO HA TPUUWICHHUAT MPBCTEH HAa a3UPUANHNATE U
yrnoTpebarta UM 3a CUHTE3 Ha IECTWICHHN H30XHHOJIMHU.

Knrouosu Oymu: asupuduﬂu, CUuHmes, buonocuuna aKmueHocm, U30XUHOJIUHU
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Simultaneous HPLC determination of fat soluble vitamins, carotenoids and
cholesterol in seaweed and mussel tissue
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The aim of the present study was to develop simple method for simultaneous determination of fat soluble vitamins
(all-trans retinol, cholecalciferol, ergocalciferol and a-tocopherol), carotenoids (B-carotene and astaxanthin) and
cholesterol in seaweeds and mussel tissue. Reversed-phase high performance liquid chromatography system combine
with UV and fluorescent detection was the method characterized with rapid, sensitive and accurate detection of all
components. Extraction procedure requires small amounts of sample. The sample preparation included saponification
and liquid-liquid extraction of the analytes. The method precision (relative standard deviation) was below 10% for all
analytes. The method shows good linearity of all investigated components and analysis time — 32 min. The method was
applied on real seaweed and mussel tissue samples and the results for the tested fat soluble analyte contents were in a

good agreement with the data given by other authors.

Key words: all-trans retinol, calciferol, a-tocopherol, astaxanthin, cholesterol

INTRODUCTION

Many studies suggest that marine mollusks and
edible seaweeds are valuable healthy food, low in
calories and fats, and high in proteins and bioactive
compounds [1, 2]. Seaweeds also have been used as
permanent source of the raw materials used in
pharmaceutical, food industries, medicine and
cosmetics, as fodder and fertilizer [3]. Mollusks and
different seaweeds are amongst the most important
dietary sources of fat soluble vitamins — A, D; and
E. They are also rich in carotenoids, which act as
antioxidants [4, 5]. Overall mollusk production in
Bulgaria relies on two sources — commercial fishing
(for mussel and sea snail Rapana) and marine
aquaculture (consists of mussel only) [6].

Lipid content of different marine algae is only 1-
5% of dry matter and exhibits an interesting
polyunsaturated fatty acid composition (particularly
®-3 and ®-6) [7]. Seaweed and mollusks tissue is a
good source of some water- (B1, Bz, B12 and C) and
fat soluble (B-carotene with vitamin A activity,
ergocalciferol and cholecalciferol and a-tocopherol)
vitamins. Vitamins derived from algae are very
important due to their antioxidant activity,
biochemical functions and other health benefits -
prevention of cardiovascular diseases (B-carotene),
decreasing blood pressure (vitamin C), reducing the
risk of developing cancer (vitamins E and
carotenoids) [8].

Information available about the fat soluble

* To whom all correspondence should be sent.
E-mail: diana@mu-varna.bg

vitamins, carotenoids and cholesterol content of
Black mussel and different algae from Black Sea is
scarce. The aim of the present work was to develop
a simple and accurate method for simultaneous
determination of seven fat soluble biologically
active components: all-trans-retinol (vitamin A),
cholecalciferol ~ (vitamin  Ds), ergocalciferol
(vitamin D), a-tocopherol (vitamin E), B-carotene,
astaxanthin and cholesterol in matrices from animal
and plant origin.

EXPERIMENTAL

Instrumentation and chemicals

The chromatographic analysis was performed on
HPLC system (Thermo Scientific Spectra
SYSTEM) equipped with UV2000 and FL3000
detectors. All solvents were of HPLC grade
specification, obtained by Sigma-AldrichTM, USA.
Substances of all-trans-retinol, ergocalciferol,
cholecalciferol, a-tocopherol, [B-carotene,
astaxanthin, cholesterol and L-ascorbic acid were
all with analytical standard specifications and were
supplied by Supelco (Sigma-AldrichTM, USA).

Sample preparation

Two mussel and four seaweed samples were
used for evaluation the all-trans-retinol,
ergocalciferol,  cholecalciferol,  a-tocopherol,
[B-carotene, astaxanthin and cholesterol contents.
Sample preparation procedure was performed
following the method of Dobreva et al. (2011) with
some modifications [9]. Edible mussel and
shredded algal tissue was homogenized using
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kitchen homogenizer for 3 min. An aliquot of the
homogenized sample (1.000 + 0.005 g) was
weighed into a glass tube with a screw cap and 1%
of methanolic L-ascorbic acid and 0.5M methanolic
potassium hydroxide were added. Six parallel tests
of each mussel and algae samples were prepared
and subjected to saponification at 50°C for 30 min.
After cooling the analytes were extracted twice
with n-hexane: dichloromethane = 2:1 (v/v)
solution. Combined extracts was evaporated under
nitrogen flow and dry residue was dissolved in
methanol:  dichloromethane solution, filtered
(0.45 pum syringe filter) and injected (20ul) into the
HPLC system.
Chromatographic conditions

All-trans-retinol, ergocalciferol, cholecalciferol,
a-tocopherol, astaxanthin, [B-carotene and total
cholesterol were determined simultaneously using
HPLC/UV/FL system equipped with RP analytical
column.  Chromatographic  separation  was
performed by a Synergi 4u Hydro-RP 80A pore
250x4.6 mm reversed-phase column, through a
gradient at 1.1 mL/min. Solvent A consisted of
methanol : water (93:7), solvent B was acetonitrile
and solvent C — 2-propanol. The gradient changed
as follows: 0-16.0 min, 100 % solvent A;
20.0-30.0 min, 60% solvent B and 40 % solvent C;
30.0-40.0 min, 50 % of solvent B and 50% solvent
C. The gradient was then returned to 100 % of
solvent A.

Detection of ergocalciferol (A= 265 nm),
cholecalciferol (A= 265 nm), astaxanthin
(A=474 nm), p-carotene (A= 450 nm) and

cholesterol (A=208 nm) was performed by UV
detector.  Concentrations of all-trans-retinol
(@tAex=334 nm and Aem = 460 nm) and
a-tocopherol (at Aex = 288 nm and Aem = 332 nm)
were measured by fluorescence detection.

UV2000 - 474 nm/ 265 nm/ 208 nm/ 450 nm r
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Standards and guantification

Stock standard solutions of each analyte
(2.0 mg/ml) were prepared as follows: retinol,
ergocalciferol, cholecalciferol, a-tocopherol and
cholesterol in 100% methanol; astaxanthin and [3-
carotene in 100% dichloromethane. The solutions
were stored at —20°C away from light. Working
solutions were prepared prior to analysis by dilution
proportionally with methanol/dichloromethane. In
all cases, the stock solution was analyzed together
with the samples. Analyte concentrations in
samples were estimated on the basis of peak areas.
All samples were analyzed in triplicate. Contents of
each analytes were presented as means + standard
deviation.

RESULTS AND DISCUSSION

Chromatography

Chromatograms of combined standard solution
are presented on figure 1. The quantitation was
performed by the method of the external
calibration, comparing the chromatographic peak
areas of the samples with those of the
corresponding standards.

Selected chromatographic conditions provided
good separation of the analytes, in less than 40 min.
Retention times (tg) were as follows: astaxanthin tr
= 4.5 min, retinol tr = 4.9 min, ergocalcipherol tr =
11.1 min, cholecalciferol tx = 11.7 min, cholesterol
tr = 19.6 min, a-tocopherol tr = 12.5 min and B-
carotene tr = 40.3 min. Resolution factors were
greater than 1, indicating a sufficient separation.

Linearity

Each calibration curve was constructed by
measuring five diluted standards from the
corresponding standard solutions and by plotting
peak area response against concentration of the
standards. The least square linear regression
analysis was applied to estimate equation of the
line.

FL2000 — ex 334 nm/ em 460 nm
ex 288 nm/ em 332 nm

all-trans-Retinol

a-Tocopherol

Fig. 1. HPLC chromatograms of standard solution
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The received equations were: y = 2.74 % o for
retinol; y = 1.01 ®% pug for ergocalciferol;
y = 3.67 ¢ g for cholecalciferol, y = 3.29 % pg
for cholesterol, y = 4.27 ® o for B-carotene,
y = 1.20 ®% ;o for astaxanthin, and y = 7.73 ®% g
for a-tocopherol. Correlation coefficients ranged
from 0.9804 to 0.9983 (n = 3).

Precision

Six replicate determinations of each algae and
mussel tissue sample were performed under
optimum conditions to determine repeatability. The
relative standard deviations (RSDs) were <10%.
Recovery rates were determined by comparing the
observed concentration with a spiked concentration.
After hydrolysis, consequent extraction and
chromatographic separation, analytical recovery
exceeded 70% for astaxanthin and all-trans retinol,
80 % for B-carotene and cholecalciferol, 90% for
ergocalciferol and a-tocopherol, and 102% for
cholesterol.

Verification

Five seaweed and two mussel samples were
analyzed to assess practical applicability of the

method (figure 2, 3). Chromatograms from UV and
FL detectors of the green algae (Ulva rigida)
sample are presented on figure 2. Peaks of
cholecalciferol and all-trans-retinol are missing.

Figure 3 shows the UV and FL chromatograms
of a wild mussel extract. In contrast to figure 2,
peaks for all analytes are present. This is due to
sample composition — edible tissue included meat
and stomach content (algae).

There are many studies about optimum
saponification conditions for the extraction of lipid-
soluble biologically active components from
different matrices [10, 11, 12, 13]. The large scale
extraction methods are expensive in terms of
apparatuses required, cost of solvents, and time.

Therefore, we decided to develop a few steps
simple and rapid method for simultaneous
determination of fat soluble vitamins (all-trans
retinol, cholecalciferol, ergocalciferol and «-
tocopherol), carotenoids (B-carotene and
astaxanthin) and cholesterol in seaweeds and
mussel tissue.

UV2000 — 474 nm/ 265 nm/ 208 nm/ 450 nm
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Fig. 2. HPLC chromatograms of Ulva rigida sample
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The method was similar to those described by
Dobreva et al., 2011 [9]. Generally smaller
amounts of sample (1.0 g) and optimal hydrolysis
conditions (0.5 M KOH/CHsOH) were used.
Preservation of the analytes from oxidation was
assured by adding 1% methanolic ascorbic acid.

To achieve better resolution of the fat soluble
components, several compositions of the mobile
phases were tested: 100% methanol; 40/60
acetonitrile/methanol (v/v); 97/3 methanol/water
(v/v) and 75:20:5 = ACN:MeOH:iPrOH (v/viv).
Best resolution between vitamins D, and Ds, and
between B-carotene and a-carotene (which are very
similar structurally) was achieved when using the
mobile phase ACN:MeOH:iPrOH in gradient. The
standard curves in mentioned concentration ranges
(in accordance with the published data) were linear
with coefficients of variation greater than 0.9907
with the exception of B-carotene. The precision of
the method was evaluated — it comprised of
repeatability and recovery rates. Six replicate
determinations of each sample were performed
under the described conditions to determine
repeatability. RSDs of the repeatability and the
estimated recovery indicated that the method can be
used for quantitative determination of the above
mentioned lipid soluble analytes in seaweed and
mussel tissue matrices. The amounts of the seven
analyzed compounds are presented in table 1 as
miligram  per 100 grams wet weight
(mg.100g*'ww). The results are expressed as
average and standard deviation (mean + SD). They
are corrected against the calculated yield of each
analyte.

Fat soluble analytes’ quantity in edible tissue of
wild and aquaculture mussel are closed. Present
results are comparable to data published by other
authors [1, 2, 4, 5, 6, 8]. Astaxanthin, vitamin D,
and cholesterol contents in the wild sample were
found slightly higher than in farmed one. On the
other hand aquaculture species exhibited higher

amounts of vitamin A, vitamin E and B-carotene,
but results were similar too. These results are in
good agreement with those presented by other
scientific groups. In comparison to our data the
MacDonald (2010) reported lower amounts —
0.039 mg.100g'ww for vitamin A,
0.740 mg.100g*'ww  for  vitamin E and
29 mg.100g*ww cholesterol in raw edible tissue of
green shell mussel [14]. Other results confirming
data in table 1 are presented by Danish Food
Composition Databank (2009) and
Ohrvik et al. (2012) — 0.08 mg.100g*ww and
0.067 mg.100g*'ww  for  vitamin A, and
3.5mg.100g*'ww and 3.07 mg.100g*ww for
vitamin E, respectively [15, 16]. Pospelova and
Nehoroshev analyzed B-carotene content of wild
Black mussel harvested in the Black Sea near
Sevastopol, Ukraine [17,18] and found about
0.5 mg.100g*ww, which is in the same range as our
results.

The results for the seaweed samples varied from
species to species (table 1). The green and red algae
present lower amount of vitamin D, and
astaxanthin, compared to brown seaweed species.
On the other hand, both brown seaweeds
arecharacterized by high vitamin E concentrations.
Algae samples, especially red species, contain very
high levels of p-carotene and cholesterol.
[-carotene amounts exceeded those found in fresh
carrot (0.088 mg/g), which is known as excellent
source of this nutrient [19]. Astaxanthin was also
detected in high contents (1.39 mg.100g™* ww) in
Cystoseira barbata — brown algal sample. This
seaweed sample is also rich in a-tocopherol —
12.36 mg.100g* ww. The high concentration of this
form of vitamin E is in accordance with other
published results [20], where brown algae
Cystoseira spp. are characterized by higher amount
compared to other samples. Comparing the results
in table 1 with literature data, is obvious their good
accordance.

Table 1. Analyte’s contents in raw mussel and seaweed tissue (mg.100g™ ww)

Mussel
Mussel Seaweed
I Chaetomorp - Cystoseira  Cystoseira
Analyte Aquaculture Wild Ulvar r'%'da ha linum ﬁ:llldlurmd barbata crinita
(green) (green) crinale (red) (brown) (brown)
Vitamin A 0.309+£0.018  0.167+0.017 - - - - -
Vitamin D2 0.035+£0.002  0.071+0.009 | 0.031+0.01  0.025+0.007  0.006+0.002  0.12+0.03 0.16+0.05
Vitamin D3 0.024+0.002  0.031+0.001 - - - - -
Vitamin E 4.70+0.16 2.69+0.19 1.223+0.03 1.14£0.7 1.5340.09 3.13+0.15  12.36+0.22
Astaxanthin ~ 0.211£0.036 0.62+0.03 0.110+£0.01  0.015+0.001 0.2040.01 0.30+0.03 1.39+0.12
B-carotene 0.2324+0.017  0.066+0.009 | 1.702+0.04  0.017+0.003 3.38+0.09 5.57+0.20 1.88+1.31
Cholesterol ~ 60.050+0.918  70.81+0.811 | 3.911+0.25 6.08+0.30 52.6£1.07 0.89+0.06 1.52+0.13
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CONCLUSIONS

The method presented in this study has
analytical characteristics that allow its use for
quantitative simultaneous analyses of retinol,
a-tocopherol,  cholecalciferol,  ergocalciferol,
cholesterol, astaxanthin and B-carotene in mussel
and seaweed matrices. The sample preparation,
including extraction in a single reaction tube,
characterizes the method with  minimum
manipulation. The method shows RSD below
10% for all analytes, good linearity for all
components and short analysis time — less than
32 min.

The high concentrations of most investigated
biologically  active  compounds  (including
antioxidants astaxanthin and [-carotene) indicate
the possible application of Black Sea Black mussel
and especially seaweeds as supplements in food and
pharmaceutical industries.
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CBbBMECTHO BETX OIIPEJIEJIAHE HA MACTHOPA3TBOPMMU BUTAMUWHU,
KAPOTEHOUIMU 1 XOJECTEPOJI B TbBKAH HA BOJOPACJIN U MU U

I.A. Jlobpesa*, B.3. [lanaiiotoBa, P.C. CtanueBa, M. CranueBa

Kameopa no xumus, @axynmem no ¢papmayus, MY-Bapua, yn. M. [Jpunog 55, Bapna
Hocmwvnuna na 11 noemepu 2016 2.; npuema na 21 oexemspu 2016 2.

(Pesrome)

Llenta Ha HAacTOAMIOTO M3cleBaHe O¢ a ce pa3paboTH XPOMATOrpa)CKU METOJX 33 €IHOBPEMEHHO KOJMYECTBEHO
ompeneIssHe Ha MAacTHOPAa3TBOPHMH BHTAMHHH (PETHHOJ, XOJEKaamudepos, eprokamiudeposnl u o-ToKodepom),
KapoTeHouM (B-KapoTeH W acTaKCAaHTWH) M XOJIECTEpOJI B ThKaH HAa BOJAOpacid M MUIU. BucokoedeKkTnBHaTa TEUHO-
xpomarorpadcka cucrema ¢ UV u FL nerekropu e MeToa, XapakTepu3upall ce ¢ O0bp3uHa, YyBCTBUTETHHOCT U TOYHOCT
IIPU OTKPUBAHETO Ha BCUYKH KOMIIOHEHTH. ExcTpakumoHHaTa mporeaypa ce MpoBexaa ¢ MUHUMAIHHU KOJIMYeCTBa Ha
npobure. [IpobGonoAroToBKaTa BKIIOUBA OCAITyHBaHE M TEYHO-TEYHA EKCTPAKIMs Ha aHAIUTHTE. TOYHOCTTa Ha METOJA
(OTHOCHTEIHO CTaHAAPTHO OTKIOHEHHE) e moa 10% 3a BCHYKHM M3ceBaHU BellecTBa. MeToIBT ce XapaKTepu3upa c
J00pa JIMHEHHOCT MPU BCUYKU U3CJIEBAaHM KOMIOHEHTH M BpPEME 3a aHaiu3 - 10 32 MuH. MeTonbT O NMpHIoKEH Npu
npoOH OT THKaHU Ha BOJOPACIIH M MHIHM, KaTO MONTYyYCHUTE PE3yITaTH 33 U3CICABAHUTE MACTHOPA3TBOPHMHY AHAIUTH ca
OJIM3KHU 10 JaHHHM, MYOJIMKYBAaHU OT JAPYTH aBTOPH.

Kniouoeu oymu: pemunon, kanyugepon, 6-mokogepon, acmakcanmu, Xoiecmepo.
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Fat soluble nutrients and fatty acids in skin and fillet of farmed rainbow trout
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This study compares the fat soluble components in the muscle and edible skin parts of farmed rainbow trout
(Oncorhynchus mykiss W.) fillets, sampled at two growth stages, from fish markets from Bulgaria. Insufficient
information is available about the differential fat soluble pigments, cholesterol, vitamins and fatty acid compositions of
rainbow trout fillets when eating them with or without the skin left on. Vitamins A, D3 and E, B-carotene and cholesterol
were analyzed simultaneously using HPLC system with UV and FL detection (vitamins A and E). Total lipids were
extracted according to Bligh and Dyer method. Analysis of fatty acid methyl esters (FAME) were perform by GC/MS.
The average lipid content, the cholesterol and vitamin E amounts and the saturated fatty acids were significantly higher
in the skin than in the muscle, whereas the proportion of vitamin A and Ds3, eicosapentaenoic acid (C20:5 ®-3) and

docosahexaenoic acid (C22:6 ®-3) were higher in the muscle.

Key words: Oncorhynchus mykiss, vitamins, carotenoids, cholesterol, PUFA

INTRODUCTION

It is well-known that fish consumption has
nutritional and health benefits in humans. Rainbow
trout (Oncorhynchus mykiss W.) is one of the most
consumed fish species in Bulgaria and also of
interest to aquaculture because of the rapid growth
rate and excellent nutritional qualities of the
meat [1]. Nutritional quality of fish depends
especially on tissue lipid composition including fat
soluble vitamins, fatty acids, cholesterol and
B-carotene. In the scientific literature, chemical
composition of fish is investigated from different
points of view. Recently a special interest in fish
lipid composition has risen because of its
advantageous effects of human health which
depend on its fatty acid (FA) and fat soluble
vitamins content. Moreover, the optimal quantities
of polyunsaturated FA/saturated FA, ®-3/®-6 FA
ratios are considered as informative indices for
nutritional quality. Comparative investigations on
farmed rainbow trout lipids, FA, fat soluble
vitamins content and cholesterol from Turkey were
performed by Harlioglu A. (2012) [2]. Previous
studies [3, 4] have reported data on the proximate
and fatty acid composition of rainbow trout.
Despite these facts, available information about the
composition of different fat soluble pigments,
cholesterol, vitamins and fatty acids of rainbow
trout fillets (with or without the skin) is insufficient.
It is important to investigate differences in fat
soluble nutrients content in trout muscle and skin.
Thus, the aim of the study was to investigate and
compare [(-carotene, vitamins (A, E, Dy),

* To whom all correspondence should be sent.
E-mail: diana@mu-varna.bg

cholesterol and fatty acid profile of rainbow trout
filets and skin. This is the first study on -carotene,
cholesterol, vitamins and FA composition of
farmed rainbow trout filets and skin in Bulgaria.
The presented results will be useful when
determining what differences might exist in nutrient
ingestion, depending on whether a rainbow trout
fillet is consumed with or without the skin.
EXPERIMENTAL

Sample collection

Samples of rainbow trout were purchased from
Varna fish market during March 2015. Fish was
raised in two fish farms (Plovdiv region, Hvoina
village and Dospat Dam Lake) and fed on
commercial feed mixtures. Analyzed specimens
were divided in two groups (with three specimens
in each group): group | (Rainbow trout I) —
weighing 300 - 400 g; group Il (Rainbow trout II) —
weighing 700 - 900 g. Each specimen was filleted,
muscle tissue was separated from the skin. Two
medium samples were prepared.

Vitamins, pigments and cholesterol analysis

Saponification and extraction: Two skin and
two muscle tissue samples were homogenized and
used for evaluation of all-trans-retinol,
cholecalciferol, a-tocopherol, p-carotene and
cholesterol contents. Sample preparation procedure
was performed following the method of
Dobreva et al. (2011) with some modifications [5].
An aliqguot of the homogenized sample
(1.000 +0.005 g) was weighed into a glass tube
with a screw cap and 1% of methanolic L-ascorbic
acid and 0.5M methanolic potassium hydroxide
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were added. Six parallel tests were prepared and
subjected to saponification at 50°C for 30 min.
After cooling the analytes were two times extracted
from samples with n-hexane : dichloromethane =
2:1 (v/v) solution. The combined extracts was
evaporated and redissolved in
methanol : dichloromethane  solution, filtrated
(0.45 um syringe filter) and injected (20ul) into the
HPLC system.

HPLC analysis: The chromatographic analysis
was performed on HPLC system (Thermo
Scientific Spectra SYSTEM) equipped with
UV2000 and FL3000 detectors. All-trans-retinol,
ergocalciferol, cholecalciferol, a-tocopherol,
B-carotene and total cholesterol were determined
simultaneously  using HPLC/UV/FL system
equipped with RP analytical column Synergi
4u Hydro-RP 80A pore 250 x 4.6 mm, through a
mobile phase 75:20:5 = acetonitrile : methanol : 2-
propanol (ACN:MeOH:iPrOH), at 1.1 mL/min.
Detection of ergocalciferol (A= 265 nm),
cholecalciferol (A= 265 nm), [}-carotene
(A=450nm) and cholesterol (A=208 nm) was
performed by UV detector. Concentrations of all-
trans-retinol (at Aex = 334 nm and Aem = 460 nm)
and a-tocopherol (at Aex = 288 nm and Aem = 332
nm) were measured by fluorescence detection.

FA analysis

Lipid extraction: Portions of raw homogenate
(5.000+0.001 g) were extracted according to Bligh
and Dyer (1959) procedure [6]. Total lipid (TL)
content was determined for each sample and the
results were expressed as g per 100g wet weight
(9.100g'ww). The total lipid content was
determined gravimetrically.

Preparation of FA methyl esters: The dry
residue of the chloroform fraction was methylated
by base-catalyzed transmethylation using 2M KOH
in methanol and n-hexane [7]. After centrifugation
(3500 rps), the hexane layer was separated and
analyzed by GC-MS.

GS-MS analysis: The hexane layer was
separated and analysed by GC-MS. Thermo
Scientific  FOCUS Gas Chromatograph, with
Polaris Q MS detector coupled with TR-5 MS
capillary column, (30 m, 0.25 mm i.d.) was used.
For peaks identification mass spectra (ratio m/z) of
FAME mix standard (SUPELCO 37 F.A.M.E. Mix
C4 - C24) and internal Data Base (Thermo Sciences
Mass Library, USA) was used. Results are
expressed as a percentage of each FA with respect
to the total FAs [8]. All chemicals used were of
analytical and GC grade.

Statistical analysis

The results were expressed as a mean and
standard deviation (mean + SD). The obtained data
was analyzed using Graph Pad Prism 6.0 software.
An unpaired t-test statistical analysis was applied to
estimate the differences between the analyzed
samples. The comparison was made for total lipids,
fat soluble vitamins, cholesterol and p-carotene and
individual FA and FA groups. The differences were
considered significant at p<0.05.

RESULTS AND DISCUSSION

Fat soluble vitamins, -carotene and cholesterol
contents

The amounts of the analyzed compounds are
presented in Table 1 as microgram per 100 grams
wet weight (mg.100g*ww). The results are
expressed as average and standard deviation
(mean + SD).

Results for the different analytes in skin and
muscle of the two groups are close. Data for all
vitamins and cholesterol, presented in Table 1
showed similar correlation. In all cases the three
vitamins and cholesterol contents in Rainbow trout
group Il samples were higher than Rainbow trout
group I. B-carotene was detected neither in the skin
nor in the muscle tissue of the samples in the first
group. This fact can be attributed to feed
composition. Garcia-Chavarria and Lara-Flores
considered that carotenoids play a major role in
commercial aquaculture [9]. They are often added
in food pellets, which reflect the skin and tissue
coloration.

Other fat soluble analytes found in the two
groups are vitamin A and Ds. Their amounts in skin
and muscle of fish in group Il were several times
higher (p<0.05), than group I. Vitamin E (p<0.01
for skin, p>0.05 muscle) and cholesterol (p<0.05)
amounts were also higher in group Il, but the
results are close. Cholesterol content in both groups
is low. According to Ordinance Ne 23/19.07.2005
consuming less than 300 mg per day of cholesterol
could help maintain normal blood cholesterol levels
and prevent future cardiovascular disease. This
characterizes the specimens from both grow stages
as very suitable for healthy diet with about three
times lower cholesterol amount compared to
RDA [10].

All analyzed samples are very good sources of
the three fat soluble vitamins (A, Dz and E).
Vitamin A and Ds contents in skin and muscle of
Rainbow trout in group | are close to the
recommendations for daily intake of those vitamins
in Bulgaria [10]. While results for the
corresponding vitamins in group Il were several
times higher than RDA.
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Table 1. Fat soluble analytes contents in raw skin and muscle of rainbow trout in two growth stages (mg.100g* ww)

Rainbow trout I* Rainbow trout I1*
Skin Muscle Skin Muscle
Vitamin A 0.43+0.019 0.31+0.017 1.62+0.24™" 1.26+0.21™
Vitamin D3 0.07+0.001 0.06+0.001 0.20+0.011™ 0.26+0.015™
Vitamin E 7.89+0.63 28.22+1.21 16.80£1.03™ 30.42+£2.72
B-carotene nd nd 0.2440.04 0.10+0.003
Cholesterol 66.65+7.92 46.13+4.81 75.65+6.25 47.32+4.30

* - Rainbow trout | - with weigh 300-400 g; Rainbow trout 11 - with weigh 700-900 g

*** n<0.001, ** p<0.01 and * p<0.05 groups I vs 1l

Data in Table 1 is in good agreement with those
published by other authors and our previous
studies [11]. Harlioglu presented close amount of
investigated compounds in rainbow trout fillet -
124 pgl100 gt ww for vitamin A,
13.2 pug-100 g* ww for vitamin Ds,
714 pg-100gtww  for  vitamin  E  and
40.2 mg-100 g* ww cholesterol [2].

Total lipid and fatty acid composition

Table 2 presents information for total lipid (TL,
g.1001g wet weight) content and FA profile as well
as the levels of saturated (SFA), monounsaturated
(MUFA) and polyunsaturated (PUFA) fatty acids in
the skin and muscle of the trout meat. PUFA/SFA
and ®-6/®w-3 ratios, EPA and DHA content
(9.100"g wet weight) are shown too. Both trout
groups presented 70.9% higher TL (group 1) and
159% (group II) in the skin compared to muscle
(p<0.001). One possible reason could be the
inclusion of subcutaneous adipose tissue fixed to
the skin in the analyzed samples. Our findings
shown that fat depot is not evenly distributed in
edible parts of analyzed trout. With increasing fish
weight presented results showed proportionally
increase of TL content mainly in skin, whereas in
muscle the inverse correlation was observed.
Rebole et al. (2015) reported similar results for skin
TL in farmed trout from Granada, Spain [3]. A
common practice to lower fat intake (especially
SFA) is to remove the skin, due to its higher TL
content. However, in this study it was found that
fish skin lipids contained higher unsaturated FA
than SFA (Table 2).

Presented results showed similar FA distribution
in muscle: PUFA>SFA>MUFA and in skin tissue:
MUFA>SFA>PUFA, despite fish weight. Most
significant differences between the muscle and skin
were found for MUFA — 4.2 times (group I) and 2.2
times (group I1) higher in skin compare to muscle.
The content of individual FAs varied between skin
and muscle samples in both analyzed groups. The
major SFAs in muscle and skin were C16:0 and
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C18:0 acids, but C16:0 content was significantly
higher in the skin (p<0.001) than in muscle. In this
study oleic (C18:1 ®-9) and linoleic acid
(C18:2 w-6) were found to be the dominant FAs in
the skin in both fish groups. One possible reason
for relatively higher levels of C18:2 ®-6 could be
due to the necessity of fish to retain some degree of
skin permeability - epidermal cell membranes
should be more fluid to facilitate transport.
Moreover, the predominance of C18:2 ®-6 in the
farmed fish lipids has been attributed to the
commercial diet where the major FA is C18:2 ©-6
[2]. These results agree with those reported by
Rebole et al., (2015), who observed a similar order
of the major unsaturated FA in the muscle and skin
of farmed rainbow trout form Spain [3]. In contrast,
other researchers found that C22:6 -3 followed by
C16:0 were the predominant FA in the skin of wild
Sardinella species from Senegalese coast [12]. This
is probably due to the use of different lipid sources
in the diet; however FA composition of the farmed
fish does not only depend on the feed, but on the
fish metabolism as well. As a whole, the growth
stage affects significantly (p > 0.05) C22:6 ©-3
(DHA) content in the fillet parts. In addition a
significant interaction (p<0.001) between fillet part
vs growth stage was detected. An increase in the
muscle and a decrease in the skin levels of DHA
with increased fish weight were observed.
Rebole et al, (2015) supposed that a possible reason
is the greater amount of triacylglycerol-rich storage
lipids deposited mainly in the skin. European Food
Safety Authority (EFSA, 2012) recommends daily
intake (RDI) of 0.500 g EPA + DHA [13]. The
percentage values of these FAs were recalculated to
g.100g* edible tissue in order to evaluate the
nutrition lipid quality based of m-3 PUFASs content.
A 100 g of edible filet portion from both analysed
groups contains average 0.660-0.700 g of
EPA+DHA ®-3 PUFA (Table 2) and provides
135% of EPA+DHA RDI.
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Table 2. Total lipid and fatty acid composition of total lipids in the skin and muscle from farmed rainbow trout

Rainbow trout I* Rainbow trout I1*

Skin Muscle Skin Muscle
Total lipid (g.100g)  5.64+0.40 3.3+£0.30 6.37+0.50 2.46+0.20
FA, % of total FA
6:0 0.80+0.07 0.70+0.05 0.70+0.06 0.40+0.03
8:0 1.00+0.08 0.53+0.02 0.90+0.05 0.80+0.04
10:0 1.30+0.10 0.70+0.03 0.90+0.06 0.74+0.03
12:0 1.70£0.15 0.93+0.05 1.30+0.11 1.50+0.15
14:0 2.10+0.22 1.00+0.07 1.87+0.20 1.75+0.12
16:0 22.00£1.10 20.00£1.00 23.40£1.25 17.52+0.80™"
18:0 5.55+0.40 7.50£0.60™ 7.30+0.55 3.40+0.30™"
20:0 1.00+0.07 0.25+0.01 0.60+0.03 0.50+0.01
21:0 0.15+0.01 0.10+0.01 0.20+0.01 0.10+0.01
22:0 0.60+0.02 0.20+0.01 0.70+0.03 0.30+0.02
23:0 Nd 0.15+0.01 0.10+0.01 0.34+0.02
24:0 0.55+0.02 0.30+0.02 0.45+0.02 0.22+0.01
SFA 36.65+2.50 32.38+2.20 38.50+2.40 27.57+2.00™
14:10-5 0.45+0.02 0.60+0.03 1.05+0.08 1.00+0.06
16:10-7 3.954+0.25 2.95+0.20 3.00+0.32 1.60+0.13™
18:10-9 31.10+2.50 3.50+0.30™" 34.00+2.40 14.54+1.05™
22:1m-11 1.16+0.08 1.10+0.07 0.25+0.01 0.26+0.02
24:1®-9 1.00+0.06 0.65+0.03 0.80+0.02 0.50+0.01
MUFA 37.69+2.20 8.85+0.55™" 39.10+2.60 17.90+1.55™"
18:30-6 0.90+0.04 1.80+0.20 1.20+0.07 1.00+0.08
18:3w-3 2.90+0.25 3.80+0.25™ nd 2.72+0.10™"
18:2m-6 12.50+1.10 20.25+1.55 13.73+0.30 14.45+0.55"
20:5w-3 1.00+0.04 7.95+0.50 5.20+0.25 4,70+0.20
20:40-6 0.70+0.02 3.90+0.28"™ Nd 4.36+0.15™"
20:3w-6 2.00+0.07 2.50+0.20 Nd 1.45+0.05
20:30-3 0.50+0.01 2.00+0.15 0.20+0.01 0.22+0.01
20:2m-6 0.40£0.01 0.70+0.06 Nd 0.75+0.02
22:60-3 4.00+0.30 14.87+0.95™ 1.45+0.06 24.08+2.05™"
22:2m-6 0.80+0.02 1.00+0.08 0.60+0.02 0.80+0.05
PUFA 25.70+1.70 58.77+2.50™" 22.38+1.65 54.53+2.45™"
®-3 8.40+0.55 28.62+£2.10™" 8.65+0.60 31.72+2.60™
©-6 17.30+1.10 30.15+2.50™" 15.53+1.50 22.81+1.70™"
®-6/®w-3 2.06+0.15 1.05+0.07 1.794+0.08 0.72+0.03
PUFA/SFA 0.70+0.03 1.82+0.10 0.58+0.02 1.98+0.15
EPA 0.055+0.002 0.238+0.020™"  0.320+0.022 0.110+0.005™"
DHA 0.220+0.015 0.455+0.030™"  0.090+0.004 0.550+0.050™"

* - Rainbow trout I - with weigh 300-400 g; Rainbow trout Il - with weigh 700-900 g
*** p<0.001, ** p<0.01 and * p<0.05 groups I vs 11
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PUFA/SFA and ®-3/0-6 ratios are indices widely
used to evaluate the nutritional quality of edible fat
for human consumption. According to Department
of Health (1994), PUFA/SFA ratio in human diets
should be above 0.45 and ®w-6/®-3 ratio should not
exceed 4.0 [13]. In this study w-6/®w-3 ratio was
between 2 — 2.5 times higher in the skin than in the
muscle in both groups, due to a greater content of
C18:2 -6 and smaller proportion of C22:6 ®-3 in
the lipid fraction of the skin. In addition our results
showed differences in the PUFA/SFA ratio. It was
2.6 — 3.4 times higher in the muscle than
PUFA/SFA ratio in the skin tissue for both fish
groups. In any case, o-6/w-3 PUFA and
PUFA/SFA ratios are within recommended levels
for a healthy diet. Moreover, the information
presented in this investigation confirms that the
public perception that fish skin is healthier is
justified.
CONCLUSIONS

In conclusion, despite its weight, rainbow trout
was characterized by high contents fat soluble
vitamins and low content of cholesterol in the skin
and in the muscle tissue. On the other hand, muscle
and skin exhibited different TL and fatty acid
composition. Muscle tissue contained significantly
higher levels of unsaturated ®-3 PUFA and lower
levels of lipids than the skin. Based on the
PUFA/SFA and ®-6/0w-3 PUFA ratios, the
nutritional quality of the muscle is better than that
of the skin. A 100 g of filet portion from both
analysed groups contains average 0.660-0.700 g of
EPA+DHA ®-3 PUFA and provides over than
130% of RDI. In any rate, it could be summarized
that farmed rainbow trout filets, with or without the
skin are rich sources of analysed fat soluble
nutrients. Moreover, the assessment of the quality
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and quantity of fat soluble components of

commercially important trout species could lead to

raising consumers’ awareness and help them make
better informed choices when choosing healthier
food.
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MACTHO-PA3TBOPUMU HYTPUEHTU U MACTHHN KUCEJIMHU B KOXXA 1 ®UJIE HA
KVJITUBUPAHA JABI'OBA ITbCTHPBA

I.A. lobpeBa, A. MepmxanoBa u JI. MakenoHcku
Kameopa no xumusa, @axynmem no ¢papmayus, MY-Bapua, 9000 Bapua, bvreapusa
Hocmwvnuna na 11 noemepu 2016 2.; npuema na 21 oexemepu 2016 2.
(Pesrome)

[peacTaBeHOTO M3CIEABAHE CPABHABA ChIBPIKAHMETO HA MACTHOPA3TBOPUMHU KOMIIOHEHTH B MYCKYJIHATA ThKaH U
KO’Kara Ha aeroBa mecThpia (Oncorhynchus mykiss W.), npenmer na akBakyntypa. ExzeMruisipure, npoGoHaOUpaHy B
JIBE TPYIHU CIOPE] TErJI0TO MM, Ca 3aKyleHH OT PUOHM THPrOBCKM OOCKTH BBHB BapHa. YcraHOBeHa e juiicara Ha
nHpopManus OTHOCHO Pa3IMKUTE MPU JAUETUYHUSI BHOC HA MacTHOPa3TBOPUMH OMOJIOTMYHO aKTUBHH BEIECTBA 4Ype3
KOHCyMalMsTa Ha (puIieTa OT IIbCThpBa — ¢ U Oe3 koxkaTta. Buramunu A, D3 u E, B-xapoTeH u xonectepoit ca CbBMECTHO
KOJIMUECTBEHO ompenenenu upe3 usnonzpane Ha BETX cuctema ¢ UV u FL netexropu. O0muTe TUNUAN ca U3BJICYEHH
OT pubOHATa MaTpuia Mo Merona Ha bmaiTt u Jlaep. AHAIM3BT HA METHUJIOBHTE €CTCPU HAa MACTHUTE KHCEIMHHU Oerie
u3BbpIeH 4pe3 m3non3BaHe Ha [ X/MJI. JlaHHUTE OT W3BBPIUICHUTE AaHAIW3W II0KAa3BaT, 4Ye OOIIOTO JIMITHIHO
ChIbpIKaHUE, KOJMYECTBOTO HA BUTaMHUH E ¥ XOJIECTepoJs, KaKTO M TOBa HA HACHTCHHUTE MACTHH KHCEIMHH Ca
3HAYUTEJHO MO-BUCOKU B KOXKATa, OTKOJKOTO B MYCKYJHATa ThKaH. [IpOTHBOMOMIOKHO — C MO-BHCOKO B MYCKyJlHATa
ThKaH ChIbpKaHue ce mpeactaBsaT ButamuHu A u Ds, eiiko3anentanoBa kucennHa (C20:5 ©-3) u moko3axexcaHoBa
kucenuna (C22:6 w-3).

Kniouoeu oymu: Oncorhynchus mykiss, sumamunu, kapomenouou, xonecmepon, IIHMK
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Constituent composition of Chenopodium botrys essential oil
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The volatile oils of Chenopodium botrys L. collected in six locations throughout Southern Bulgaria were obtained
by hydrodistillation and analyzed by GC/FID and GC/MS. In the essential oils from the aerial parts of C. botrys fifty
three components were identified. The chemical composition of investigated oils differed only quantitatively. Most of
the constituents were oxygenated sesquiterpenes (69.08%-84.83%). The dominant components in the oils were elemol
acetate (14.01%-26.32%), elemol (10.89%-18.15%), a-eudesmol (7.49%-17.84%), juniper camphor (3.58%-11.49%),
o-eudesmol acetate (5.28%-6.90%), a-chenopodiol (4.04%-6.40%). For first time in the essential oils of C. botrys

y-costol was identified.

Key words: Chenopodium botrys, essential oil, elemol, elemol acetate, y-costol

INTRODUCTION

Chenopodium  botrys L. is widespread
throughout Europe, West Asia and North America.
The plant has been used traditionally for medicinal
purposes. The essential oils isolated from aerial
parts of C. botrys collected from Southern Serbia
and Greece exhibited significant bactericidal and
fungicidal activity against selected strains of
microorganisms, viz. Staphylococcus aureus,
Bacillus subtilis, Escherichia coli, Pseudomonas
aeruginosa, Aspergillus niger, Candida albicans,
Sarcina lutea, Klebsiella pneumoniae, Salmonella
enteridis and Shigella flexneri [1, 2]. The C. botrys
essential oil from Saudi Arabia possessed
antimicrobial activity [3]. The alcoholic and
aqueous extracts of C. botrys from Iran were found
to have in-vitro giardicidal effect against Giardia
lamblia cysts [4]. The oil from the aerial part of
C. botrys collected from suburb of Kashan, Iran
exhibited strong antimicrobial activity against
Staphylococcus  saprophyticus ~ followed by
Klebsiella ~ pneumoniae, Bacillus  cereus,
Staphylococcus epidermidis, Streptococcus mutans,
Listeria monocytogenes and Salmonella
typhimurium. The oil had slight effect on Candida
albicans and showed inhibitory effect on
Aspergillus species and Bacillus subtilis [5].

The chemical composition of the essential oils
of C. botrys varied in amount and composition
according to the environmental conditions. C.
botrys of different origins yielded 0.08-2% essential
oil [6]. According to several studies, the essential
oils were rich in monoterpenes [7, 8] and
sesquiterpenes [2, 3, 5, 9, 10]. De Pascuale et al

* To whom all correspondence should be sent.
E-mail: dagnon@uni-plovdiv.bg

reported the isolation of sesquiterpenes of
eudesmane and guaiane type from methanol
extracts of C. botrys [11].

The sesquiterpenes a- and pS-eudesmol were
found to be the major compounds in essential oil
from Saudi Arabia [3]. The main components of
C. botrys oil from North America were a- and
f-chenopodiol  (36%), eudesma-3,11-dien-6a-ol
(9.4%), botrydiol (9.0%), elemol (6.5%), elemol
acetate (5.5%), y-eudesmol (5.4%), and «- and
S-eudesmol (3.7%); guaia-3,9-dien-11-ol
(7.4%) [10]. In the oil from Greece the main
components were elemol acetate (16.3%), elemol
(14.1%), botrydiol (11.1%), a-chenopodiol (9.5%)
and selina-3,11-dien-6a-0l (6.1 %) [2]. Juniper
camphor (16.5% and 25.7%), elemol (14.3% and
13.4%) and a-cadinol (8.2% and 11.6%), were the
main compounds in the oils from two different
locations in Iran [9]. C. botrys essential oil from
Kashan, Iran contained 2,3-dehydro-4-oxo-f-
lonone (22.4%), (+)-7-epi-amiteol (11.5%), elemol
(7.4%), a-cadinol (7.0%) and tau-cadinol (7.0%)
[5]. Major components of the essential oil of
C. botrys collected in North of Iran were y-terpineol
(52.8%), p-cymene (19.0%) and iso-ascaridole
(7.0%) [6]. Ascaridole (7.5% and 40%) was
identified in C. botrys oils collected in Spain and
Slovakia, respectively [8]. In Israel (Negev Desert)
a-terpinene  (21.4%), p-cymene  (15.2%),
E-caryophyllene (6.5%), limonene (6.1%) were
identified as major components [8]. 2-(4a.8-
dimethyl-1.2.3.4.440.5.6.7-octahydro-naphthalen-2-
yl)-prop-2-en-1-ol (27.9%) was the main compound
in the essential oil of C. botrys, growing in
Turkey [12].

In the present paper, the chemical composition
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of the oils obtained from the aerial parts of
C. botrys harvested in six locations throughout
Southern Bulgaria was examined.

EXPERIMENTAL

Plant material

The specimens of C. botrys were collected in six
locations of Southern Bulgaria: Balkan Mountain
(Shipka town), Plovdiv, Kaloyanovo, Rogosh,
Ustina and Rodopa Mountain (Krichim town). The
plants were collected in August, consecutively in
2012 and 2013 years, at full flowering stage. The
plant material was identified by means of voucher
specimens (05269 and 05271) by Assoc. Prof.
Koicho Koev PhD (Faculty of Biology, Plovdiv
University, Bulgaria). The voucher specimens were
deposited in the herbarium of Agricultural
University - Plovdiv. The aerial parts of the plants
were dried at room temperature in the absence of
direct sunlight. The dry material was further ground
to powder and was packed into multilayer paper
bags, and stored in a dark room at ambient
temperature.

Isolation of essential oils

The dry powdered plant material (100 g) was
subjected to hydrodistillation through a Clevenger-
type apparatus for 4 h. The oil was dried on
anhydrous Na;SOs and kept in a cold and dark
place until use.

GC —FID analysis

The Agilent 7890 GC-FID  (Agilent
Technologies, CA, USA) was equipped with
capillary column HP-5 Agilent Technologies, CA,
USA, 30 m x 0.32 mm i.d., film thickness 0.25 um
was used. The injector and detector temperatures
were set at 200°C and 300°C, respectively. The
column was set at 50°C for 5 min and the
temperature was increased with 5°C /min to 180°C,
from 180°C with 7°C /min to 230°C. The carrier
gas was nitrogen at a flow rate of 1 ml/min. The
split ratio was 100:1 and the injection volume was
0.2 ul.

The quantitative analysis (expressed in percent)
was calculated by peak area normalization.

GC/MS analysis

GC/MS analysis was carried out using Agilent
7890 GC system combined with Agilent 5975 Inert
MSD detector (quadrupole) with electron impact
ionization (70 eV). A HP-5-MS column (30 m X

0.25 mm i.d., film thickness 0.25 um) Agilent
Technologies, CA, USA was used. The column was
set at the same temperature program used in the
GC-FID analysis. Scan time and mass range were
2 s and 50-550 m/z, respectively. The carrier gas
was helium at a flow rate 1 ml/min. Samples were
injected with a split ratio of 70:1 and 100:1 and the
injection volume was 0.2 pl.

Identification of the compounds

Identification of the volatile constituents was
established by comparison of recorded mass spectra
with those of a computer library NIST 08 database
(National Institute of Standardization and
Technology, Gaithersburg, MD, USA) and with
those of authentic compounds. Peaks identity was
confirmed by referring to Kovats index data
generated from a series of alkanes (relative to Ce—
C» alkanes) and with the data published in the
literature [13].

RESULTS AND DISCUSSION

The essential oils obtained from aerial parts of
C. botrys were analyzed by GC/FID and GC/MS.
Representative chromatographic profile of C.
botrys essential oils is shown on Figure 1. The GC
conditions led to a good separation of all
components of the oils (Figure 1).

The chemical composition of investigated oils
differed only quantitatively. The yield of oils of C.
botrys from six different locations of Southern
Bulgaria and two consecutive harvests ranged from
0.33% to 1.3% (v/w on dry weight basis) (Table 1).

These data point to lower yield, comparing to
the vyield of essential oils obtained in Greece
(1.79%) [2] and Saudi Arabia (2%) [3]. In the
essential oils from C. botrys fifty-three compounds
were identified representing 86.24% to 100% of the
total oil. Among these, 69.08%-84.83% belong to
the class of oxygenated sesquiterpenes. The high
content of oxygenated sesquiterpenes is consistent
with the data on the oil composition from North
America, Greece and Iran [2, 9, 10].

The main components (%) of the C. botrys oils
from Southern Bulgaria were elemol acetate (14.01-
26.32), elemol (10.89-18.15), a-eudesmol (7.49-
17.84), juniper camphor (3,58-11,49), a-eudesmol
acetate (5.28-6.90) and a-chenopodiol (4.04-6.40)
(Table 1, Figure 2).

125



D. Bojilov et al.: “Constituent composition of Chenopodium botrys essential oil ”

- i §j
3 BB

20 298

1 | e RE ]
—— 2TTES
il
mneTe
ERE- -
3335

=, i ;: 2 QE . E
100 . : 5 i j| % § 2l ‘ #
2 =dl & = &
a . : 3 % ﬂ -% v |l ® -Iﬁlw L. . LJU"L ‘ - :
: §: g : F LT |
[PV NIV WYY P DAY S — S— n‘w.il._.-ﬁf--"*"‘fﬂr | J‘l”‘ v ~--J'|-w'|r'-mUL~ﬁ._
L] L] wn ] M s

Figure 1. Representative chromatographic profile of essential oils of C. botrys.

Table 1. Chemical composition of essential oils of C. botrys. Total number of components, content obtained by
normalization [%], yield [% v/w]. RI is retention index relative to Cs — C22 n-alkanes on the HP-5MS column, MS-
comparison of mass spectra with those listed in the NIST 08, tr = traces (< 0.1%).

C. botrys from different locations of Bulgaria, %

Compounds RI

Sh-12 K-12 Kr-12 PI-13 U-13 R-13
Bornylene 893 tr tr tr tr tr tr
a-Pinene 908 tr tr tr tr tr tr
S-Pinene 925 tr tr tr tr tr tr
a-Fenchene 939 tr tr tr tr tr tr
Camphene 941 tr tr tr tr tr 0.64
2,3-Dehydro-1,8-cineole 988 tr tr tr tr tr tr
Myrcene 990 0.83 251 8.49 0.14 0.52 7.89
a-Limonene 1030 0.11 0.34 tr tr tr 0.83
y-Terpinene 1062 tr tr tr tr tr tr
(2)-Sabinene hydrate 1072 tr tr tr tr tr tr
Fenchone 1091 0.23 0.42 tr 0.15 0.23 1.12
exo-Fenchol 1117 tr tr tr tr tr tr
cis-p-Terpineol 1126 0.43 0.77 tr 0.47 0.60 1.72
Terpinol hydrate 1139 tr tr tr tr tr tr
p-Menth-2-en-1-ol 1145 tr tr tr tr tr tr
trans-dehydro-a-Terpineol 1148 tr tr tr tr tr tr
Borneol 1169 tr tr tr tr tr tr
Terpinen-4-ol 1180 0.12 0.20 tr tr tr tr
3,9-Epoxy-1-p-menthene 1187 tr tr tr tr tr tr
a-Terpineol 1193 0.14 0.21 tr tr 0.15 tr
cis-Piperitol 1198 tr tr tr tr tr tr
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Table 1. Continued.

C. botrys from different locations of Bulgaria, %

Compounds RI

Sh-12 K-12 Kr-12 PI-13 U-13 R-13
p-Menth-1-en-9-ol 1311 0.33 0.43 7.11 0.15 0.19 tr
a-Copaene 1380 tr tr tr tr tr tr
p-Elemene 1395 1.20 1.16 5.09 0.88 1.34 1.39
a-Gurjunene 1414 tr tr tr tr tr tr
p-Caryophyllene 1425 0.63 1.37 4.70 0.78 0.98 1.27
a-Humulene 1460 0.14 0.31 tr 0.18 0.20 tr
Z-Caryophyllene 1475 tr tr tr tr tr tr
Germacrene D 1488 tr tr tr tr tr tr
S-Selinene 1494 0.21 0.23 tr 0.14 0.14 tr
a-Selinene 1503 0.26 0.31 tr 0.22 0.28 tr
a-Muurolene 1508 tr tr tr tr tr tr
Germacrene A 1515 1.02 2.59 5.54 2.17 247 2.82
y-Cadinene 1521 0.32 0.41 tr 0.28 0.40 tr
o-Cadinene 1530 0.52 0.59 tr 0.61 0.77 0.74
o-Copaen-11-ol 1545 0.51 0.42 tr 0.26 0.32 tr
o-Calacorene 1551 tr tr tr tr tr tr
Elemol 1560 13.53 10.89 18.15 1295 1480 15.15
Caryophylene oxide 1583 0.60 1.00 tr 0.97 0.88 1.07
y-Eudesmol 1644 1.76 1.30 tr 1.00 1.12 1.00
y-Costol 1653 4.22 4.35 tr 4.76 2.94 2.56
a-Eudesmol 1671 17.56 17.84 7.49 1492 1310 1295
Elemol acetate 1693 16.77 14.01 26.32 1895 19.25  14.42
Juniper camphor 1713 6.05 3.92 11.49 3.58 5.27 4,72
Guaiol acetate 1735 0.45 0.87 tr 0.76 1.49 1.16
Hinesol acetate 1787 0.57 0.65 tr 0.70 0.68 0.60
a-Eudesmol acetate 1799 5.58 6.07 5.63 6.90 5.70 5.28
B-Chenopodiol 1830 4.07 2.65 tr 3.09 3.52 2.45
a-Chenopodiol 1876 6.34 4.04 tr 6.00 6.40 4.73
S-Chenopodiol-6-acetate 1904 1.43 1.47 tr 1.40 1.25 1.05
Acetoxyeudesman-4-a-ol-11 1957 0.61 0.60 tr 0.77 0.67 0.66
a-Chenopodiol-6-acetate 1977 4.78 431 tr 5.72 451 3.89
n-Heneicosane 2087 tr tr tr tr tr tr
Total compounds 53 53 53 53 53 53
Yield, % (v/iw) 0.6 0.6 0.33 0.68 1 1.3
Total identified, % 91.32 86.24 100.00 88.9 90.17  90.11
Monoterpenes, % 0.94 2.85 8.49 0.14 0.52 9.36
Oxygenated monoterpenes,% 1.25 2.03 7.11 0.77 1.17 2.84
Sesquiterpenes, % 4.3 6.97 15.33 5.26 6.58 6.22
Oxygenated sesquiterpenes, % 84.83 74.39 69.08 82.73 81.9 71.69

Sh-Shipka, K-Kaloyanovo, Kr-Krichim, PI-Plovdiv, U-Ustina, R-Rogosh
12 and 13 - Harvest in two consecutive years 2012 and 2013, respectively
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Figure 2. Content (%) of the main components in C.
botrys essential oils

This composition of oils is close to the data
reported for the essential oil from Greece [2].
Elemol acetate was not found in the essential oil
from Iran [5,9]. Thus, there are significant
differences in the qualitative composition of the
essential oil of C. botrys from different
geographical locations. The essential oil from
Greece and North America contained botridiol
[2,10], from Iran 2,3-dehydro-4-oxo-f-lonone and
(+)-7-epi-amiteol [5]. These compounds were not
found in the investigated essential oils from
Southern Bulgaria. In all oils y-costol was
identified, which has not been reported by other
authors. The components y-costol, a- and
p-chenopodiol, a- and S-chenopodiol-6-acetate in
the oil from Krichim (Kr-12) were in trace amounts
(Table 1). Nevertheless, the content of oxygenated
sesquiterpenes in this oil is lower than 70%, the
content of elemol acetate (26.32%) and elemol
(18.15%) is the highest, comparing to others
(Figure 2). Carroll et al. tested oil rich in elemol
against mites Ixodes scapularis and Amblyomma
americanum and have found that about 2-4 hours
oil repel mites over 50% [14].

CONCLUSION

The chemical composition of essential oils of
C. botrys from six different locations of Southern
Bulgaria in two consecutive harvests differed only
guantitatively. The oil is rich in elemol and elemol
acetate. For first time in the essential oil of
C. botrys y-costol was identified.

Acknowledgment: The financial support from the
Fund of Scientific Research of the Plovdiv
University, project HHI5-X®-001 is gratefully
acknowledged.
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CBbCTAB HA ETEPUYHOTO MACJIO OT Chenopodium botrys

1. Boxuios, C. lanso , 1. MiBaHOB

Inogouscku Yuusepcumem ,, Iaucuii Xunenoapcku”, Kameopa Opeanuuna xumus,
ya. Lap Acen, 24, 4000 I1nosous

Hocmovnuna na 11 noemepu 2016 2.; npuema na 1 snyapu 2017 2.
(Pesrome)

Eteprunoro macio or Chenopodium botrys L., cebupan ot mect paiiona mHa IOxwua Boarapus, Gere
moJTydeHo upe3 xuapoaectmnanys u anammsupano ¢ [ X/ITN u I'X/MC. B erepuunuTe Macia OT Ha3eMHATa
gact Ha C. botrys 0Osxa wumeHTHOUIHpPAHH TETASCET W TPH ChEAWHEHHSA. XHUMHYHHUSAT CBHCTaB Ha
W3CIIE[IBAHUTE Maclla Ce pa3iniyaBa caMO KOJMYECTBeHO. B cbhcTaBa Ha MacioTo mpobiazaBaT
ceckButeprieHonau (69.08%-84.83%). OCHOBHUTE KOMIIOHEHTH Ha eTepuyHOoTO Macio or C. botrys ca
enemonaretat (14.01%-26.32%), enemon (10.89%-18.15%), a-eynesmon (7.49%-17.84%), xBOWHOB Kamdop
(3.58%-11.49%), a-eyne3mon anerat (5.28%-6.90%), a-xenonoauon (4.04%-6.40%). B erepudHoTO Macio
ot C. botrys 3a mbpBu BT Getiie HaAECHTUGHIUPAH Y-KOCTOJ.

Kniouoeu oymu: Chenopodium botrys, emepuuno macno, enemon, enemon ayemam, y-kocmoi
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In this research purification of lipase from Aspergillus carbonarius NRRL369 by aqueous two-phase system (ATPS)
was studied. Binodal curves of PEG 400/potassium phosphate and PEG 4000/potassium phosphate were developed and
appropriate concentrations of the two components were chosen for examination of the purification process. For all
ATPS some thermodynamic parameters were calculated to describe the process. Purification of lipase by different
ATPSs was tested. It was noticed that increasing of molecular weight of PEG leads to increasing of purification factor
of lipase. The results revealed that for lipase purification an ATPS 24% PEG4000/15% potassium phosphate was the
most suitable. By using this ATPS high purification factor (10.18) and lipase yield (90.68%) were achieved. Addition of
NaCl affects lipase purification. Including 6% NaCl in ATPS 24% PEG4000/15% potassium phosphate increasesthe
purification factor from 10.18 to 14.08 and final lipase yield 88.81% was achieved.

Keywords: lipase, purification, aqueous two-phase system, Asp. carbonarius

INTRODUCTION

Lipases (triglycerol acyl-hydrolases
E.C.3.1.1.3) are enzymes that catalyze the
hydrolysis of water insoluble triglycerides to di and
monoacylglycerides, free fatty acids and glycerol.
Lipases catalyze also the reverse reactions of
esterification and transesterification in organic
solvent medium [1-3]. Because of the high number
of reactions catalyzed by these enzymes, lipases
have widespread application in many industries
including organic synthesis, paper manufacturing,
oleochemistry, dairy, cosmetics, biosensors, and
detergents [4].

The main procedure for lipase production is
fermentative process of microbial producers.
Fungus are preferred sources for lipase production
because the enzyme is extracellular which facilitate
the technological scheme [4, 5].

Development of specific methods for lipase
purification is important because highly purified
enzymes are able to be applied in medicine and
analytical chemistry also that gives opportunity the
mechanism of action to be studied [6].The aqueous
two-phase system (ATPS) technique is an ideal

* To whom all correspondence should be sent.
E-mail: angelovatina84@yahoo.com

method for protein separation and purification,
because it is fast and economical. The processes are
easy to implement because the clarification,
concentration and partial purification of the target
product can be carried out in one step [7]. This
system, consisting of two liquid phases that are
immiscible beyond a critical concentration, has
high selectivity and recovery yield of biomolecules.
That makes the ATPS possible strategy for
purification of a desired protein (including enzymes
as lipases) in large-scale. The ATPSs that are
currently in  use are wusually based on,
polymer/polymer system (polyethylene glycol
(PEG)/dextran), or polymer/salt system
(PEG/potassium phosphate).  The partition of
proteins in the ATPS is influenced by many factors,
such as protein properties (e.g. hydrophobicity,
molecular size, weight and conformation, net
electrical charge), type and concentration of salts,
polymer molecular mass and environmental
conditions [8].

In the present study, the partitioning behavior of
lipase in various PEG/potassium phosphate ATPSs
and the feasibility of utilizing these systems for
purification of lipase produced from Aspergilus
carbonarius NRRL369 was investigated.

130 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Microorganism and lipase production

A strain of Aspergillus carbonarius NRRL369
from ARS Culture Collection was used for lipase
biosynthesis. Storage of the strain and inoculum
preparation were accomplished as described by
Dobrev et al. [9]. Submerged cultivation of the
strain was performed in 500-mL Erlenmeyer flasks,
containing 50 mL nutrient medium
containing (g/L): rapeseed oil 20.0, meat extract
5.6, MgSO, 1.0, KH;PO4 4.0 and Tween 80 20.0.
After sterilization the medium was inoculated with
5.0 mL inoculum and the strain was grown at 27°C
for 64 h with a 180 rpm rotary shaking.

Lipase activity assay

Lipase activity was determined by titrimetry
using olive oil emulsion (25 mL of olive oil and
75 mL of 7% Arabic gum in a homogenizer for
2 min). The reaction mixture containing 2 mL of
olive oil emulsion, 2 mL of phosphate buffer with
pH 6.0, and 1 mL of enzyme was incubated at
35°C for 20 min. The reaction was immediately
stopped after the incubation period by the addition
of 7 mL acetone : ethanol mixture (1:1 v/v), and the
released free fatty acids were titrated with 50
mM NaOH. One unit (U) of lipase activity was
defined as the amount that released 1 pmol of fatty
acid per min [10].

Protein assay

Protein concentration was measured by the
method of Bradford [11].

Phase diagrams and APTS preparation

The binodal curves were estimated using
turbidometric titration [12].

All ATPS were prepared in 15 mL graduated
centrifuge tubes. To study the effects of
PEG molecular weight and salt concentration on the
partitioning of lipase from the cell-free
fermentation broth, different concentrations of
PEG (400, 4000) and 40% phosphate salts
(K2HPO4/KH2PO,) were mixed. The tubes were
shaken on vortex for 2 min, followed by
centrifugation for 20 min at 4000 rpm to assist
phase separation.

After phase separation and visual estimation of
the top and bottom phases, the volumes of the
phases were used to estimate the volume ratio. The
samples of the top and bottom phases were
carefully withdrawn. Aliquots from each phase
were analyzed to determine the enzyme activity and
protein concentration [13].

Determination of selectivity, purification factor and
yield
The protein partition coefficient (Kp) in the
ATPS was defined as:

Kp = Cp,t/cp,b (1)

where Cp; and Cpp are the concentrations of
protein in the top and bottom phases.

The partition coefficient for lipase activity (Ke)
in the ATPS was calculated:

Ke=At/Ap )

where A: and Ay are the enzyme activity in the
top and bottom phases.

Yield (Y, %) of lipase in the top phase was also
calculated:
0/ 100
Y/o_((VrKe)‘i +1) 3)

where Vr is the volume ratio of the top phase to
the bottom phase (V¢/Vy).

Selectivity (S) was calculated as:

_Ke _ AcCpp

$= Kp  ApCpq “)

The purification factor in the top phase (PFiop)
was defined as:

PFop = SA/SA; ®)
where SA: and SA; are the specific activities in

the top phase and the crude enzyme, respectively.
Also, the specific activity (SA) represents the ratio:

A
SA = < (6)
where A and C, are the enzyme activity and the
total protein [13].
Thermodynamic parameters of ATPS

The enthalpy change (AH) was calculated by
van Hoff’s equation (7), free energy of Gibbs
change (AG) and the entropy change (AS) were

calculated using  classical  thermodynamic
equations (8, 9) [13]:

_ _AH 1, AS
InKe = —— X -+ — (7
AG = AH — TAS (8)
AG = —RTInK, 9)

SDS-PAGE electrophoresis

SDS-PAGE was performed in a Cleaver
Scientific Ltd; OmniPAGE Electrophoresis System
CVS10DSYS, at 20 mA using a method described
by Laemmli [14]. The acrylamide gel was prepared
as a 15% resolving gel. Protein samples recovered
from the top phase were concentrated and
precipitated using 10% trichloroacetic acid (TCA)
solution, which removed the salts that affect the
electrophoresis process. The gel was stained with a
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buffer solution consisting of 0.2%

Coomassie® Brilliant Blue G-250.
RESULTS AND DISCUSSION

Phase diagrams for PEG/potassium phosphate
systems
PEG/potassium phosphate APTSs were formed
by PEG 400 and PEG 4000 and potassium
phosphate. Single phase and two-phase systems
were separated by the binodal curves. Two phases

(viv)

were formed above the binodal curve (Fig.1). As
the compositions of ATPS below the binodal curve,
the  system  becomes  homogenous. The
concentration of PEG and salt solution required for
formation of ATPSs decrease, when PEG with high
molecular weight (PEG 4000) was used. The
concept of stability ratio was applied to select
appropriate APTS.

2 50,0 - 300 1
= 400 - § 250 1
X 300 - NS 200 1
d i d 15,0 7
g 200 : § 10,0 -
0 10,0 ® 50 -
00 T T T T " & 0,0 T . )
0,0 50 10,0 15,0 20,0 25,0 0,0 5,0 10,0 15,0
Potassium phosphate, % (w/w) Potassium phosphate, % (w/w)
a.
Fig. 1. Phase diagrams for PEG/potassium phosphate ATPSs: a. PEG 400, b. PEG 4000
Table 1. Characteristics of ATPSs PEG 400/potassium phosphate
Potassium AG AH TAS
0 b 9 b
PEG,% phosphate,% Rv Ke Kp S kJ/mol kJ/mol kJ/mol
22 15 8.10 133.30 0.14 952.14 -12.12 -22.60 -10.48
24 15 3.58 50.00 0.07 714.29 -9.69 -21.60 -11.86
26 15 3.65 5.00 0.09 55.56 -3.98 -19.10 -15.08
28 15 4.29 4.00 0.06 66.67 -3.43 -18.80 -15.40
22 17 2.80 1.40 0.29 4.83 -0.83 -17.70 -16.87
24 17 2.33 0.37 0.18 2.06 2.33 -16.32 -18.66
26 17 2.20 0.39 0.22 1.77 2.46 -16.27 -18.73
28 17 2.82 2.40 0.19 12.63 -2.16 -18.28 -16.11
22 19 1.83 1.40 0.38 3.68 -0.83 -17.70 -16.87
24 19 1.89 0.62 0.16 3.88 1.18 -16.82 -18.01
26 19 1.93 9.00 0.18 50.00 -5.44 -19.70 -14.26
Table 2. Characteristics of ATPSs PEG 4000/potassium phosphate
Potassium AG AH TAS
0, > ) s
PEG% phosphate,% Rv Ke Kp S kJ/mol kJ/mol kJ/mol
20 15 1.94 10.00 0.10 100.00 -5.70 -19.82 -14.11
22 15 2.44 6.00 0.10 60.00 -3.99 -19.07 -15.08
24 15 1.46 6.67 0.04 166.75 -4.71 -19.38 -14.67
26 15 1.62 5.00 0.04 125.00 -3.99 -19.07 -15.08
20 17 1.37 11.00 2.53 4.35 -5.94 -19.92 -13.97
22 17 1.42 8.33 0.91 9.15 -5.25 -19.62 -14.36
24 17 1.79 26.00 0.59 44.07 -8.07 -20.84 -12.77
26 17 1.97 11.50 0.45 25.56 -6.05 -19.97 -13.91
20 19 1.18 15.00 0.06 250.00 -6.71 -20.25 -13.54
22 19 1.29 6.50 0.07 92.86 -4.64 -19.35 -14.71
24 19 1.43 3.67 0.22 16.68 -3.22 -18.69 -15.46
26 19 1.74 5.00 0.03 166.67 -3.99 -19.07 -15.08
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Fig. 2. Lipase purification with ATPS: a. PEG 400/15% potassium phosphate, b. PEG 400/17% potassium phosphate, c.

PEG 400/19% potassium phosphate

Purification of lipase using ATPSs

PEG molecular weight can have an important
role on the partition behavior of proteins. Enzymes
were extracted by the polymer phase because of the
polymer—protein interactions, while the
accompanying proteins remained in the salt phase.
Table 1 shows the main characteristics of lipase
purification in PEG 400/potassium phosphate
ATPS.

The partition coefficients of the enzyme (Ke)
were found to be higher than | in most of the
systems, indicating that the lipase is accumulated in
the top phase. The partition coefficient of the
protein (Kp) is around 1 or less than 1, which shows
that the most of the protein is in the bottom phase.
That is a prerequisite for a high selectivity of the
ATPSs and purification of the enzyme.

The volume ratio (Ry) has values higher than 1
which indicates that the top phase has a higher
volume than the bottom phase. Increase of the
potassium phosphate concentration led to decrease
of the Rv.

Changes of some thermodynamic parameters —
enthalpy (AH), entropy (AS) and the free Gibbs
energy (AG) of the systems were calculated which
are characteristics of the stability of the systems.
Free Gibbs energy (AG) has negative values in
most of the cases which indicates that the partition
of the enzyme in the top phase is a spontaneous
process.Values of the change in the enthalpy (AH)
and the entropy (AS) reveal that the process was
exothermic.

On Fig. 2 lipase yield and purification factor in
the top phases of ATPSs with different
concentrations of PEG 400 and potassium

phosphateare presented. As seen from the chart the
highest purification factor was achieved with
ATPS 22% PEG 400/17% potassium phosphate.
The purification factor was about 3.00 but the yield
was lower — about 75%. Highest yield was achieved
with 15% potassium phosphate but the purification
factor was about 1.00.

Purification of lipase from Aspergillus
carbonarius NRRL369 with ATPS
PEG 4000/potassium phosphate was also examined.
As seen from Table 2 in all of the ATPSs with
PEG 4000 Ke was higher than 1 and K, was less
than 1. That resulted in high selectivity of the
systems (mostly between 25 and 250).

It can also be noticed that the purification factor
of the enzyme was much higher when using PEG
4000 (reached 10.18) for ATPSs than when using
PEG 400 (up to 2.9). That means that PEG 4000
was more effective for lipase purification than
PEG 400. Barbosa et al. also confirmed that the
increase of the molecular mass of PEG leads to
increase of the efficiency of the process [13].

In most cases Ry had values between 1 and 2.

As seen from the thermodynamic parameters
lipase partition was spontaneous exothermic
process. Negative values of the free Gibs energy
revealed that systems were more stable than the
ATPSs with PEG 400.

On Fig. 3 protein purification and lipase yield
for some ATPSs PEG 4000/potassium phosphate
with  different concentrations of the two
components are shown. As seen from the chart
when PEG 4000 was used most of the ATPSs
resulted in a purification factor higher than 1.
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Fig. 3. Lipase purification with ATPS: a. PEG 4000/15% potassium phosphate, b. PEG 4000/17% potassium phosphate,

c. PEG 4000/17% potassium phosphate

Table 3. Characteristics of ATPS 24% PEG 4000/15% potassium phosphate/NaCl

NaCl,% Ry K. Ky S AG.Kl/mol  AHkI/mol | [0
mol
0 1.46 6.67 0.04 166.75 -4.70 -19.82 -15.12
2 1.36 5.00 0.06 83.33 -3.99 -19.07 -15.08
4 1.22 4.00 0.10 40.00 -3.44 -19.39 -15.95
6 1.13 7.00 0.04 175.00 -4.82 -19.07 -14.25
The highest purification factor (10.18) was The results for the influence of NaCl on ATPSs

achieved with ATPS 24% PEG 4000/15%
potassium phosphate. In this case lipase yield was
also high — 90.68%. Because of that this ATPS was
chosen for further experiments.

Effect of neutral salts on lipase partitioning

Addition of neutral salts to aqueous solutions
provides one of the versatile means by which the
selectivity and the yield of target molecules can be
manipulated [15]. Changes in the salt type often
produce an electrical potential difference between
the two phases caused by the preference of one of
the ions for one phase relative to the other. The
effects of neutral salt were shown in Table 3 and
Fig. 4. The APTS with composition 24% PEG
4000/15% potassium phosphate was carried out
with NaCl salt at concentration 2%, 4%, 6%, 8%.

100
14

12
10

Purification factor

O N M O

NaCl, %

== Yield, %
—e— Purification factor

Fig. 4. Lipase purification with ATPS
24%PEG 4000/15% potassium phosphate/NaCl
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24% PEG 4000/15% potassium phosphate shows
that with the increase of the salt concentration to
6% Ry decreased to 1.13. With this concentration of
the NaCl increase of the K. was achieved while K,
had the same value. Because of that selectivity in
the top phase was also increased.

As seen from the negative values of
thermodynamic parameters the process was
spontaneous and exothermic. Higher negative value
of the free Gibbs energy when 6% NaCl was added
shows that this system was more stable than the
others.

When the concentration of NaCl was higher than
6% that led to crystallization of the salts and
inconclusive results.

As seen from Fig. 4 with the increase of the
NaCl concentration up to 4.0% the purification
factor and lipase yield decreased from 10 to 4. The
highest purification factor (14.08) was achieved
when 6% NaCl was added to the system (ATPS
24% PEG 4000/ 15% potassium phosphate). In this
case lipase yield was 88.81 which was relatively
high. With increasing of NaCl concentration above
6% a decrease of the purification factor (12.07) and
low lipase yield (14.73%) was achieved. A possible
reason for this decrease is crystallization of the salts
observed in these conditions.
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Fig. 5. SDS-PAGE electrophoresis of lipase from A.
carbonarius: A. Protein markers, B. Cultural broth. C.
Lipase from top phase of ATPS 24%PEG
4000/15%potassium phosphate/6%NaCl

As a result of this study an ATPS 24% PEG
4000/15% potassium phosphate/6% NaCl was
chosen for optimal lipase purification and SDS-
PAGE electrophoresis was performed (Fig. 5). As
seen from the SDS-PAGE only two protein bands
were isolated (Mm 100 and 250 kDa) which are
possible to be multiple forms of lipase. Compared
with the cultural broth (B) by using this ATPS, high
purification was achieved.

CONCLUSION

ATPS is an easy, fast and effective method for
purification of different biomolecules including
enzymes. In this study purification of lipase from
Aspergillus carbonarius NRRL369 was performed
by using PEG/potassium phosphate ATPS. It was
noticed that increasing of molecular weight of PEG
leads to increasing of purification factor of lipase.
As a result an ATPS 24%PEG 4000/15% potassium
phosphate/6% NaCl was chosen because of the high
purification  factor  (14.08) and lipase
yield (88.81%).
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IMPEUMCTBAHE HA JIMITA3A OT Aspergillus carbonarius NRRL369 C JIBY®A3HU
BOJHU CUCTEMU ITOJMETUIIEH I''TUKOJI/KAJTUEB ®OCDAT

X_H. Ianaiiorosa'™, X.H. Crpunckal, B.J]. 'annosa?,
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oyn. ,,Mapuya“ 26, I[Tnoeous 4002, Fvacapus, E-mail: angelovatina84@yahoo.com

2Kameopa neopzanuyuna xumus u usuxoxumus, Ynusepcumem no XxpaHumenni mexHono2uu,
oyn. ,,Mapuya“ 26, ep. I[Inosous 4002, Pvreapus
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oyn. ,,Mapuya“ 26, ep. I1nogoue 4002, Bvaeapus

Tocmwvnuna na 2 noemepu 2016 2.; npuema na 23 oexemepu 2016 2.

(Pesrome)

WscnenBano e mpeuncTBanero Ha yumasza ot Aspergillus carbonarius NRRL369 ¢ aBydasHo BOAHH CHCTEMH.
[ocTpoenu ca OuHonanHuTe KpuBH Ha ABy¢asHu BomHu cucremu IIEI' 400/xamueB docdar u IIEI 4000/xanueB
¢docdar u ca n3dpaHN MOIXOMAIIN KOHIICHTPAIIMH HA JBaTa KOMIIOHEHTA 3a M3CJCIBaHEe HA Mpolleca Ha MPEUYHCTBAHE.
3a Bcuuku ABy(a3HU BOJHM CHCTEMH Ca W3YHCICHH TCPMOTUHAMUYHHTE MapaMEeTpH, 3a Jia Ce OIMUIIAT MPOIECHTE.
W3cnenBaHo € MpeUMCTBAHETO HA JIUTA3a C Pa3InYHU ABY()a3HN BOAHU CHCTEMH. Y CTAHOBCHO €, Y€ IOBUINABAHETO Ha
MornekynHata Maca Ha [1IET” Boau 10 moBWIIaBaHe CTENICHTA Ha MPEYHCTBAHE HA JMMa3ara. PesynraTute MOKasBat, ye
Hali-moIXo/AsIIa 3a MPEYNCTBAHETO Ha JIHMIa3a ¢ ABy¢a3Ha BomHa cucteMa che cbeTaB 24% IIEL 4000/15% xamues
¢docdat. [locturHat e nob6uB Ha nunasza 90.68% u crenen Ha npeunctBane 10.18 mpTH. JobaBsaeto Ha 6% NaCl kpm
nByhaszHa BonHa cucteMa che cberaB 24% IIET" 4000/15% kamueB ¢ocdaT moBuilaBa CTCICHTa HA MPEYHCTBAHE 10

14.08 mbTH, KaTO KpaitHus go6uB ¢ 88.81%.

Knouoeu oymu: unasa, npevucmeane, osygpasznu cucmemu, Asp. Carbonarius
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Isolation and purification of lipase with ultrafiltration, fractional precipitation with (NH4)2SQO,, organic solvents and
PEG 400 of culture broth containing lipase from Rhizopus arrhizus was investigated. By using polyacrylonitrile
membranes with different size of pores (10-100 kDa) low yields of lipase activity were achieved. A possible reason was
adsorption of the protein molecules on the membranes. During fractional precipitation with 60% (NH4).SO4 purification
fold 1.3 and lipase yield about 80% were reached. Fractional precipitation with ethanol, acetone and isopropanol led to
inactivation of the enzyme which was the reason for the low purification factor. Probably the low yields were occurred
due to the polarity of the medium because in these conditions dielectric constant remained constant — 1.83. The highest
lipase yield (95%) and purification factor (3.5-fold) were accomplished by fractional precipitation with 60% PEG 400.

In this case dielectric constant of the medium was 1.97.

Keywords: lipase, purification, ultrafiltration, fractional precipitation, dielectric constant

INTRODUCTION

Lipases (E.C. 3.1.1.3) are a group of enzymes
that in presence of water catalyze hydrolysis of
triacylglycerol to mono-, diacylglycerol, free fatty
acids and glycerol and in anhydrous medium —
reactions of esterification, transesterification and
interesterification. Also lipases catalyze reactions
of alcocholysis, acidolysis and aminolysis [1].

Ultrafiltration, fractional precipitation with
(NH4)2SO4 and organic solvents are classical
approaches and common first step in many schemes
for purification of different enzymes.

Ultrafiltration is a wide used method for
concentration of enzymes and takes part in many
schemes for different enzyme purification,
including lipase. Ultrafiltration is an effective
technique which may lead to 5-fold concentration
with high yield of the target protein because it is
held at room temperature and thermal inactivation
is not possible. This method also leads to partial
purification as proteins with lower molecular
masses pass through the membrane into
permeate [2-5].

The first step in many purification schemes is
fractional purification, when (NH.).SO, is the most
common substance. Fractional precipitation with
acetone, ethanol and organic acid is also used in

* To whom all correspondence should be sent.
E-mail: hstrinska@gmail.com

practice [6].

By using (NH4).SO, for fractional precipitation
high yields and purification folds of lipases are
achieved. Gaikaiwari et al. [7] accomplished
90.67% lipase yield and more than 5 purification
fold and Bose et al. [8] — 82.9% lipase yield and
purification fold 4.48.

Another option for isolation and purification of
enzymes is fractional precipitation with organic
solvents. Dandavate et al. [9] used acetone for
fractional precipitation and achieved high
purification fold - 13.77 but low lipase
yield - 37.0%.

Polyethylene glycol (PEG) is another option for
fractional precipitation of enzymes.
Degerlietal. [10] used 10% PEG 8000 for
fractional precipitation and achieved 97.92% lipase
yield and 13.42 purification fold. Romero et al. [11]
used PEG 20000 for concentration of the enzyme
solution and native electrophoresis was then
applied. After these two steps purification fold 8.4
and lipase yield 47% were achieved.

The aim of this study is isolation and partial
purification of lipase from Rhizopus arrhizus by
ultrafiltration,  fractional  precipitation  with
(NH4)2S04, organic solvents and PEG 400.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 137
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EXPERIMENTAL

Microorganism and lipase production

The studied Rhizopus arrhizus strain used in this
study was provided by Biovet® Peshtera. Growth
medium, inoculum preparation and submerged
cultivation conditions were described in previous
article [12]. Fermentation medium was containing:
corn starch 10.5; tryptone 6.6; NHsH,PO, 7.1;
(NH4)2C204 1.0; MgSO, 1.5; KCI 1.9.

Ultrafiltration

Ultrafiltration of 50 cm?® cultural broth with
ultrafiltration cell Amikon® was applied and 5-fold
concentration was performed. Polyacrylonitrile
ultrafiltration membranes 10, 20, 25, 50 and
100 kDa were used. The process was carried out at
room temperature and work pressure 0.5 MPa.
Lipase activity and content of protein in
concentrate, permeate and ultrafiltration membrane
were analyzed.

Fractional precipitation with (NH4)2SO4

To a cultural broth with known volume
(NH.)2SO,4 was added in such quantity that defined
degree of saturation (10-80%) to be achieved.
Solutions were let for stabilization of the precipitate
at 4°C for 1 h and then were centrifuged at 4000
rpm for 40 min. The precipitates were diluted with
distilled water to a defined volume and lipase
activity and content of protein were analyzed.

Fractional precipitation with organic solvents

To a cultural broth with known volume acetone,
ethanol and isopropanol were added in such
guantity that defined concentration (10-80%) to be
achieved. Solutions were let for stabilization of the
precipitate at 4°C for 1 h and then were centrifuged
at 4000 rpm for 40 min. The precipitates were
diluted with distilled water to a defined volume and
lipase activity and content of protein were
analyzed.

Fractional precipitation with PEG 400

To a cultural broth with known volume
PEG 400 was added in such quantity that
concentration (20-70%) to be achieved. Solutions
were let for stabilization of the precipitate at 4°C
for 1 h and then were centrifuged at 4000 rpm for
40 min. The precipitates were diluted with distilled
water to a defined volume and lipase activity and
content of protein were analyzed.

Lipase assay

Lipase activity  was measured by
spectrophotometric method using p-nitrophenyl
palmitate as substrate buffered with Tris-HCI
pH 9.0 [13]. The reaction mixture, containing
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2.4 cm® of 0.8 mM substrate and 0.1 cm?® of enzyme
solution, was incubated for 15 min at 35°C. The
enzyme reaction was stopped by adding 1.0 cm?3
saturated solution of lead (lI) acetate. After
centrifugation absorbance was measured at 405 nm.
One unit of enzyme activity was defined as the
amount of enzyme that released one pmol of
p-nitrophenol per minute under the assay conditions
described.

Lipase assay of ultrafiltration membrane

A part of the ultrafiltration membrane with size
1.0 cm? was cut and placed in a test tube containing
2.4 ¢cm? of 0.8 mM substrate and 1.0 cm® water and
the reaction mixture was incubated for 15 min at
35°C. The enzyme reaction was stopped by adding
1.0 cm? saturated solution of lead (Il) acetate after
the membrane was subtracted. After centrifugation
absorbance was measured at 405 nm. One unit of
enzyme activity was defined as the amount of
enzyme that released one umol of p-nitrophenol per
minute under the assay conditions described.

Protein assay
Protein was quantified by Lowry assay [14].
SDS-PAGE electrophoresis

The purified lipase was analyzed
electrophoretically on Cleaver Scientific Ltd;
OmniPAGE Electrophoresis System CVS10DSYS,
at 20 mA. 15% polyacrylamide gels in the presence
of SDS as described by Laemmli [15].

Dielectric constant measurement

Dielectric constant was measured refractometric
using a laser microrefractometer. Laser pointer
generating at wavelength of 532 nm is used as a
light source. The sample was placed between a
glass prism and metal diffraction grating. At angles
smaller than the critical angle of total internal
reflection, the laser beam passes through a glass
prism, sample and diffract from the metal grating.
The critical angle (¢cr) was measured in the air and
the refractive index of the sample (n) in calculated
by the formula [16, 17]:

n= Nsin{A—arcsin(Sin%ﬂ 1)

where A =64.7° is the refraction angle of the prism,

N is the refractive index of the prism for the used
wavelength (1.7480).

Dielectric permittivity of the samples can be
obtained using the Maxwell relation [18]:

e=n’ (2)
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RESULTS AND DISCUSSION

Isolation and concentration of lipase from
cultural broth obtained by submerged fermentation
of Rhizopus arrhizus was performed.

Table 1 represents the results from ultrafiltration
of the studied enzyme. As seen from the table,
when membranes 10, 20 and 25 kDa were used
very low lipase yield in the concentrates were
reached while there were no lipase activity in the
permeates. When ultrafiltration membranes 50 and
100 kDa were used there were enzyme activity in
concentrates and in permeates as well. However,
the lipase yields in concentrates and permeates
were between 55 — 60%. This is low yield for this
technique because during the procedure there is no
increasing in the temperature which could result in
a thermal inactivation of the enzyme. These results
are comparable with other reports. For example
Gaur et al. [3] achieved 60.8% lipase yield and 0.9
purification fold by ultrafiltration of lipase from
Pseudomonas aeruginosa with ultrafiltration
membrane with pore size 30 kDa.

As lipases are water soluble enzymes and the
substrate — fat soluble, catalysis proceeds in the
interfacial surface between water and oil phases.
This is possible because of the hydrophobic domain
in the lipase molecules, which allows the enzyme to
adsorb on the substrate. It is possible adsorption of
the lipase on the ultrafiltration membrane to be a
reason for low activity yields [1, 5].

Another possible reason for inactivation of

lipase is protein-protein interaction in the
concentrate.  During  concentration  protein
molecules interact each other with their

hydrophobic domains [19] which may inactivate
the enzyme.

In order to confirm the hypothesis for adsorption
of the molecules of the enzyme on the ultrafiltration
membrane, lipase activity of the membranes was
examined after the ultrafiltration was performed
(Table 2). As seen from the results lipase activity
was recorded at all of the membranes. However,
these results could not be used the adsorbed lipase
to be quantified because of changes in kinetics of
the reactions during immobilization of the
biocatalyst. As a result of this experiment the
hypothesis that some of the lipase was adsorbed on
the ultrafiltration membranes was confirmed.

From the obtained results we can conclude that
ultrafiltration with polyacrylonitrile membranes
10-100 kDa is not suitable technique for
concentration of lipase from Rhizopus arrhizus.

Fractional precipitation with (NH4).SO4 is a
traditional method for isolation of enzymes.

(NH4)2SO4 is more commonly wused for
fractional precipitation of lipase because it leads to
high lipase yield. At 80% degree of saturation a
lipase yield over 50% was accomplished. The
highest purification fold — 1.17 and yield 30% was
achieved (Fig. 1).

Table 1. Ultrafiltration

V. cm? Total lipase activity, Specific activity, Yield, % Purification
U U/mg factor

Crude enzyme 50 86.23 26.75 100 1.00
Membrane 10 kDa

Concentrate 10 16.62 11.09 19.27 0.41

Permeate 40 0.01 0.00 0.01 0.00
Membrane 20 kDa

Concentrate 10 23.72 13.07 27.50 0.49

Permeate 40 0.09 0.16 0.10 0.01
Membrane 25 kDa

Concentrate 10 40.67 15.18 47.16 0.57

Permeate 40 0.07 0.11 0.08 0.00
Membrane 50 kDa

Concentrate 10 45.35 23.77 52.59 0.89

Permeate 40 13.07 19.28 15.15 0.75
Membrane 100 kDa

Concentrate 10 45.08 20.11 52.27 0.75

Permeate 40 11.01 471 12.77 0.18
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Table 2. Lipase activity on ultrafiltration membranes

Membrane, Area, Total activity,
kDa cm? U
10 16 1.42
20 16 2.23
25 16 1.02
50 16 1.57
100 16 1.04
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Fig. 1. Fractional precipitation with (NH4)2SO4
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Fig. 3. Fractional precipitation with ethanol
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Additional experiment was obtained in order to
enhance the time for precipitate formation with
60% (NH.):SO4. Fig 2 reveals that with the
enhancement of time (1-5 h) for precipitation,
lipase yield also increased — from 30% to 80%. As
seen from the chart lipase yield at 4" h was 75.50%
and at 5" h — 81.75%. Protein yield also enhanced
and the purification factor remained relatively
constant — between 1.15 and 1.30 fold.

As a result of this experiment we could conclude
that when fractional precipitation with (NH4)2SO4
for 4 h was used lipase vyield 75.50% and
purification factor 1.30 was accomplished.

Traditional method for isolation of enzymes is
their selective fractional precipitation with organic
solvents such as ethanol, acetone and isopropanol.

Fig. 3 reveals the results for fractional
precipitation with ethanol. The highest vyield
(almost 50%) was achieved when 70% ethanol was
used. It can be noticed that at 40% and 50% ethanol
the enzyme is almost completely inactivated.
Because of the activity loss, the purification fold
decreased.

Similar results were obtained for fractional
precipitation of lipase with isopropanol and acetone
(Fig. 4 and Fig. 5).

When isopropanol and acetone were used the
highest lipase yield was accomplished at 80% of
the organic solvent — respectively 52.98% and
74.83%. In both cases a decrease in the lipase
activity was noticed between 30 and 40% of each of
the solvents.

Yu et al. [20] explained the inactivation effect

with changes of polarity of the medium and the
influence of the polarity on the hydrophobic effects,
which have a crucial role in formation of the
tertiary structure of the proteins. Hydrophobic
effects in the protein molecules are a result from the
pressure of the water medium. Addition of organic
solvent removed a part of the hydration shell, which
results in changes in the native conformation which
may lead to inactivation [20]. Respectively polarity
of the medium, which impact on the hydrophobic
effects of formation of the three dimensional
structure of the proteins may be the factor which
leads to inactivation of lipase at these conditions.
In order to examine the hypothesis, dielectric
constant, which is a measure for the polarity of the
medium, was measured for the samples where the
strongest inhibition was noticed (Table 3). As seen
from the table dielectric constants at the stated
conditions were with the same values — 1.83.
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Fig. 4. Fractional precipitation with isopropanol

Table 3. Dielectric constant of water and some concentrations of organic solvents

Solution

Dielectric constant

Lipase activity,

at 532 nm U.dm?
Lipase aqueous solution 1.79 1009.71
Lipase in 50 % Ethanol 1.83 4.30
Lipase in 40 % Ethanol 1.83 2.55
Lipase in 40 % 2- Propanol 1.83 0.02
Lipase in 30 % 2- Propanol 1.83 0.02
Lipase in 40 % Acetone 1.83 90.15
Lipase in 30% Acetone 1.83 96.64
Lipase in 40 % PEG 400 1.89 1351.53
Lipase in 50 % PEG 400 1.97 2165.43
100,0 1 r1.2
500 | | 10 100,0 r 50
/2 Log S 80,0 1 — L 40
s 600 1 g s
] L 06 é e 6001 L30 &
> 400 | ] = =z f M =
J r04 3 > 400 b 20 g
20,0 - L 02 &
20,0 F10
Lo
0,0 0,0 H

0 10 20 30 40 50 60 70 80 90

Acetone, %

—= Putification Factor
—e— Yield (protein), %
—o— Yield (enzyme), %

Fig. 5. Fractional precipitation with acetone

The obtained results are a partial proof of the
hypothesis that the reached polarity at usage of
these concentrations of organic solvents was a
possible reason for lipase inactivation.

Some authors describe usage of PEG for
fractional precipitation of lipase and relatively high
yields are reported [10]. High yield and purification
fold were achieved by fractional precipitation of
lipase by PEG 400 (Fig. 6).

The highest purification factor, more than 4.0 fold,
was accomplished at 30% PEG 400. Lipase yield in
this case was almost 60%. Yield over 95% was
obtained by using 60% and 70% PEG 400 but in

0,0

T T T 0,0
40 50 60
PEG 400, %

10 20 30 70 80

= Purification Factor
—e— Yield (protein), %
—o— Yield (Enzyme), %

Fig. 6. Fractional precipitation with PEG 400

these cases purification factor decreased

respectively 3.5 and 1.4 fold.

Degerli et al. [10] also used polymer and by
using 10% PEG 8000 97.92% yield and purification
factor 13.42 fold was achieved.

Dielectric constants of the solutions of PEG
(Table 3) differed from those of the organic
solvents. Dielectric constant 1.97 was measured at
lipase solution containing 50% PEG 400. In this
case lipase vyield 93.36% was reached and
purification factor 3.20 was accomplished.
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70 0w

Fig. 7. SDS-PAGE electrophoresis — fractional
precipitation with 60% PEG 400: A- protein markers;
B -cultural broth; C - after fractional precipitation with
PEG 400

In order to confirm the purification of the
enzyme after fractional precipitation with 60%
PEG 400 SDS-PAGE was performed (Fig. 7). As
seen from the figure, many protein bands with
molecule masses between 20 and 30 kDa and
higher than 100 kDa were absent. That indicates
that fractional precipitation with PEG 400 leads to
partial purification of lipase from Rhizopus
arrhizus.

CONCLUSION

In this study was established that ultrafiltration was
not suitable for concentration of lipase from Rhizopus
arrhizus. Lipase activity on the ultrafiltration
membrane proved that a reason for low lipase yield
was adsorption of the enzyme on the membranes.
When fractional precipitation with ethanol, isopropanol
and acetone was applied very low lipase yields were
reached because of inactivation of the enzyme. The
highest lipase yield — 94.29% and purification factor
3.47 were accomplished when 60% PEG 400 was used
for fractional precipitation.
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N30JIMPAHE U ITIPEYUCTBAHE HA JIMITA3A OT Rhizopus arrhizus C
VYITPAOWIITPALINA U ®PPAKIITMOHHO YTASABAHE

X. H. Ctpuncka'*, JI. H. ITerpos?, X. H. Ianaiiorosal, B. 11. Jlo6pena®,
B. 1. Xekosa!, I'. T. [JoGpes*

Kameopa ,, Buoxumus u monexynsapna 6uonozus “, Yuueepcumem no xpanumenu mexHoIo2uu,
oyn. ,,Mapuya“ 26, ep. ITnosous 4002, bvacapus, E-mail: hstrinska@gmail.com

2I{amedpa ,, Qusuxoxumusa “, [lnosouecku ynusepcumem ,, Ilaucuii Xunenoapcku
ya. ,,Hap Acen* 24, 2p. Ilnosoue 4000, Bvacapus

3Kamedpa no unoicenepna exonoaus, Ynueepcumem no Xpanumennu mexnoio2uu,
oyn. ,,Mapuya* 26, ep. I[Tnosous 4002, bvieapus

Tocmwvnuna na 2 noemepu 2016 2.; npuema na 23 oexemepu 2016 2.
(Pesrome)

IpoBeieHO € U30IMpaHe U IPEYMCTBAHE Ha JnMasa upe3 ynrpadunrpans, Gppakironso yrassate ¢ (NH4)2SOs, oprannynu
pastBopurenu u [TEI" 400 ot kyarypansa Teunoct Ha Rhizopus arrhizus. Tlpu ynrpadunrpaimsita ¢ TOMHAKPAIOHATPIITHA
MeMOpaHu ¢ pasnuueH pasmep Ha nopute (10-100 kDa) e moctirHaT HUChK TOOKB, KOETO BEPOSITHO C€ ABb/DKU Ha aicopOLus Ha
OCITHYHHTE MOJICKYITH BBPXY MeMOpanuTe. [Ipu dpakimonHo yrassase ¢ 60% (NH4)2SO4 e monydeHa cTerieH Ha PevrCTBaHe
1.3 meTH 1 noOHB Ha Jmmaza okoio 80%. OPaKIMOHHOTO yTasBaHE C €TAHOJ, H30MPOTIAHON U alleTOH BOJH 10 HHAKTUBHPAHE
Ha €H3MMa, B PE3yJTaT Ha KOETO € OTYETEHa M HHCKA CTENCH Ha NMPEYMCTBaHE. BeposTHO TOBa ce ABIDKM HA MpOMSHA B
MOJISIPHOCTTA Ha Cpejara, Thid KaTo ITUENEKTpUYHATa KOHCTAHTA MPU TE3U YCJIOBUS MMa €[Ha U cblla croiHocT — 1.83. Haii-
BHCOK J100MB (95%) 1 crernieH Ha npeuncTBane (3.5 MbTH) ca MoimydeHn upe3 ¢pakimonHo yrassane ¢ 60 % I1EI 400. B to3n
CITydaif ieNeKTpiIHaTa KOHCTaHTa Ha cpezarta e 1.97.

Knouoeu oymu: unasa, npeyucmeane, yimpaguimpayusi, ppakyuoHHo ymaseane, OUeieKmpuyHa KOHCIManma

143



Bulgarian Chemical Communications, Volume 49, Special Issue G (pp.144 —146) 2017

Synthesis and characterization of Sr,Be,B,0; by XRD and FTIR
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In this work pure Sr,Be;B,0; material was prepared by solid-state reaction at 950°C in air. The stoichiometric
amounts of SrO, BeO and H3BOs; were used as starting materials. Phase analysis of the synthesized materials was
carried out using powder X-ray diffraction (XRD). They were characterized by Fourier transform infrared spectroscopy

(FTIR) as well.
Keywords: strontium beryllium borate, XRD, FTIR

INTRODUCTION
Pure and doped borates have been used in many

areas such as germicidal drinking water
purification, non-linear optics, photocopying,
phototherapy,  sunlamps, laundry  marking,
blueprinting,  instrumental  dial illumination,

window displays, etc. [1-8].

The studies that are carried on Sr,Be;B,0- exist
rarely in the literature since it is just a new
compound. Investigations are usually focused on
the single crystal synthesis by using different
methods and NLO applications [4-8].

In this work pure Sr.Be,B,O; material was
prepared by solid-state reaction. The phase analysis
of all synthesized materials was carried out using
powder X-ray diffraction (XRD). Also the
synthesized materials were characterized by Fourier
transform infrared spectroscopy (FTIR).

EXPERIMENTAL

Pure Sr,Be;B,O; material was prepared by a
solid-state method at 950 °C in air. Stoichiometric
amounts of SrO, BeO and HsBOs; were used as
starting materials (SrO and BeO were produced by
calcinations of related metal nitrates and/or
carbonates). After adding suitable amount of
acetone into reaction medium, the precursors were
introduced into a muffle furnace and maintained at
500 °C for 2 h. The precursor powders were
thoroughly mixed and then slowly heated at 950°C
for 12 h in air.

Reaction:

2SrO + 2BeO + 2H3B0O3; — Sr:BesB,07 + 3H,0

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

The XRD structural analysis of Sr.Be;B,07
material was performed on an X-ray Phillips X’Pert
Pro equipped with Cu Ko (30 kV, 15 mA,
A=1.54051 A) radiation at room temperature.
Scanning was generally performed between 10° and
90° 20. Measurement was made with 0.0330° step
size at 25°C.

The Fourier transform infrared spectra between
500 and 4000 cm® were measured at room
temperature with a Shimadzu 8303 FTIR
spectrometer. All samples were prepared as KBr
pellets.

RESULTS AND DISCUSSION

The XRD pattern of Sr.Be;B,0y is presented in
Fig. 1. It is in a full agreement with the JCPDS (82-
2448).

To determine the coordination environments of
both B-O and Be-O in the Sr,Be;B,0O7 structure,
the FTIR spectra of Sr,Be,B,O; were measured at
room temperature. As seen in Fig. 2, the strong
bands observed at 614.99, 697.75 and 1241.77 cm™?
should be assigned to the B-O vibrations of the
triangular [BOs] groups [1, 5, 9, 10], while the band
with a peak at 890.66 cm™ should be attributed to
the Be-O vibration of the tetragonal [BeO]
group [5]. FTIR spectrum data of Sr.Be;B,0; are
listed in Table 1.

Point group of Sr:Be;B,O; (SBBO) is Dan.
Geometric parameters of the synthesized borate are
P6°c2, a=b=4.683 A, c=15311 A, oa=p=90°,
vy=120°[4, 7, 11].

144 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. XRD pattern of Sr,Be.B,07 prepared by a solid-state synthesis
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Fig. 2. Infrared spectra of Sr.Be;B,07 prepared by a solid-state synthesis
Table 1. FTIR spectrum data of Sr,Be;B,0~

Assignments v3(BO3) v3(BeQy) v2(BO3) v4(BO3)
Frequency (cm™) 1241.77 890.66 697.75 614.99
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According to these data it can be concluded that
two possible sites available for incorporating
activator ions (such as Dy*, Sm®, Tb®, Eu®*,
Pb?", etc.) in Sr.Be,B,0- lattice are either the Sr*
sites or the Be?* sites. The Dy** (0.912 A for
CN =6), Sm** (0.958 A for CN = 6), Tb®* (0.923 A
for CN = 6), and Pb?* (1.19 A for CN = 6) ions are
of a much larger ionic radius, compared with that of
the Be?* (0.27 A for CN = 4) ion. However, the
ionic radius of Sr** (1.18 A for CN = 6) is larger
than that of the activator ions. So in the first
luminescence study that was made by our research
group [5], the Sr?* ions in the Sr.Be,B,0- lattice
were replaced by the mentioned activator ions
(Dy**, Sm**, Th*, Pb?").

CONCLUSION

Sr,Be;B,0; material was prepared by solid-state
reaction. The phase analysis of the synthesized
material was carried out using powder XRD and
characterized by FTIR. The XRD pattern of the
synthesized mateial is in agreement with the JCPDS
(82-2448). Also the coordination environments of
both B-O and Be-O in the Sr,Be;B,O; structure
were confirmed by FTIR mesaurement.

Acknowledgements:  This study was financially
supported by the foundation of The Scientific and
Technological Research Council of Turkey (Project No.
212T250).
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CHUHTE3 1 OXAPAKTEPU3NPAHE HA Sr.Be;B,O7 [IOCPEACTBOM XRD U FTIR
X. Kapa0Oymyr'*, Y. [lekrsosny?, A.C. bamak®, A. Mepren®

YTpaxuiicku ynueepcumem, Ipupooonayuen gpaxynmem, Oopun 22030, Typyus
2Bapmwucku ynueepcumem, Huocenepen gpaxynmem, Bapmon 74100, Typyus
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(Pesrome)

B Tasu pabora e momyden yuct marepuan ot Sr.Be;B,O7 upes tebprodasna peakuus npu 950°C BoB
BB3AyIIHA cpeaa. KaTo M3XonHM MaTepualy ca M3IM0J3BaHU CTeXMOMETpuuHHU KoimdyectBa oT SrO, BeO u
H3:BOs. C nomomira Ha mpaxoB peHTreHocTpykrypeH ananu3 (XRD) e u3BbpumieH ¢as3oB aHanu3 Ha
CHHTEe3UupaHuTe Marepuanu. [locrnenHuTe ca oxapakTepu3WpaHu W 4pe3 HMH(]pauepBeHa CHEKTPOMETPHUS C
®ypue-tpanchopmanus (FTIR).

Kniwouoeu oymu: Cmponyues bepuiues 6opam, Penmeenocmpykmypen ananus, HMugepauepeena cnekmpockonus ¢
Dypue mpancghopmayus
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Two commonly used digestion methods - acid digestion and microwave digestion in different variants (1ISO 11466;
EPA Method 3051; EPA Method 3052; ISO 14869-1; GB, Standing committee of analysis, ISBN 0117519081 and HNO,
+ HCI1O, acid mixture), were compared for digestion of three certified soil samples, corresponding to two main soil types
in Bulgaria - Light Alluvial-deluvial Meadow Soil and Light Meadow Cinnamon Soil. Three main macroelements (K, Ca
and Mg) were analyzed using AAS spectrometer Spektra AA 220, Varian, Australia. To elucidate the problems with
elemental recovery X-Ray and SEM—-EDS analysis of all residues after digestion were performed. The X-ray investigation
showed the formation of KCIO4 when HCIO4 was used as a part of the acids mixture. The result was confirmed by Energy
dispersive X-ray microanalysis. The use of HF at Ca and Mg determination led to the formation of KClO4, CaF; and

Mng.
Keywords: digestion methods, soil, K, Ca, Mg.

INTRODUCTION

Potassium, calcium and magnesium are essential
macroelements in soil and important nutrients for
plants [1]. A significant portion of potassium in the
soil is in the minerals which belong to the group of
feldspars (orthoclase, sanidine, microcline) and is
hardly accessible for plants. The potassium
contained in mica is less related and relatively easily
accessible. The most important source of potassium
for plants are secondary clay minerals such as illite.
Calcium and magnesium are present in the crystal
lattice of soil minerals in exchangeable form easily
assimilated by plants, as well as salts (chlorides,
sulfates, nitrates, carbonates and phosphates). They
determine to a significant extent some of the
important soil characteristics and the related fertility.
Calcium improves the overall physical, physico-
mechanical and aqueous properties of the soil. In the
less fertile podzolic soils, which are characterized by
a small amount of calcium and magnesium, the soil
reaction is highly acidic. This favours the
decomposition of carbonates and the destruction of
soil, as well as the blocking of phosphorus in Al-and
Fe-phosphates [2]. For these reasons, of essential
importance is the determination not only of the
mobile and easily absorbed by plants forms of K, Ca
and Mg, but their total amounts, defining some of the
basic soil characteristics.

The objective of the study is to assess the
capabilities of the most common standardized and
non-standardized methods of mineralization and to

outline their boundaries of applicability in
determining the total amount of the main
macroelemets in soil.

MATERIALS AND METHODS

Three certified soil samples corresponding to two
main soil types in Bulgaria were used in the study:
Light Alluvial-deluvial Meadow Soil PS-1,
SOOMET Ne 0001 BG, SOD Ne 310a98; Light
Meadow Cinnamonic Soil PS-2, SOOMET Ne 0002
BG, SOD Ne311a98 and Light Alluvial-deluvial
Meadow Soil PS-3, SOOMET Ne 0003 BG, SOD Ne
312a98. The content of K, Ca and Mg in the certified
samples is presented in Table 1.

Table 1. Content of K, Ca and Mg (as oxides, %) in the
certified samples. Xcrm is the certified value and Ucgrwm -
the indefiniteness of the certified value.

PS-1 PS-2 PS-3

Element
Xcrm Uckm Xcrm Ucrm Xcerm Ucrm

% % % % % %
K20 226 013 275 012 238 013

CaO 1473 036 288 009 734 0.18

MgO 3.07 015 165 012 228 0.12

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

Six most commonly used methods for sample
preparation were used as follows:
e ISO 11466 [3]: 1 g air-dried soil + 21 ml HCl and 7
ml HNO3, heating two hours at 180 — 200 °C.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 147
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e 1 g air-dried soil + 15 ml HNO3 and 5 ml HCIO,,
heating two hours at 180 - 200 °C [4].

o EPA Method 3051 [5]: 1 g air-dried + 10 ml HNOs3,
digestion in microwave system Milestone 1200
MEGA.

e EPA Method 3052 [6]: 1 g air-dried soil + 9 ml
HNO3, 3 ml HF, 2 ml HCI and 2 ml H,0,, digestion
in microwave system Milestone 1200 MEGA.

e 1SO 14869-1 [7]: 0.25 g air-dried soil in a platinum
melting-pot, dry ashing for 3 hours at 450 °C + 5.0
ml HF and 1 ml HCIO4 (after cooling to room
temperature). Second heating until the dense steams
of the HCIO4 and SiF4 disappear. After cooling to
room temperature 1.0 ml nitric acid and 5.0 ml H.O
are added.

e ISBN 01175 19081 [8]: Part 1: 3.0 g air-dried soil
+22.5 ml HCl and 7.5 ml HNOs, heating to boiling
for 2 hours, filtration and dilution to 100 ml with
12.5% nitric acid Part 2: drying of the remaining
undissolved part after the first stage at 105 °C and
transferring in a teflon container with a well closing
lid + 5 ml HF acid and heating for 30 minutes at
140-150 °C. Finally, after cooling 50 ml saturated
solution of boron acid is added.

The XRD patterns were recorded on a Philips PW
1050 diffractometer, equipped with Cu Ka tube and
a scintillation detector. SEM images were recorded
in a JSM 6390 electron microscope (Japan) in
conjunction  with energy dispersive  X-ray
spectroscopy (EDS, Oxford INCA Energy 350)
equipped with ultrahigh resolution scanning system
(ASID-3D)

To determine the elements content in the solution
after digestion of the samples atomic absorption
spectrometer (Spectra AA-220, Varian, Australia)
was used.

RESULTS AND DISCUSSION

The results from the determination of the total
content of K, Ca and Mg in the three certified soil
samples are presented in Table 2, where R shows the
extent of extraction of the element in percents from
the certified value (R = X / Xcrm.100).

Determination of potassium

The unsatisfactory results for the three certified
samples in the use of methods 1 to 3 (48.5 - 61.6%)
and practically the complete extraction of potassium
with the use of methods 4 and 6 make an impression.
It is well known that the independent use of HNO;
leads to a partial extraction of potassium from the
soil samples [9]. Its combination with HCI acid
(method 1) insignificantly increases the rate of
recovery. The results are consistent with the results
of Kackstaetter and Heinrichs [10] according to
which aqua regia provides a satisfactory extraction
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of many basic elements, but limited extraction of
Al and K.

Unsatisfactory results (<75%) in the study of
river sediments and soils are received also by
Krause et al. [11]. The use of HCIO, (methods 2 and
5) leads to different results depending on the
composition of the acid mixture. The result of its
combination with  HNOs; (method 2) s
unsatisfactory. This is probably due to the
incomplete dissolution of aluminosilicate matrix and
the formation of a sediment of an insoluble
potassium perchlorate. To clarify this problem, we
studied the insoluble sediment after decomposition
of the samples by methods 2 by X-Ray and SEM-
EDS analysis. The results of powder X-ray analysis
presented in Fig. 1 indicates the presence of
roentgenoamorphous phases (the so called
halopeaks) that differ low intensity and great half-
width x-ray diffraction peaks of high disperse
phases, among which the largest is the percentage of
KCIOs (PDF - 70-0488). This result is also
confirmed by the SEM-EDS analysis of the same
sediment (Fig.2 and Table 3). The results of the
integral elemental analysis (Table 3) show that only
part of the potassium is linked in KCIO4. The rest is
obviously included in the insoluble siliceous matrix.

The inclusion of HF in the acidic mixture used in
the mineralization is not sufficient for the complete
extraction of potassium from the soil samples. This
is confirmed by the results obtained by method 5
(HNO;s; + HCIO. + HF). Even though to a lesser
degree, in this case the formation of sediment is
observed in the mineralization of all samples.

Fig. 3 presents the results of powder X-ray
analysis of a soil sample, digested by method 5. The
analysis of the roentgenogram shows the presence of
almost roentgen-amorphous phases (the so called
halopeaks) that differ low intensity and great half-
width x-ray diffraction peaks of high disperse
phases, among which the largest is the percentage of
KCIO, (PDF - 70-0488), MgF, (PDF - 38-0882),
CaF, (PDF - 77-2094). There is a presence and a
small amount of SiO, (PDF 88-2302), as well as
aluminosilicate phase, containing magnesium and
iron - probably MgosFeo2Al>Si,Os(OH)4 (PDF -83-
1944).
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Fig. 1. X-ray pattern of the residue after digestion of the
certified sample by mixture of HNO3; and HCIO,
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Fig. 2. SEM images of the residue after digestion of the
certified sample by mixture of HNO3z and HCIO,

Table 2. Efficacy of the digestion methods at the determination of Ca (as Ca0O), Mg (as MgO) and K (as K20). in

certified soils. * - “acceptable” results

Element K Ca Mg

Soil Method X, % Ux, % R X, % Ux, % R X, % Ux, % R
1 0.68 0.05 30.1 12.12 0.36 82.3 231 0.16 75.2
2 0.75 0.05 33.2 13.00 0.39 88.3 2.20 0.15 71.7

PS-1 3 0.57 0.04 25.2 13.42 0.40 91.1 2.04 0.14 66.5
4 2.15 0.15 95.1 12.50 0.38 84.9 2.50 0.18 81.4
5 2.01 0.14 88.9 12.90 0.39 87.6 2.54 0.18 82.7
6 2.28 0.16 100.9 14.00 0.42 97.0 2.89 0.20 98.1
1 0.55 0.04 20.0 1.29 0.04 44.8 0.95 0.07 57.6
2 0.60 0.04 21.8 1.38 0.04 47.9 0.98 0.07 59.4

PS-2 3 0.42 0.03 15.3 1.54 0.05 52.1 0.82 0.06 49.7
4 2.68 0.19 97.5 2.20 0.07 76.4 1.26 0.09 76.4
5 2.39 0.17 86.9 2.36 0.07 81.9 157 0.11 95.2
6 2.80 0.20 101.8 2.50 0.08 96.8 1.60 0.11 96.9
1 0.51 0.04 21.4 3.90 0.12 53.1 1.44 0.10 63.2
2 0.53 0.04 22.3 3.60 0.11 49.0 142 0.10 62.3

PS-3 3 0.50 0.04 21.0 3.80 0.11 51.8 1.34 0.09 58.8
4 2.15 0.15 90.3 6.10 0.18 83.1 2.10 0.15 92.1
5 2.10 0.15 88.2 6.25 0.19 85.1 217 0.15 95.2
6 2.34 0.16 98.3 7.31 0.22 99.6 2.21 0.15 96.9

The results of the XRD analysis were verified by
the SEM-EDS analysis (Fig. 4). The majority of the
particles contained in the sediment are larger than 20
um and are covered with mini crystallites (<0.1 pm)
in the form of a sponge. The integrated EDS analysis
shows the contents of K, Ca, Mg, F and Cl, included
in the composition of the less soluble fluorides of
calcium, magnesium and KCIO4, as well as the
presence of Al, Si, Fe and Na. The use of HF in the
absence of HCIO, (Method 6) results in the complete
extraction of potassium by the three certified
samples (Table 2). The results presented in Tables 2
and 3 and Figures 1-4 show that the digestion
method is a dominant factor in determining the
content of K in soils.

Table 3. SEM/EDS examination (integral spectrum)
after digestion of the certified sample by mixture of
HNO; + HCIO4 + HF (1SO14869-1)

Element Weight % Atom %
Al 6.68 4.84
Si 26.08 18.15
Cl 0.61 0.34
K 2.23 111
Na 1.94 1.65
Ca 1.17 0.57
Ti 0.88 0.36
Fe 0.95 0.33
o 59.47 72.65
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Fig. 3. X-ray pattern of the residue after digestion of the
certified sample by mixture of HNO3; + HCIO4 + HF
(1S014869-1).

Determination of Ca and Mg

The results for Ca and Mg extraction (Table 2)
are very different from those of potassium and are
specific for each certified soil. In this case, the
efficiency of extraction depends on the method of
sample digestion, and on the soil type. The better
extraction of Ca by PS -1 through all methods (>
80%) demonstrates the significant influence of soil
type on results. In this model the basic amount of Ca
is linked in an easily soluble calcium (16%) and
dolomite (9%). The content of these components in
the PS-3 significantly reduces as opposed to quartz
and hardly soluble primary soil minerals, and PS - 2
contains only 2% calcite. This leads to a significant
reduction in the rate of extraction in these samples
through the first 3 methods. The relatively low level
of leaching of calcium through methods 4 and 5
despite the use of acid mixtures disrupting largely
silicate matrix. This leads to a significant reduction
in the rate of extraction in these samples through the
first 3 methods. The relatively low level of extraction
of calcium through methods 4 and 5 is noteworthy
despite the use of acid mixtures significantly
disrupting the silicate matrix. The reason for this is
the formation of insoluble fluorides which
precipitate and significantly reduce the final result.
This is confirmed by the results of the XRD and
SEM-EDS analysis of insoluble sediment after
digestion of the sample by method 5
(BSS/1S014869-1), presented Fig. 3 and Table 3.
Although crystal phases are highly dispersed, the
presence of CaF; in the sediment is undeniable. The
addition of H3BOs in method 6 links the unreacted
HF and prevents the formation of such fluorides,
allowing the measurement of the total quantity of
extracted calcium.
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Fig. 4. SEM images of the residue after digestion of the
certified sample by mixture of HNO3; + HCIO4 + HF
(1S014869-1).

Comparable with the results for Ca are the results
obtained in the determination of the content of Mg.
The highest degree of extraction by methods 1, 2 and
3 has been established in soil sample PS-1,
containing easily soluble dolomite (9%) and
magnesium (2%). In the other certified samples
these components are missing, which explains the
lower results. Significant increase of the results for
all samples (> 80% extraction) is observed in the use
of HF (methods 4, 5 and 6).

The comparative study of six of the most widely
used methods of mineralization of soil samples for
analysis of the content of K, Ca and Mg shows that:
1. The degree of extraction of the various elements

is different and depends on the method of

mineralization, as well as on the soil type.

Acceptable results (over 80% extraction) for all

tested elements can only be obtained by the

methods of mineralization, involving the use of

HF, and total extraction is only possible by

method 6 (ISBN 19 081 01175)

2. The degree of extraction of K strongly increases
with the increase of the aggressiveness of the acid
mixture used. In this case, the method of sample
preparation is dominant. In Ca, Mg the degree of
extraction depends on the aggressiveness of the
acid mixture used, as well as on the soil type.

3. The use of HC1O4 in the determination of K and
HF in the determination of Ca and Mg leads to
inaccurate results due to the formation of poorly
soluble sediments from KC104, CaF,and MgF..
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[MPUJIOXKEHUE HA PEHTTEHOCTPYKTYPHUA AHAJIN3 U EJIEKTPOHHATA
MUNKPOCKOITINA TP OLIEHKATA HA OCHOBHUTE METO/IM 3A IIOAT'OTOBKA HA
[TIOUBEHU ITPOBU 3A AHAJIM3 HA MAKPOEJIEMEHTHU

K. 1. UBanos?, I1. A. 3al‘[p}IHOBal, B. P. Aurenosal, JI. K. I[OCHaTJ'II/IeBZ,

Kameopa ,, Obwa xumus “, Aepapen ynueepcumem, 4000 Ilnoedus, Bvreapus

2Kamedpa ,, Dapmakono2us, pusuon02us Ha JHCU6OmMHUMe U Qu3UOI02ULHA XUMUS*,
Tpakuiicku ynueepcumem, Cmapa 3azopa, bvaecapus

Hocmwvnuna na 14 noemspu 2016 2.; npuema na 2 oexemepu 2016 2.
(Pesrome)

CpaBHeHH ca JiBa OT Hali-uecTO M3MOJI3BAHUTE METOAM 32 pa3jiaraHe Ha IOYBEHM NPOOM NPH aHaIU3 HA MUKPO- U
MaKpOEJIEeMEHTH - KUCEJIMHHO pasjaraHe ¥ MUKPOBBIHOBA MUHepaiu3auus, B pazaunyan Bapuantu (1SO 11466; EPA
Method 3051; EPA Method 3052; 1ISO 14869-1; GB, Standing committee of analysis, ISBN 0117519081 u cmec ot
HNO; y HCIO, kucenuna). M3non3sanu ca 3 ceprudunmpanu mouBeHn 00pasiiy, OTrOBapsIIy Ha 2 TUIIA TIOYBH, IITUPOKO
pasmpoctpaHeHd B brirapus: Cerna anryBuaiHO-AeNyBHalIHA JHMBajHA moyBa ¥ CBemsa JIMBaJHO KaHEJICHA II0YBA.
OrmpesieNieHo € ChAbPIKAHUETO HA TpU ocHOBHU MakpoenemenTr (K, Ca u MQ), KaTto KOIHYHCTBEHUTE M3MEPBAHUS Ca
U3BBPILEHH HA aTOMHO abcopOimoneH criektpomeTsp Spektra AA 220, Varian, Australia. 3a na ce uzsicHu npobiaema
ChC CTENEHTA Ha M3BJIMYaHE Ha €JIEMEHTHUTE W (PaKTOPHUTE, KOWUTO BIMSAT BBPXY HeEsl, HEPA3TBOPUMHTE yTalKH ciel
pasiaraHe Ha TpoOWTE ca M3CIEIBAaHM C PEHTICHOCTPYKTYPEH aHalM3 M CKAaHHMpPAIla EIEeKTPOHHA MHKPOCKOIIHS.
VYcranoBeno e, ye umsnonsBanero Ha HCIO; mpu ompenensHe cpappxanuero Ha K m Ha HF npu onpenensHe
chappkanueto Ha Ca u Mg Boju 10 hopmupanero Ha HepasTBopumu yraiiku ot KCIO4, CaF, u MgF,.

Knrouosu oymu: npodbonoocomoska, nousa, K, Ca, Mg.
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Optimization of the plasma operating conditions was carried out in aspect to achieve the lowest possible detection
limits by using radial viewing 40.68 MHz inductively coupled plasma optical emission spectrometry (ICP-OES).
Mg 11 280.270 nm / Mg | 285.213 nm line intensity ratios (Mg Il / Mg I) was measured to evaluate the robustness of the
plasma operating conditions. The operating conditions were affected by varying: incident power, carrier and sheathing
gas flow rates. The relationship between the magnitude of Mg 11 / Mg | ratios and excitation temperature in ICP was
obtained. The results show that the excitation conditions in ICP have to be modified only by varying the incident power
and the sheathing gas flow rates at an optimal value of the carrier gas flow rate. In this case the aerosol formation and
transport processes are the same under different excitation conditions in ICP. The excitation conditions from non robust
to robust were varied for minimization of the detection limits in the determination of elements by using the selected
prominent lines with different spectral characteristics in the presence of “pure” and complex matrices.

Keywords: ICP-OES, Optimization of operating condition, Traces of elements, Detection limits

INTRODUCTION

The optimization of the operating conditions was
carried out in aspect to lower the detection limits by
radial viewing inductively coupled plasma optical
emission spectrometry (ICP-OES). The optimization
procedure includes the following steps: line
selection according to the absence or the lowest
possible level of spectral interference; influence of
the operating parameters (incident power, carrier and
sheathing gas flow rates) on the net line and
background intensities [1].

The sensitivities of different line intensity ratios
were used to control the excitation conditions in
ICP-OES. The Mg 11 280.270 nm/Mg | 285.213 nm
line intensity ratios (Mg IlI/Mg 1) was found to
remain a good compromise to follow the change in
the plasma conditions. An advantage of this ratio is
to be independent of the detector. Therefore, the
absolute value of the ratio Mg Il / Mg | can be used
also for comparison of different ICP systems and
operating conditions. This ratio has been widely
used and is an appropriate test [2].

Some authors pay attention on the calculation of
correction factor for the magnesium atom to ion line
intensity signals when a blank solution is
contaminated by magnesium [3]. There should be
noted, that depending on the optical system, the two

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

magnesium lines may be located in adjacent orders,
or at different locations within the same order, it may
be necessary to compensate for a different
wavelength response. A simple way to establish a
correction factor is to assume that the continuum has
a constant value in the range from 280 to 285 nm. It
is then sufficient to measure the background
emission at 280.2 nm and 285.2 nm [2]. Therefore,
the background must be measured in the spectral
windows around the corresponding magnesium
spectral lines. In addition, when a blank solution is
contaminated by magnesium, the background
signals should be measured in A, Of corresponding
magnesium lines in order to obtain correct net line
signals for the both magnesium lines.

Analytical performance in the optimization of an
ICP-OES in order to minimize both the spectral
interference level and the detection limits in the
presence of line rich emission matrices requires the
optimum line selection. The optimum line selection
for trace analysis requires the choice of prominent
lines free or negligibly influenced by line
interference. This is the first essential optimization
step [4, 5].

A large number of research groups have
investigated the non-spectral matrix effects in order
to suppress or eliminate this type of interference. The
robust plasma conditions are more appropriate when
compared to the non-robust plasma conditions. The

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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general conclusion from the investigations was that
the total elimination of error from non-spectral
interferences cannot be achieved under robust
operating conditions, but only by precise matching
of the acid and matrix contents in both the reference
and the sample solutions [6-9].

Studies on the impact of operating conditions on
the detection limits require the signal - to
background ratios to be maximized and the relative
standard deviation of the background signal to be
minimized [1, 10, 11].

The purpose of the present paper is to investigate
the possibilities of radial viewing 40.68 MHz ICP-
OES to achieve the lowest possible detection limits
by optimizing of the operating conditions. For this
purpose the following data have been compiled by
varying the carrier gas flow rate, incident power and
sheathing gas flow rate:

(i) Different Mg Il /Mg | line intensity ratios for
control of the robustness of the plasma excitation
conditions;

(ii) Relationship of the Mg Il / Mg | and the
excitation temperature (Texc);

(iii) Application of the methodology for
optimization of the operating conditions in order to
obtain the lowest possible detection limits in pure
solvent and the true detection limits in the presence
of “pure” and complex matrices.

EXPERIMENTAL

Instrumentation

The experiments were performed with a radial
viewing ICP-OES system ULTIMA 2, Horiba
group, Jobin Yvon, (Longjumeau, France),
Meinhard nebulizer type P/N ER 2050 — 0710N and
high dynamic detector based on photomultiplier
tubes. The operating conditions were affected by
different constant and variable parameters.

Reagents and test solutions

The concentration of magnesium in test solution
for the plasma robustness measurement was
10 ug ml™? and the concentration of titanium in
solution for the temperature measurement
was 8 ug ml™1,

In the determination of Sc, Y, La, Ce, Nd, Sm,
Eu, Gd, Th, Dy, Ho, Er, Tm and Yb the pure solvent
contains 22 mg ml solution of hydrochloric acid in
double — distilled water. In the determination of rare
earth elements (REE’s) in lutetium oxide, the
solutions contain all analytes and 8.79 mg ml?
lutetium.

In the determination of Ce, Nd, Eu, Yb, Tm, Ga,
Cr, Nb, Ni, Mn, Ge and Zr as dopants in single

crystals of potassium titanylphosphate (KTP) the
pure solvent contains 142 mg ml' H,SOs and
approximately 0.02 mg mlt H,0, The final
concentration of KTP matrix was 8 mg ml?, 142 mg
ml* H,SO4 and approximately 0.02 mg ml* H,0..
Plastic or polytetrafluoroethylene ware was used
throughout.

RESULTS AND DISCUSSION

Evaluation of the robustness of the operating
conditions by Mg 11 / Mg I in ICP

The operating conditions were affected by
varying:

(i) Carrier gas flow rate and sheathing gas flow
rate at a constant value of incident power;

(ii) Incident power and the sheathing gas flow
rate, whereas the carrier gas flow rate remained a
constant value (0.4 | min%). This is an optimal value
for carrier gas flow rate, in accordance with the
recommendations for the Meinhard nebulizer.

Influence of carrier gas flow rate and sheathing gas
flow rate at a constant value of the incident power

The effect of carrier and sheathing gas flow rates
as variable parameters at a constant value of incident
power of 1 000 W on the Mg Il / Mg I in pure solvent
is presented in Figure 1.

Three different shape curves were obtained:

(i) The bell-shaped curves were derived by
varying:

- By varying the carrier gas flow rates from 0.2 |
to 0.7 I min (without sheath gas flow) (Fig. 1, curve
1). The highest of Mg Il / Mg | ratios were obtained
at carrier gas flow rates from 0.4 to 0.6 I min?i.e., at
optimal carrier gas flow rates for this type of
nebulizer, which ensures the highest efficiency. This
value is noted from the manufacturer for each type
of nebulizer separately;

- By varying sheath gas flow rates from 0 to 1.0 |
min? at a constant value of the carrier gas flow rates
0.2 I min (Fig. 1 curve 2). The carrier gas flow rate
of 0.2 I min? (without sheath gas) is lower than the
optimal rate. This value is not enough for an
effective transfer of the aerosols to the inductively
coupled plasma. The net line signals of Mg Il
280.270 nm and Mg | 285.213 nm as well as the
corresponding Mg Il / Mg | ratios are very low. By
adding 0.2 | min sheath gas, the Mg 11 / Mg I ratios
increase significantly, because here the sheath gas
flow rate ensures more effective transport of the
aerosols to the plasma and more effective exchange
of the energy between the high frequency field and
the central channel.

153



N.S. Velitchkova et al.: “Optimization of the operating conditions in inductively coupled plasma optical emission spectrometry

Mgl /Mg lineintansity ratioin pure solvent

02 o3 o4 o5 0.6 or

0%

- Curve

- Curve

- Curve

- Curve

- Curve

- Curve

=7 - Curve

Sum of Carrier and Sheath gas flow rates [l min-1)

Fig. 1. Effect of carrier and sheathing gas flow rates as variable parameters at a constant value of incident power (1 000
W) on the Mg Il / Mg | in pure solvent: Curve 1 - variable carrier gas flow rates without sheathing gas; Curve 2 -
constant carrier gas flow = 0.2 | min™! + variable sheathing gas; Curve 3 - constant carrier gas flow = 0.3 I min™ +
variable sheathing gas; Curve 4 - constant carrier gas flow = 0.4 | min™* + variable sheathing gas; Curve 5 - constant
carrier gas flow = 0.5 I min™® + variable sheathing gas; Curve 6 - constant carrier gas flow = 0.6 | min! + variable
sheathing gas and Curve 7 - constant carrier gas flow = 0.7 | min™! + variable sheathing gas.

The exchange of energy between the high
frequency field and the central channel is critical
[12].

Therefore, the bell-shaped curves can be obtained
when the investigation of the relation between Mg Il
/ Mg | ratios and the carrier gas flow rates begins
with a value of carrier gas lower than the
corresponding optimal value for a given nebulizer.

(ii) The second types of curves are with plateau
(Fig. 1, curves 3 and 4). The constant value of the
magnitude of the Mg Il / Mg | ratios were derived in
both cases:

- Carrier gas flow rate 0.3 | min? and sum of
carrier and sheath gas flow rates 0.4 | min? +
0.2 I min? (Fig. 1, curves 3);

- Carrier gas flow rate 0.4 | min? and sum of
carrier and sheath gas flow rates 0.4 | min? +
0.2 I min? (Fig. 1 curves 4).

The influence of energy transfer between the
plasma and the injected species was found to be
insignificant by adding 0.1 or 0.2 | min* sheath gas
flows to the 0.3 or 0.4 | min to the carrier gas
flow [12]. Here the Mg Il / Mg | ratio remains
constant. Further, by increasing of the sheath gas at
the above mentioned constant carrier gas flow rates,
the Mg Il / Mg I ratio decrease slightly (Table 1, Fig.
1, curves 3 and 4).

(iii) The third type of curves show, that with the
increase of the sheath gas flow rates at constant
carrier gas flow rates 0.5, 0.6 or 0.7 | min?, the
magnitude of the Mg 11 / Mg | ratio decrease (Fig. 1,
curves 5, 6 and 7). Under these experimental
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conditions the sheath gas flow rates influence
significantly the energy transfer between the plasma
and the injected species and the magnitude of the Mg
I1 / Mg I ratio decrease. The laminar sheath gas and
the carrier gas enter into the plasma separately
(without mixing) and influence in a different way the
processes in the inductively coupled plasma [12].
There should be underlined that in the literature
different curve shapes are published for inductively
coupled plasmas (radial and axial viewing), by using
different type of nebulizers and spray chambers [13
- 21]. In the present paper all types of curves were
obtained by using a radial viewing 40.68 MHz ICP
and Meinhard nebulizer, type PINER 2050 -
0710N. The relative standard deviation in the
determination of the Mg 11/Mg I ratios is 5%.

Influence of incident power and sheathing gas flow
rate on the Mg Il / Mg | ratio in pure solvent at a
constant value of carrier gas flow rate

The corresponding results for different values of
incident power and sum of carrier and sheathing gas
flow rates are shown on the Fig. 2, A and B. The
following conclusions can be drawn:

(i) The magnitude of the Mg Il / Mg | ratios do
not change for a sum of carrier and sheathing gas
flow rates between 0.4 and 0.6 | min™* for different
values of incident power in pure solvent (Fig. 2 A
and B). Probably for a sheathing gas flow rate of 0.2
I min™%, the energy transfer between the plasma and
the injected species is not influenced [12], regardless
of the magnitude of incident power. Further, with
increasing of the sheathing gas flow rate, the Mg Il /
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Mg | decreases. The shape of the curves (Fig. 2A)
follow the same pattern as the curves 3 and 4 (Fig.
1). By increasing the sum of carrier and sheathing
gas flow rates higher than 0.6 | min™* the Mg 11/ Mg
| ratios decrease and follow the shape of the curves,
shown on Fig.1 (curves 5, 6 and 7).

(ii) Higher Mg Il / Mg | ratios are obtained with
a lower sum of carrier and sheathing gas flow rates
for a given incident power. The Mg Il / Mg I ratios
increase with the increasing of the incident power for
all sums of carrier and sheathing gas flow rates
(Fig.2, A).

(iii) Equal Mg 11/Mg | ratios can be obtained for
different combinations of sums of carrier and
sheathing gas flow rates and incident powers.

Relationship between the Mg Il / Mg | ratio and the
plasma excitation temperature (Texc)

The relationship between the magnitude of Mg I1
/Mg I and Texc in a pure solvent was derived. The Texc
was measured by the Boltzmann plot method with
titanium lines for nine combinations between
incident power and sheathing gas flow rates [22].

Five values for the Tex Were obtained with each
of the eight combinations (Table 1, column 3). In all

cases Texc £ 200 K was obtained. The results show
that higher Mg 1l / Mg | ratios correspond to higher
values of Texc.

It could be concluded that the excitation
conditions in ICP have to be modified by varying the
incident power and the sheathing gas flow rates at an
optimal value for the carrier gas flow rate, in
accordance with the recommendations for the
Meinhard nebulizer. The equipment with sheathing
gas device gives possibility to change the ionization
and excitation conditions of the plasma by varying
the sheathing gas flow and the incident power at a
constant optimal value of the carrier gas. The carrier
flow is not only a very critical parameter of the ICP
but also a nebulizer parameter that governs the
amount of aerosol carried to the plasma [1]. At
constant optimal value of carrier gas flow rate the
aerosol formation and transport processes do not
change under different excitation conditions in ICP.

There should be noted that by using ICP-OES
equipments without sheathing gas device, the
change of the operating conditions can be achieved
by varying the incident power at an optimal carrier
gas flow rate.
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Fig.2. Effect of incident power (A) and sheathing gas flow rate (B) on the Mg 11 / Mg | ratio in pure solvent at a

constant value of carrier gas flow rate

Table 1. Type of operating conditions obtained at a constant optimal value of the carrier gas flow rate of 0.4 | min‘?,

variable sheathing gas flow rate and incident power

Sum of carrier and

Type of operating Incident power, .
conditions Mg Il /Mgl Texe, K W sherztti;;n% ?ne}zf_llow

Non-robust 1.8 5200 + 200 700 14=04+1.0
3.6 6000 + 200 700 1.2=04+0.8
Semi-robust 6.0 6580 + 200 800 1.0=04+0.6
6.0 6580 + 200 1000 1.2=04+0.8;

11 7200 + 200 1000 04=04+0
Robust 11 7200 + 200 1100 0.8=0.4+04
12 7500 + 200 1100 06=04+0.2
12 7500 + 200 1200 0.8=0.4+04

Table 1 summarizes the type of excitation
conditions, which were obtained by radial viewing

40.68 MHz ICP. Hence, by varying the excitation
conditions from non-robust to robust (Table 1) the
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lowest possible detection limits in pure solvent and
in the presence of different matrices can be achieved.
The above mentioned methodology was applied for
optimization of the operating conditions in order to
minimize the detection limits in the determination of
trace of elements in the presence of different matrix
constituents.

Minimization of the true detection limits in the
determination of Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm and Yb in pure solvent and in
the presence of 10 mg ml™ lutetium oxide
(8.79 mg ml™* lutetium) as matrix

Lutetium is a typical rare earth element
characterized by a full f-level. This element emits a
relatively smaller number of spectral lines in
comparison to the REEs from cerium to erbium.
Besides, in the presence of matrix lutetium, the
strong LuO bands have been registered at Texc~ 6200
K around the prominent lines of La, Ce, Pr, Nd, Sm
and Eu. The intensities of the molecular bands
considerably decrease or disappear altogether at Texc
~ 7200 K. Optimal line selection for trace analysis
require the choice of the prominent lines free or
negligibly influenced by line interference [4].

The detection limits in pure solvent were
calculated in accordance to Eq. (1) [1]:

CL=2+/2 x 0.01 x RSDB x BEC (1)

The true detection limit (Ci wye) in the presence of
“pure” rare earth matrices was expressed by Q -
values for line interference [Qi(Aa)] and wing
background interference = [Qw(AAs)]  levels,
respectively in accordance with (Eqg. (2)) [4].

CLwe= 2/5 Q(%) x C, + 22 x 0.01 xRSDBLx
[ BEC + Q,(A,) x C+ Qu(Ad) xC] )

The magnitude of [Qi(As)] values is of primary
importance for the magnitude of the true detection
limits. The influence of the wing background
interference levels [Qw(AA,)] is negligible (Eq. 2).

The effect of the operating conditions (varying
from non-robust to robust) on the magnitude of
background equivalent concentration in pure solvent
(BEC), [Qi(Aa)] values for line interferences and
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[Qw(ALa)] values for wing interferences in the
presence of 8.79 mg ml™* lutetium for the selected
analysis lines of Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tmand Yb were studied. The lowest
values of BEC, [Qi(Xa)] and [Qw(A).)] values were
measured at Mg 1l / Mg | ratio of about 3.6 which
corresponds to (Texc = 6 000 K).

By using BEC, [Qi(Xa)] and [Qw(AX,)] values in
the presence of 8.79 mg ml™? lutetium as matrix,
which were measured under different excitation
conditions (non-robust, semi robust and robust)
(Table 1), the detection limits in pure solvent by (Eq.
1) and the true detection limits by Eq.(2) were
obtained.

Figure 3 A and B shows the relationships
between the Mg Il / Mg | ratios and the detection
limits in pure solvent (A) and the true detection
limits in the presence of 8.79 mg ml? lutetium in
solution (B).

In conclusion, the non-robust conditions at
Texc~ 6000 K (Mg 11/ Mg | = 3.6) proved to be more
appropriate for the determination of traces of REE’s
in a pure solvent and in the presence of 8.79 mg ml*!
lutetium as a matrix as compared to the robust
conditions. The detection limits under non-robust
excitation conditions at Texc=~ 6 000K (Mg 11 / Mg |
= 3.6) are between 3 and 6 times lower than under
robust excitation conditions at Texc~ 7 200 K (Mg Il
/Mg I =10) in pure solvent as well as in the presence
of lutetium oxide as a matrix for the analytes Sc, Y,
La, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb.

Q-values due to LuO molecular bands for the
analysis lines of cerium (Ce Il 413.765 nm) and
neodymium (Nd Il 401.225 nm) decrease with the
increase of the Mg Il / Mg I ratio in the presence of
a lutetium matrix. Q-values for line interference
[Qi(Aa)] are equal to zero for Mg Il / Mg | from 9 or
11 in the case of Nd 11 401.225 nm or Ce 11 413.380
nm, respectively, i.e. at an Texc = 7 200 K [4]. In
addition the sums of the ionization and excitation
potentials for the ionic prominent lines of REE’s
vary from 8.9 to 10.0 V [23, 24]. This conclusion is
in accordance with [25].
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By using the selected prominent lines (in nm) the
following detection limits (in %) were reached:

(i) Detection limits in pure solvent (C.) (in %):
Sc 11 358.094 - 1.9x10°, Y Il 324.228 - 1.8x10°°,
Y 1l 360.073 - 1.0x10%, Y II 360.073 - 1.0x10%,
La 11408.672 - 1.0x10°%, Ce 11413.380 - 1.1x10°, Pr
11 422.293 - 6.5x10°%, Nd 11 406.109 - 3.3x10®, Sm
11359.260 - 4.3x10°, Eu 11 420.505 - 1.0x10°%, Gd II
342.247 - 3.4x10°®, Th Il 356.852 - 5.7x10°%, Dy Il
353.602 - 4.0x10°F, Ho 11 339.898 - 4.4x10°®, Er Il
337.271 - 1.3x10°%, Tm 11 313.126 - 3.9x10°, Yb Il
328.937 - 3.0x107 and Lu 11 261.542 - 3.0x10".

(ii) True detection limits (Cpwe) in the presence
of 879 mg ml? lutetium as matrix (in %):
Sc 11361.384 -1.3x10°%, Y 11 371.030 - 1.5x10°°, La
11379.478 - 4.5x10°°, Ce 11 413.765 - 8.7x10°°, Pr Il
390.844 - 1.8x107°, Nd 11 401.225 - 1.1x10°4, Sm Il
359.260 - 1.2x10°°, Eu 11 420.505 - 6.4x107°, Gd Il
342.247 - 3.4x107°, Th 11 384.873 - 1.4x10°°, Dy Il
340.780 - 1.3x10°°, Ho 1l 345.600 - 4.3x10°%, Er Il
369.265 - 2.2x10°°, Tm 11 313.126 - 4.5x10°°, Yb Il
328.937 - 7.9x107".

There would be noted that in the case of a
lutetium matrix, for Ce and Nd the lowest detection
limits were obtained under robust excitation
conditions. The LuO bands registered around Ce 11
413.380 nm and Nd 11 401.225 nm disappeared at
higher excitation temperatures [4]. In the presence of
a lutetium matrix, the line interference level is lower
in comparison with the rare earth matrices from
cerium to erbium and the worsening of the true
detection limit is negligible in comparison with the
detection limits in pure solvent.

Minimization of the true detection limits
in presence of 8 mg mI* KTP

Single crystals of potassium titanylphosphate
(KTP) doped with Ce, Nd, Eu, Yb, Tm, Ga, Cr, Nb,
Ni, Mn, Ge and Zr are excellent materials for
electrooptical applications and laser technique. The
methodology for optimization was applied by using
the selected analysis lines [5]. Tables 2 and 3 present
the selected prominent lines (columns 1) with
different sums of ionization and excitation potentials
(columns 2) and true detection limits (in %) with
respect to the dissolved solid (8 mg mlt KTP in
solution) (columns 3).

The results from Tables 2 and 3 demonstrate that
by varying Texc, the plasma emits spectral lines with
different net line signals depending on the sums of
the ionization and excitation potentials of the
selected ionic analysis lines.

Table 2. True detection limits (Cy we) for Ce, Nd, Eu,
Yb, Tm and Ga with respect to the dissolved solid in
solution for solid concentration of 8 mg ml* KTP (in %)

Optimal excitation temperature Texc ~ 6 000 K
(Mg 11/ Mg | = 3.6)

Sum =

seecedamlysis ‘T L 0

e potentials,

(V) [23, 24]
Ce 11 413.380 9.33 2.6x10°*4
Nd 11 406.109 9.01 6.6 x 104
Eu I1 381.967 8.91 1.0x10-°
Yb 11 328.937 10.02 33x10°°5
Tm 1l 317.283 10.02 4.0x 105
Ga | 294.364 10.31 13x10°4
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Table 3. True detection limits (Cy we) for Nb, Ni, Mn,
Ge and Zr with respect to the dissolved solid in solution
for solid concentration of 8 mg ml* KTP (in %)

Optimal excitation temperature Texc =~ 7200 K
(Mg 1l / Mg | = 10)

Sum =

. ionization +
Se Iﬁr?;zd ; n;l:%/S'S excita’gion Cv true (%)

A potentials,

(V) [23, 24]
Nb 11 269.706 11.63 2.0x10"*
Ni 11 221.647 14.26 1.6 x10-*
Mn 11 257.610 12.14 25x10"5
Ge 11 265.158 12.57 1.6 x 10 -2
Zr 11 343.823 12.53 46 x10°5

The lowest true detection limits for the elements Ce,
Nd, Eu, Yb, Tm, Ga were obtained at optimal
excitation temperature Texc =~ 6 000 K (Mg 11 / Mg |
= 3.6). The sum of the ionization and excitation
potentials for the ionic prominent lines of rare earth
elements varies from 8.9 V to 10.3V (Table 2,
column 2) [23, 24]. For Cr, Nb, Ni, Mn, Ge and Zr
the lowest true detection limit were obtained at
optimal excitation temperature Tex ~ 7 200 K (Mg 11
/ Mg | = 10) in pure solvent and in the presence of a
KTP matrix. The sum of the ionization and
excitation potentials for the ionic prominent lines of
these elements varies from 11.6 V to 14.26 V (Table
3, column 2) [23, 24].

CONCLUSIONS

Improvement of the detection limits from three to
six times in pure solvent and the true detection limits
in the presence of different matrix was achieved by
optimisation of the plasma operating conditions. The
lowest possible detection limits were obtained under
different excitation conditions depending on the
spectral characteristics of the selected prominent
lines and the interfering matrix lines. There should
be noted that the type of background as molecular
bands must be taken into account in the optimization
of the operating conditions in the determination of
REE’s in the presence of lutetium as matrix.
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OntumMu3upaHeTo Ha pabOTHHUTE yCIOBHUS O€lle M3CJIEABAHO C LieJ TOHMKABAaHE HAa IPAaHMIUTE HA OTKPUBAaHE IPHU
ONTHYHATA eMHUCHOHHA criekTpomeTpus ¢ 40.68 MHz MHIyKTHBHO CBBHp3aHa miazMa ¢ paauanHo Haomoaenne (MCII-
OEC). Mg 11 280.270 nm / Mg | 285.213 nm (Mg Il / Mg |) HHTEH3UTETHO OTHOIIEHHE OEIlle U3MOI3BAHO 3a OIIEHKA Ha
TBBPAOCTTa Ha PaOOTHHUTE YCIOBUS B Iuta3Mara. PaGoTHUTE ycoBHs 0fXa MPOMEHSHHU Upe3 BapHUpaHE HAa BXOMAAIIATA
MOIITHOCT, a6p0O30JI HOCEMHUS W oOrpbhUiamys ra3oBu norounu. IlomyueHa € eKcIepUMEHTAlIHATA 3aBUCHMOCT MEXIY
ronemunara Ha Mg Il / Mg I u Temneparypara 3a Bb30yxaane B VCII. Pesynarature mokassar, ye ycJOBHUsTa 3a
BB30ysknaHe B MICII TpsiOBa 1a ce MpOMEHST OT MEKH KbM TBBP/IM Ype3 BapUpaHe Ha BXOSIIaTa MOIIHOCT M 00T phIIAIIns
ra3oB IOTOK NP ONTHUMalHATa CTOMHOCT Ha aepo30Ji-HOCEIIns MOTOK. B To3m cimydyaii nmporecure Ha GopmupaHeTo n
TPAHCHOPTUPAHETO Ha aepO30JIMTE OCTABAT €IHU CBHIIM NPH pa3IMYHHUTE yCIOBHA 3a Bb30OyxkaaHe. Upe3 mpomsiHa Ha
paboTHHTE YCJIOBMS B IUIa3Mara OT MEKU JIO TBBPAM OsiXa IOCTUTHATH Hal-HUCKM TPAaHWIM Ha OTKPHBaHE IPH
OIpe/ieTIsiHE Ha €JIEMEHTH B €IHOKOMIIOHEHTHH ¥ MHOTOKOMITOHEHTHH MaTPHIIM, U3M0JI3BaiiKK M30paHUTe aHAIUTHYHN
JIMHHU C PA3INYHH CIEKTPAIHU XapaKTEPUCTHKH.

Knrwuosu oymu: UCII-OEC, Onmumusupane na pabomuume ycnogus, Cneou om enemenmu, I panuyu Ha omxpugane
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Synthesis and characterization of lanthanoid complexes with
3, 3'- [(4-bromophenyl)methylene]bis (4-hydroxy-2h-1-benzopyrane-2-one)
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Complexes of coumarin derivate 3, 3'-[(4-bromophenyl)methylene]bis-(4-hydroxy-2H-1-benzopyrane-2-one), with
some lanthanoid ions Ln(I11) = La(lll), Nd(I11), Eu(l1l), Gd(I1I), and Tb(Ill) were synthesized. The complexes obtained
were characterized by means of elemental analysis, IR spectroscopy, UV-Vis spectroscopy, fluorescence spectroscopy
and microscopy. The spectral data of the synthesized complexes were interpreted on the basis of comparison with the
spectra of the free ligand in order to determine the mode of coordination in the complexes. Results from the IR spectra
suggested that the coordination is through the carbonyl oxygen atom as well as through the deprotonated hydroxyl group.
The complexes possess optical properties shown by their absorption in the UV/Vis region. The excitation and emission
spectra of Th(Ill) complex were taken in solid state. The lifetime of the excited state was measured.

Key words: Lanthanoids, Complexes, Biscoumarins, IR spectroscopy, Optical properties.

INTRODUCTION

The coumarin (also known as 1,2-benzopyrone)
and its derivatives are a large class of chemical
compounds with arising interest during the last few
years. Most of them are naturally occurring and can
be found in plants, bacteria and fungies [1, 2].
Coumarin compounds can be synthesized using
different chemical methods such as Pechman
reaction [3, 4], Knoevenagel condensation [5, 6], and
etc. Different types of substitution of the parent ring
suppose that coumarins are extremely variable in
structure resulting in large variety in their properties.
Some of them are used as drugs in medicine [7, 8],
as well as pharmacological agents [9-11]. Coumarins
can be used as optic agents, since fluorescent
coumarin derivatives have been widely used in many
applications from cell biology, medicinal analysis,
lasers, and sensors to the advanced photochemical
systems [12-15], because of their extended spectral
range, high emission quantum yields, photostability,
and good solubility in the safest solvents.

Recently coumarin compounds have been
investigated for their coordination ability. In
literature there is a lot of data concerning
coordination properties of coumarins towards
different metal ions [16-19]. It is important to
understand the relationship between structure of the
synthesized metal complexes and their properties.

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

Some authors have observed the influence of the
complexation on biological properties; they pointed
out that the metal ion can improve the biological
activity of the investigated compounds [20-22].
Other articles have described the influence of the
metal ion on their spectroscopic properties [22-24].

During last few years compounds of
3,3"-benzylidene-bis[4-hydroxycoumarin] with
different substitution in the benzylidene ring have
been synthesized and investigated [25-27]. Synthesis
of their lanthanoid complexes is another area of
scientific interest. The synthesized complexes were
investigated by different physicochemical methods
and molecular modeling methods [27, 28]. Their
pharmacological properties were also tested [29].
Complexes showed good optical properties, which
can be well-preserved after their immobilization in
different matrices [23, 30].

In the current research we used the coumarin
compound 3,3'-[(4-bromophenyl)methylene]bis-(4-
hydroxy-2H-1-benzopyrane-2-one),  CzsH1506Br.
It belongs to the group of 3,3'-benzylidene-bis(4-
hydroxy-2H-1-benzopyrane-2-one) derivates,
with different substitutes like -OH, —-NO, -OCH3s, —
Cl, etc. This compound (named for short L15-Br)
possess —Br substitute on para position in the
benzylidene ring (Fig. 1).

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. Chemical formula of 3,3'-[(4-bromophenyl)-
methylene]bis-(4-hydroxy-2H-1-benzopyrane-2-one),
(L15-Br)

We synthesized complexes of L15-Br with some
lanthanoid ions — La(lll), Nd(II1), Eu(lIl), Gd(IlI),
and Tb(lll) — and studied their structures and
properties by physicochemical methods.

EXPERIMENTAL

Chemicals used for the experiments were of
analytical grade. A coumarin compound 3, 3'-[(4-
bromophenyl)methylene]bis-(4-hydroxy-2H-1-
benzopyrane-2-one), CasHis0sBr, synthesized by
Knoevenagel condensation [31], was used as a
ligand.

Metal salts used were lanthanoid nitrates
hydrates, among them Nd(NO3);-6H,O was
purchased from Fluka, La(NO3);-6H,O was
purchased from Merck, both were of p.a. grade. The
others like Tb(N03)3'7Hzo, EU(NO3)3-8H20,
Gd(NO3)3-9H,0 were prepared by dissolving the
lanthanoid oxides in diluted nitric acid, followed by
crystallization and recrystallization. The hydrated
water was determined by complexometric titration.
Ethyl alcohol, dimethyl sulfoxide and acetone were
used as solvents.

Complexes were synthesized in two steps. As a
first step the ligand was dissolved in water/ethanol
solution under magnetic stirring and 1M NaOH
(aqueous solution) was added dropwise in order to
deprotonate a hydroxyl group of the ligand. The
stirring continued until complete dissolution of the
ligand. To the solution formed, as a second step, the
ethanol solution of the lanthanoid nitrate was added
dropwise. The suspension obtained was kept stirred
for 3 hours, and then filtered and washed several
times with water. The drying in a desiccator to
constant mass resulted in a powder probe. All the
samples were recrystallized by acetone, except
Eu(lll) complex, which was recrystallized by
ethanol.

The complexes synthesized were characterized
by automatic analyzer EuroEA 3000, which allows

simultaneous determination of the content of carbon,
hydrogen and nitrogen in samples of organic
compounds and materials. The content of the metal
ion was determined by complexometric titration in
ethanol media.

The IR spectra of the ligand and the complexes
were registered in KBr pellets with a diameter of
13 mm. The spectra were recorded on a Thermo
Scientific Nicolet iS5 Fourier-Transform IR
spectrometer (DTGS detector) at a spectral
resolution of 2 cm™* and accumulation of 64 scans.
The spectra were scanned in the 4000 — 400 cm™
range.

Optical properties were investigated with an
Evolution 300 UV-Vis spectrometer (Thermo
Scientific) and a Cary Eclipse spectrometer with a
xenon lamp as the excitation source as well as on an
N-400M fluorescence microscopy.

RESULTS AND DISCUSSION

Elemental analysis

The elemental analysis data obtained served as a
basis for determination of empirical formulae of the
compounds. It turned out that there is a good
agreement between the calculated values and the
found. On that base we suggested that every
lanthanoid ion binds with three molecules of the
ligand and different number of water molecules, in
agreement with preferred high coordination number
of the metal ion. The so synthesized complexes are
proposed to be with Ln(HL)s-nH.O stoichiometry
for La(111), Nd(I11), Eu(I11), Gd(l11), Th(ll1), where
HL = (CzsH1406Br)" is the mono-deprotonated form
of the ligand, since sodium hydroxide was used in
synthetic procedure. The complexes were found to
be soluble in dimethyl sulfoxide, dichloromethane,
and dimethylformamide, slightly soluble in ethanol
but insoluble in water. The elemental composition
(in %), the formulae with the coordination water
included as well as the respective symbols used for
the complexes, are presented below:

LaL15-Br, La(HL)3 H20; %C (55.34/55.52), %H
(2.72/3.32), %La (8.53/7.98),

NdL15-Br, Nd(HL)z 3H.0; %C (53.96/53.08),
%H (2.89/3.34), %Nd (8.64/8.73),

EuL15-Br, Eu(HL)3 H20; %C (55.41/54.88), %H
(2.89/2.68), %Eu (9.10/9.27);

GdL15-Br, Gd(HL)s 2H:0; %C (54.13/54.15),
%H (2.78/3.05), %Gd (9.44/9.99),

TbL15-Br, Th(HL); 2H.0; %C (54.07/53.87),
%H (2.78/3.03), %Tb (9.54/9.24).

Infrared spectroscopy of the free ligand and
NdL15-Br

Our efforts for single crystals preparation of the
complexes turned out to be unsuccessful. That is
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why a vibrational analysis was used as an
opportunity to reveal the possible mode of
coordination. The infrared spectra of the complexes
were interpreted on the basis of the comparison with
the spectrum of the free ligand.

The IR spectra of the ligand L15-Br (1) and
NdL15-Br (2) in the range 3900-1800 cm* (a) and in
the range 1700-1200 cm™ (b) were recorded (Figure
2). In the spectrum of the free ligand intensive bands
at 1669 cm™ and 1617 cm™ were observed, which
can be assigned for the carbonyl oxygen atom (C=0)
[27, 32]. The bands observed are lower than the shift
for the free carbonyl group [27, 32]. That fact can be
attributed to the participation of the carbonyl group
in stable C=0-H bridges. In the spectra of the
complexes these bands were shifted to lower
wavenumbers. The band observed at 1598 cm™ in
the spectrum of NdL15-Br can be attributed to the
vsym (C=0) [33]. That band is the most informative
about the participation of the oxygen atom from the
carbonyl group in coordination with Ln(l11) ion. The
shoulder observed at 1620 cm™ can be assigned to
the asymmetric vibration of the carbonyl group [27,
32]. Bands appearing at 1605, 1562, 1486 and 1455
cmtin the spectrum of the ligand corresponded to
the vibration of the phenolic ring. In the spectrum of
the complex they were shifted to lower
wavenumbers.

In the IR spectrum of the ligand the weak band at
3073 cm™ can be assigned to the v(OH) vibrations
[27, 32]. This band was not observed in the spectrum
of the complex, indicating that the deprotonated
form was involved in complexation. The broad band
in the range 3750 — 3100 cm™, observed in the
spectrum of NdL15-Br (Figure 2, a 2), was assigned
to the v(O-H) vibrations of coordinated water [27,
32] and did not appear in the spectrum of the ligand.
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The spectral behavior of the complexes
synthesized is similar. So based on that reason we
can conclude that the coordination of the lanthanoid
ion is identical in the formed complexes, i.e. they are
isostructural. The coordinated water registered by IR
spectra supports the elemental analysis data and the
proposed empirical formulae of the complexes. The
coordinated water molecules along with the three
molecules of the mono-deprotonated ligand in
Ln(HL)3reassure a coordination number higher than
six for the lanthanoid ion. This is in a good
agreement with the high coordination numbers
known for the lanthanide ions [34].

Electronic spectra

The absorption spectra of the free ligand and its
Ln(lll) complexes were recorded (Figure 3).
Compared to the UV-Vis spectrum of the ligand,
changes are observed in the spectra of the
complexes. In the spectrum of the free ligand an
intense broad band from 260 to 337 nm, indicating a
n-m* transition is observed. The complexes absorb
throughout the interval 200-900 nm with local
maxima in the UV region up to 350 nm and in the
visible region (for NdL15-Br).

In the absorption spectrum of NdL15-Br
(Figure 3) a broad band around 300 nm with
intensity lower than the one observed in the ligand.
That band can be assigned to the transition in the
ligand. Bands with lower intensity due to f-f
transitions appeared at region 430-900 nm. The
absorption bands of Nd(I1l) in the visible and NIR
region appear due to transitions from the ground
levels of *lo, to the excited J- levels of the 4f
configurations [35].
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Fig. 2. IR spectra of the ligand (1) and NdL15-Br (2) in

the range 3900-1800 cm™ (a) and in the range 1700-1200
cm? (b)
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Fig. 4. Excitation and emission spectra of powdered
terbium complex

Fig. 5. Fluorescent microscope image for the sample of
TbL15-Br

Excitation and emission spectra

The luminescence nature of Ln(lll) ions is well
known, but still an interesting area in the science
investigations [36]. Complexes of Ln(lll) with
optical properties usually consist of organic
molecules, capable of transferring energy to the
metal ion and overcoming their low extinction
coefficient [34]. In case of ion with luminescence in

visible region, such as Tb(lll) ion, the organic
component should be excited in the UV area,
allowing effective charge transfer from the ligand to
the metal ion.

The luminescence properties of the powdered
probe of TbL15-Br complex were investigated under
ultraviolet excitation.

The excitation spectrum was recorded with
excitation maximum around 350 nm (Figure 4). The
emission spectrum (Figure 4) showed characteristic
emission bands of the Th(Ill) ion at about 489 nm
(°D4-"Fg), 583, 588 nm (°Ds-'F4) and 621 nm,
corresponding to *Ds-F3 transitions. The transition
°D4-"Fs is presented with an intensive emission band
splitted at 543, 547 and 548 nm. Transitions are from
the lowest excited state °D, of Tb(lIl) ion to the
highest ground state 'Fo and next 'F; (J= 0-6) [23].
Green emission of Tb(lll) was observed with
fluorescence microscopy, and it is concerned as
reliable proof for presence of the ion (Figure 5). The
lifetime of the excited state of powdered probe of
TbL15-Br was found to be 465 ps.

Obviously the content of water in the inner sphere
of Th(I11) complex did not interfere its fluorescence.
That was not the case with the other complexes. For
example complex of Eu(lll) did not show any
luminescence under UV light irradiation, probably
because of the water content. It is well known that
the photophysical properties of Eu(lll) ion and
Tb(111) ion markedly depend on their environment,
i.e. the luminescence is strongly decreased by the
presence of water molecules in the coordination
sphere [37]. Besides, excitation and absorption
spectra matched for Tb(lll) complex only,
suggesting that the charge transfer from the ligand to
Eu(l11) was not enough to sensitized the metal ion.

CONCLUSION

Complexes of coumarin derivate
3,3"-[(4-bromophenyl)methylene]bis-(4-hydroxy-
2H-1-benzopyrane-2-one) with some lanthanoid
ions such as La(lll), Nd(I11), Eu(lll), Gd(lll), and
Tbh(lI) were successfully synthesized. The IR-
spectra elucidated the possibilities for coordination
of the metal ion to the OH deprotonated and the C=0
oxygen atom. The Tb(lll) complex of 3,3'-[(4-
bromophenyl)methylene]bis-(4-hydroxy-2H-1-
benzopyran-2-one) showed luminescent properties.

Acknowledgement: The current study was
accomplished in the frames of the Project DO 02
129/08 financed by Bulgarian Fund for Scientific
Investigations.
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CHUHTE3 1 OXAPAKTEPU3NPAHE HA JIAHTAHOMJIHU KOMIIJIEKCHU C
3,3’- (4-BPOMO®EHUIMETUJIEH)BUC(4-XUPOKCHU-2H-1-BEH30IIUPAH-2-OH)

B. 1. Kupuesa®, . 1]p. 3axapuena’, 1. Manonos?, M. M. Munanopa®

YCogpuiicxu Ynusepcumem ,, Ce. Kn. Oxpudcku”, @axynmem no xumus u ¢papmayus, Kameopa ,, Heopeanuuna
xumus *, oya. [owc. Bayyep Ne 1, Coghusa 1164, Bvaeapus

2Meouyuncku Ynusepcumem, @apmayesmuuen axynmem, Kameopa Opzanuuna xumus,
ya. Hynas Ne 2, Cogpusi 1000, Bvacapus

[ocrenuna Ha 11 nHoemBpu 2016 1.; mpuera Ha 21 sayapu 2017 r.
(Pesrome)

CuHTe3upaHu ca KOMIUIeKCH Ha 3,3’—(4-6pomodennnmeTrneH)onc(4-xuapokcu-2H-1-6eH3onupan-2-oH) ¢ HIKOH
nantadouauu douu Ln(11) = [La(lll), Nd(I11), Eu(l11), Gd(1IT), Tb(lI1)]. [Tony4eHnTe KOMILIEKCH Ca OXapaKTepU3HpaHH
¢ momormIra Ha enemeHten anamu3, UU cmnekrpockonust, UV-Vis crekrpockonust, (hyopeciieHTHa CIIEKTPOCKOMHUS 1
MHKpockonus. CHeKTpUTe Ha KOMIUICKCHTE Ca CPABHEHHM C TE3H Ha CBOOOIHUS JIMTAH], 32 J1a MOXKe 1a ObJie HAIPaBeHO
NPENIoNIOKEHAEe 32 HAaYWHa Ha KOOpIMHHpaHe Ha MeTanHus HoH kpM Jranga. Jlanaure ot MY-crmextppa Ha
KOMIUICKCUTE HH JaBaT OCHOBAHHUE [ IIPEATIONOKHIM, Y€ METATHHUAT HOH KOOPAWHUPA C KapOOHUITHUS KHCIIOPOJICH aTOM,
KaKTO U C JACNPOTOHUPAHATA XUAPOKCHIIHA rpymna Ha juranaa. ONTHYHHTE CBOMCTBA Ha KOMIUIEKCHTE Ca IIOKa3aHH 4pe3
abcop6bims B UV- Vis obnactra. Peructpupanu ca CieKTpuTe Ha Bh30yKAaHe M eMUCHs Ha npaxosa mpoba Ha Th(lII)
KoMIUIeKe. V3mMepeHo e BpeMeTo Ha JKMBOT BbB Bh30yJCHO ChCTOSHHUE 3a IIpaxoBaTa Ipooda.

Knrouosu oymu: Jlanmanouou, Komnnexcu, buckymapunu, U4 cnekmpockonus, Onmuunu ceéoticmsa
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A set of model symmetrical and unsymmetrically substituted squaraine and croconine dyes is designed as potential
electron donor component in organic photovoltaic bulk heterojunction solar cell (BHJ) where [60]PCBM fullerene is set
as acceptor. Ground-state geometries and electronic structures were investigated using density functional theory (DFT)
and time-dependent (TD-DFT) density functional theory at the B3LYP/6-31+G(d,p) level. The effects of the electron-
rich heterocycles on these squarilium/croconium based organic dyes are studied with respect to the electronic and
transport properties of the systems. The estimated HOMO-LUMO gaps of all model dyes fall in the range of the typical
organic semiconductors’ gap of about 2 eV. The HOMO and LUMO energy levels of the dyes are compared with respect
to the acceptor’s and the rigorous conditions for an effective charge transfer is discussed. The calculated high values of
the oscillator strengths for all proposed dyes are indicative for large absorption coefficient. Based on the optimized
molecular geometries, relative positions of the frontier orbitals, absorption maxima and transport properties we propose

some of these dyes as suitable components for optoelectronic devices.

Keywords: squaraines, croconines, fullerene, DFT, transport properties

INTRODUCTION

Organic Photovoltaics (OPVs) have recently
attracted considerable attention as potentially cheap,
lightweight, and flexible sources for renewable
energy and are promising materials for harvesting
solar energy. The ease of their processing and less
environmental  aggressiveness  compared  to
inorganic solar cells make them objects of extensive
elaboration. Exploring new organic materials by
revealing relationship between molecular structure
and optoelectronic properties is one of the
paramount approaches to achieve high-performance
OPVs. The performance of the OPVs crucially
depends on the donor constituents which should
satisfy requirements for large absorption coefficient,
low bandgap, high charge mobility, environmental
stability, suitable HOMO/LUMO level and
solubility [1].

Although non-fullerene-based acceptors are
recently in the focus of the search of new promising
acceptor materials for bulk heterojunction (BHJ)
solar cells (BHJ cells consist of a n-type highly
conjugated electron acceptor with high electron
affinity and a p-type electron donating part [2]),

* To whom all correspondence should be sent.
E-mail: mspasova@orgchm.bas.bg
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fullerene  derivatives like [60] PCBM and
[70] PCBM are, so far, the most widely used electron
acceptors in organic photovoltaic cells [3]. Their
unique spherical shape, molecular rigidity and large
n-delocalization over the three-dimensional (3D)
framework determine their low reorganization
energy for electron transport [4] and the ultrafast
charge transfer [2b]. BHJ solar cell where
conjugated polymers or small organic molecules are
blended with fullerenes represents an efficient way
for rapid exciton dissociation [5].

Squarylium dyes (squaraines) are derivatives of
squaric acid  (3,4-dihydroxy-3-cyclobutene-1,2-
dione, quadratic acid), a condensation product of
squaric acid and electron-rich aromatics or
heterocycles. They are well-known as highly
efficient absorbers for organic photovoltaics (OPV)
applications [6, 7]. Squaraine dyes feature sharp and
intense absorption, typically in the red to the near
infrared (NIR) region. Squaraine film absorption is
quite broad with large absorption coefficient, which
is highly beneficial for sunlight absorption of the
photoactive layer [8]. Many studies are addressed to
the structural optimization of squaraine dyes for dye-
sensitized solar cells. In order to improve their
performance strategies like introduction of donors,
acceptors, conjugated linkers, etc. aiming at tuning

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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their HOMO, LUMO, HOMO-LUMO gap (HLG)
and absorption were adopted [9-12]. Croconium
dyes (croconines) are Knoevenagel condensation
products of croconic acid (4,5-dihydroxycyclopent-
4-ene-1,2,3-trione) and heterocyclic CH-acids and
they have properties similar to those of the
squaraines [13] with strong and broad absorption in
infrared region and are also foreseen for application
as electron donor in solution processed BHJ solar
cells [14].

In this work, motivated by the promising results
from the optical modelling of a symmetrical
squaraine SQ1 (2-(5-(((2,2-
diphenylhydrazono)methyl)-1-hexyl-1H-pyrrol-2-
yl)-4-(5-(2,2-diphenyl-hydrazono)-ylidenemethyl)-
1-hexyl-2H-pyrrol-1-ium)-3-oxocyclo-but-1-
enolate) [7] we performed DFT and TDDFT
calculations on the geometries, electronic structures
and absorption spectra of a model set of three
sguaraine and croconine dyes. Quantum chemistry is
an extremely powerful and low-cost tool for
beforehand molecular designs of new efficient dyes.
The computational methodologies based on density
functional theory (DFT) and time-dependent DFT
(TDDFT) provide reliable geometrical, electronic
and spectroscopic properties for various dyes [15,
16]. The calculations of hole and electron
reorganization energies, as well as exciton binding
energies, aim at assessment of transport properties of
the proposed dyes. The analysis of these quantities
allows for rational design of more efficient electron-
donor components which in conjunction with PCBM
would satisfy the different criteria for OPV
materials.

COMPUTATIONAL DETAILS

The reorganization energy (1) is used to access
crudely the electron-, and hole mobility of the
proposed organic chromophores. The internal
reorganization energies (for isolated molecules the
external part is often neglected) for hole transport
(AT) and electron transport (A7) are calculated
following the so called “4-point model” [17] as:

E=2T+ 23
Ili = Ei(Qn) —E+(Q+)
23 = En(Q1) — En(Qn)

where  E;(Qn), E+(Q4), En(Q4) and E; (Qr)
are the total energies of the: charged state in the
neutral geometry, charged state in the charged state
geometry, neutral state in the charged state

geometry, and neutral state in the neutral geometry,
respectively.

Another indicator of optoelectronic performance
is the exciton binding energy - the Coulomb
interaction energy that stabilizes the exciton
(bounded electron-hole pair) with respect to free
electron and hole. Exciton binding energy is defined
as difference between fundamental gap (Eg) and
optical gap (Eopt) of a molecule Eping=Eg-Eopt Where
E, is defined as the difference between the vertical
ionization potential IP and vertical electron affinity
EA E&=IP-EA.

All calculations were carried out with Becke’s
three-parameter ~ hybrid  exchange-correlation
functional B3LYP [18] with double-{ polarized basis
set, 6-31+G(d,p). It has been shown that this
functional performs well in predicting molecular
geometries and optical gaps [19] and gives results in
good agreement with experiment for exciton binding
energy of acene [15]. For the sake of the consistency
the same functional (B3LYP) was used in molecular
frontier orbital energy calculations although it is
known that systematically underestimates the HLG
by 0.2-0.3 eV [19, 22]. The Gaussian 09 program
[20] is used for quantum chemical calculations and
PyMOL molecular graphics software for generating
the molecular graphics images [21].

RESULTS AND DISCUSSION

A set of 3 squaraines and 3 croconines with
different substituents has been designed to screen
dyes with desired properties (Figure 1). The DFT
calculated frontier orbital energies, HOMO-LUMO
gaps, as well as TDDFT obtained excitation energies
and oscillator strengths of the model donor dyes and
the acceptor [60]PCBM are listed in Table 1. The
absolute position of HOMO and LUMO levels
enables ranking of the substituents employed. The
HOMO energy levels of both series (SQs and CRs)
do not differ significantly. However, the LUMO
levels of CR’s are considerably lower (about 0.5 eV)
which leads to a smaller HOMO-LUMO gap for
CR’s. Generally, the estimated HLG’s of all model
dyes are low enough, which is one of the inevitable
requirement for a good donor constituents. They are
in the ranges 1.8-2.02 eV and 1.37-1.53 eV for SQ’s
and CR’s, respectively, and even accounting for the
HLG’s underestimation by B3LYP the most of the
proposed structures HLG’s are close to the typical
organic semiconductors’ gap of about 2 eV.
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Figure 1. Structures of the proposed squaraines and croconines.

Table 1. B3LYP/6-31+G(d,p) calculated HOMO and LUMO energies, HOMO-LUMO gap (HLG), and excitation
energies Eexc in eV, wavelengths Amax in nm and oscillator strength f.

Compound HOMO LUMO HLG Eexc Amax f

SQ1 -5.12 -3.19 1.93 1.877 660.7 1.63
SQ2_Et -4.87 -2.85 2.02 1.970 629.3 1.25
SQ2_Bz -4.87 -2.85 2.02 1.957 633.6 1.26
SQ3 -5.09 -3.29 1.80 1.794 691.0 2.23
CR1 -5.17 -3.74 1.43 1.522 814.9 1.24
CR2_Et -4.94 -3.41 1.53 1.618 766.5 1.06
CR2_Bz -4.93 -3.40 1.53 1.611 769.5 1.06
CR3 -5.14 -3.77 1.37 1.497 828.2 1.82
[60]PCBM -6.06 -3.53 2.53 1.899 652.8 0.00

In fact, SQ’s and CR’s are inherent donor-
acceptor-donor systems [23] and for such molecular
architectures the growing interest is dictated by their
efficient low bandgaps and wide spectral coverage
[24]. The visualization of the spatial distribution of
the frontier orbitals (Figure 2) allows for
distinguishing the donor and acceptor units. The
HOMO orbitals of all studied structures are spread
over the whole conjugated chain lengths (which is
one of the prerequisites for achieving high power
conversion efficiency), whereas LUMO’s are
localized predominantly on the central four- and five
membered rings (squaric and croconic cores).
Neither HOMO nor LUMO are located at the ethyl
and benzyl side-chain groups attached to the
benzothiazole rings of SQ2 and CR2 because of the
lack of conjugation with the backbone.
Consequently, their presence does not affect the
energy level positions. These solubilizing groups are
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proposed solely for achievement of good blend
morphology.

In the view of an efficient OPV application
frontier orbital energies of the donor (dyes) should
satisfy many criteria. Along the requirements for
absolute energies of HOMO and LUMO of the donor
against the vacuum level [1] the rigorous condition
for an effective charge transfer requires that the
frontier orbitals of the donor must be 0.2-0.3 eV
higher than the corresponding acceptor’s orbitals.

The LUMO levels of CR1 and CR3 fall below the
LUMO level of the fullerene [60]PCBM (Table 1).
This means that these croconines cannot serve as
donor in this blend. The LUMO levels of the
unsymmetrical CR2’s (with ethyl or benzyl group)
are also very close to the LUMO of the acceptor
system situated just 0.12 eV above. This small
difference means that no efficient charge separation
is expected. Contrary, SQ2’s LUMO?’s are too high
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versus PCBM’s which suggests that greater energy
loss would be occurred in the BHJ. The LUMO
levels of the SQs are properly positioned with
respect to the acceptor’s. However, the requirement
for LUMO (donor) — LUMO (acceptor) > 0.2-0.3 eV
is fulfilled only for SQ1 and SQ3. Nevertheless, in
this respect, these dyes perform better than some
newly proposed merocyanine dyes [25].

Absorption

DDFT/B3LYP/6-31+G(d,p) calculations of the
excitation energies Eec and corresponding
wavelengths Amax (Table 1) predict strong absorption
in the red and NIR region of the spectrum. These
results are in good agreement with the experimental
findings for similar squarilium and croconium dyes
[13]. The croconium dyes absorb at significantly
longer wavelengths than the squarylium (Figure 3)
as the difference for CR3 and SQ3 is about 0.30 eV
and up to 0.35 eV for the rest of the molecules.
Within the series SQ3 and CR3 are red-shifted with
respect to SQ2 and CR2 by about 0.20 — 0.17 eV,
respectively, and, in a lesser extend to SQ1 and CR1.

On the basis of the calculated high values of the
oscillator strengths all proposed dyes fulfill the
requirement for large absorption coefficient
(especially for SQ3 and CR3) as SQ’s absorb more
intensively than CR’s.

Transport properties

The assessment of the transport properties of the
studied dyes is made by considering the internal
reorganization energy A and exciton binding energy
Eping. The small A is precondition for high charge
mobility; small Eping is prerequisite for high charge
separation efficiency which is needed for
photovoltaic applications whereas high exciton
binding energy is necessary for light-emitting
devices.

According to the theoretical estimations the
proposed systems are better hole than electron
transport materials since the reorganization energy
for hole transport A" is smaller than for electron A"
transport (Figure 6a). The ratio between these two
energies A*/A" is lower than 1.0 for all chromophores,
which evidences their p-type character. The smallest
values of this ratio are found for the symmetrical
SQ1 and CR1 dyes (0.58 and 0.61, respectively)
which suggest that these chromophores should
exhibit most clearly pronounced donor character. On
the other hand their absolute values of A" is the
largest amongst the studied structures. SQ3 and CR3
have the smallest reorganization energies A* and A
among the studied and they are the expected to have
better hole transport properties. SQ2 and CR2 have
larger values of the ratio (0.79 and 0.76,

respectively) and closer to 1.0 which suggests

enhanced ambipolar character.
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Generally, the different substituents do not affect
substantially the reorganization energies for electron
and hole. The calculated values for A are high in
comparison of many other organic semiconductors
[26] but comparable with values for some organic
amines  proposed  for  efficient  organic
electroluminescence (OLED) devices [27]. Also,
there is no big difference between the corresponding
dyes of the two series, i.e. the central acceptor
fragments SQ or CR do not influence the
reorganization energy. It might be helpful to propose
new molecular architecture, ex. by increasing the
extent of the electron delocalization which could
lead to smaller reorganization energy.

The calculated exciton binding energies for the
proposed dyes vary from 1.66 eV for CR3t02.11 eV
for SQ2_Bz. These values are much higher than the
reported for most of the organic semiconductors,
ranging from 0 to 1.5 eV [28]. SQ2 and CR2 have
largest exciton binding energies and are about 0.3 eV
and 0.27 eV larger than Eping for SQ3 and CR3,
respectively.

CONCLUSIONS

Most of the proposed croconium and squarylium
dyes satisfy the different criteria for efficient donor
components for BHJ solar cell applications. The
theoretical results predict low HLG’s and intense red
and NIR absorption. The estimated HLG’s of all
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model dyes fall in the range of the typical organic
semiconductors’ gap of about 2 eV. The type of the
central core fragment mainly affects the LUMO
orbital energies. The replacement of central squaric
fragment by croconic cores leads to a lower HLG
and red shift in the absorption while the calculated
oscillator strengths are lowered. Only SQ1’s and
SQ3’s frontier orbitals satisfy all requirements for
proper position with respect to HOMO and LUMO
of the acceptor [60]PCBM. Due to the estimated
smaller reorganization energy for hole than for
electron these dyes are referred as p-type
semiconductors which confirms their donor abilities.
Considering the calculated reorganization energies A
and exciton binding energies Ening the favorite
structures are SQ3 and CR3.
Nevertheless, all dyes show comparatively high
values of A and Ening Which suggests moderate charge
transport properties. These dyes can further be
modified by adopting proper strategies toward
reducing the reorganization energies and exciton
binding energies in order to achieve more efficient
charge mobility and charge separation.
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MOJIEKYJIEH I[H3AI>1H HA EJIEKTPOH-IOHOPHU MATEPUAJIN 3A ®YJIEPEH-
BA3MPAHU CIIBHYEBU KJIETKU
M. Cnacosal, C. Anrenosa’, M. Ksuauncka?, A. Bacuner?, C. Kurosa®, FO. Jluxosa®

Y Unemumym no opeanuuna xumust ¢ Llenmvp no pumoxumus,
Bvaecapcka axademus na nayxume, Cogus, 1113, bvreapus
2 @akynmem no xumus u gpapmayus, Cogpuiicku ynueepcumem ,, Ce. Knumenm Oxpuocku “,
1164 Cogpus, Bvreapus
,

3 Uncmumym no onmuuecku mamepuanu u mexnono2uu ,, Axao. Hopoan Manunoscku”,
bvneapcra akademus na nayxume, Cogus, 1113, bvreapus

Tocmwvnuna na 11 noemspu 2016 2.; npuema na 14 dexemepu 2016 .
(Pestome)

MoJienHy CHMETPHYHO W HECHMETPHYHO 3aMECTCHH CKYapHIIMEBH M KPOKOHHEBH Oarpwia ca MpeIoKEHH Kato
MOTCHIMATHA JIOHOPH HA EJIEKTPOHU B OPraHMYHU (DOTOBOJNTAMYHHM CITHHYEBH KJICTKH C aKICITOPSH KOMITOHEHT
[60]PCBM d¢ynepen. ['eomerpunTe U €IeKTPOHHHUTE CTPYKTYPH B OCHOBHO CBHCTOSIHHE Ca M3CJIC/IBAHU C TIOMOIITa Ha
Teopus Ha GpyHKIMoHaa Ha TeTHOCTTa (DFT) 1 3aBHcenaTa ot BpemMeTo Teopus Ha yHKIMOHasA Ha mrbTHOCTTa (TD-
DFT) wa mmBo B3LYP/6-31+G(d,p). Edexkmnre Ha Ooratmre Ha €IEKTPOHM  XETEPOLMKIN  BBPXY
CKyapWIMEBUTE/KPOKOHUEBH OPraHMYHU Oarpuiia ca M3CIe[BaH{ MO OTHOLICHHE Ha ENEKTPOHHWUTE M TPAHCIIOPTHU
cBoiicTBa Ha cucremute. O4akBaHUTE 3a0paHEeHN 30HM HAa BCUUIKH MOJCIIHH CHEMHEHHS Ca OT TOPSIbKA HAa THIIMYHUTE
3a OPraHM4HUTE TIOTYIPOBOIAHUIIM 30HH - 0koJio 2 eV. Eneprurre Ha HOMO u LUMO opOuranute Ha Garpuiara ca
CpaBHEHH C Te3H Ha aKIIeNTopa ¥ ca JIMCKYTUPaHHU CTPUKTHHUTE YCIIOBHSI 32 epeKTUBEH mpeHoc Ha 3apsiyl. M3uwrcienure
BHCOKM CTOMHOCTH 32 CHJIaTa Ha OCLIJIATOPa 32 BCHUKH NPEIOKEHH! CheAMHEHHS Ca TIOKA3aTeIHH 3a TOJSIM KOS(PUIIEHT
Ha morTbiade. Bb3 ocHOBa Ha ONTHMU3HMPAHUTE MOJIEKYIHH TE€OMETPHH, OTHOCUTEIHUTE MO3ULIMM Ha OpOUTAIHTE,
aOCOpOIMOHHITE MAaKCHMYMH W TPAHCIOPTHHUTE CBOWCTBA MOXKE JIa C€ 3aKIIIOYM, Y€ HIKOM OT Oarpruiatra, KOUTO
npeiarame, ca HOAXOAAIIM KOMIIOHEHTH 32 ONTOEICKTPOHHH YCTPOKCTBA.

Knwouoeu oymu: cxyapunuesu bazpuna, Kpoxouwuesu bazpuid, gyrepeH, meopus Ha QYHKYUOHANA HA NIbMHOCMMA,
MPAHCNOPMHU CEOLUCMBA
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Investigation of photocatalytic properties of pure and Ln (La®*, Eu®*, Ce3*) —
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Simple and fast thermal method is used to synthesize ZnO and Ln-modified (La*, Eu®*, Ce*) ZnO powders.
Nanocrystalline photocatalysts with 2.0 mol% concentration are annealed at 100°C for 1h. The pure and doped powders
are characterized by a variety of characterization techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM).

The photocatalytic action of the mixtures is tested in photocatalytic oxidation of ethylene as model air pollutant (5000
ppm feed concentration) in gas-phase flat-plate continuous flow photocatalytic reactor at maximum ethylene contact time
of 4 min and optimal relative humidity 30%. The powder-form samples are suspended in water and after sonication (24
kHz) to disintegrate agglomerates the slurry was deposited by the capillary method on TLC sheets (Merck) to obtain 1
mg/cm? loading. The photoactivity testing was carried out using UV-A and UV-C illumination (0.014 W/cm?). Sample 3
(Ce®*-doped)/ZnO was superior to pure ZnO. It gave the highest conversion degrees both under UV-A and UV-C
illumination, whereupon the latter yielded superior performance. There was no activity under visible light illumination

due to the wide band gap.

Key words: ZnO, rare earths, powders, photocatalysis

INTRODUCTION

As a new-generation multifunctional 11-VI
semiconductor material, ZnO has received extensive
attention in recent years. Due to the direct wide
bandgap of 3.37 eV and a large exciton binding
energy of 60meV at room temperature [1], zinc
oxide combine interesting properties such as non-
toxicity, good photocatalitc properties, high
luminous transmittance, hardness, optical and
piezoelectric behavior and its low price [2].
Therefore, it is not surprising that it has been under
intensive investigation.

The dependence of the properties on the size of
the ZnO has led to many interesting application of
particles [3] especially by tuning the band gap of the
semiconductors [4].

The investigation on the preparation and
properties of ZnO has attracted a great deal of
attention, and a variety of methods have been
employed to fabricate this material, including sol-
gel, precipitation, micro-emulsion, solvothermal,
hydrothermal methods [5 — 9]. However, there are
not many efforts regarding low temperature
chemical techniques [10]. It has been demonstrated
that the hydrothermal synthesis is a feasible route for

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

the preparation of ZnO with controlled morphology,
structure and surface area [11, 12]. For
photocatalytic applications, the improvement of the
photoactivity might be achieved by influencing
those properties that control either the charge carrier
dynamics (carrier generation, transfer and diffusion)
or the surface catalytic process, which are the quality
of the structure and the surface features. In this
sense, it is widely reported that the hydrothermal
synthesis would provide the adequate structural and
surface properties for photocatalytic applications
[13].

In the present study, we prepared for the first time
high-quality ZnO materials using hydrothermal
method. The photocatalytic activity of ZnO has been
carried out in a gas-phase flat-plate continuous flow
reactor using ethylene as model air contaminant
under ultraviolet (UVA and UVC) and visible light.
The improvement of the photocatalytic efficiency of
ZnO might be achieved by modified with rare earths
(La*, Ce**, Eu®"). The nanosized pure and RE
powders are characterized by X-ray diffraction and
Scanning Electron Microscopy. We concluded that
hydrothermal treatment of pure and doped ZnO grant
the finest performance in the catalyst for
photocatalytic application.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Commercial zinc oxide powder (>99.0%), Eu,03
(>99.0%), Ce(NO3)3.6HO (>99.0%), Lax0Os
(>99.0%) and absolute ethanol were obtained from
Fluka.

Pure and modified ZnO powders were
synthesized by green, simple and fast hydrothermal
method. La/ZnO photocatalysts were prepared using
zinc oxide commercial powder and La;Os. The
substances were mixed in a glass vessel, and then
ethanol was added as a mixing medium.
The resultant clear solution was sonicated for
additional 30 min and dried at 100°C for 1 h in order
to obtain the ZnO/La powders for photocatalytic
tests. In our previous work, we experimentally found
that the optimal RE concentration is 2 mol% [14].
The remaining catalysts (Ce/ZnO and Eu/ZnQ) were
prepared at the same conditions and optimal
concentration of 2 mol% of RE ions (Ce** and Eu®").

The as-obtained nanosized powders (pure ZnO
and RE-modified ZnO were first imaged by
Scanning Electron Microscope (SEM) JSM-5510
(JEOL), operated at 10 kV of acceleration voltage.
The investigated samples were coated with gold by
JFC-1200 fine coater (JEOL) before observation.
The X-ray diffraction (XRD) was recorded at room
temperature on a powder diffractometer (Siemens
D500 with CuK, radiation within 26 range 30-70° at
a step of 0.05° 20 and counting time 2 s/step). The
average crystallite sizes were estimated according to
the Scherrer’s equation [15]:

d,, =kA/ pcos(26) 0

where dn is the average crystallite size (nm), 4 is
the wavelength of CuKa radiation (4 = 0.154056
nm), @ is the Bragg’s angle of diffraction, g is the
full-width at half maximum intensity of the peak
observed at 26 = 25.20° (converted to radian) and k
is a constant usually applied as ~0.9.

The photocatalytic activities of the 4 powder —
form samples (pure ZnO and 3 modified samples)
has been carried out in a gas-phase flat-plate
continuous flow reactor using ethylene as model air
contaminant. The course of the photocatalytic
reaction of complete oxidation of ethylene is
monitored using a gas-analyzer (LANCOM IlI,
Land Instruments Co., England), equipped with
chemisorption sensor for total hydrocarbons content
in the gaseous mixture (ppm CxHy). The feed
composition at the reactor inlet was 0.5%
(5000 ppm) CzHa, 10% O, 89.5% N, (four—channel
mass flow controller Matheson model 8249). Two of
the channels were feeding nitrogen — dry N2 flow
directly into the reactor, and moisturized N, (after

passing first through a water vapor saturator). The
use of two channels enables varying the water vapor
content in the feed mixture. Our previous
experiments established 30% Relative Humidity
(RH), to be the optimum [16, 17]:

RH =[F, ,moist /(F, dry + F, ,moits +F ., +F.,,,,)]100(%) (2)

where F; denotes the various feed flow rates
(ml/min). The feed H,O molecules are needed to
photogenerate the highly active hydroxyl radicals
°0OH, capable of destroying various classes of
organic compounds. Feeding ethylene and oxygen
by two different channels, regulated independently
of each other, enables varying the C,H4:O; ratio
(large stoichiometric excess of oxygen with respect
to C2Ha in all our experimental runs). In this case we
can accept that O, concentration is practically
unchanged in our experiments, so its value can be
included in the value of the efficient rate constant Kefs
in the kinetic equation:

RC2H4 = keff 'CCZH4 /(1+ KOZ'COZ + KC2H4'CC2H4) (3)

The equation (3) includes the rate of ethylene
consumption Rczrna (Mol/h.g-cat), Ceana is the outlet
concentration (mol/cm?), while Ko, and Kcona are
the adsorption-desorption equilibrium constants i.e.
Langmuir-Hinshelwood type of mechanism with
both reactants in adsorbed state on the surface. The
rate limiting step is the interaction between the two
adsorbed molecules. No inhibiting effect of the
reaction products CO; and H2O is observed. The use
of ket means that the applied approach is “formal
kinetics”, in which the efficient rate constant ket has
complex physical meaning, comprising rate
constant, adsorption equilibrium constant and
reactant concentration. The ethylene contact time t.
was 4 min i.e. the maximal possible contact time at
the lowest inlet flow rate of ethylene that the
ethylene channel can allow. At this maximal t. we
achieved the maximal conversion degree of ethylene
photocatalytic oxidation.

The dimensions of the flat plate quartz window
were 5 cm width x 15 cm length, allowing
simultaneous accommodation of 2 lamps Philips
TL4W/08 FATS5/BLB of total light power 8 Watts,
placed on top of the window (distance of
illumination 0 cm) supplying light intensity of 0.014
W/cm? polychromatic illumination of wave length
range 320-400 nm (Amax = 365 nm).

Two lamps Philips TUV 4W/G4 T5
(monochromatic illumination A = 254 nm) (total
light power 8 Watts), at 0 cm distance, the same
illumination intensity of 0.014 W/cm?, but much
higher energy of the photons. The visible light
irradiation was accomplished by linear halogen lamp
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Tungsram 500 Watts K1R7s supplying illumination
intensity 8.9 mW/cm? (9700 Lm) at 50 cm distance
of illumination to avoid overheating of the explosive
CoH4-0O, mixture [16, 17]

Thin layer chromatography (TLC) sheet (Merck
Art.5554 Kieselgel 60 F254) pre-coated with SiO;
was used to deposit the ZnO slurry by capillary
method. The sheet had dimensions 4.2 cm x 13.4 cm
of total geometric surface area 56 cm? To obtain
1mg/cm? coating 56 mg of the powder-form sample
were weighed, suspended and then sonicated
(Hielscher UP 200S, 24 kHz). Then the so obtained
suspension was deposited drop-by-drop by capillary
using directing air stream to obtain a uniform thin
film on the SiO; coating.

RESULTS AND DISCUSSION

The SEM images of the as-prepared ZnO and
RE-modified (La®*, Eu®** or Ce®*") ZnO powders are
shown in Fig. 1. As seen, the morphology of all
samples is well ordered. ZnO/Ln powders are
flowerlike in shape with average diameter size of
about 0.4-0.45 pum (determined from the SEM
images). An average particle size of 0.25 um for
ZnO nanocomposite. The surface of the pure and
RE-modified ZnO samples does not show any
changes. So, the type of rare earths does not
influence the morphology. The SEM images of the
four powders are similar.

X-ray diffractogram of the powders is analyzed
to obtain information about various crystalline
aspects. Fig. 2 shows that XRD patterns of
synthesized pure ZnO. The sharp and intense peaks
indicate that ZnO have high crystallinity and
polycrystalline structure. The XRD peaks for (100),
(002) and (101) planes of pure ZnO correspond to
hexagonal wurtzite crystalline phase. The high
intensity of (101) peak suggests that the growth of
nanoparticles has taken place along this direction of
crystallization of ZnO. No characteristic peaks of
impurity phases such as Zn or Zn(OH). are observed
for all samples. The XRD spectras of the RE-
modified ZnO powders are almost similar to that of
ZnO [18], which can be due to their low
concentration (2 mol%) in the ZnO nanocomposite.
There is no change in the crystal structure. This also
indicates that Ln** is uniformly dispersed between
ZnO nanoparticles in the form of small Ln,Os;
clusters. The crystallite average size of pure ZnO is
found to be 36.68 nm, calculated by Sherrer’s
formula (Eg. 1).

In order to determine the photocatalytic activity
of ZnO and RE-modified ZnO powders, a series of
experiments are carried out with ethylene as model
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air pollutant in gas-phase flat-plate continuous flow
photocatalytic reactor.

JSM-SS1e

Fig. 1. SEM images of pure (a) and Eu®* (b), La®** (c),
Ce®* (d) — modified ZnO powders.
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Fig. 2. XRD spectra of pure ZnO powder

The experiments carried out with UV-C illumination
show higher degrees of photooxidation of ethylene
in comparison with the experiments with UV-A light
illumination (Fig. 3). The photocatalytic tests under
visible light (intensity — 0.89 W/cm?) did not show
reduced conversion of ethylene for the same reaction
time.

As seen from Fig. 3, the photocatalytic efficiency
is highest for the modified ZnO powders with Eu®*
(C2H4 conversion (%) —5.1 and 8.2, under UV-A and
UV-C irradiation). The modified samples with
lanthanum oxide have a higher activity and faster
degrade the pollutant (C.Hs conversion (%) — 4.6
and 7.8, under UV-A and UV-C irradiation) in
comparison with the pure ZnO nanocomposite (C2Ha
conversion (%) — 3.9 and 7.4, under UV-A and UV-
C irradiation). The lowest photocatalytic properties
have Ce — modified ZnO powders.
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Fig. 3. Degrees of photooxidation of C,H4 under (a) UV-
A and (b) UV-C irradiation with intensity 0.014 W/cm?,
1. = 4 min, 30% RH and O excess over 4 ZnO
photocatalysts (1 mg/cm?)

CONCLUSIONS

We are prepared pure and rare earth modified
ZnO samples by hydrothermal method. The
nanosized powders are characterized by Scanning
Electron Microscopy and X-ray diffraction. The
powders (pure and modified) are spherical in shape
belonging to hexagonal wurtzite structures, which
demonstrates that the RE®** ions have no effect on the
crystal structure. There is no photocatalytic activity
under visible light due to the wide band gap of ZnO.
UV-C light gives higher conversion degree owing to
the higher photon energy than UV-A light. The
experimental result shows that the nanosized Eu-
modified powders have highest activity and fastest
photocatalytic degradation the ethylene as model air
pollutant. The photocatalytic efficiency of pure ZnO
particles is lower than the activity achieved by La
modified sample under UV-light irradiation. All
these observations prove that RE-modified ZnO is a
potential candidate for the practical application in
photocatalytic degradation of organic contaminants.
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Kaneva et al. — “Investigation of photocatalytic properties of pure and Ln (La%*, Eu®*, Ce®*) — modified ZnO powders ...”

WU3CJIEJIBAHE ®OTOKATAJIMTUYHUTE CBOMCTBA HA UMCTHU U Ln (La®*, Eu®*,
Ce*") - MOJMPULIMPAHU ZnO ITPAXOBE, CUHTE3UPAHU YPE3 TEPMAJIEH METO/]

H.B. Kenesal”, A.C. Boxxunosal, K. [Tamazosal, JIIT. I[I/IMI/ITpOBl, A.E. Enmnac?

YTabopamopus no nayxa u mexnonozusn na nanouacmuyume, Kameopa no obwa u neopeanuuna xumus, @axyimem no
xumus u papmayus, Coguiicku ynugepcumem, oya. “/ocetimc bayuep” 1, 1164, Cous, bvreapus

2 Unemumym no Kamanusa, Bvrneapcka Axademus na Hayxume, yn. Axao. I'. Bonuee 11, Cogpus 1113, Bvazapus
Hocmwnuna na 7 noemepu 2016 2.; npuema na 4 auyapu 2017 .
(Pestome)

IIpocT 1 6Bp3 TEpMaleH METO] € U3MOI3BAH 3a CUHTe3upaneTo Ha ZnO u Ln—-moxudumpanu (La®t, Eu®*, Ce®) ZnO
npaxoBe. HaHokpucranuure GpoTokaranuzatopu ¢ koHenTpamms 2.0 Mon% ca nakanenu npu 100°C 3a 1 gac. Yucrure
u Moau(UIMPaHUTE MPAaXOBE Ca XapakTepU3MPaHW C PaA3IMYHHA TEXHHUKH, TakMBa KaTo PeHTreHoBa andpakius,
CkaHupail| eJIeKTpOHEH MUKPOCKOII.

DOTOKATATUTHYHOTO JEHCTBHE HA CMECUTE € TECTBAHO 33 (POTOKATAITUTHYHO OKUCICHHE Ha ETUIICH (3aMbPCUTEN Ha
BB3yX) B razoBa ¢a3za, M3MOI3BANKH (POTOKATAIUTHIEH peakTop — ckopocT 5000 ppm, MaKCHMaTHO KOHTaKTHO BpeMe
Ha eTWIeH 4 MUH ¥ ONITUMaJIHa OTHOCHUTENHA BiaxkHOCT 30%. [Ipobute 0T npax ce cyceHAupaT BbB BOJIa U C€ MoJyIarat
Ha ynTpa3Byk (24 kHz) ¢ nen pazapo0siBaHe Ha rojeMHTE arjoMepary B pa3TBopa. 3a ekcriepuMenTure ce uznon3sa TLC
KanwsipeH Metol. PoToKaTaJIMUTHYHHUTE TECTOBE ca npoBeieHU B npuckerBue Ha UV-A m UV-C cernuna (0.014
W/cm?). Tlpo6a 3 (Ce* -moauduuupan)/ZnO npuTexaBa Haii-BUCOKa epekTUBHOCT npu obabusane ¢ UV-A u UV-C
CBETJIMHA, IPEBB3X0KAANKN YnCTHAT ZnO. MoaudunupanusT poToKaTannzaTop He € aKTUBEH B IPUCHCTBUE HA BUIMMA
CBETJIMHA, KOETO CE ABJDKH Ha IIMPUHATA Ha 3a0paHeHaTa My 30Ha.

Knrwuosu oymu: ZnO, pedkosemuu eremenmu, npaxoge, pomoxkamanuza
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A new electrochemical method for deposition of Os on carbon carrier is reported. The metal phase was
electrodeposited onto graphite under potentiodynamic conditions, using cyclic voltammetry over the potential range from
-0.8to 0 V (vs. Ag/AgCl, 3 M KCI). In order to obtain modified electrode with high catalytic activity in the reduction of
hydrogen peroxide, the number of cycles and the scan rate of the electrodeposition process were optimized. It was found
that the graphite modified with Os for 10 cycles with a scan rate of 0.01 V s possesses the highest catalytic activity in
respect to the target reaction. The electrochemical behavior of the so produced electrode-catalyst was examined at
different pHs at potentials of 0 V and -0.05 V. The modified electrode shows good analytical performance at hydrogen
peroxide determination in neutral medium: a wide dynamic range (up to 5 mM) and a sensitivity of 426 pA mM™ cm at
an applied potential of -0.05 V (sensitivity of 364 nA mM™* cm at potential of 0 V, respectively), which makes it a
promising transducing material for the development of electrochemical peroxide sensors and, eventually, biosensors.

Key words: osmium, modified electrodes, electrodeposition, electrocatalyst, hydrogen peroxide reduction

INTRODUCTION

In the recent years, the electrochemical properties
of osmium (Os) have been intensively studied
mainly for the development of fuel cells. The interest
to this transition metal is connected not only with the
significant electrocatalytic activity in numerous
processes, but also with the substantial advantage in
the price — osmium being four times cheaper than
platinum, traditionally used in developing catalysts.

It is well known that the electrocatalytic activity
of metal deposits depends on their sizes, shapes,
structural features and population on the surface of
the carrier. Such parameters depend on both nature
and pre-treatment of the carrier, and the procedure
for deposition of the metal phase. Numerous
different physical, chemical and electrochemical
methods for obtaining osmium catalysts have been
applied: vapor deposition at high temperature [1, 2],
microwave synthesis [3], chemical (sol-gel)
deposition [4], electrochemical deposition under
either constant current [5,6] or potential [7,8], as the
most commonly used precursor for the deposition of
Os is hexachloroosmiate (1) anion [OsClg]?*.

Kua and Goddard suggested that pure metallic Os
should be examined as Direct Methanol Fuel Cell
(DMFC) catalyst because this metal is capable of
catalyzing both dehydrogenation of methanol and
water dehydrogenation without a co-catalyst [9].
The electrocatalytic  properties of  osmium

* To whom all correspondence should be sent.
E-mail: dodevska@mail.bg

electrodeposits on Pt in acidic solutions of methanol,
ethanol, propanol, formaldehyde and acetaldehyde
have been studied [10]. The results showed that at
low overpotentials the electrocatalytic activity of Os
exceeded that of Pt during electrooxidation of
methanol, ethanol and acetaldehyde. The adsorption
and electrooxidation of CO, methanol, ethanol, and
formic acid on glassy carbon modified with Os were
examined in details by Orozco and coworkers by
means of cyclic voltamperometry (CV) and infrared
spectrometry  with  Fourier  transformation
(FTIRS) [11]. In order to develop a new anode
material for Direct Borohydride Fuel Cell (DBFC),
Os-film with thickness up to 140 nm on Pt/quartz
was obtained [12]. The film was electrodeposited
from a solution of (NH4)20sCls in HCIOs by
applying a differential pulse voltammetry (DPV).
The analysis of the film carried out by X-ray
photoelectron spectroscopy (XPS) indicated the
presence of both Os and oxide (OsO;). The authors
compared the electrocatalytic activity of several
electrodes modified with Os-films with varying
thickness, in the reaction of electrooxidation of BH4
in 2 M NaOH.

To the best of our knowledge, there are no results
concerning the application of osmium as a
catalytically active component in electrocatalysts for
reduction of hydrogen peroxide (H.0,). The
development of effective and accessible materials
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with pre-defined operational characteristics for
quantitative determination of H.O; at low potentials
is relevant not only for the establishment of
amperometric analysis of H.0,, but also for
developing selective first generation biosensors.
Hydrogen peroxide has wide and diverse
applications in many fields — food processing, textile
industry, paper bleaching, disinfecting and cleaning
products, pharmaceutical, clinical and
environmental analyses. H20- is also a catalytic by-
product from enzyme-catalysed oxidation of
metabolites such as glucose, lactate, ethanol,
cholesterol, xanthine, etc. Therefore, the
development of highly sensitive, interference-free
and simple methods for reliable, fast and low-cost
guantitative analysis of H,O, over the micro- and
nanomolar concentration ranges applicable in the
control of numerous technological processes, as well
as environmental and biochemical monitoring, is
practically important and widely investigated.

In this connection, the present work deals with
the studies on the electrochemical behavior of
graphite modified with osmium and the
characterization of the produced electrode-catalyst
with  respect to quantitative amperometric
determination of HO- at low applied potentials. A
new electrochemical method for deposition of
osmium on carbon carrier was reported — the metal
phase was electrodeposited onto graphite under
potentiodynamic  conditions,  using  cyclic
voltammetry over the working potential range from
-0.8 to 0 V (vs. Ag/AgCl, 3 M KCI). In order to
obtain modified electrode with high catalytic activity
in the reduction of H,0-, the number of cycles and
the scan rate of the electrodepositing process were
optimized.

MATERIALS AND METHODS

Materials

The working electrode was disc from
spectroscopic graphite with diameter of the working
surface d=5.6 mm and visible surface area ca. 25
mm? (RWO, Ringsdorf, Germany).

(NH.)20sCls (Fluka); NaClOs (Fluka); H20:
(Fluka); Na;HPO. and NaH»PO. (Sigma-Aldrich)
were of analytical grade and used as received. 0.1 M
buffer solutions were prepared with monobasic and
dibasic sodium phosphates dissolved in double
distilled water with various pHs, adjusted with a pH
meter MS 2006 (Microsyst, Bulgaria).

Apparatus and measurements

The electrochemical ~measurements were
performed using computer controlled
electrochemical workstation EmStat2 (PalmSens BV,
The Nederland), equipped with PSTrace 2.5.2
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software, in a conventional three-electrode cell,
including a working electrode (modified with
osmium graphite or a bare graphite electrode), a
Ag/AgCl (3 M KCI) reference electrode, and a
platinum auxiliary electrode. All the electrochemical
measurements were carried out in 0.1 M phosphate
buffer solutions (PBS) at temperature of 25 °C.

Preparation of the modified electrodes

Before modification the bare graphite electrode
was carefully polished to mirror-like finish with
emery paper with decreasing particle size (P800,
P1200 and P2000), rinsed with double distilled water
and sonicated in water for 3 min. The working
surface of the cleaned and polished electrode was
modified through direct electrodeposition of
osmium by means of CV over the potential range
from 0 to -0.8 V (vs. Ag/AgCIl, 3 M KCI) from
electrolyte containing 5 mM (NH4)20sCls and 0.1 M
NaClOa. The scan rate and the number of cycles are
varied to obtain modified electrode with optimized
electrocatalytic properties in the target reaction
(electroreduction of H202). To indicate the type of
the modified with osmium graphite electrode we
take the following notations: Os_number of
cycles_scan rate/Gr (for example: graphite modified
by applying 10 cycles at a rate of 5 mV s will be
denoted in the text as Os_10c_v5/Gr).

RESULTS AND DISCUSSION

Fig. 1 displays the CVs of electrodeposition
process of osmium particles onto graphite electrode
which begins at potential of 0 VV and ends at the
negative potential of -0.8 V. It can be seen that the
reduction peak of Os particles occurs at the potential
of -0.45 V and remains unchanged with increasing
the number of cycles. At the same time the oxidation
process takes place at -0.25 V (for the first cycle) and
this peak is shifted to more positive potentials by
increasing the number of cycles (-0.19 V for the 20
" cycle). For the continuous cycles, the reduction and
the oxidation peaks of the Os particles were clearly
increasing. The observed features confirm that the
electrodeposition of osmium takes place at the
graphite surface.

Following the development of effective
electrocatalyst of H,O> reduction, we focused on the
optimization of the number of cycles and the scan
rate of the electrodepositing process. The effect of
the number of cycles on the electrocatalytic activity
of the electrodes was first investigated. Four
different types of electrodes were fabricated by
cycling at scan rate of 10 mV s for 5, 8, 10 and 20
cycles, respectively. In order to obtain a prior
information about the catalytic activity in reduction
of hydrogen peroxide for each of the so-produced
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electrodes an amperometric response was recorded
in the presence of 0.5 mM H;O, at a constant
potential of 0 V in 0.1 M PBS (pH 7.0). Cathode
currents in presence of H»O» resulting from its
electrochemical reduction were observed for all four
modified electrodes; the background subtracted
steady-state responses of the electrodes are shown in
Fig. 2. The current response increased remarkably as
the number of cycles increased and reached a
maximal value (52 pA) at an electrode modified with
10 cycles. As shown, the amperometric response
does not change with further increase of the number
of cycles and the catalytic ability of the electrodes
type Os_10c v10/Gr and type Os_20c_v10/Gr
toward reduction of H.O: is identical. Therefore
electrode type Os 20c v10/Gr was not used in
further investigations.

In the next step, the other three types modified
electrodes were tested for amperometric detection of
H.O, at low working potentials. The concentration
dependence of the amperometric response of the
electrodes was investigated by means of constant
potential amperometry at potentials of -0.05 and 0 V
in 0.1 M PBS at pH 7.0 and the basic operational
parameters of each modified electrode were deduced
(Table 1). The chronoamperometric records indicate
that for all types of modified electrodes the reductive
current increased stepwise upon introducing in the
buffer aliquots of the H20 stock solution. The
electrode sensitivity was determined as the slope of
the linear portion of the calibration graph (divided
by geometric electrode area), build on the basis of
the chronoamperometric measurements. From the
data presented in Table 1 it is evident that for all
modified electrodes at pH 7.0 as the polarization
potential become more negative, the sensitivity
increases and the range of the strict linear
dependence of the signal shortens.

In order to establish the effect of
electrodeposition scan rate on the activity of the
catalysts in the target reaction, graphite electrodes
were modified for 10 cycles at scan rates of 5, 10, 25
and 50 mV s, respectively. With all four types of
modified electrodes, the current signal in the
presence of 0.5 mM H,0O, at a constant potential of
0V (pH 7.0) was examined.

600 -
400+

Fig. 1. Potentiodynamic electrodeposition of Os particles
on graphite electrode from 5 mM (NH,),0sCls
containing 0.1 M NaClOg; potential scan between

0to -0.8 V for 20 cycles; scan rate of 10 mV s,

55
50-
45-
40-

[

35+
30+
25+

[ ——
° °

Is-lo, uA

20

4 6 8 10 12 14 16 18 20 22
number of cycles

Fig. 2. Effect of the number of electrodepositing cycles

(scan rate of 10 mV s) on the amperometric responses

of the modified electrodes toward the reduction of H20,.

Supporting electrolyte: 0.1 M PBS (pH 7.0) containing
0.5 mM H,O; applied potential: 0 V.

Table 1. Operational parameters of graphite electrodes
modified with osmium by means of CV (from 0 to -0.8
V) with 5, 8 and 10 cycles at scan rate of 10 mV s%;
reference electrode Ag/AgCl, 3 M KCI; background
electrolyte 0.1 M PBS.

Electrode sensitivity, pA mM™ cm

E, Linearity, mM
Vv
Os_5c¢ v10/Gr Os_8c v10/Gr 0Os_10c vi10/Gr
i 188 264 426
005 7 mM 5.6 mM 5mM
' (r?=0.98,) (r=0.99,) (r>=0.99;)
144 232 364
0 7.5mM 6.3 mM 5.6 mM
(r?=0.98s) (r°=0.99;) (r®=0.995)
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Table 2. Operational parameters of modified electrode type Os_10c_v10/Gr at various pH values; reference electrode

Ag/AgCl, 3 M KClI; background electrolyte 0.1 M PBS.

Electrode sensitivity, pA mM* cm

E,V Linearity, mM
pH 5.0 pH 6.0 pH 7.0 pH 8.0 pH 9.0
308 430 426 288 188
-0.05 0.7 mM 2.7 mM 5mM 3.5mM 1.7 mM
(r>=0.99,) (r=0.99;) (r>=0.99;) (r>=0.985) (r?=0.965)
176 390 364 256
0 1.2mM 4.7 mM 5.6 mM 5.3 mM
(r=0.99s) (r?>=0.995) (r>=0.99s) (r>=0.98;)
Equation y=a+b*x
0 O’l’] v A 700 RS oot Value Standard Error B
1 -0,05V Interce 13,94052 2,74551
100 600- Sltope i’ 106,62145 1,25998
-200- <
a0
< _300- S
— @
-400-
-500 -
-600 -

1250 1500 1750 2000 2250
t, s

1000

2 3 4
H202 concentration, mM

0 1

Fig. 3. A) Amperometric response of the modified electrode type Os_10c_v10/Gr to successive addition of H,0, into
stirred 0.1 M PBS (pH 7.0) at an applied potential of -0.05 V; inset shows the initial section of the response upon
addition of the first portions of 0.1 mM H,0,. B) The corresponding calibration line (the dependence of the electrode

response on the concentration of H20,).

The electrode response was found to decrease
linearly with increasing the scan rate from 10 to
50mV st (y= -0.3776x+56.031, r?=0.99;). These
experimental data suggest that the increase of the
scan rate during electrodeposition results in smaller
amount of catalytically active metal phase formed
onto graphite surface. At the same time the catalytic
current (48 pA) of the modified electrode type
Os_10c_v5/Gr is lower compared with that of the
electrode type Os_10c_v10/Gr, i.e. the application of
scan rate lower than 10 mV s does not result in
obtaining more active metal deposition. Based on
these results, 10 cycles at scan rate of 10 mV st were
selected as optimal conditions for electrodeposition.

The effect of pH of the PBS on the catalytic
activity towards the reduction of H,O, was also
investigated. The basic operational characteristics of
the electrode type Os_10c_v10/Gr, determined in
0.1 M PBS over pH range 5.0 — 9.0 at potentials of -
0.05 and 0 V, are provided in Table 2. The modified
electrode showed higher electrocatalytic activity at
an applied potential of -0.05 V in PBS with pHs 6.0
and 7.0. The linear dynamic range of the electrode
response also differs depending on the applied
potential and the pH value of the buffer solution. The
linearity range of the signal shortens gradually with
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increasing the acidity of the background electrolyte.
The same effect was observed when increasing pH
value over 7.0. Thus the pH value 7.0 was selected
as optimal for the determination of H,O, with the
here presented modified electrode.

Fig. 3A shows the typical current-time (I-t) plot
upon the successive injection of H,O; at an applied
potential of -0.05 V. A well-defined response was
observed during the successive additions of 0.1 mM,
0.2 mM and 0.5 mM H:0., respectively. These
results evidence a stable and efficient catalytic
property of osmium. It can also be observed that the
modified electrode type Os_10c_v10/Gr responds
rapidly to the changes of H,O, concentration,
producing steady-state signal within 10 s. The
corresponding calibration curve is presented in Fig.
3B. The linear response was proportional to the H,O,
concentration up to 5.0 mM (correlation coefficient
of 0.99;) with a sensitivity of 106.62 pA mM™? (or
426 pA mM™ cm?) and a detection limit of 10 uM
(at a signal-to-noise ratio of 3). The reproducibility
of the current signal for the same electrode to 1 mM
H,O, was examined. The relative standard deviation
(RSD) was calculated to be 3 % for 4 successive
measurements.
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Table 3. Comparison of the analytical characteristics of amperometric sensors for H,O, detection reported in the

literature with the achieved in the present work.

Electrode modifier/(Electrode) Eg/,\gé\gl) Electrolyte uiezii\fli_\lliéﬁ_z Il?ritletcﬂcl)\z Ref.
E&ggﬁc/)(ér;i)tosan/(GC rotating 02 oH 7.0 9.6 LA mM: 74 [13]
PtNW-CNT-CHIT/(GC) (vs-.OS%IE) 1;) 1H5 'g' 9P8'3 260 - [14]
Co304 nanowalls/(GC) -0.2 O'OSHM7ZBS ( 4.85%14;;1\4‘1) 10 [15]
PANPs-PAA/(Au) (stoééE) plZB?S_O 232 5 [16]
Ag/(GC) 0.2 O't I—I\I/I;t?s (7'3203;5?1;4_1) 0.5 [17]
PVA-MWCNTSs-PtNPs/(GC) 0 O't Q/I7F-’(I)38 122.63 0.7 [18]
Ag microparticles/(SPC) -0.4 O'OSHM7ZBS 138.4 50 [19]
Pd/PEDOT nanospheres/(GC) (vstS'ZCE) Otl_l\(l 7P53 S 215.3 2.84 [20]
Graphene-AgNPLs/(GC) -0.5 0.2pM7P-(I)38 183.5 3 [21]
MWCNT/Pt nanohybrids/(Pt) 0 pEBf_O 205.8 0.3 [22]
osen 0B odups 0

*Calculated from the data in paper

A large number of H,O, sensors have been
reported in literature. The performance of the
sensors is greatly dependent on the supporting
electrolyte, applied potential, electrode material and
surface area, therefore it is difficult to compare one
sensor to others. Various H:0; sensors, based on
transition and noble metal particles-modified
electrodes, have been listed in Table 3 with respect
to the operational conditions, sensitivity and
detection limit. It can be seen that the proposed Os-
modified graphite electrode possess the sufficient
capability for amperometric detection of H,O..
Compared with other modified electrodes employed
as H,O, sensors in neutral medium, it showed much
higher sensitivity. In contrast to other H>O:
amperometric sensors of previous literature reports
[13-17, 19, 20], the applied potential for the
modified electrode Os_10c_v10/Gr is much lower.
At such a low potentials (0 V and -0.05 V), the
background current decreases and the response of
other electroactive species can be minimized or
totally eliminated, which is crucial for the selectivity
of the analytical system.

CONCLUSION

The current work provides a new facile strategy
to construct hydrogen peroxide sensor based on

osmium, electrodeposited on graphite electrode. The
number of cycles and the scan rate of the
electrodeposition process (cyclic voltammetry) were
purposefully altered and the catalytic activity in the
reduction of H,O, for each of the produced
electrodes was examined. The electrode modified
with 10 cycles at scan rate of 0.01 V s exhibits the
best analytical performance for the amperometric
H.O, detection. The optimal working pH value (7.0),
the high sensitivity (426 uA mM? cm?) and the
extended dymanic range of the response (up to 5
mM) at an applied potential as low as -0.05 V, makes
it an attractive novel material for electrochemical
H»O; sensing and promising candidate for designing
biosensing systems.

Acknowledgment: Authors gratefully acknowledge the
financial support from the University of Plovdiv Research
Fund (grant HA 15 — X® 001).
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EJIEKTPOXVMHUYHO MOJU®ULIMPAH C OCMUI TPAGUT: KATAJIUTUYHA
AKTUBHOCT U IPUJIOXKEHUE 3A AMIIEPOMETPUYHA JETEKLIUS HA
BOJIOPOJIEH [IEPOKCH/]]

T. M. lonencka®”, H. I. Jumuesa?, E. I'. Xopososa?, £1. JI. Jlazaposa®

1 »”» » »”»
Yuusepcumem no xpanumennu mexnonozuu, kam.”’Heopeanuuna xumusi u puzuxoxumus”, 6ya. ,, Mapuya” 26,
1nosous 4002, bvaecapus

2[Tnoeouscku ynueepcumem ,, Haucuii Xunenoapcxu”, kam.” @usuxoxumus”, ya. ,, Lap Acen” 24, ITnoeous 4000,
bwaeapus

Hocmvnuna na T noemepu 2016 2.; npuema na 23 anyapu 2017 e.
(Pesrome)

[IpencTaBeH € HOB €IEKTPOXMMHUYCH METO/I 32 OTIIaraHe Ha OCMHI BbPXY BBIJIEpOIeH HocHuTen. MeTanHara
daza e omIoKeHa BBbpXYy TpaduT B MOTCHIMOJAWHAMHUYHU YCIIOBHS, W3MOJI3BAWKMA IMKIMYHA
BOJITAMITIEPOMETPHS B auana3on ot motenimanu ot -0.8 1o 0 V (vs. Ag/AgCI, 3 M KCI). C uen mony4yaBane
Ha MOJM(UIMPAH EIEKTPOJ] C BUCOKA KaTAIUTUYHA aKTHBHOCT IPH PEIYKIUS HA BOJOPOJEH MEPOKCHI, ca
ONTHMH3HPAHU OPOST IUKIM U CKOPOCTTA HAa M3MEHEHUE Ha ITOTEHIIMAJIa TIPH MPoLieca Ha eIeKTPOOTIIaraHe.
VcranoBeHo €, e rpadursT, Moauduumpan ¢ ocmuii upe3 10 uukbiaa npu ckopoct 0.01 V s, nposiessa naii-
BUCOKa KaTaJMUTUYHA aKTUBHOCT B IieyieBaTa peakius. EJeKTpOXMMIYHOTO MTOBE/ICHHE HA Taka pa3padoTeHUs
€JIEKTPOKATAIN3aTOP € U3YUYCHO IPH Pa3InYHu cToiHOCTH Ha pH mipu pabotau norenmmanu 0 V u -0.05 V.
MouduiupaHusT eIeKTpo] UMa MHOTO TOOPY aHATUTUYHU XapaKTEePUCTUKH P OTIPEJIENISTHE Ha BOJIOPOICH
MIEPOKCH] B HEYyTpaliHa Cpejia: IMPOKa 00JIACT Ha JIMHEeHHA KOHIICHTPAI[MOHHA 3aBUCHMOCT Ha CUTHaa (110 5
MM) u ayscTBUTENHOCT 426 LA MM cm2 npu norenuman -0.05 V (uyBctButennoct 364 nA mM™ cm npu
noterrman 0 V, ChbOTBETHO), KOUTO 'O XapaKTEPU3UPAT KaTo MOaXo 11 0a30B TpaHcarocep (TipeodpazyBaren
Ha CHTHaJa) 32 pa3paboTBaHETO HA EIEKTPOXUMHYHH CEH30PH 32 TIEPOKCUJIN 1, EBEHTYaIHO - OHOCEH30PH.

Knwouoeu Oymu: ocmui, moouduyupanu eiexmpoou, ereKmpoomidzaue, eneKmpoKamaiu3amop, peoyKyus Ha
6000pPO0EH NepoKcud
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Ni(l1) complexes of 4- and 5- nitro-substituted heteroaryl cinnamoyl derivatives
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A series of Ni(ll) complexes with 4- and 5- nitro-substituted heteroaryl cinnamoy! derivatives were synthesized. All
complexes were obtained with the metal to ligand ratio 1:2. The present study is focused on Ni(ll) complexes of 4- and
5- nitro-substituted heteroaryl cinnamoyl derivatives (L1-L8), synthesized from Ni(CH3COO),-4H,0. The structures of
the complexes were investigated by elemental analysis and spectroscopic UV-Vis and IR methods and one of them with
Raman spectroscopy. The presence of two water molecules in the inner coordination sphere of all Ni(Il) complexes was

suggested.

Key words: Nitro-Substituted Heteroaryl Cinnamoyl Derivatives, Metal Complexes, IR

INTRODUCTION

2-Acetyl-1,3-indandione and its derivatives
possess a wide array of important physiological
activities. Some of them have antimicrobial activity
[1], antiparasitical [2] and anticonvulsant effect [3].
Extensive publications and reviews, mainly from
Alfimov et al. [4] and Chetkina et al. [5], focus on
the study of the molecular receptors based on
photochromic crown ethers and complex formation
and the X-ray structure of single crystals of the 1,3-
indandione and 1,3-dicyanomethyleneindan
derivatives.

Recently, we reported the synthesis and structure
of 2-(1-hydroxy-3-phenyl-alylidene)-2H-inden-1,3-
dione, 2-(3-thiophene-2-yl-1-hydrohy-alylidene)-
2H-inden-1,3-dione, 2-(3-thiophene-3-yl-1-
hydroxy-alylidene)-2H-inden-1,3-dione, 2-(3-
furane-2-yl-1-hydroxy-alylidene)-2H-inden-1,3-
dione and their Cu(ll), Cd(ll), Zn(ll), Co(ll) and
Ni(Il) complexes [6] and 2-[1-hydroxy-3-phenyl-
allylidene]-indan-1,3-dione, 2-[1-hydroxy-3-(4-
fluoro-phenyl)-allylidene]-indan-1,3-dione,  2-[1-
hydroxy-3-(4-chloro-phenyl)-allylidene]-indan-1,3-
dione, 2-[1-hydroxy-3-(4-methyl-phenyl)-
allylidene]-indan-1,3-dione, 2-[1-hydroxy-3-(4-
cyano-phenyl)-allylidene]-indan-1,3-dione,  2-[1-
hydroxy-3-(4-methoxy-phenyl)-allylidene]-indan-
1,3-dione, 2-[1-hydroxy-3-(4-dimethylamino-
phenyl)-allylidene]-indan-1,3-dione  with  Cu(ll),
Cd(l1), Zn(11), Co(1l) and Ni(ll) complexes [7] and
2-(1-hydroxy-3-(4-fluoro-phenyl)-alylidene)-2H-

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

indene-1,3-dione and its Cu(ll), Zn(Il) and Cd(ll)
complexes [8].

There is no X-ray data of metal complexes with
4- and 5- nitro-substituted heteroaryl cinnamoyl
derivatives in the Cambridge Structural Data Base.
For this reason, the goal of current paper is to study
the composition and structure of a series of metal
complexes with 4- and 5- nitro-substituted
heteroaryl cinnamoyl derivatives.

In the present work we describe the synthesis and
reaction conditions to obtain new Ni(ll) complexes
of 2-[1-hydroxy-3-(thiophen-2-yl)prop-2-en-1-
ylidene]-4-nitro-1H-indene-1,3(2H)-dione (L1), 2-
[1-hydroxy-3-(thiophen-3-yl)prop-2-en-1-ylidene]-
4-nitro-1H-indene-1,3(2H)-dione (L2), 2-[3-(furan-
2-yl)-1-hydroxyprop-2-en-1-ylidene]-4-nitro-1H-
indene-1,3(2H)-dione (L3), 2-[1-hydroxy-3-(1H-
pyrrol-2-yl)prop-2-en-1-ylidene]-4-nitro-1H-
indene-1,3(2H)-dione (L4), 2-[1-hydroxy-3-
(thiophen-2-yl)prop-2-en-1-ylidene]-5-nitro-1H-
indene-1,3(2H)-dione (L5), 2-[1-hydroxy-3-
(thiophen-3-yl)prop-2-en-1-ylidene]-5-nitro-1H-
indene-1,3(2H)-dione  (L6), 2-[3-(furan-2-yl)-1-
hydroxyprop-2-en-1-ylidene]-5-nitro-1H-indene-
1,3(2H)-dione (L7) and 2-[1-hydroxy-3-(1H-pyrrol-
2-yl)prop-2-en-1-ylidene]-5-nitro-1H-indene-
1,3(2H)-dione (L8) with general formula given in
Figure 1. We characterize the obtained complexes as
well.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Metal salt (Ni(CH3COO)2-4H,O - Fluka) and
solvents used for the synthesis of the complexes
were with a p.a. qualification. UV/Vis spectra of L1-
L8 and its metal complexes were measured on a
Lambda 9 Perkin-Elmer UV/Vis/NIR
Spectrophotometer from 200 nm to 1000 nm. The IR
spectra of L1-L.8 were registered in KBr pellet on a
Bruker FT-IR VERTEX 70 Spectrometer from 4000
cmt to 400 cm'* at resolution 2 cm™ with 25 scans.
The IR spectra of the Ni(Il) complexes of L1-L8
were registered in KBr pellet on a 1750 FTIR-
Perkin-Elmer Spectrophotometer.

Synthesis of Ni(ll) complexes with 4- nitro-
substituted heteroaryl cinnamoyl derivatives (L1-
L4) and 5- nitro-substituted heteroaryl cinnamoyl

derivatives (L5-L8)

0.001 mol (g) of L1-L8 in 7 cm®dioxane

0.0005 mol (g) of Ni(CH3COO)2-4H,0 in 10 cm?®
CHsOH

All metal complexes were obtained after mixing
methanol solutions of the Ni(CH3;COO),-4H,0 and
the corresponding ligands (L1-L8), dissolved in
dioxane, in metal-to—ligand ration 1:2. Non-charged
complexes were formed as precipitates, which were
further filtrated, repeatedly washed with H.O, and
dried over CaCl, for 2 weeks. It was found out that
the complexes were soluble in THF and DMSO.
Selected IR frequencies and elemental analyses data
are presented in Tables 1, 2 and 3, respectively.

The spectral data of the compounds obtained
were as follows:
4-NOy-substituted heteroaryl cinnamoyl derivatives
and their Ni(ll) complexes (L1-L4)
UV-Vis (DMSO) L1 Amax=325 nm, 382 nm
UV-Vis (DMSO) Ni(IT)L1 Amax =254 nm, 395 nm
Raman (vma, cm?) L1: 1601, 1500, 1413, 1368,
1274, 1204, 345
UV-Vis (DMSO) L2 Amax =300 nm, 377 nm
UV-Vis (DMSO) Ni(IT)L2 Amax = 254 nm, 313 nm,
384 nm
UV-Vis (DMSO) L3 Amax=325 nm, 384 nm
UV-Vis (DMSO) Ni(IT)L3 Amax =254 nm, 401 nm
Raman (vma, cm?) L3: 1611, 1578, 1457, 1392,
1351, 1276, 1267, 1205, 1148, 1112, 1072, 1023,
886, 624, 400
UV-Vis (DMSO) L4 Amax=285nm, 333 nm, 455 nm,
488 nm
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5-NO2-substituted heteroaryl cinnamoyl derivatives
and their Ni(ll) complexes (L5-L8)
UV-Vis (DMSO) L5 Amax =278 nm, 387 nm, 394 nm
UV-Vis (DMSO) Ni(ll) L5 Amax =255 nm, 323 nm,
387 nm
Raman (vmax, cm?) Ni(Il)L5: 1686, 1645, 1610,
1588, 1484, 1412, 1362, 1345, 1275, 1215, 1062,
1046
UV-Vis (DMSO) L6 Amax =282 nm, 360 nm, 427 nm
UV-Vis (DMSO) Ni(II)L6 Amax =255 nm, 307 nm,
385 nm
UV-Vis (DMSO) L7 Amax=320 nm, 378 nm, 452 nm
UV-Vis (DMSO) Ni(II)L7 Amax = 254 nm, 322 nm,
390 nm
UV-Vis (DMSO) L8 Amax=286 nm, 338 nm, 460 nm
The resulting complexes are light brown to dark
brown crystalline substances with melting points
above 370°C. The yields were as follows:
NiL1-45%; NiL2 - 40 % NiL3 - 53 %;
NiL4 -33%; NiL5 - 61 %; NiL6 - 52 %;
NiL7 - 67 %; NiL8 - 42%.

RESULTS AND DISCUSSION

Complexation with Ni(ll) were conducted using
metal salt, namely Ni(CHsCOO),-4H,O at molar
ratio M:L = 1:2. Neutral complexes were
synthesized and isolated as brown or black
precipitates, respectively. All complexes were
investigated by means of elemental analysis, UV-Vis
and IR spectroscopy. The elemental analysis data
show metal-to-ligand ratio 1:2 and presence of two
water molecules for all Ni(Il) complexes. The data
from the absorption spectra of the free ligands L1 —
L8 and their Ni(Il) complexes in DMSO are listed in
the experimental part. In the UV/Vis spectra of the
all metal complexes, one new maximum appeared at
254 nm. Selected IR frequencies and elemental
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analyses data are listed in Tables 2, 3 and 1,

respectively.

Table 1. Elemental analysis data of the Ni(ll) complexes with 4- and 5- nitro-substituted heteroaryl cinnamoyl

derivatives
Compound C% H % N % S % Ni %

calc. found calc. found calc. found calc. found calc. found
NiL1 51.43 51.06 2.70 2.78 3.75 3.66 8.58 8.43 7.85 7.59
NiL2 51.43 51.17 2.70 2.81 3.75 3.58 8.58 8.41 7.85 7.66
NiL3 53.54 53.43 3.07 2.89 3.90 3.74 - - 8.18 7.97
NiL4 53.89 53.77 3.11 3.00 7.86 7.79 - - 8.23 8.09
NiL5 51.43 51.11 2.70 2.84 3.75 3.63 8.58 8.37 7.85 7.61
NiL6 51.43 51.01 2.70 2.67 3.75 3.58 8.548 8.44 7.85 7.57
NiL7 53.54 53.33 3.07 2.91 3.90 3.78 - - 8.18 8.00
NiL8 53.89 53.62 3.11 3.02 7.86 7.67 - - 8.23 8.11

Table 2. Selected IR frequencies for Ni(Il) complexes with 4-NO--substituted heteroaryl cinnamoyl derivatives.

Ne VOH  VNH Var  VC=0 VC-0  VC=C VC=C(Het) VasNO2 VsNO2  OOH  V=cH _VZ' _Va'
Thiophen  Thiophen
NiL1 /@ 3251 3065 1674 1631 1613 1577 1532 1352 1275 961 824 -
s
NiL2 ;/ \\ 3270 3058 1667 1619 1582 1571 1533 1349 1248 961 - 785
S
NiL3 /@ 3363 3057 1674 1635 1619 1582 1538 1351 1264 961 - -
o
NiL4 /N\ 3276 3221 3058 1674 1630 1614 1588 1532 1343 1256 961 - -
H
Table 3. Selected IR frequencies for Ni(1l1) complexes with 5-NO,-substituted heteroaryl cinnamoyl derivatives.
Ne VOH  VNH  Var  Vc=0 VC-0 VC=C VC=C(Het) VasNO2 VsNO2 OOH  V=CH ,VZ' '\/3.
Thiophen  Thiophen
NiL5 ﬂ 3272 3085 1692 1627 1613 1570 1528 1342 1255 977 839 -
s
NiL6 ;/ \\ 3098 3064 1713 1625 1612 1578 1544 1338 1240 0985 - 799
S
NiL7 ﬂ 3325 3061 1693 1635 1614 1577 1528 1342 1257 0982 - -
o
NiL8 /N\ 3275 3225 3060 1694 1630 1613 1589 1528 1343 1255 988 - -
H
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Figure 2. Suggested structures of the Ni(I1)L1- Ni(11)L4 (A) and Ni(11)L5 — Ni(I1)L8 (B) complexes

In order to evaluate the mode of coordination of
the ligand to the metal ions, the IR spectra of the
ligands L1-L8, as well as of their Ni(ll) complexes
were recorded. In the IR-spectrum of the pure
ligands L1-L8 a band of -OH group was observed
between 3502-3438 cm®. The vibrational
frequencies for the OH group are absent in the
spectra of the complexes. Thereby, the free ligands
coordinate as bidentate monoanion forming
6-membered chelate ring with the metal ion. Based
on the obtained results it is suggested that the
composition of the complexes is [M(L)2-2H20].
Based on the experimental data, the most probable
structure for the Ni(ll) complexes was suggested
with deprotonated OH group of 4- and 5-nitro-
cinnamoyl derivatives. Based on previous studies on
the structure of metal complexes of 2-acetyl-1,3-
indandione [9-11], it is supposed that the Ni(ll)
complexes contain at least two water molecules,
axially coordinated to the metal center. It is seen that
nitro complexes exhibit v4(NO) and vs(NO,) in the
1470-1370 and 1340-1320 cm? regions,
respectively. Thus vi(NO,) shifts markedly to a
higher frequency, whereas vs(NO,) changes very
little on coordination [12]. The most probable
structures of the all complexes was suggested and
depicted in Figure 2.

It was not possible to measure Raman spectra of
the free ligands L2, L5, L6, L7 and L8 and their
metal complexes - the sample burned even at 1 mwW
laser power. Only the Raman spectra of the free
ligands L1, L3 and Ni(ll)L5 complex were
measured. In the Raman spectrum of L1 and L3 the
band at 1601 cm™ and 1611 cm™* can be attributed
to stretching vibrations of C=C. In the Raman
spectrum of Ni(Il)L5 complex the band of the
carbonyl group appears at 1686 cm™. In the same
spectrum the band of the NO, group appears at 1345
cm In the IR spectrum of Ni(l11)L5 complex the
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same band was observed at 1342 cm™. The band in
the Raman spectrum of L1 and L3 at 1368 cm™* and
1351 cm™ was observed at 1357 and 1355 cm™ in
the IR spectrum were for stretching vibrations of
NO; group, respectively.

The ligands coordinate in a bidentate way as
monoanions after deprotonation of the enolic OH
group. This is confirmed by the IR data of the metal
complexes, which are compared with those of the
free ligands and presented in Table 2 and 3. The IR
data of the 4- and 5-nitro-substituted heteroaryl
cinnamoyl derivatives are presented in a previous
work of ours [13].

CONCLUSIONS

The synthesis of eight new Ni(Il) complexes with
4- and 5- nitro-substituted heteroaryl cinnamoyl
derivatives have been described. A series of non-
charged complexes with Ni(ll) was isolated and
analyzed by elemental analyses, UV-Vis and IR
spectroscopy. For the Ni(ll) complexes a octahedral
structure was proposed.
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KOMIIIEKCHU HA Ni(ll) C 4- u 5- HUTPO-3AMECTEHU XETEPOAPWJI HUHAMOWJIHA
[MPON3BOJHU

I1.E. Mapunosa **, U.JI. Hukonosa 2, M.H. Mapunos 3, C.X. Ilonesa !, A.H. Jlumurpos *, H.M. CrosHos ?
Yy I Xunendapcku ™, Xumuuecku paxynmem, Inosous, 4000, ya. ,, Llap Acen” Ne 24

2 Pycencku ynusepcumem-Dunuan Pasepad, Kamedpa ,, Xumus u xumuyny mexuonozuu”,
Pasepao, 7200, ya. ,, Anpuncko evcmanue” Ne 47

3 Aepapen ynusepcumem-ITnoeous, Daxynmem no pacmumenua 3auwuma u azpoexonoaus, Kameopa ,, Obwa xumus”,
ITnosous, 4000, 6yxn. ,, Menoenees” Ne 12

Hocmvnuna na 4 noemepu 2016 2.; npuema na 21 anyapu 2017 2.
(Pesrome)

Llenta Ha HacrosmaTta pa3paboTka e nosnydaBaHero Ha HOBM Komiuiekcd Ha Ni(Il) ¢ 4- u 5- HuMTpo-3amecTeHH
XeTepoapwyl MHAMOWIHU MPOU3BOJHK C TMOTCHIMAIHO OWONOTHYHO neiicTBue. CTpyKTypaTa Ha MOJYYCHHUTE OCEM
METaJHU KOMIUIEKCH € M3Clie/iBaHa ¢ eyieMeHTeH aHanu3 u UV-Vis, MU-crieKkTpoCcKONCKH MeToH (3a eIMH OT TSAX H C
PamanoBa cnekrpockonus). Bbp3 ocHOBa Ha NOJy4YeHHTE EKCIIEPUMEHTAHHM PE3YNITaTH CUYuTaMe, de Hal-BEpOSTHO
JIMTaHIHUTE Ca KOOPANHUPAHU ONUEHTATHO, KATO MOHOAHWOH CJIe ISPOTOHUpaHe Ha eHosHarta -OH rpyma. [Ipennonara

Ce OKTaeJpUYHa FeOMETPHUS Ha METAITHUS EHTHP C 2 OPraHUYHU JIMTAHTHH MOJICKYJIU U 2 MOJIEKYJIH BOJIa KOOPIUHUPAHH
xbM Ni(II).

Kniouoeu oymu: 4- u 5- numpo-3amecmenu xemepoapuiHu YUHAMOUTHY NPOU3BOOHU, MemaaHy komniexcu, MY
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The catalytic performance of NiOx supported on CeO; prepared by modified precipitation-oxidation method for the
complete oxidation of formaldehyde (HCHO) with NaOCI in aqueous solutions was explored. The as-prepared catalyst
was characterized by XRD, HRTEM, FTIR and chemical analyses. It has been found that under the applied synthesis
conditions nanosized and well dispersed on the surface of CeO, non-stoichiometric Ni;sO16 oXxide was obtained. The
catalytic activity of the NiOx/CeO was found better than both the unsupported bulk analogue and physical mixture of
NiOx and CeO,, suggesting a synergistic effect of active oxide phase and support. The effect of main operational
parameters influencing HCHO degradation efficiency such as catalyst loading, temperature, and oxidant concentration
were studied. Factorial experimental design approach was applied to assess the effects of these parameters on the
effectiveness of the oxidation process. Results obtained revealed that the optimal conditions for achieving fast and
complete degradation of HCHO are temperature 30°C, catalyst loading 1.5 g dm, and NaOCI concentration 15 ml dm3,
Therefore, NiOx/CeO- catalyst can be successfully used for the treatment of wastewaters with high concentration of

formaldehyde.

Key words: formaldehyde, catalytic oxidation, NiO./CeO; catalyst, NaOCI.

INTRODUCTION

Formaldehyde (HCHO) is a key compound in
organic synthesis, widely used in many industrial
activities such as synthesis of resins, medicinal
products, drugs and others, too numerous to be
mentioned. Therefore, wastewaters arising from
these industrial manufactures may contain
significant amounts of formaldehyde, which is
considered as highly toxic and carcinogenic
compound even at low concentrations. Thus,
frequently release of HCHO in water systems may
cause serious environmental pollution and risk for
the surrounding biological populations.

Effluents containing high concentration of
formaldehyde, 2000 — 4000 ppm, are traditionally
treated by biological methods because of their low
cost and simplicity [1, 2]. However, it has been
found that these concentrations are toxic for the
bacterial cultures used, and thus the biological
treatment could be easily inhibited by damaging the
DNA of the microorganisms [3]. Wet oxidation
processes (WO) have been used in the treatment of
HCHO containing wastewaters. In this method, the
oxidation reaction takes place in aqueous phase
where the formaldehyde molecules are oxidized with
pure oxygen or air at high temperatures (180 —
315°C) and pressures (up to 150 bar). However, in
this case many intermediate products have been

* To whom all correspondence should be sent.
E-mail: marianas@uni-plovdiv.bg

detected, such as carboxylic acids, which is therefore
necessary of a post-treatment stage [4]. Catalytic wet
oxidation (CWO) is an interesting and advanced
alternative to WO, since the harmful molecule can
be completely oxidized into CO, and water in the
presence of solid catalyst at milder reaction
conditions.

Silva et al. have used several heterogeneous
composite metal catalysts for oxidation of high
formaldehyde containing industrial effluents (800 —
1500 ppm). The reaction has been carried out in a
high-pressure reactor at 190 — 220 °C and 15 - 35 bar
of pressure. It has been found that the Mn/Ce catalyst
is the most active among the Mn/Ce, Co/Ce and
Ag/Ce catalysts, leading to 99.4 % TOC conversion.
Moreover, the application of the Mn/Ce catalyst for
treatment of wastewaters from formaldehyde
industry has been also discussed [5].

Pt/Al,O; catalyst has been tested in CWO
reaction for formaldehyde oxidation at 80 °C. It is
shown that 80 % elimination of HCHO with initial
concentration of 200 ppm, has been achieved for
4 hours. However, byproducts such as acetic and
oxalic acids have been also determined [6].

A combination of catalytic advanced oxidation
process of O3/MgO/H,0, with biological treatment
has been used for complete mineralization of
concentrated formaldehyde wastewaters. It has been
shown that 98 % of COD removal has been achieved
after 24 hours of reaction under optimum conditions
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—5 g/L MgO powder, pH =8, and 0.09 mol/L H,0..
Radical oxidation mechanism has been also proven
[7]1.

It should be noted that the literature data
concerning the catalytic oxidation of formaldehyde
in liquid phase is very scarce. Therefore, it is
important to develop an efficient, cheap and stable
catalyst for complete oxidation of HCHO in aqueous
phase. The aim of the present study is to synthesize
and characterize the supported NiO,/CeO; catalyst
and to explore its catalytic activity for low-
temperature complete oxidation of HCHO in
aqueous solutions using NaOCI as oxidant.

EXPERIMENTAL

The NiOx/CeO, catalyst was prepared by
deposition-precipitation technique with reverse
order of precipitation. Solid CeO, (Aldrich) was
suspended in a fixed volume of 0.1 M aqueous
solution of Ni(NO3)2.6H20, in an amount necessary
to achieve an atomic ratio of Ni:Ce = 1:1, followed
by dropwise addition of a mixture of 4 M NaOH and
NaOCl at constant stirring by the ultrasonic
homogenizer to yield a black precipitate. The latter
was allowed to age in the mother solution for 24
hours, followed by filtration, washing with distilled
water to a negative reaction towards ClI- ions and
neutral pH. The precipitate was dried at 105 °C to
constant mass. For comparison, bulk NiOx was
prepared according to the same procedure but in the
absence of CeO..

X-ray diffraction measurement (XRD) was
performed using TUR-MA 62 (Germany)
diffractometer with filtered Cu Ka radiation (A =
1.5406 A) at U = 37 kV, and | = 20 mA, equipped
with a computerized HZG-4 goniometer. The phase
identification was carried out using JCPDS database.
The FTIR spectra were taken on a Vertex 70
spectrophotometer (Bruker), with 2 cm™ resolution,
in KBr pellets (1 mg of the corresponding sample in
100 mg KBr). The surface morphology of the
samples was characterized on high-resolution
transmission electron microscope JEOL JEM 2100
operating at an accelerating voltage of 200 kV. The
total (O*) and the surface (Os*) active oxygen
content of the as-prepared samples was determined
iodometrically [20, 21]. The amount of nickel in the
prepared samples was measured by atomic
absorption spectroscopy (AAS, Perkin-Elmer).

The process of low temperature (20 — 30°C)
catalytic oxidation of HCHO was carried out in a
thermostated 400 cm?® glass reactor under constant
stirring. In a typical run, 200 ml 50 mg dm= HCHO

aqueous solution was saturated with oxygen by
bubbling air under atmospheric pressure for
30 minutes. Then a predefined volume of 10%
aqueous solution of NaOCl was added into the
solution. The experiment was initiated by the
addition of a fixed amount of catalyst. At specific
time intervals, samples of 5 cm® were withdrawn
from the suspension and were centrifuged at
4000 rpm for 1 min to remove the catalyst. The
concentration of HCHO in the filtrate was monitored
spectrophotometrically  (Amax=565 nm)  using
Spectroquant®  Formaldehyde test (Merck),
compatible with the spectrophotometer NOVA 400
(Merck). The UV—Vis spectra were recorded by two-
beam scanning UV-Vis spectrophotometer (Cintra
101). All experiments were conducted in triplicate to
ensure the reproducibility of experimental results.

RESULTS AND DISCUSSION

The experimental XRD patterns in Fig. 1 reveal
that the as-prepared NiO,/CeO., sample and the
support CeO, represent a cubic fluorite
crystallographic phase of ceria with space group
Fm3m (225) (JCPDS 81-0792). There were no
additional diffraction peaks in the XRD spectrum of
NiOx/CeO; although the Ni content in the supported
catalyst was close to preparation settings as reveal
from the AAS analysis. The absence of distinct
reflections of Ni-containing oxide phase could be
due to its amorphous character (as found for bulk
NiOx), as well as to the formation of highly-
dispersed oxide layer on the CeO; surface.
Moreover, the reflexes of NiOx/CeO, were
apparently broader and less intense, indicating
smaller particle size compared with bare support. It
was found that the bulk is amorphous.
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Figure 1. XRD patterns of bulk and CeO; supported
NiOx
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Figure 2. (a) Bright field TEM and (b) HRTEM images of the NiOx/CeO; catalyst

The presence of NiOx nanoparticles in
NiOx/CeO; was confirmed by TEM and HRTEM
(Fig. 2). As observed in Fig. 2a, the NiOx/CeO, was
composed of two types of morphologically-different
particles. The first type of particles (No 1 in the
image) are elongated, smaller in size and form large
aggregates numbering hundreds of particles
clustered around the large ones. Indexations of the
SAED patterns (not shown) reveal that they
correspond to the non-stoichiometric nickel oxide
(NisO16, JCPDS 72-1464). Other particles (No 2),
with sizes of about 50 nm are electronically-dense
and apparently well faceted. The analysis of the
diffraction pattern showed that they consist of CeO,.
Well-defined lattice fringes in the HRTEM image of
the NiOx/CeO; sample (Fig. 2b), corresponding to
the two types of structures, revealed the existence of
a well-crystallized nanoparticles.

The FTIR spectra of bulk and CeO, supported
NiOx catalysts are shown in Fig. 3. A characteristic
feature of the both spectra is the presence of a broad
and intense band at ca. 573 cm, which is due to the
stretching vibrations of the surface Ni - O bond and
accounts for the presence of active oxygen in the
samples. The lower intensity of the band in the IR
spectrum of the NiOx/CeO; indicates the lower
content of active oxygen (5.3%) compared with bulk
NiOx (8.1%) as confirmed by the chemical analysis.
It should be noted that the Os* of both samples
constitutes about 75 % of the total active oxygen.
This loosely bonded surface oxygen is a key factor
determining high activity of the catalyst in oxidation
reactions.

In order to assess the catalytic performance of
NiOx/CeQg, series of HCHO oxidation experiment
were carried out for comparison. The results of the
comparative study of the kinetics of HCHO
oxidation in various systems are displayed in Fig. 4.
The temporal spectral changes of HCHO in solution
during oxidative degradation on NiOx/CeO, sample
are depicted in Fig. 5.
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Figure 3. FTIR spectra of bulk NiOx and supported
NiOx/CeO,

As can be seen from the presented data, in the
absence of catalyst the oxidation of formaldehyde
proceeded with low rate — nearly 19% of HCHO is
oxidized within 30 min. Evidently, NaOClI itself has
limited ability to oxidize organics although it is a
strong oxidizing agent. In the presence of
unsupported NiOx but without addition of oxidant
(depletive oxidation), the concentration of HCHO
decreased only around 37% in the first twenty
minutes and was kept unchanged afterwards.
Experiments carried out using NiOx/CeO; alone
showed a similar trend with only 7% decrease in
final degradation efficiency compared to bulk oxide.
Since around 8-fold decrease in the active oxygen
content of the catalysts after depletive oxidation was
found (confirmed by chemical analysis), it may be
speculated that under these conditions HCHO has
been oxidized by the O* and, at its depletion, the
oxidation process has been stopped. HCHO
oxidation over bare CeO; slightly differs from PMS
self-oxidation, implying that pure support did not
exhibit catalytic activity in the studied reaction.
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Figure 4. HCHO degradation with time in different
systems. Reaction conditions:

50 mg dm=3 HCHO, 1.5 g dm3 catalyst loading ,

5 ml dm= NaOCl, 20-C.

As can be seen from the presented data, in the
absence of catalyst the oxidation of formaldehyde
proceeded with low rate — nearly 19% of HCHO is
oxidized within 30 min. Evidently, NaOCl itself has
limited ability to oxidize organics although it is a
strong oxidizing agent. In the presence of
unsupported NiOx but without addition of oxidant
(depletive oxidation), the concentration of HCHO
decreased only around 37% in the first twenty
minutes and was kept unchanged afterwards.
Experiments carried out using NiOx/CeO; alone
showed a similar trend with only 7% decrease in
final degradation efficiency compared to bulk oxide.
Since around 8-fold decrease in the active oxygen
content of the catalysts after depletive oxidation was
found (confirmed by chemical analysis), it may be
speculated that under these conditions HCHO has
been oxidized by the O* and, at its depletion, the
oxidation process has been stopped. HCHO
oxidation over bare CeO; slightly differs from PMS
self-oxidation, implying that pure support did not
exhibit catalytic activity in the studied reaction.

However, the simultaneous presence of catalyst
and oxidant significantly improved the removal rate
of HCHO under the similar conditions. More than
96% of HCHO was oxidized within 30 min using
NiOx/CeO,. The performance of the supported
catalyst was found slightly inferior than that of bulk
NiOx although the lower content of the catalytically
active phase in the NiOx/CeO- (30 wt.%). However,
when the oxidation was carried out with
concentration of NiOx corresponding to its loading
on CeOy, there is still 47% of HCHO remaining in
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Figure 5. UV-vis spectral changes of HCHO during
heterogeneous catalytic oxidation over NiOx/CeOs.
Reaction conditions: 50 mg dm=2 HCHO, 1.5 g dm3
catalyst loading , 15 ml dm=3 NaOCl, 30-C.

the first 30 min. Based on these results it might be
concluded that deposition of NiOx on the CeO,
support results in a synergistic effect in catalytic
activity. Due to high dispersion of NiOx on CeO,,
more amounts of active sites (NiOx) were produced
on the NiOx/CeO; surface than bulk nickel oxide.
The synergistic coupling between NiOx and CeO; in
supported sample was also confirmed by the
considerably lower catalytic activity of simple
physical mixture of NiOx and CeO,.

Under all tested conditions, the HCHO oxidative
degradation followed a pseudo first order Kkinetics
confirmed by the linear plots of In(Co/C) versus time
(Fig. 6). The reaction rate constants (k) and
regression coefficients (R?) of the model fitting are
given in Table 1.
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Figure 6. Linear dependences InC,/C = f (t) (reaction
conditions were the same as those indicated in Fig. 4).
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Table 1. Pseudo-first order rate constants of the HCHO
oxidation process in different systems (1.5 g dm®
catalyst loading , 5 ml dm=2 NaOCl, 20-C)

Catalyst k (min) R?

No catalyst 0.011 0.982
NiOx 0.227 0.997
NiOXx (0.45 g dm3) 0.049 0.982
NiOx/CeO; 0.137 0.991
NiOx+CeO, 0.041 0.986

The optimization of the variables affecting the
catalytic oxidation of HCHO in aqueous solutions
over NiOx/CeO; catalyst was carried out following
the factorial design of experiments. The variable
factors chosen were concentration of catalyst (X1),
concentration of oxidant (Xz), and temperature (X3).
The response measured (Y), through which the
effectiveness of the applied method has been
assessed, was the degree HCHO degradation in the
10 min from the start of the process (010, %). Table 2
shows the experimental matrix for the 2" factorial

10

[NaOCl] (mldm™3) 5 05

[NIOX/CeO, ] (g dm™)

design (n factors, each run at two levels). It has been
worked with double trials in order to make it possible
to check for the homogeneity of the dispersions
throughout the entire factor space.

Based on the experimental results the following
first-order polynomial response equation was
obtained, showing the effect of individual variables
and interactional effects for HCHO oxidative
degradation:

Y = 79.91+9.44X,+8.22X, +7.27X3 + 2.96X1X>
—0.11X1 X3 — 2.10X2X5 — 1.46 X1 X2X3

According to this equation, the studied factors
have positive effect on the effectiveness of the
catalytic process with the strongest influence being
on the amount of the catalyst (Fig.7). The rate
constant increased ca. 2 times with increasing
NiOx/CeO- concentration from 0.5 g dm=to 15 0.5
g dm= with identical other factors due to the
availability of more active sites on the catalyst
surface for activation of oxidant. Maximum
purification effect for shortest time (ca. 10 min) was
achieved at upper level of the three factors.
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Figure 7. Interaction effect of the studied variable factors on (a) the degree of HCHO catalytic degradation over
NiOx/CeQO; and (b) the rate constant.

Table 2. Experimental matrix and results of the factorial design for HCHO catalytic oxidation over NiOx/CeO;

Variable factors Responce
Run Experimental values Codified values v
[NiOx/CeO5] [NaOCl] T X1 Xz X3 o
(g dm) (il dm-) (C) 0
1 0.5 5.0 20 -1 -1 -1 51.3
2 15 5.0 20 1 -1 -1 73.4
3 0.5 15.0 20 -1 1 -1 74.9
4 15 15.0 20 1 1 -1 91.0
5 0.5 5.0 30 -1 -1 1 67.3
6 15 5.0 30 1 -1 1 94.8
7 0.5 15.0 30 -1 1 1 88.4
8 1.5 15.0 30 1 1 1 98.2
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CONCLUSIONS

In this study, nanosized NiOy supported on CeO;
was prepared and its catalytic performance was
thoroughly evaluated for oxidative degradation of
HCHO in aqueous solutions using NaOCI as
oxidant. Characterization data showed that the
synthesis procedure led to formation of nanosized
non-stoichiometric nickel oxide NiisO16 With high
dispersion on the surface of ceria. The as-prepared
NiO,/CeO; presented higher efficiency for HCHO
degradation than bulk NiOx and mechanical mixture
of active phase and support. It might be suggested
that a synergistic effect is produced at loading a
catalytically active NiOy phase onto CeO,. Using 1.5
g dm= NiOx/CeO,, conversion rate of more than 98
% has been achieved for 10 minutes at 30°C. Process
optimization performed by applying the factorial
design showed that the HCHO degradation
efficiency and rate are positively influenced on the
studied operational parameters, with the strongest
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effect being of the catalyst amount. The synthesized
catalytic system could be regarded as promising
heterogeneous catalyst for the degradation of
organic pollutants in water.

KATAJIMTUYHO OKUCJIIEHUE HA ®OPMAJIJIEX1/I BbB BOJAHU PA3TBOPU BBHPXY
NiOx/CeO;

M. CrosivoBa ™, Cr. T. Xpucrockona, J[. H. Ilerpos, B. B. l1Banosa

Kam. ,, Quzuxoxumus”, Ilnosouscku ynusepcumem ,, [laucuii Xunenoapcku”,
ya."Lap Acen” 24, 4000 Ilnosous, bvrecapus

Tocmwvnuna na 12 noemspu 2016 2.; npuema na 7 oexemepu 2016 2.
(Pesrome)

UscnenBano e katanutuyHoTo noserenue Ha NiOy HaHeceH BbpXy CeOp, moiydeH 1mo MoAaupHUIUpaH yTaeuHO-
OKHUCITUTEJICH METO/], B peakIusi Ha IbJIHO okucieHne Ha popmanaexun (HCHO) BbB BogHu pa3tBopu. CHHTE3HPAHUAT
karanuzatop € oxapakrepuzupad upe3 XRD, HRTEM, FTIR u xumudecku aHaiu3. YCTaHOBEHO €, Y€ YCJIOBMATA Ha
CHHTe3aTa ONaronpHsATCTBAT MOJy4aBaHETO Ha HaHopasMepeH HecTexuoMerpuueH NisOis, 100pe AucnieprupaH BbpXy
noBbpxHocTTa Ha CeO2. NiOx/CeO, nemoHcTpHpa MO-BHCOKA KATAIUTUYHA aKTHBHOCT B CPABHEHHE C HCHAHECCHHS
MacuBeH aHanor u ¢usnuna cmec ot NiOx n CeOy, KoeTo mpearonara CHHEPrudeH epeKkT MeXy akTHBHaTa (asza u
Hocutens. V3cnenBaHO € BIMSHHMETO HAa OCHOBHM PEAaKUMOHHM IapaMeTpH KaTo KOJIMYECTBO Ha KaTajaM3aTopa,
TEMIIepaTypa 1 KOHLEHTPAIHS Ha OKUCIIUTENS BbPXY €(pEeKTUBHOCTTA Ha ITpolieca Ha KaTanuTuaHo okucienue Ha HCHO.
IIpoBeneH € MHOro(akTOPEeH EeKCIIEPUMEHT 3a OLEHKa BIMSHHUETO HA Te3W MapaMeTpu BbPXY e(eKTUBHOCTTa Ha
OKHUCITUTETHHA Tporec. Pe3ynraTure moka3BaT, 4ye ONTHMAIHUTE YCIOBUS 32 0bp30 U mbiaHO okucienne Ha HCHO ca
temneparypa 30°C, konuuecTso Ha KaraiusaTopa 1.5 g dm™ u xonuentpanus va NaOCl 15 ml dm. Cunresupanust
NiOx/CeO, kartanusatop MOXeE YCIEIIHO Ja C€ W3MONA3Ba 3a MPEYNCTBAHETO HA OTHAIAHH BOJH, ChIABPIKAIIH
(dbopmangexu BbB BUCOKH KOHICHTPAIIHH.

Kniouosu oymu: ¢popmanoexud, kamanumuuno oxucaenue, NiOx/CeO2z; NaOCI
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There has been a rapid development of novel polymer materials in the last decade, due to their versatile nature and
the vast array of fields where these materials are utilized. Stimuli-responsive polymers have found their application in the
construction of novel drug delivery systems. Self-healing polymers are useful in the creation of implant materials.
Combinations of natural and conductive polymers could be beneficial in tissue regeneration. The objective of this mini
review is to outline the achievements in the last decade, regarding polymer materials used in innovative pharmaceuticals,

as well as in tissue engineering.

Key words: polymers, nanocarriers, hydrogels, scaffolds, implants

INTRODUCTION

Polymer materials have been an object of interest
in the biomedical field, since they allow the
construction and modernization of many devices
ranging from novel drug delivery systems to various
implants. There is a wide variety of polymers, which
allows for choosing optimal properties for the
purpose of use. Natural and synthetic polymers have
found their application in biomedicine, either used
separately, or in combination as co-block polymers
or hybrid polymers. Biopolymers presently used in
different areas of biomedicine are primarily
polysaccharides-chitosan and its  derivatives,
dextran, cellulose, hyaluronic acid (HA), pullulan,
alginates due to their biocompatibility, low
cytotoxicity and diverse chemical properties have
become the basis for development of novel drug
delivery systems (DDS) as well as biomaterials in
tissue engineering and wound healing [1].
Polypeptides [2] and proteins-collagen [3, 4] and
gelatin [5] are also applicable materials. Synthetic
polymers and copolymers have found their
application in the production of extracorporeal
devices, joint implants, as well as a variety of
pharmaceutical formulations. Frequently used
polymers are poly(ethylene glycol) (PEG),
poly(lactic acid) (PLA), poly(e-caprolactone)
(PCL), poly(N-isopropylacryl amide) (PNIPAAmM),
derivatives of methacrylic acid, poly(vinylalcohol)
(PVA), poly(N-vinylpyrrolidone) (PVP),

* To whom all correspondence should be sent.
E-mail: lubka84@abv.bg

poly(glycolic acid) (PGA), poly(lactic-co-glycolide)
(PLGA) copolymers, poly(glycerol sebacate),
polyhydroxyalkanoate [6]. The tendency in the
development of novel polymeric materials is to
incorporate both types in the construction of the
material as well as to conjugate synthetic polymers
with growth factors or adhesion molecules in order
to ensure better biocompatibility [7]. This article
aims to present some of the recent applications of
polymer materials, focusing on the opportunities
these materials provide for creating innovative
pharmaceutical formulations for cancer treatment,
tissue regeneration and implant materials.

PHARMACEUTICAL APPLICATIONS

The need for constant introduction of novel drug
delivery systems stems from the challenges current
therapies pose as well as the development of modern
therapies for a number of diseases, among which
cancer being one of the leading causes of death.

Polymeric nanoparticles, micelles and hydrogels
are presently created to meet the needs of oncology
treatment. Various stimuli are used as triggers,
which could lead to targeted and controlled drug
release. pH-sensitive drug delivery systems have
been fashioned by using different types of polymers
that could initially possess functional moieties which
make them react to changes in the pH or suitable
acid-sensitive linkers are employed in their
preparation [8]. A recent study reports the
preparation a chitosan based DDS, which
incorporates an  appropriate pH-sensitive

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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adjuvant [9]. Due to that the doxorubicin (DOX)
loaded chitosan-tripolyphosphate  nanoparticles
(NPs), undergo membranolytic changes in the acidic
medium, typical for endosomes and lysosomes. In
another study poly(aspartamide) grafted with L-
Lysine and hydrazine was used as a biocompatible
polymer matrix. DOX was incorporated via
formation of hydrazone bonds that allow for an acid-
triggered drug release, but would be stable under
physiological pH [2]. In a similar fashion Zang et al.
[10] used a chemical reaction which led to the
formation of a Schiff base between DOX and the
methoxy-poly(ethylene glycol)-aldehyde (mPEG)
chain. Hydrophobic agent curcumin could be
encapsulated in formed NPs. After successful
internalization of the NPs, Schiff base would
disintegrate and simultaneous delivery of both
substances would be obtained.

Polymer materials responsive to changes in the
levels of gluthatione aim at destabilization of the
carrier in a reduced environment and release of the
incorporated drug. This could be achieved by the
introduction of disulfide bonds cleavable in the
presence of reducing agents. Several studies
reported the preparation of such systems. Tang et al.
[11] proposed novel redox-responsive star-shaped
micelles and utilized a PEG-PCL copolymer, with
disulfide bonds as redox-sensitive linkers. This
polymer presented several advantages compared to
linear polymers such as enhanced stability, presence
of a greater number of functional groups for further
modification and better loading capacity. HA was
used for the preparation of a polymer-drug
conjugate, for the delivery of paclitaxel (PTX).
Disulfide bond was introduced via modification of
paclitaxel with 3,3’-dithiodipropionic acid. HA
shows specific affinity towards CD44 bearing cells,
a fact used to achieve targetability [12]. Human
serum  albumin  (HSA) crosslinked — with
dithiobis(succinimidyl propionate) was utilized in
NPs which served as a vehicle for photosensitizer
Chlorin e6. Due to the inclusion of the thiol-
cleavable bonds in the structure of the cross-linker
the developed system disintegrated in the
intracellular reducing environment. Redox-sensitive
HSA-NPs produced optimal cytotoxicity in
comparison to the free photosensitizer and to NPs
that incorporated glutaraldenyde, a non-redox
responsive crosslinker [13].

Natural and synthetic thermo-responsive
polymers are applicable materials in targeted and
controlled drug release [14]. Hu et al. [15] proposed
a novel drug delivery system, based on a triblock
copolymer consisting of a poly(L-lactide) central
block and two poly(N-isopropylacrylamide-co-N,N-
dimethylacrylamide) lateral blocks. The obtained

micelles displayed thermo-responsive  phase
transition and in temperatures higher than their lower
critical solution temperature (LCST) the lateral
blocks experienced dehydration. This led to a much
higher drug release and improved drug accumulation
in tumor mass, which displays temperatures above
the LCST. Rejinold and co-workers [16] prepared
thermo-responsive fibrinogen-graft-PNIPAAM
nanogels. Fibrinogen could target overexpressed
aafs integrin receptors on the surface of breast
cancer cells. Through a series of in vitro studies the
authors demonstrated improved drug release in
temperatures above the LCST as well as specific
toxicity to MCF-7 cells.

Polymers that could react to changes in glucose
levels are currently investigated for the preparation
of insulin delivering systems. Yao et al. [17]
synthesized thermo- and glucose-responsive
polymeric micelles, by including PNIPAAm into the
structure of monomethoxy poly(ethyleneglycol)-
block-poly(phenylboronate ester) acrylate. Glucose
responsiveness was achieved by incorporating
phenylboronic acid (PBA) in the polymer. Micelles
obtained by random polymerization displayed
different insulin release in normal and pathological
glucose concentrations, which was attributed to
polymer architecture. A microgel based on
glucosyloxyethyl acrylated chitosan (GEA-chitosan)
and immobilized concanavalin-A was designed by
another group. GEA-chitosan offers the possibility
of increased insulin loading, while concanavalin-A
provides response to changes in glucose
concentration. The microgel displayed pulsatile
insulin release, in response to changes in the glucose
level and could be utilized as an insulin delivery
system, glucose sensor or an actuator after further
investigation and optimization of its properties [18].

TISSUE ENGINEERING

Polymeric materials have found extensive
application in the construction of scaffolds for the
purposes of tissue engineering. Polymeric scaffolds
are meant to ensure cell adhesion and proliferation,
and should be fashioned in a way that fulfills
requirements such as biocompatibility,
biodegradability, suitable mechanical properties,
porosity, and supply of oxygen and nutrients to the
cells [19]. Electrical stimulation could be beneficial
for neural and muscle tissue regeneration. A recent
review names more than twenty five conductive
polymers and emphasizes on their versatility and the
possibilities for utilizing these polymers in a variety
of devices in the biomedical field. Polypyrrole,
polythiophene  derivatives,  polyaniline  are
commonly used conductive polymers, but due to
constant development and modification of these
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polymers novel and improved electro conductive
materials are now emerging such as polypyrrole-
thiophene oligomers, poly(3,4-
alkylenedioxypyrrole), PLA and aniline pentamer
copolymer etc [20]. Conductive polymers do not
possess suitable mechanical or chemical properties
to be wused as biomaterials by themselves.
Combinations of different polymers, as well as
inclusion of inorganic materials in the matrices,
allow for tailoring of the properties of biomaterials
in accordance with the specific tissue requirements.

In a recent study a composite scaffold was
produced by incorporating bioglass nanoparticles
and collagen in a chitosan hydrogel, for the purposes
of bone tissue repair. To overcome the low
mechanical strength of collagen it was incorporated
in a thermoresponsive modified chitosan matrix.
This provided optimal mechanical properties as well
as suitable porosity of the material, as well as an
opportunity of in situ gelation, after injecting the
composite [3]. Polymeric scaffolds for bone and
cartilage repair were successfully synthesized by
combining HA with dextran and hydroxyethyl
methacrylate [21]. Collagen type 1 is reported as a
suitable polymer for obtaining scaffolds in cases of
neural damage serving as a medium which could
improve the proliferation and differentiation of
neural stem cells, and thus offer potential treatment
in spinal cord injury [4]. Collagen combined with
chitosan was used as a supporting structure for bone
marrow mesenchymal stem cells, and the co-
transplantation was shown to be favorable in terms
of cell viability and retention of cells in treated areas
[22]. A polypyrrole/ poly(D,L-lactic acid) conduit
exerted a positive effect on the axon regeneration
and myelination compared to those in poly(D,L-
lactic acid) conduits, which demonstrates the
beneficial effect of including a conductive polymer
[23]. PLGA—poly(3-hexylthiophene) axially aligned
nanofibers  displayed improved conductivity
compared to random ones and had a positive
influence on the adhesion and proliferation of
Scwann cells, indicating the potentials as scaffold
for neural tissue engineering [24]. Natural polymers
are suitable materials in treating damages to cardiac
tissue. Chitosan/fibrin, chitosan/alginate/collagen
scaffolds were investigated as patch materials, but
lacked tensile strength. Pok et al. prepared a scaffold
of chitosan and gelatin and synthetic polymer PCL
which combines the soft gel structure and
biodegradability of natural polymers and the
additional mechanical strength of the PCL core [25].
A polypyrrole/chitosan injectable hydrogel was
studied as a material for supporting injured heart as
well as providing a connection between healthy
myocardium and viable cardiomyocites. Through a
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series of in vitro and in vivo experiments the authors
demonstrated that this novel biomaterial may lead to
enhanced myocardial recovery [26]. Gelatin and
aniline pentamer hydrogels were prepared where the
inclusion of the natural polymer led to reduced
cytotoxicity of the conductive polymer [5].

IMPLANT MATERIALS

In recent years advancements have been made in
the development of implants to replace damaged
organs and tissues. However with time the implanted
material usually suffers from mechanical or
chemical damage which creates a necessity for novel
approaches in solving this issue. A class of self-
healing materials is now under investigation as an
emerging new strategy for overcoming the problem
of implant longevity. Mimicking naturally occurring
processes like DNA or protein repair, ideally those
materials would be able to sense, halt and repair
damages on a microscopic level. In a thorough
review by A. Brochu [27] and co-workers several
generations of self-healing materials have been
described based on the ability of the material to
repair when damaged. Some of the materials utilize
the incorporation of a microencapsulated healing
agent which upon contact with cracks or damages
would be released and others rely on the formation
of dynamic chemical bonds and interactions. A
novel dental composite was constructed based on the
strategy of encapsulating a healing agent into
microcapsules intended to be released in case a
propagating crack occurs. Successful crack healing
was observed in the model composites when silica
microcapsules that contained polyacrylic acid as a
healing liquid were dispersed in a polymer resin
network formed by monomers 2-bis(4-(2-hydroxy-
3-methacryloxypropoxy)phenyl)propane (Bis-
GMA) and hydroxyethyl-methacrylate (HEMA).
This healing liquid is intended to react with
strontium fluoroaluminosilicate particles and form a
glass ionomer cement to heal the defect. As a major
advantage the authors of the study pointed the
biocompatibility of all materials used and suggested
further addition of active components such as
antimicrobial agents and hydroxyapatite for
improving the qualities of the composite [28]. This
strategy was applied by Wu et al. [29] in the
preparation of a dental composite with poly(urea-
formaldehyde) microcapsule containing triethylene
glycol dimethacrylate (TEGDMA) and N,N-
dihydroxyethyl-p-toluidine as a healing liquid. In the
composite two other components were included -
dimethylaminohexadecyl —methacrylate for its
antibacterial properties and nanoparticles of
amorphous  calcium phosphate to achieve
remineralization. The polymer matrix was prepared
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by BisGMA and TEGDMA. The authors reported
that this first of its kind dental composite offers a
promising way of preventing bulk fracture and
secondary caries.

Although the majority of research on self-
healing materials so far has been done on cements,
adhesives and composites this new strategy of
obtaining novel biomaterials is now applied in the
construction of hydrogels. These materials could
potentially find applications in the biomedical field
and lead to improved performance of the devices
made out of them. As we already mentioned
injectable hydrogels as biomaterilas have many
advantages when applied as tissue scaffold materials
or drug delivery systems. Recent studies have
reported the preparation of stimuli-responsive and
self-healing hydrogels. Miao et al. [30] designed a
thermo-responsive, self — healing hydrogel based on
alginate grafted with p-cyclodextrin. As a thermo-
sensitive polymer Pluronic® F108 (poly(ethylene
glycol)-b-poly(propylene  glycol)-b-poly(ethylene
glycol)) was included in the hydrogel on the basis of
host-guest interactions. The physically dual-
crosslinked hydrogel displayed thermo-resposive
and self-healing properties when tested in vitro.
Another study was conducted where a number of
hydrogels  were prepared using PEG
macromonomers obtained by conjugation with
either a derivative of phenylboronic acid or with a
diol [31]. Self-healing hydrogels were formed due to
the reversible interactions between phenylboronic
acid moieties and diol moieties. Hydrogels prepared
under pH 7 were subjected to shear-thinning and
self-healing tests. PEG-4-carboxyphenylboronic
acid (PEG-PBA) and PEG-4-carboxy-3-
fluorophenylboronic acid (PEG-FPBA) gels were
observed to completely recover their viscosity after
network disruption, and additionally PEG-FPBA gel
reformation from two pieces was observed. Glucose-
responsive behavior of prepared hydrogels and
cytocompatibility were also established. The
prepared hydrogels could be a useful platform for
drug delivery or tissue engineering.

CONLCUSION

A large variety of polymeric materials has been
created for biomedical applications. Through
combining synthetic and natural polymers the
properties of resulting polymeric materials are
upgraded or new properties of resulting materials are
obtained. Novel techniques of producing polymeric
materials have also played a crucial role in the
construction of modern pharmaceuticals and implant
materials. Even though significant improvements
have been made so far, there are still challenges
posed by the physical and chemical characteristic of

polymer materials. Future endeavors should be
directed at obtaining better biocompatibility, tunable
mechanical and chemical properties and safe
commercial use of these materials.
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CBBPEMEHHMU ITPHUJIOXXEHWA HA TIOJIMMEPHUTE MATEPHUAJIN B
BUOMEJNMIIMHCKUTE HAYKHA
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Hocmovnuna na 11 noemepu 2016 2.; npuema na 21 oexemepu 2016 e.
(PE3IOME)

PasHooOpazneTo Ha MONMMEpPH W BB3MOXKHOCTHTE 3a TPIIIOKEHHETO WM B Ppa3IUYHH HAMpaBleHUS Ha
OnoMeTUIMHATA, JOBEE A0 YCHIIEHO pa3paboTBaHEe M MPOyYBaHEe HA HOBH IOJIMMEPHH cucTeMH. [lommmepn pearupamu
Ha pa3HooOpa3Hu (paKTOpM Ha cpelaTa ce M3IOJI3BAT 3a CH3/IaBaHE Ha MHOBATHBHU JIEKAPCTBO-JOCTABAIIN CHCTEMH.
[Ipoy4yBaT ce CaMOBB3CTAHOBSBAIIM CE€ IMOJMMEPU M BH3MOXKHOCTHUTE 3a BKJIFOUBAHCTO MM B HOBH MaTepHald 3a
umiuianTi. KomMOuHaIms OT OMOMONMMEpU W CUHTECTHYHU MPOBOJMMHU IOJUMEPH CE OYEepTaBa KAaTO MOAXOJAIIA
CTpaTerus 3a OCTUraHe Ha ThKaHHA pereHepaius. [{enra Ha To3u MUHE 0030p € J1a MPEICTABH TOCIICTHUTE MOCTHKCHUS
B Pa3pabOTBAHETO U MPHIIOKECHUETO HA MOJIMMEPHU MATCPUAIN B METUIIMHATA.

Knwuosu Oymu: noaumepu, noJaUMepHU HaHoYacmuyu, xu()poeeﬂoee, noaumeprHu I’lO()ﬂOJICKu, umnianmu
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The present study is directed to clarify the influence of the ratio of TiO, to ZnO, containing in the nanocomposite
powder samples, on their activity as photocatalysts in slurry. A series of samples corresponding to different percentages
of titania are prepared from commercial brands. The phase composition and crystallinity of the samples is characterized
by X-ray diffraction. The surface morphology of the samples is observed via scanning electron microscope. The
photocatalytic action of the composites is tested in UV and visible light induced degradation of two model pollutants: azo
dye Orange Il (O I1) used as cosmetic colorant Cl 15510 and triarylmethane dye Brilliant Green (BG), used as food

colorant E142.

Key words: ZnO/TiO, composite, photocatalysis, Orange I, Brilliant Green, UV, visible light

INTRODUCTION

Photocatalysis is an attractive solution for water
and air purification from various pollutants in low
concentrations under light illumination. Titania and
zinc oxide are the most popular oxides used in
heterogeneous photocatalysis due to their unique
properties [1, 2].

TiO; has relatively large band gap (3.2 eV for
anatase modification). It is most widely used
photocatalyst since it is chemically stable, nontoxic
and natural material [3]. ZnO has also been
considered as a suitable alternative of TiO. because
of its comparability with TiO, band gap energy and
its relatively lower cost of production [4, 5]. ZnO is
a semiconductor with a direct wide band gap energy
(3.37 eV) and has a large exciton binding energy (60
meV) at room temperature [6]. The band gaps values
of TiO; and ZnO show that near UV irradiation is
needed for photo activation of both oxides.

The photoactivity of a photocatalysts depends on
several key properties: crystal phase, light exposed
surface area, uncoordinated surface sites, lattice
defects and degree of crystallinity. The application
of composite materials allows morphology control,
improvement and fine tuning of most of the above
properties. Additionally, composite heterostructures
can create siutable mid-band-gap electronic states
which can alter charge migration or produce a red
shift in the absorption spectrum. Further, formation
of heterojunctions between the materials can yield
visible light absorption. The application of
heterostructured catalysts with adjustable bandgaps,
enhanced stability and photocatalytic performance,
gives the possibility to realize sufficient charge

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

separation, an increased lifetime of the charge
carriers and enhanced interfacial charge transfer to
the adsorbed species favoring their photooxidation
and further mineralization [7-11]. A plenty of
investigations on  nanostructured  ZnO/TiO;
composites with different configurations and
morphologies are performed in order to obtain more
efficient photocatalytic degradation [9, 12-14].

It is of interest to understand how the differences
between TiO, and ZnO may affect the overall
catalytic processes. As the first step, this
investigation is focused on the influence of the ZnO
and TiO; content in the heterostructured composite
on the UV and visible light induced degradation of
two model pollutants: azo dye Orange 11 (O 1) used
as cosmetic colorant Cl 15510 and triarylmethane
dye Brilliant Green (BG), used as food colorant
E142.

EXPERIMENTAL

The oxides TiO, anatase from KRONOS-
Germany and ZnO from Sigma Aldrich were used
for the composite ZnO/TiO, powders preparation.
The initial charge for the composite was prepared
from thoroughly homogenized commercial oxide
powders. Seven series of samples with composition
corresponding to 10, 25, 40, 50, 60, 75 and 90% ZnO
content were prepared. As mixing media a small
quantity of ethanol (Institute of Pure Substances,
Sofia University) was added to assure better contact
between both oxides. Then the mixtures were
sonicated for 10 min, after that thermally treated for
2 h at 200°C to assure complete removal of the
ethanol residue and finally well stirred in a glass
mortar to obtain fine powder.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 199
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The phase composition and crystallinity of as-
prepared composites was identified by X-Ray
analysis (diffractometer Siemens D 500 CuKa
source of radiation at a step of 0.05 deg for 20 and
counting time 2 s/step). The surface area of the dry
composite powders, was determined by BET
analyses using N adsorption. The surface
morphology of the samples was observed via
scanning electron microscopy (JSM-5510 JEOL).

The characteristics of two model pollutants
Orange Il and Brilliant Green are presented in Table
1.

The as-prepared ZnO/TiO, samples were tested
in photodegradation of O Il or BG from water
solution by a standard testing procedure [15]. The
dye solution volume was 250 ml. The catalysts
loading was 1g L™.The initial concentration was
20 ppm for O Il and for BG. The sources of light

illumination were as follows: UVA lamp (Sylvania
18W BLB T8, emitting mainly in the range of 315-
400 nm) placed at 10 cm above and linear Tungsram
lamp (500 W K1R7s 9700 Lm, maximal emission at
700 nm) for the visible irradiation fixed at 25 cm
above the treated solution. Aliquot samples from the
investigated solution were taken regularly at fixed
time intervals and analyzed by UV-VIS
spectrophotometer  (Thermo  scientific, Type
Evolution 300 BB) at the maximal absorption of the
contaminants. After the measurement, the aliquots
were returned back to the polutants solution. The
solutions were stirred constantly by electromagnetic
stirrer (rotation speed of 400 rpm). All the
photocatalytic tests were performed at room
temperature of 23+2°C.

Table 1. Characteristic data of the organic dyes used in the photocatalytic experiments

Contaminant Ol BG
Empirical formula: C15H11N2N804S C27H33N2.HO4S
Molar mass: 350.32 g/mol 482.64 g/mol
Absorptlon ma>f|mum 484 nm
(in water):
Minimum dye content: 85% 90%

4-(2-Hydroxy-1-
naphthylazo)benzenesulfonic acid
sodium salt, Acid Orange 7, Acid
Orange A, Orange I,
Tropaeolin 000 No. 2

Synonyms:

Astradiamant green GX, Basic Green 1,
Diamond Green, Emerald Green, Solid
green JJO, Diamond green G, Ethyl Green,
Aniline green, Benzaldehyde green, Fast
greenJ
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Fig. 1. Comparative XRD pattern of TiO,, ZnO and ZnO/TiO, composites.

RESULTS AND DISCUSSION

The crystalline phase composition of the
ZnO/Ti0O2 nanocomposite and pure oxide samples is

200

verified by X-ray analysis (Fig. 1). From the XRD it
is clearly seen that ZnO is crystalline, in form of
hexagonal wurtzite with dominating peak (101). The
titania has main peak at (101) and is in form of
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anatase modification. Comparing the XRD patterns
in Fig. 1 one can see that ZnO and TiO; are present
in the composite as separate phases, there is no
indication for formation of mixed compound: the
main peaks of both oxides in case of composite
sample do not differ in width and intensity from
these in the case of pure ZnO or TiO; phases. The
crystallites size, calculated following Sherrers
equation (k= 1.5406 A) is found to be 24 nm for ZnO
and 17 nm for TiO,. The calculation is made from
the peaks (101) for ZnO and (101) for TiO;
(relatively strong and single for the respective
oxide - Fig. 1).

A comparison of the surface morphology of TiO;
to that of ZnO/TiO, nanocomposite observed by
SEM is shown in Fig. 2. From the micrographs is
seen that the samples are uniform and homogeneous.
The size of the particles grains of the samples is

TiO:

TiOz(25%)
In0{75%) 9

calculated the

i=1
Dav = Z (Dimax + Dimin)/2N '

N
where N is the number of observed particles, and Day,
Dmax and Dmin are the average, maximum and
minimum diameter of the particles. In this case
N=350+520. The average grain size is found to be
approximately 0.45 um for ZnO and 0.02 um for
TiO; for all of the investigated samples.

The results from BET analysis are presented in
Table 2.

As shown in the table, the surface area in the
composites increases with the TiO, content from
23.03 m?g in case of 90%Zn0O/10%TiO, to
37.89 m?g for the 90%Zn0/10%TiO, composite.
The latter is greatest among all samples. The pure
oxide phases have approximately equal surface area.

following equation:

Fig. 2. SEM images of the powdered catalysts at different magnifications: (a) and (b) pure TiOx;. (c) and (d)

ZnO(75%)/Ti02(25%) composite.

Table 2. Specific surface area S of the commercial (pure ZnO and TiO,) and prepared ZnO/TiO, powder catalysts

Zn0O, % TiO2,% S, m?/g
100 0 35.76
90 10 23.03
75 25 26.55
60 40 30.81
50 50 31
40 60 33.45
25 75 34.35
10 90 37.89
0 100 35.52
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Fig. 3. Photodegradation kinetics of O 11 colorant from 20 ppm aqueous solutions by the different samples under: (a)

UV and (b) visible light illumination.
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Fig. 4. Kinetics of BG colorant photodecomposition by the different powder catalysts from 20 ppm water solutions

under irradiation with: (a) UV and (b) visible light.

The kinetics of colorants degradation in the
photocatalitic experiments is presented in Fig. 3 for
O Iland in Fig 4 for BG. The colorants concentration
in the water solutions is 20 ppm. Figs. 3a. and 4a
show the experimental runs under UV illumination.
The photocatalytic tests carried out with visible light
irradiation are presented in Figs. 3b. and 4b. In
general - higher rates and degrees of
photodegradation under UV and visible light are
achieved in case of BG in comparison to these in
case of O |Il. The differences between the
investigated heterocomposite samples are more
pronounced and can be better observed also in the
case of BG (Fig 4.). The experimental data in case of
ZnO/TiO; heterocomposites show clear tendency for
higher photocatalytic efficiency with the ZnO
content in the sample irrespective of type of
pollutant or illumination. Pure ZnO is the most
efficient photocatalysts in comparison to the rest of
the samples in all the photocatalytic tests. Pure TiO;
sample always has the lowest efficiency among all
tested photocatalysts.
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The apparent rate constants of photocatalysis are
calculated following the equation:

C:(:in.e_Kt y

where C is the concentration of the contaminants
solution at the moment t, Ci, — the initial dye
concentration and t is the irradiation time in minutes.
The rate constants values (K), calculated by the
above equation with the data, obtained from the
photocatalytic experiments under both types of
illumination, are plotted in Fig. 5. From the figure
one can see, that highest rate constants values are
observed in case of photocatalysis under UV light
(Fig. 5a), where the process of photocatalysis is most
effective. In comparison with O IlI, the BG
photodegradation is always faster, irrespective of
irradiation wavelength - UV or visible light.

The experimental data confirm other researchers
viewpoint [16] that for some applications where the
process of ZnO photocatalysis is the most effective,
zinc oxide is a suitable alternative to TiO,.
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Fig. 5. Rate constant values of O Il and BG photodegradation versus the ZnO content in the composite samples in
case of: (a) UV and (b) visible light induced photocatalysis.

CONCLUSIONS

The photocatalytic action of the ZnO/TiO,
samples is tested and compared to that of pure
commercial oxides in UV and visible light induced
purification of aqueous solutions from the organic
colorants Orange Il and Brilliant Green. The photo
catalytic effectiveness of the composites increases
regularly with the ZnO content in the powders. Most
efficient colorants photodegradation is achieved in
case of BG. The best photocatalyst in all the
experiments is pure ZnO in comparison to the rest of
the samples. The above effects are established
irrespective of the type of illumination or type of
purified solution. The experimental data show that in
the particular purification ZnO is the suitable
alternative to TiO..
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ZnO/Ti0; xoMmo3uTHU (HOTOKATAIN3ATOPH

1. Croneiiman, H. Keuesa, A. boxunosa*, J[. Jlumutpos, K. [Tanazosa

Jlabopamopusi no nayka u mexHoio2ust Ha HAHOYACMUYU,
xameopa Obwa u neopeanuuna xumus, Paxyimem no xumus u gapmayus,
Coguiicku ynusepcumem, Cogus 1164, bvreapusa

Hocmwvnuna na 11 noemepu 2016 2.; npuema na 20 dexemspu 2016 e.
(Pestome)

Hacrosimiata pabota uMma 3a 1ien u3cie[BaHe Ha BIMSHHETO Ha choTHomieHHeTo Ha TiO2 kbM ZNnO, B chcTaBa Ha
HAaHOKOMIIO3UTHHU IIpaxoBe, BbPXY TAXHATa e€(EeKTHBHOCT Karo (oTokaTanuzaTtopu B cycneHszus. Cepust oT npooOw,
CHOTBETCTBAIIY HA PA3IMYHOCHAbPKAHNE Ha TUTAHOB AMOKCH] Ca TOJIyYEHU OT ThPIOBCKHTE MApKH Ha JIBaTa OKCHAA.
@Da30BUAT CHCTaB U KPUCTAHOCTTA Ha NMPOOHTE ca XapaKTepU3HpaHH C PEHTTeHOBa Audpaxuus. Mopdonorusara Ha
HOBBPXHOCTTA Ha IPOOHTE € HabJlto1aBaHa ype3 CKaHUpalla eJIeKTpPOHHa MUKpOcKonusl. PDoToKaTaINTHYHATA AKTHBHOCT
Ha KOMIIO3UTHTE € TEeCTBaHa II0] ACHCTBHETO Ha YIATPAaBHOJICTOBA M BHAMMA CBETJHHA, IPH (OTOKATAIMTHIYHOTO
pasrpakgaHe Ha IBa MOJIEIHH 3aMmbpcutens: a3zo Oarpminoto OpamkeBo II (O 1), m3mom3BaHO KaToO KO3METHUCH
omgeruten CI 15510 u TpuapumeranoBoTo O6arpmino, bpuisarHO 3emeHo (BG), m3momsBano KaTo OIBETUTEN Ha XpaHU
El42.
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The aim of the study was to assess the human health risk through fish consumption due to persistent organic pollutants
like polychlorinated biphenyls (PCBs), DDT and its metabolites, hexachlorobenzene (HCB) and hexachlorobutadiene
(HCBD). The present study evaluates the human daily intake of priority pollutants through consumption of freshwater
fish from some lakes in Bulgaria (Varna Lake, Beloslav Lake, Burgas Lake, Mandra Lake). Concentrations of
organochlorine compounds were determined in six fish species: gibel carp (Carassius gibelio), roach (Rutilus rutilus),
perch (Perca fluviatilis), goby (Neogobius melanostomus), golden grey mullet (Mugil auratus) and silverside (Atherina
boyeri).

The PCBs, HCB, HCBD, DDT and its metabolites DDE and DDD were determined by gas chromatography system
with mass spectrometry detection. The sum of DDTs was determined from 1.81+0.16 to 11.31+1.26 ng/g wet weight (in
perch and golden grey mullet, respectively). The other contaminants HCB and HCBD were found below the analytical
detection limit. The sum of Indicator PCBs ranged from 1.00 (goby) to 5.30 ng/g ww (golden grey mullet).

The EDI of DDTs in fish from coastal lakes was calculated between 0.34 and 2.13 ng/kg body weight/ day through
consumption of perch and golden grey mullet, respectively. EDI of I-PCBs in fish was between 0.19 and 1.00 ng/kg bw
day through consumption of goby and golden grey mullet, respectively. The health risks were assessed using a risk
quotient (RQ) of the fish consumption as the ratio of daily fish exposure level in relation to oral reference dose. All the
RQ values were much lower than 1, suggesting that consumption of the fish species from coastal lakes in Bulgaria would

not pose a non-cancer risk for humans.
Keywords: PCBs; DDTs, fish; risk assessment; Bulgaria
INTRODUCTION

Persistent organic pollutants (POPs) are a group
of compounds, which are characterised by their
ability to persist in ecosystems, their high lipid
solubility and their bio-magnification in the food
chain [1]. POPs accumulate in the fatty tissue of
living  organisms, reaching the  greatest
concentrations at the top of the food chain in fish,
mammals and predatory birds [2]. Polychlorinated
biphenyls (PCBs) and 1,1,1-trichloro - 2, 2 - bis (4-
chlorophenyl) ethane (DDT) and its metabolites
(DDTs) are highly lipophilic compounds and they
rapidly accumulated in living organisms [3].
Although the usage for agriculture of DDTSs has been
banned since 1970s, DDTs are still being used in low
amounts to control certain insects in tropical and
subtropical countries [4]. Hexachlorobenzene
(HCB) is a hydrophobic and highly persistent
compound [5]. Although hexachlorobenzene is not
currently manufactured, it is formed as a waste
product in the production of several chlorinated
hydrocarbons and is a contaminant in some
pesticides [6]. The main source of HCB today is
chemical industry from which this compound can be
emitted as a product in high-temperature processes

* To whom all correspondence should be sent.
E-mail: stanislavavn@mail.bg

[7]. Hexachlorobutadiene (HCBD) was mainly used
as an intermediate in the manufacture of rubber
compounds and other polymers. Other uses were in
agriculture as a seed dressing, in hydraulic fluids and
a number of other industrial processes [8]. HCB and
HCBD are also named as priority substances under
the EU Water Framework Directive [9].

These very persistent pollutants have the
potential to affect the physiological functions of
wildlife [10]. Although humans can be exposed to
POPs through direct exposure, occupational
accidents and the environment, most of the human
exposure nowadays is from the ingestion of
contaminated food as a result of bioaccumulation in
the food chain [11, 12]. It has been reported that
meat, dairy products and fish, makes up more than
90% of the intake of POPs for the general population
[13, 14, 15]. Data on the presence and distribution of
organohalogenated contaminants in fish and
especially edible fish species are important not only
from ecological, but also from human health
perspective [16].

There are several lakes along Bulgarian Black
Sea coast. Varna Lake is the largest by volume and
deepest lake along the Bulgarian Black Sea Coast,
and having an area of 17 km2 and a volume of
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166 million mé. A number of rivers pour into the lake
near the western shores of Beloslav Lake, which is
connected to Varna Lake. Burgas Lake is located
near the Black Sea, west of the Burgas city, is the
largest natural lake in Bulgaria, with an area of 27.60
km2. An important fish-producing reservoir in the
past, Burgas Lake lost much of its economic
importance  after the construction of the
petrochemical plant near the city, but has witnessed
an increasing number of species and decreasing
pollution in recent years. Mandra Lake is the
southernmost of the Burgas Lakes, located in the
immediate proximity of the Black Sea. Parts of
Mandra Lake are designated protected areas
inhabited by a number of locally and globally
endangered species of fish and birds.

A lot of local fishermen consume fish from these
coastal lakes. Therefore, it is very important to
clarify the status of POPs in fish from these waters
and the present study will provide more information
on the residues of persistent organic pollutants in
fish from Varna Lake, Beloslav Lake, Burgas Lake
and Mandra Lake.

The aims of the present study were to evaluate the
daily intake and to assess the human health risk of
priority pollutants (PCBs, DDTs, HCB and HCBD)
through consumption of fish from some coastal lakes
in Bulgaria.

EXPERIMENTAL
Sampling

Six wild fish species: gibel carp (Carassius
gibelio), roach (Rutilus rutilus) and perch (Perca
fluviatilis), goby (Neogobius melanostomus), golden
grey mullet (Mugil auratus) and silverside (Atherina
boyeri) were sampled from some coastal lakes in
Bulgaria (Varna Lake, Burgas Lake, Burgas Lake
and the Mandra Lake). Samples were caught by local
professional fishermen between September and
November 2014. Samples were immediately
transferred to the laboratory in foam boxes filled
with ice and were stored in a freezer (-18°C) until
analysis.

Analytical method

The method used for the preparation of the
samples, clean-up and quantitative determinations of
PCBs in fish samples has been previously described
in details [17]. The edible tissue of each fish was
homogenized using a blender; pools of about 300 g
were made with fillets taken from several individual
fish. Briefly, twenty grams of homogenized fish
tissue were extracted with hexane / dichloromethane
in Soxhlet Extractor. The extract was cleaned-up on
a glass column packed with 2 g neutral silica, 4 g
acid silica and 2 g neutral silica (Merck KGaA,
Darmstadt, Germany). The eluates were
206

concentrated to near dryness and reconstituted in 0.5
ml in hexane. One micro liter of purified extract was
injected into GC/MS.

Gas chromatographic analyses of PCBs were
carried out by GC FOCUS (Thermo Electron
Corporation, Austin, Texas, USA) using POLARIS
Q lon Trap mass spectrometer. Splitless injections of
1 ul were performed using a TR-5MS capillary
column (Bellefonte, PA, USA) coated with cross-
linked 5% phenyl methyl siloxane with a length of
30 m, 0.25 mm ID and a film thickness of 0.25 pm.
Helium was applied as carrier gas at a flow of
1 ml/min.

Pure reference standard solutions (PCB Mix 20 -
Dr. Ehrenstorfer Laboratory, Augsburg, Germany),
were used for instrument calibration, recovery
determination and quantification of compounds.
Measured compounds were: the six Indicator PCBs
(I-PCBs IUPAC No. 28, 52, 101, 138, 153 and 180)
and six dioxin-like PCBs (non-ortho PCBs 77, 126,
169 and mono-ortho PCBs 105, 118, 156). Each
sample was analyzed three times and was taken an
average of the results obtained.

Quality control

The quality control was performed by regular
analysis of procedural blanks and certified reference
material BCR - 598 (DDTs in Cod liver oil) and
BB350 (PCBs in Fish oil) — Institute for Reference
Materials and Measurements, European
Commission. Recovery of PCBs from certified
reference material varied in the range 85 -109% for
individual congeners. Procedural blanks and a
spiked sample with standards were analyzed
between each 5 samples to monitor possible
laboratory contamination. Blanks did not contain
traces of contaminants.

Statistical analysis

The statistical analysis of the data was based on
the comparison of average values by a t-test and a
significance level of p<0.05 was used. When the
p value was lower than 0.05, it was considered
statistically significant. All statistical tests were
performed using SPSS 16 software. For the purpose
of  statistical  analysis, concentrations  of
contaminants reported as “not detected” were
assigned as the detection limit. The data used in the
present study were based on the mean concentrations
of the target contaminants in the fish species.

Dietary intake estimation

Human exposure assessment of POPs through
oral ingestion is generally estimated using daily
intake of the contaminant. The estimated total daily
intake (EDI) of the contaminants in a given fish
species was calculated as follow [18]:
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EDI = C x Intake / BW

where EDI is the estimated daily intake (hg/kg body
wt./day), C is the average concentration of measured
POPs (ng/g wet weight), Intake is the daily food
consumption of fish (13.2 g/ day for Bulgarian
standard adult [19] and BW is the average consumer
body weight (70 kg for adult men).

Risk assessment

Risk assessments were conducted based on the
concentrations of organochlorine pesticides and
PCBs compounds in fish tissues. The potential risks
of non-carcinogenic effects are evaluated by the risk
assessment index known as the risk quotient (RQ).
RQ is defined as the ratio of daily fish exposure level
(EDI) inrelation to reference dose (RfD) considering
non-carcinogenic effects of the contaminants. The
RQ was calculated as follows [18, 20]:

RQ =EDI/RfD

where EDI is the estimated daily intake (hg/kg body
wt./day); and RfD is the reference dose (ng/kg day).
RfD values adopted in this study are the criteria of
the USEPA (Environment Agency of the United
States) [20].

RESULTS AND DISCUSSION

Indicator PCBs levels

PCBs and chlorinated pesticides have been
monitored routinely in the environment and
foodstuff in various countries to evaluate their
potential health risk to humans [21, 22].
Consumption of contaminated food is an important
route of human exposure to organochlorine
compounds. The sum of the six PCBs (IUPAC Ne 28,
52, 101, 138, 153 and 180) comprises about half of
the amount of total non dioxin-like PCBs present in
feed and food [23]. They are called indicator PCBs
(I-PCBs) for evaluating the risk to human health
[24]. The concentration levels of individual PCBs
congeners in fish from coastal lakes along Bulgarian
Black Sea coast were described in our previous
studies [25, 26]. Our previous studies showed that
the most abundant PCB congeners in fish species
were the indicator PCBs constituting more than 80%
of the total amount of PCBs [25, 26].

The lipid content, mean levels of Total Indicator
PCB congeners in investigated fish species from
coastal lakes in Bulgaria, estimated daily intake

(EDI) and risk quotient (RQ) are shown in Table 1.
The lipid percentage ranged from 0.5% (goby) to
6.1% (silverside).

The mean levels of I-PCBs ranged between
1.00 ng/g ww (goby) and 5.30 ng/g ww (golden grey
mullet), calculated as the sum of 6 Indicator PCB
congeners. The differences in concentrations of
PCBs may be attributable to various factors such as
the nature of the habitat, feeding preferences and
lipid contents. The higher levels of PCBs in grey
mullet compared to other fish species may be due to
its nature of the habitat. These species usually
inhabit muddy bottoms along the coast, and ports
and estuaries, which are generally considered to be
more heavily polluted than open waters. Golden grey
mullet probably receive large quantities of
organochlorine pollutants present in the water and in
the sediments through a process of bioconcentration
[27]. The European Union has recommended a
maximum level of 75 ng/g wet weight, calculated as
the sum of the six I-PCBs in muscle meat of fish
[24]. Our results for Sum of I-PCBs in all fish
species did not exceed this limit.

The pattern of indicator PCBs found in wild fish
from coastal lakes showed a predominance of PCB
153 (31.9%) followed by PCB 101 (24.3%) for
indicator PCBs (Table 2).

The predominance of hexachlorinated and
pentachlorinated PCBs in fish species, especially
PCB 153, PCB 101 and PCB 138, has been reported
by several authors for different coastal areas in the
Mediterranean [27] and in the Adriatic Sea [28]. The
distribution of PCB congeners could be explained by
the fact that that the accumulative properties of PCB
congeners increase with the number of chlorine
atoms substituted to the hydrogen atoms in biphenyl
rings and the resulting increase in their lipophilicity
[29].

Estimated daily intake (EDI) of I-PCBs

Fish and seafood accounts for a small portion of
human diet, but it has been proven to be one of the
major routes of human exposure to organic
contaminants  [12]. The  consumption  of
contaminated fat food can be a potential risk for the
consumer. To comprehensively evaluate risk
exposure, the mean EDIs for these harmful
chemicals in each fish species were calculated. On
the basis of the measured concentrations in the fish
samples, the daily dietary intake of PCBs was
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Table 1 Lipid content (%), levels of Total Indicator PCBs (ng/g wet weight, mean and standard deviation) determined
in fish from coastal lakes in Bulgaria, Estimated daily intake (EDI) and Risk quotient (RQ).

Species n Lipids, % Sum I-PCBs, ng/g EDI, RfD, RQ

Ww ng/kg bw day ng/kg/day

(USEPA)

gibel carp 8 1.3+0.4 1.60+0.37 0.30+0.08 20 0.015
roach 6 2.2+0.2 1.06+0.25 0.20+0.04 20 0.010
perch 8 0.6+0.1 1.06+0.22 0.20+0.04 20 0.010
goby 8 0.5+0.1 1.00+0.16 0.19+0.03 20 0.009
golden grey 6 42412 5.300.56 1.0020.13 20 0.050
mullet
silverside 10 6.1+1.6 3.99+0.34 0.75+0.14 20 0.038

RfD - oral reference dose

Table 2 The PCB pattern (% of total indicator PCBs), estimated daily intakes of individual I-PCBs in fish (mean value)

for adults (aged 15-75) in ng/ kg body weight per day.

Substance % of total 1-PCBs Mean concentration, EDI, RfD,
ng/g ww ng/kg bw day  ng/kg/day (USEPA)
PCB 28 17.1 0.42+0.03 0.08 20
PCB 52 17.8 0.43+0.04 0.08 20
PCB 101 24.3 0.59+0.06 0.11 20
PCB 138 4.9 0.12+0.02 0.15 20
PCB 153 31.9 0.77+0.06 0.02 20
PCB 180 3.9 0.10+0.02 0.02 20

Table 3 Levels of Total DDTs (ng/g wet weight, mean and standard deviation) determined in fish collected from coastal
lakes in Bulgaria, Estimated daily intake (EDI) and Risk quotient (RQ).

Species n Sum DDTs, EDI, RfD, RQ
ng/g ww ng/kg bw / day ng/kg/day
(USEPA)
gibel carp 8 3.99+0.37 0.75+0.07 500 0.002
roach 6 2.45+0.25 0.46+0.06 500 0.001
perch 8 1.81+0.16 0.34£0.03 500 0.001
goby 8 2.69+0.26 0.51+0.05 500 0.001
golden grey mullet 6 11.31+1.26 2.13+0.23 500 0.004
silverside 10 6.79+0.64 1.28+0.13 500 0.003
calculated. The estimated daily intake of the Sum I- lower than those reported in most previous

PCBs in fish species studied are shown in Table 1.
The EDI was calculated on the basis of a fish
consumption rate of 13.2 g/day [19] for adults with
body weight of 70 kg, on the mean exposure level.
The EDI of I-PCBs in fish from coastal lakes was
calculated between 0.19 and 1.00 ng/kg bw day
through consumption of goby and golden grey
mullet, respectively and was far below
recommended RfD of 20 ng/kg bw day for adults
[20]. Overall, the EDIs of these POPs via fish
consumption for adults in the present study were
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studies [23, 30].
Levels and estimated daily intake (EDI) of DDTs

Because of their wide distribution in air, water,
soil and food, p,p’-DDT and its metabolites
(p,p’-DDD and p,p’-DDE) remain a human health
concern and have been determined in edible fish
tissues from investigated coastal lakes in Bulgaria
[25, 26]. Summarized data of mean levels of total
DDTs (like sum of p,p’-DDT, p,p’- DDD,
p,p’-DDE) found in the fish samples and estimated
daily intakes are present in Table 3.
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The maximum level of Sum DDTs was found in
golden grey mullet (11.31 ng/g ww), while the
minimum value was found in perch (1.81 ng/g ww).
The experimental results showed significant
differences of DDTs levels between different fish
species (statistical test — p<0.05). The daily intake of
DDTs (like sum of p,p’-DDT, p,p’- DDD, p,p’-
DDE) was calculated on the basis of the measured
concentration in fish species (Table 3). The mean
EDI of total DDTs in fish from Varna Lake, Lake
Burgas and Mandra Lake was calculated between
0.34+0.03 and 2.13+0.19 ng/kg body weight/ day
through consumption of perch and golden grey
mullet, respectively. The US Environmental
Protection Agency established a Reference Dose
(RfD) of 500 ng/kg body weight day [20], which
corresponds to a tolerable daily intake of 0.5 pg/kg
body weight from Integrated Risk Information
System (IRIS) [31] for the non-carcinogenic effects.
The mean EDI of 2.13 ng/kg body weight per day for
adults is well below this value.

The distributions of levels PCBs, DDTs, HCB
and HCBD in wild fish from Varna Lake, Beloslav
Lake, Burgas Lake and Mandra Lake are
summarised in Table 4.

The comparison of DDTs, PCBs, HCB and
HCBD residues detected in fish collected from
different coastal lakes shows that DDTs
concentration are significantly higher (p<0.05) in
Varna Lake (10.32 ng/g ww) than those in Mandra
Lake (2.20 ng/g ww). This is probably due to the
influence of salty sea water in Varna Lake flowing
from the Black Sea. Our previous studies have
shown higher levels of organochlorine contaminants
in marine fish species compared to freshwater
species [32]. In term of PCBs, HCB and HCBD, no
significant differences were detected between these
four geographic locations.

In relation to other organochlorine compounds
determined concentrations of HCB and HCBD were

all below detectable levels (Table 4) and did not
exceed the European EQS of 10 pg/kg and 55 pg/kg
(in biota), respectively. HCB is known as volatile
and practically insoluble in water compound which
leads to a low bioavailability of this contaminant in
marine organisms. In a recent study of wild fish from
four English rivers HCB was a maximum of 6 pg/kg
in some eels [8]. In a survey of eels in Scotland [16]
HCBD was only detected in one of 150 samples at
detection limits of either 1 or 3 pg/kg and the authors
of a French study also failed to detect any HCBD in
fish [33]. The concentrations of HCB and HCBD
were found below detection limit in all fish samples
and daily intake was not estimated for these two
chemicals.

Human health risk assessment

Many authors have revealed that high fish and
seafood consumption increases the risk of POPs
contamination of the human body [3, 34]. Current
non-cancer risk assessment methods are usually
based on the use of the Risk quotient (RQ). RQ is a
ratio between the estimated dose of a contaminant
and the reference dose (RfD) below which there will
not be any appreciable risk [20]. The RfD is an
estimate of daily exposure in humans that is likely to
be without an appreciable risk of deleterious effects
during a lifetime [18]. The average consumption
together with the measured concentration of the
contaminant are used to calculate the risk quotient
RQ. RfD values adopted in this study are the criteria
of the USEPA (Environment Agency of the United
States) [20]. If the RQ value is less than 1, no
obvious health risks due to the intake or uptake of
contaminants via fish consumption would be
experienced. Conversely, an exposed population of
concern will experience health risks if the fish
consumption rate is equal to or greater than the RfD
value [18].

Table 4 Comparison of mean organochlorine levels in fish from different coastal lakes in Bulgaria
(concentration, ng/g ww).

Compound Varna Lake Beloslav Lake Burgas Lake Mandra Lake
goby, golden grey goby, golden grey mullet,  gibel carp, roach roach, perch
mullet silverside
PCBs 4.24+2.01 2.71+1.21 1.29+0.44 1.10+0.70
DDTs 10.32+4.25 4.72+2.04 3.15+1.19 2.20+0.55
HCB <LOD <LOD <LOD <LOD
HCBD <LOD <LOD <LOD <LOD

<LOD - below limit of detection
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Regarding risk assessment due to PCBs, the RQ
values ranged from 0.009 to 0.050 for goby and
golden grey mullet, respectively (table 2). The RQ
values for DDTs in fish samples (presented in Table
3) were calculated from 0.001 (roach, perch, goby)
to 0.004 (golden grey mullet). All the RQ values
were much lower than 1, suggesting that
consumption of the fish species would not pose a
non-cancer risk.

CONCLUSION

The indicator PCB levels found in fish species
from coastal lakes along Black Sea coast ranged
between 1.0 ng/g ww (goby) and 5.3 ng/g ww
(golden grey mullet) and did not exceed the
maximum EU limit of 75 ng/g ww. The lower
observed levels of PCB in fish tissues than from fish
tissues of other aquatic ecosystems was potentially
due to the absence of PCB manufacturing in
Bulgaria. The maximum level of Sum DDTs was
found in golden grey mullet (11.31 ng/g ww), while
the minimum value was found in perch (1.81 ng/g
ww). The estimated daily intakes of Indicator PCBs
and DDTs by humans were far below RfD or the TDI
for adults, recommended by US EPA and
FAO/WHO, indicating that this intake would not
pose a health risk. Human health risk assessment,
based on RQ wvalues much lower than one,
suggesting that consumption of the fish species from
coastal lakes in Bulgaria would not pose a non-
cancer risk.
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OLEHKA HA HAKOU ITPUOPUTETHU 3AMBPCUTEJIN B PUBU OT U3BPAHU E3EPA B
bBJII'APUA

C. K. T'eopruesa* u 31. B. IleteBa

Kameopa no Xumus, Meouyuncxu Yuueepcumem - Bapua
E-mail: stanislavavn@mail.bg
Hocmovnuna na 12 noemspu 2016 2.; npuema na 21 oexemepu 20162.
(Pestome)

[lenTa Ha HACTOSIIIOTO U3CIIEABaHe OEIIe 1a Ce OLEHHU 3/{paBHHSI PUCK Ype3 KOHCyMaIHsTa Ha puda 110 OTHOILICHNE Ha
YCTOHYMBY OpraHUYHH 3aMbpcHTENH KaTo rnopuxyiopupanu oudenmm (I1XB), AAT n merabonurty, xekcaxiaopoOeH3eH
(XXB) u xekcaxiopoOyranuer (XXB/I). M3uucieH e AHEBEH IPUEM Ha IPUOPUTETHUTE 3aMbPCUTENHN Ype3 KOHCYMalus
Ha CJIaJKOBOJHM puOM OT HsIKOM e3epa B buirapus (Baprencko esepo, benocnaBcko ezepo, Bypracko esepo u e3epo
Manzpa). KoHneHnTpauuuTe Ha OpraHOXJIODHHTE CheIMHEHHs Osixa ONpeAeseHH B IIECT PHUOHM BHAA: Kapakyna
(Carassius gibelio), 6a6ymka (Rutilus rutilus), koctyp (Perca fluviatilis), xast (Neogobius melanostomus), marepuna
(Mugil auratus) u arepuna (Atherina boyeri).

[IXBb, xekcaxiopobenseH, xekcaxiopooyranues, /1T u ocHopanTe My merabommtu JJE u JJI/1 ca omnpenemeHn
Ype3 razoBa XpoMaTorpadus ¢ MacCIIeKTPOMETpHUEH AeTeKTop. CpeaHusT HHEBEH NMPHEM Ha 3aMBbPCUTEIUTE B PHOH OT
Kpaiibpexxaute e3epa ca mzuncieHn mexay 0.34+0.03 u 2.13+0.19 (3a AT u merabonurtu) u mexay 0.19+0.02 u
0.75£0.08 ng/kg Tenecho terno aueBHo (3a [TXB) upe3 kOHCyMalysi ChOTBETHO Ha Kasi U IUIATEPHHA. 3JPaBHUSAT PUCK
Oeliie OIEHEH Ype3 U3MOI3BaHe Ha KoeduiueHT Ha puck (RQ) kaTo OTHOIICHHE HAa JHEBHATA SKCIIO3WIIMSA M OpajiHaTa
pedepentra no3a (RfD). Usuuncienure RQ ca moj equHUIA, KOETO 03HAYaBa, Ue KOHCYMAIUsITa Ha prba He MpeICTaBIsIBa
PHCK 32 YOBEIIKOTO 3][paBe.

Kniouoeu oymu: I[1IXE; JIIT; puba oyenxa na puck; bvacapus
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Basic chemical components and radical scavenging activity of tobacco extracts
obtained by macroporous resin
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The basic chemical components of tobacco extracts, containing flavonoids (E-FI) and the radical scavenging activity
of E-FI was study. The extracts were prepared by using polymeric adsorbent Amberlite XAD 7. The tobaccos used in this
study were selected from low to high content of nicotine, carbohydrates and polyphenols. The amount of flavonoids in
extracts varied vastly depending on the content of flavonoids in the tobacco crop. The extracts contained flavonoids from
3.50+0.26 mg.g™* to 16.3 + 1.3 mg.g™* and phenolic acids are less than 0.6 mg.g™. The E-FI extracts showed a high radical
scavenging activity (ICsp data varied from 9.6 + 0.8 ug.ml™ to 33.4 + 3.0 pg.ml?). In the extracts the nicotine content was
less than 0.38 + 0.02 mg.gtand depended strongly on its amount in tobacco, showing recovery mean 1.45 £ 0.31 %. The
content of carbohydrates in extracts E-FI was between 39 + 1 mg.g™* and 94 + 4 mg.g™* with mean recovery from tobacco

48%.

Key words: tobacco, tobacco extracts, polyphenols, nicotine, carbohydrates, radical scavenging activity

INTRODUCTION

Tobacco (Nicotiana tabacum L.) is a plant,
containing a large number of chemical components.
To date, approximately 4200 components have been
identified in tobacco, which can be combined in the
following large groups: alkaloids, carbohydrates,
proteins, polyphenols, organic acids, essential oil,
resins and etc. The type of tobacco (Virginia, Burley,
Oriental) and how the tobacco is produced and cured
affect the type and level of chemical compounds in
tobacco leaf [1].

The chemical composition of tobaccos is a
subject of extensive research in Bulgaria, especially
the basic components as nicotine, carbohydrates,
proteins, which are associated with processing
technology, quality and the smoking properties of
tobacco [2, 3, 4, 5]. In recent years, there is
increasing interest on biologically active substances
in tobacco - polyphenols, terpenes, alkaloids and etc
[6, 7]. Tobacco leaves are rich in polyphenols,
presented as phenolic acids (caffeoylquinic acids)
and flavonoid glycosides. In the tobacco types
Virginia and Oriental, their content can
exceed 3% [8, 9, 10].

Phenolic acids possess a wide range of biological
properties such as antibacterial, antioxidant,
antimicrobial, anticancer and antimutagenic.
Phenolic acids are active against human herpes
simplex virus and adenoviruses [11]. The interest in
bioflavonoids as antioxidants has been increased

remarkably over the last decade because of their
protective effect against different diseases, including
cardiovascular, inflammatory and neurological
diseases, as well as cancers. It is known that
flavonoid-rich natural products exert a wide range of
pharmacological properties. Flavonoids have been
associated with a reduction in the incidence of
diseases such as cancer and heart diseases [12].

Recently the interest in obtain and use of natural
products as supplements has been growing
continuously. In view of the high content of phenolic
acids and flavonoids in tobacco and their biological
properties, several attempts were made to obtain
tobacco extracts, enriched in phenolic acids and
flavonoids [9, 13, 14, 15]. The chemical composition
and the properties of the obtained products are
especially important.

The aim of this study was to determine the basic
chemical components of tobacco extracts,
containing flavonoids (E-FI) and the radical
scavenging activity of E-FI. The recovery of nicotine
and carbohydrates in the extracts was evaluated.

MATERIALS AND METHODS

Plant material

Dry leaves of Oriental tobaccos (Djebel basma 1
—Db 1, Basma 79 — B 79, Muymuynovo seme - Ms,
Plovdiv 380 — PI 380) and Virginia tobaccos
(Virginia 385 —V 385 and Koker 254 — K 254) were
used as a material. The cultivars were provide to us
by Prof. D. Dimanov from the collection of the
Tobacco and Tobacco Products Institute, Plovdiv,

* To whom all correspondence should be sent.
E-mail: margarita_1980@abv.bg
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Bulgaria. The tobaccos used were selected from low
to high content of nicotine, carbohydrates and
polyphenols.

Preparation of tobacco extracts, containing
flavonoids (E-FI)

The extracts were prepared by using polymeric
adsorbent Amberlite XAD 7, according to the
method described by M. Docheva with some
modifications [15].

Dry tobacco powder (0.5 g) was extracted with
10 ml 60% (v/v) MeOH for 30 min on a mechanical
shaker. The extract was filtered. The solution was
added to 3 g macroporous resin Amberlite XAD?7.
The adsorption was carried out under static
conditions for two hours. The flavonoids were
desorbed from the resin with 65 ml 100% MeOH on
a mechanical shaker for 2 hours.

Determination of polyphenols in tobacco and
tobacco extracts E-FI by HPLC analysis

0.1 g tobacco powder was sonicated for 30 min
with 5 ml 60 % MeOH. The extract was filtrated
under vacuum. The polyphenols were purified by
passing the solution through cartridge C18 according
to the method described by S. Dagnon and subjected
to HPLC analysis [8].

Aliguot of the obtained extracts E-FI was passed
through a membrane filter 0.45 um prior to HPLC
analysis.

The limit of detection of the polyphenols pointed
to LOQ *=0.6 ug.ml*

Determination of nicotine in tobacco by
continuous-flow analysis method

The nicotine content in tobaccos was determined
according to the ISO 15152:2003 [16].

Determination of nicotine in tobacco extracts E-FlI
by spectrometric analysis

The content of nicotine in the extracts was
determined according to the 1SO 3400:2009 with
some modification [17]. Distillation of an aliquot
portion of the extracts in two steps was done.
Acidification of the solution with a sulfuric acid and
remove the neutral and acid steam-volatile
substances by distillation. By the next step were
done alkalizing with sodium hydroxide solution and
distillation of the alkaloids was done. The
absorbance of the samples was measured at 236 hm,
259 nm and 282 nm with a spectrophotometer. The
amount of tobacco was taken into account. The
alkaloid content, expressed as nicotine in mg.g? is
given by formula:

AV,
alv,

Nic

where:

a - absorptivity of nicotine in 0.025 mol/l sulfuric
acid solution, i.e. 34.3 at the absorption maximum of
259 nm

A — corrected absorbance calculated from the
absorbance measured at wavelengths of 236 nm, 259

nm and 282 nm
A= 1.059(A259 -%j

| — optical path length of the cell, in centimetres

Vo - the volume of extracts, in millilitres

V1 — the aliquot of portion of Vo used for the
distillation, in millilitres

V, — the volume of distillate from the alkaline
distillation, in millilitres

The relative standard deviation of the method
(RSD) was 1.1 %. The limit of detection (LOD) of
the nicotine was 0.2 pug.ml? and the limit of
quantification (LOQ) was 0.7 ug.ml?, calculated by
the formulas:

LOD = 3s/b and LOQ = 10s/b

where:

s - standard deviation of the lowest point of the
calibration curve

b - slope of the calibration curve described by the
equationy =a + bx

Determination of carbohydrates in tobacco
and in tobacco extracts E-FI by continuous-flow
analysis method

The content of carbohydrates in tobacco was
determined according to the ISO 15154:2003 [18].

Determination of radical scavenging activity
of E-FI by DPPH assay

The E-FI extract was evaporated to dryness and
its weight was measured. The dry extract was solved
in 5 ml MeOH. The DPPH" assay was carried out as
described by M. Docheva [15].

Statistics

All experimental procedures were done in
triplicate. The quantitative data were expressed as
mean + standard deviation.

RESULTS AND DISCUSSION

Preparation of tobacco extracts, by various
techniques, has already been the subject of many
investigations. In the most cases, the extracts contain
both phenolic acids and flavonoids [9, 13]. There
have not been found enough data on the chemical
composition of the tobacco extracts. Our aim was to
study the content of nicotine, carbohydrates and
polyphenols in tobacco extracts, obtained by
macroporous resin.
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Basic chemical components of tobaccos

The content of nicotine, carbohydrates and
polyphenols in different varieties of tobacco is
present in Table 1. The data in Table 1 show that
Oriental tobaccos Db 1, B 79, Ms and P 380 contain
more polyphenols (average 31.8 mg.g?l) by
comparing to Virginia tobaccos —average 17.9 mg.g"
! Tobacco variety Ms is characterized with the
highest content of polyphenols — 51 +4 mg.g?,
followed by B 79 — 35.6 + 2.8 mg.g?, while variety
P 380 and V 385 contain lowest amount of
polyphenols (approximately 15 mg.g?).

The amount of carbohydrates, as primary
metabolites, varies widely in tobaccos - from
82.8+ 3.3 mg.g (V 385) to 193 + 8 mg.g* (Db 1).
The average carbohydrates amout in Oriental
tobaccos is 147 mg.g?, while in Virginia tobaccos is
lower - 118 mg.gl. These results confirm the
established correlation between the content of
carbohydrates and polyphenols [19] where tobaccos
with high content of carbohydrates exert higher
polyphenols content.

The content of nicotine in Oriental tobaccos
Db 1, B79 and Ms is lower than 6.7 mg.g™ (0.67 %).
An exception can be seen by Pl 380 - 16.3 + 0.3
mg.gl. Virginia tobaccos V 385 and K 254 are
characterized with higher nicotine content — 26.9 +
0.5 mg.gtand 15.4 + 0.3 mg.g* respectively. These

results are in accordance with the varietal
characteristics of tobaccos [20, 21].

Extracts, containing flavonoids (E-FI)

Table 2 shows the content of flavonoids, phenolic
acids, carbohydrates and nicotine in tobacco
extracts.

The E-FI extracts contain flavonoids from 3.50 +
0.26 mg.g* (V 385) to 16.3 + 1.3 mg.g* (Ms). The
amount of flavonoids in the extracts is proportional
to the content of flavonoids in tobaccos.

The carbohydrates amounts in E-FI extracts vary
between 39 + 1 mg.g* (K 254) and 94 + 4 mg.g* (B
79) with mean recovery from tobacco about 48%.

The E-FI extracts contain minimum amount of
phenolic acids and nicotine. The nicotine content
varies from <LOQ to 0.38 = 0.02 mg.g™* and shows
recovery maximum 2 %. The recovery of phenolic
acids in these extracts is from 1.8 %to 5 % and relate
to the amount of the phenolic acids in tobaccos.

The data reveal that is no correlation between the
amount of carbohydrates in extracts and in tobaccos.
Oriental tobacco variety B 79 and Virginia tobacco
K 254 contain an equal amount of carbohydrates —
155 mg.gt (Table 1), while their extracts show a
significant difference in carbohydrates content. The
extract derived from B 79 contains 94 + 4 mg.g*
carbohydrates, whereas the extract derived from K
254 — 39+ 1 mg.g* (Table 2).

Table 1. Content of nicotine, carbohydrates and polyphenols in different varieties of tobacco

Tobacco varieties

Basic chemical components in tobaccos, mg.g*

Flavonoids Phenolic acids Carbohydrates Nicotine
Oriental tobaccos
Djebel basma 1 12.2+1.0 13.7+1.1 193+8 2.00+£0.04
Basma 79 155+1.2 20.1+1.6 156 £ 6 4.30+0.09
Muymuynovo seme 23.3+1.9 27.8+2.2 129+5 6.70+0.13
Plovdiv 380 6.8+ 0.5 8.1+0.6 112+5 16.3+0.3
Virginia tobaccos
Virginia 385 451+0.36 10.4+0.8 82.8+3.3 26.9+05
Koker 254 74+05 13.8+1.1 154 + 6 15.4+0.3

Table 2. Content of flavonoids, carbohydrates and nicotine in tobacco extracts E-FI
Tobaccos varieties Basic chemical components in E-FI, mg.g*
Flavonoids Phenolic acids Carbohydrates Nicotine

Oriental tobaccos
Djebel basma 1 8.1+0.6 >LOQ* 55+2 >LOQ**
Basma 79 13.3+1.0 1.02+0.08 94 +4 0.0500 + 0.0033
Muymuynovo seme 16.3+1.3 0.51+0.04 82+4 0.090 + 0.006
Plovdiv 380 5.03+0.37 0.34+0.03 67+3 0.32+0.02
Virginia tobaccos
Virginia 385 3.50+0.26 >L0Q* 48 £2 0.38 +0.02
Koker 254 4,77 +£0.35 >L0Q* 39+1 0.15+0.01

LOQ *= 0.6 pg.ml%, LOQ ** = 0.7 pg.ml"
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Table 3. Radical scavenging activity of E-FI extracts

T
Oriental tobaccos

Djebel basma 225+3.0 19.8+ 1.7
Basma 79 25.6+3.1 11.3+1.0
Muymuynovo seme 37+4 9.6+0.8
Plovdiv 380 109+1.2 169+14
Virginia tobaccos

Virginia 385 10.2+1.2 33.4+3.0
Koker 254 20.3+2.3 16.4+1.4
Rutin 3.20+0.20

The free radical scavenging activity of E-Fl is
presented as 1Cso ug.ml? in Table 3. Lower ICso values
correspond to higher radical scavenging activity of the
extracts. Rutin, well-known antioxidant compounds
with a structure similar to those of the tobacco
flavonoids, is employed as reference compound with
ICso = 3.20 & 0.20 ug.ml™. The data in Table 3 reveal
the highest scavenging activity of Ms extract (1Cs0=9.6
+ 0.8 ug.mlI*) which can be associated with the highest
content in flavonoids — 37 + 4 %.

The content of flavonoids in extracts, obtained
from Oriental tobacco P 380 and Virginia tobacco V
385 are equal (average 10.5 + 0.4 %), while the
radical scavenging activity of V 385 extract (IC s =
33.4 + 3.0 ug.ml?) is twice lower than P 380 extract
(IC5 =169+ 1.4 ug.ml?)

The obtained data coincide with the results in
previous studies where, despite the lower content of
flavonoids in the extract from Virginia tobacco, its
radical scavenging activity is higher than that of
extracts from Oriental tobaccos. This fact confirms
that there are some other chemical components in the
extracts, other than flavonoids, which are variety
depending and influence the DPPH radical
scavenging activity [15].

CONCLUSION

In this study the content of phenolic acids,
flavonoids, nicotine and carbohydrates in tobacco
extracts, containing flavonoids (E-Fl), obtaining by
macroporous resin, was investigated. All extracts

were purified from phenolic acids and nicotine. The
amounts of flavonoids, phenolic acids and nicotine
in extracts strongly depend on their amount in
tobaccos. The content of carbohydrates in extracts
(E-FI) did not depend on its amount in tobaccos. E-
FI showed a high radical scavenging activity.
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OCHOBHHU XMMHWYHHN KOMITIOHEHTHU N PAIIUKAIJI YVJIABAIIA AKTUBHOCT
HA TIOTIOHEBU EKCTPAKTU ITOJIYYEHU YPE3 A/ICOPBLIMOHHA CMOJIA
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Hocmwvnuna na 10 noemepu 2016 2.; npuema na 21 oexemepu 2016 e.
(Pesrome)

W3cnenBaHo € ChIbPKaHUETO Ha OCHOBHH XMMHYHU KOMIIOHEHTH B TFOTIOHEBH €KCTPAKTH, ChIBPKAaIIH (DIIaBOHOMIH
(E-®m), nomy4eHn upe3 W3MONI3BaHE Ha ajcopOrmonHa cmona Amberlite XAD 7. OmpeneneHa e pagukai-yaaBsimaTa
aKTUBHOCT Ha eKCTpakTure. TIOTIOHHTE ca NOAOpPaHM C Pa3NIMYHO ChIbPKAHWE HA HHUKOTHH, BBIVICXHIPATH M
noiugenonu. KonuyecTBOTO Ha (IaBOHOMIUTE B EKCTPAKTUTE Bapupa 3HAYMTENHO M € B IPsiKa 3aBUCUMOCT OT
CBHBPKAHUETO MM B TIOTIOHEBATa CypoBMHA. ChAbpKaHUETO Ha (riaBoHouau B E-Di e mexry 3.50 + 0.26 mg.g™ u 16.3
+ 1.3 mg.g’t. Vcranoseno e no-manko ot 0.6 mg.g™ dpenonnu kucenunn. Excrpakture E-Dn nokaspar BUCOKa pauKal
ynaBsia akTHBHOCT (cTolinoctute Ha |Cso Bapupar ot 9.6 + 0.8 pug.ml? no 33.4 + 3.0 pug.ml?). Coabpxanuero Ha
nukoTuH B B-®1 e no-nucko ot 0.38 = 0.02 my.g™! u e nponpouyoHanHo Ha TOBa B TIOTIOHMTE. MaKCUMAITHHUAT J0OMB
Ha HUKOTHUH, U3YHCIICH CIIPSIMO ChABPKAHUETO MY B TIOTIOHA € 110 2 %. KonuecTBOTO Ha BBIIIEXUAPATUTE B €KCTPAKTHTE
(E-®n) Bapupa Mexay 39 + 1 mg.g™t u 94 + 4 mg.gL. Otueren e cpenen 106ms ot 48 %.

Knrouoeu Oymu: miomion, miomionesu eKCmpaxmiu, HOIUPEHONU, HUKOMUH, Bb2AeXUOpamy, paouKal-yiasaud
akmueHocm
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Nanosized MnFe,O,4 has important applications such as magnetic recording devices, ferrofluids, biosensors, catalysts,
guided transport and delivery of drugs in the body and others. The possibilities to obtain nanosized MnFe,0, using the
method of solution combustion synthesis are studied in this work. Two systems with mixed fuels in various ratios, namely
glycine-glycerol and sucrose-urea are studied. The obtained products are thermally treated at various temperatures and in
various atmospheres (air, argon) to find optimal conditions for obtaining single phase nano-sized MnFe;O4. Samples were
studied by the methods of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), low-temperature nitrogen
adsorption (BET), and Mgssbauer spectroscopy. Samples obtained by using pure hydrocarbons or mixtures with high
content of hydrocarbons show superparamagnetic behavior due to the small size of the crystallites while samples obtained
with high content of nitrogen containing fuels show magnetic ordering. It was shown that smaller particles obtained at
low temperatures of thermal treatment demonstrate higher strain. Thermal treatment at higher temperatures leads to

decrease of the strain without significant change of the size of the crystallites.

Keywords: solution combustion synthesis, MnFe;O4, XRD, XPS, Méssbauer spectroscopy

INTRODUCTION

Nanoscale and nanostructured materials are
among the most important priorities of modern
materials science. In recent years, various
technological applications based on nano-sized
ferrite materials were developed using of their
unique magnetic, electrical and optical properties.
An important representative of the ferrite family is
MnFe,0.. It is well known that it is partially inverse
spinel, in which about 20% of Mn?* ions occupy
octahedral sites (B) and 80% of them are located in
tetrahedra (A). Cation distribution in spinels is very
important and directly affects its physical properties
[1, 2]. In recent years nano-sized MnFe;O, has
received increasing research interest because of its
remarkable magnetic properties (low coercivity,
moderate magnetization) combined with good
chemical resistance, high permeability and
mechanical strength [3]. The high density of
MnFe,O4 underlies its technological applications as
core materials for coils, transformers, information
and communication devices and others [4].
Nanoscale MnFe,O, is interesting for other practical
applications, namely as contrast agent for magnetic
resonance imaging, magnetic drug delivery for

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

cancer treatment by hyperthermia and others [5 - 7].
Another important application of nano-sized
MnFe204 in the last decade is the removal of heavy
metals and a variety of toxic organic pollutants from
waste water [8, 9]. The use of nano-sized manganese
ferrite as a sensor for monitoring the environment is
based on its high specific surface area. The same fact
lies at the basis of the use of this material as a catalyst
[10, 11] and as electrode material in asymmetric
supercapacitors [12, 13]. Physical and chemical
properties of MnFe,O4 are strongly dependent on its
structural and micro-structural characteristics that
are directly related to and can be controlled during
the synthesis process [14]. Various methods for
preparing nano-sized MnFe.O, have been
developed, such as sol-gel [15], co-precipitation
[16], hydrothermal method [17], solid state reaction
[18, 19], thermal decomposition [20], solution
combustion synthesis [21, 22], mechanochemical
reaction [23], etc. Among them solution combustion
synthesis is considered as very appropriate for
preparation of nano-sized materials due to the fact
that this method is simple, fast, versatile, and cost-
effective [24]. In our previous study concerning the
preparation of nano-sized NiFe,O, using the solution
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combustion method was found that the type of the
fuel component has an influence both on structural
characteristics (cation distribution) and on the
morphological characteristics (size and shape of the
particles, aggregation ability, etc.) [25]. The aim of
this work was to study the influence of mixing of
different types of fuel (nitrogen-containing and
hydrocarbons) at different ratios in the systems of
fuels: sucrose-urea and glycine-glycerol for
preparing a single phase MnFe,O, and to study the
influence of mixing of different types of fuels on
structural and morphological characteristics of the
obtained powders.

MATERIALS AND METHODS

The method of solution combustion synthesis
was used to obtain nano-sized MnFe;Os. Metal
nitrates (oxidizers) and fuels sucrose, urea, glycine,
and glycerol in various ratios were used. The ratio of
the amounts of oxidant and fuel was based on the
proposed by Jain et al theory [26]. Stoichiometric
amounts of the starting reagents were dissolved in an
appropriate amount of deionized water. The
resulting solutions were heated on a magnetic stirrer.
Initially, the solution was dehydrated, and then the
residue reaches its point of ignition and ignites. The
obtained powders were then thermally treated at
various temperatures from 400 to 700°C for one hour
in a different atmosphere (air, argon). Structural
characteristics of all samples were studied with
powder X-ray diffractometer Bruker D8 Advance
with Cu-Ka radiation and LynxEye detector. Powder
diffraction patterns were collected in the range from
10 to 90 deg. 26 with a step 0.03 deg. 20 rotating the
sample with 15 rpm. Phase analysis was performed
with the software package Diffracplus EVA using
the database ICDD-PDF2 (2014). The unit cell
parameters and mean crystallite sizes were
determined with the program Topas - 4.2 [27]. The
specific surface areas (SSA) was determined by low
temperature nitrogen adsorption (BET) method in an
equipment Quantachrome Instruments NOVA
1200e (USA). The particle size and morphology
were studied by a transmission electron microscopy
(TEM) with a TEM JEOL 2100 at 200 kV. The XPS
measurements were carried out in the analysis
chamber of the electron spectrometer Escalab-Mkil|
(VG Scientific) with a base pressure of ~5 x 10 Pa.
The C1s, O1s, Mn2p, Fe2p and Mn3s photoelectron
lines were evaluated by using the normalized
photoelectron intensities [28]. Mdssbauer spectra
were recorded on electromechanical spectrometer

218

(Wissenschaftliche Elektronik GMBN, Germany)
operating under constant acceleration at room
temperature. As a source 57Co/Cr was used
(Activity >50 mCi). The standard material was o-
Fe. The spectra were processed using a program
based on the least squares method.

RESULTS AND DISCUSSION

The possibilities for obtaining nano-sized
MnFe.O, were studied when as a fuel were used
mixture of sucrose-urea or glycin-glycerol in various
ratios, namely: 1:0, 0.75:0.25; 0.5:0.5, 0.25:0.75 and
0:1. All samples were thermally treated for one hour
at a temperature ranging between 400 and 700°C in
air and in argon atmosphere. The obtained materials
were analyzed by powder X-Ray diffraction. Table
1 and Table 2 show the results for phase composition
of these samples. As can be seen from Table 1
single-phase product was obtained when using only
sucrose as a fuel and for the sucrose-urea fuel
mixtures, for fuel compositions with higher sucrose
content. Preparation of single-phase product using
urea as a fuel was not observed. In the second fuel
system, the formation of single phase nano-sized
MnFe,04 was observed when using glycerol as fuel
and for fuel compositions with higher glycerol
content. Formation of single phase MnFe;O4 using
only glycine as a fuel was not observed. In all the
samples thermally treated at a temperatures above
600°C in both atmospheres (air, argon) a
decomposition of the spinel phase to the individual
oxides (Fe2Os-hematite and Mn.Os-bixbite) was
observed. It deserves commenting that samples
prepared with high content of nitrogen-containing
fuels show impurity phase of oxides of divalent ions
(Fe?*, Mn?*) which indicates that synthesis reaction
proceeds at high temperatures and with the release
of gases that promote the reduction of metal ions.
These observations leads to the conclusion that
single-phase  nano-sized MnFe;O; can be
synthesized using either pure hydrocarbons (sucrose,
glycerol) as a fuel or having fuel mixtures with high
content of hydrocarbons.

From the data presented in Table 1 and Table 2 it
may be concluded that single phase spinel product
can be obtained at temperatures below 600°C from
fuel mixtures containing high content of
hydrocarbons. In Fig. 1 (a-d) are presented powder
diffraction patterns of some MnFe;O4 synthesized
using a mixture of fuels (a, b) sucrose-urea, (c, d)
glycine-glycerol. All diffraction lines can be indexed
within the cubic Space group Fd-3m.
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Fig. 1. XRD patterns of nanosized MnFe;04 synthesized by (a) sucrose-urea 0.75:0.25 at 500°C, (b) sucrose-urea 0.25:
0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 0.25:0.75 at 500°C (Ar).

Table 1. Phase composition of samples synthesized with mixture of sucrose and urea at different ratios, thermally
treated at 400 to 700°C in Air and Argon atmosphere. ldentified phases were manganese ferrite spinel-MnFe;O.,
bixbite-Mn,03, hematite-Fe,O3 and wustite (Fe,Mn)O.

Air Argon

Fuel/Temperature

Identified phases

Fuel/Temperature

Identified phases

sucrose sucrose

400°C spinel 400°C spinel

500°C spinel 500°C spinel

600°C bixbite + hematite 600°C spinel +wustite

700°C bixbite + hematite 700°C spinel +wustite
sucrose and urea sucrose and urea

0.75:0.25 0.75:0.25

400°C spinel 400°C spinel

500°C spinel 500°C spinel

600°C bixbite + hematite 600°C spinel + bixbite +hematite

700°C bixbite + hematite 700°C Traces of spinel + bixbite +

hematite

sucrose and urea

sucrose and urea

0.5:0.5 0.5:0.5
400°C spinel 400°C spinel
500°C spinel 500°C spinel
600°C bixbite + hematite 600°C spinel + hematite
700°C bixbite + hematite 700°C spinel + bixbite + hematite
sucrose and urea sucrose and urea
0.25:0.75 0.25:0.75
400°C spinel 400°C spinel
500°C spinel 500°C spinel
600°C bixbite + hematite 600°C traces of spinel + hematite
700°C bixbite + hematite 700°C traces of spinel + bixbite +
hematite
urea urea
400°C spinel + bixbite 400°C spinel
500°C spinel + bixbite + hematite 500°C spinel + hematite
600°C bixbite + hematite 600°C spinel + hematite
700°C bixbite + hematite 700°C spinel + hematite
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Table 2. Phase composition of samples synthesized with mixture of glycine and glycerol at different ratios, thermally
treated at 400 to 700°C in Air and Argon atmosphere. ldentified phases were manganese ferrite spinel-MnFe;Os,,
bixbite-Mn,03, hematite-Fe,O3 and wustite (Fe,Mn)O.

Air Argon
Fuel/Temperature Identified phases Fuel/Temperature Identified phases
glycine glycine
400°C spinel + wustite 400°C spinel + wustite
500°C traces of spinel+ bixbite+ 500°C spinel +wustite
hematite
600°C traces of spinel +bixbite + 600°C spinel + hematite
hematite
700°C bixbite + hematite 700°C spinel + hematite
glycine and glycerol glycine and glycerol
0.75:0.25 0.75:0.25
400°C three unknoun spinels 400°C spinel
500°C three unknoun spinels 500°C spinel+ hematite +
maghemite
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel +bixbite +
hematite
glycine and glycerol glycine and glycerol
0.5:0.5 0.5:0.5
400°C spinel 400°C spinel
500°C spinel 500°C spinel + hematite
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel bixbite +
hematite
glycine and glycerol glycine and glycerol
0.25:0.75 0.25:0.75
400°C spinel 400°C spinel
500°C spinel 500°C spinel
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel+ bixbite +
hematite
glycerol glycerol
400°C spinel 400°C spinel
500°C spinel + traces of hematite 500°C spinel
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel + bixbite +
hematite

Diffraction patterns indicate the formation of single-
phase spinels, but also reveal that materials, obtained
with different fuel mixture differ strongly by their
mean crystallite size and unit cell parameters. This
fact indicates that the mixture of fuels produces
different synthesis conditions thus leading to the
production of materials with different structural and
morphological characteristics.

A significant difference in particles morphology
can be seen from the TEM-photographs of the
materials synthesized with the use of different fuel
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mixtures. Fig. 2 represents the TEM images of
MnFe;0,4 synthesized using a mixture of sucrose-
urea (a, b) and glycine-glycerol (c, d) fuels. TEM
images show poorly shaped particles with an average
size smaller than 10 nm for the materials obtained
with the use fuel mixture of sucrose-urea and
glycine-glycerol with high hydrocarbons content.
The exception is the sample from glycine-glycerol
fuel system with high content of glycine (Fig. 2c),
where the average size is about 50 nm.
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Fig. 2. TEM image of nano-sized MnFe,O, synthesized by using a mixture of fuels: (a) sucrose-urea 0.75:0.25 at
500°C, (b) sucrose-urea 0.25: 0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol

0.25:0.75 at 500°C (Ar).

Table 3. Structural parameters determined by XRD analysis of nano-sized MnFe,O, synthesized by using mixture of

sucrose and urea fuels in different ratio and thermally treated in Air or Argon atmosphere.

. SSA,m?g /
temperature unit cell mean mean size
fuel po parameter crystallite - Strain x10*
C A) size. nm derived from
! BET, nm

400°C 8.35 5.7 69.17
sucrose

500°C 8.34 6.4 88/12.7 56.82

400°C 8.35 6.9 52.46
sucrose and urea 0.75:0,25

500°C 8.379 19.1 85/13.15 13.96

400°C 8.38 15.8 44 [25.4 18.94
sucrose and urea 0,5:0,5

500°C 8.379 20.04 39/28.66 16.32

400°C 8.38 20.57 17.99
sucrose and urea 0.25:0.75

500°C 8.352 6.6 40/27.9 44,92
SuCrose 400°C 8.439 5.9 85/13.15 51.39
(Argon) 500°C 8.5142 14.2 44/25 4 25.76
sucrose and urea 0.75:0.25 400°C 8.387 6.8 44.83
(Argon) 500°C 8.401 7.8 98/11.5 37.07
sucrose and urea 0.5:0.5 400°C 8.500 13.3 15.06
(Argon) 500°C 8.499 26.1 54/20.7 33.97
sucrose and urea 0.25:0.75 400°C 8.456 7.2 30.7
(Argon) 500°C 8.461 6.8 82/13.63 61.3

Table 4. Structural parameters determined by XRD analysis of nanosized MnFe,O4 synthesized by using mixture of

glycine and glycerol fuels in different ratio and thermally treated in air or argon atmosphere.

unit cell mean SSAm?lg/
fuel temperature parameter crystallite mean size Strain x10*
°C size. nm derived from
’ BET, nm
. . 400°C 8.37 11 19.33
glycine and glycerol 0.5:0.5 500°C 8.38 12 11.44
. . 400°C 8.37 12 8.06
glycine and glycerol 0.25:0.75 500°C 8.38 15 60 /18.63 7 85
glycerol 400°C 8.37 11 13.03
glycine and glycerol 0.75:0.25 400°C 8.4208 59 11/102 6.04
(Argon)
glycine and glycerol 0.5:0.5 400°C 8.38 10 36.19
(Argon)
glycine and glycerol 0.25:0.75 400°C 8.45 9.7 96/11.64 37.42
(Argon) 500°C 8.41 10.4 86/13 11.52
Glycerol 400°C 8.44 13 45.32
(Argon) 500°C 8.40 13 13.05
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Table 3 and Table 4 show the unit cell
parameters, mean coherent domain sizes and
microstrains for all single-phase samples, and
for some of them the specific surface areas.
Samples obtained from both fuel systems and
thermally treated in argon atmosphere show
spinel phase with higher unit cell parameters
and higher specific surface areas than those
thermally treated in air atmosphere. At the
same time the mean crystallite domain sizes of
the samples treated in different atmospheres
show similar values.

The data presented in Table 3 and Table 4
show correlation between unit cell parameters,
mean crystallite sizes and residual microstrains.
In general, samples with small unit cell
parameters have also small mean crystallite size
and high values of lattice strain. Thermal
treatment at higher temperatures leads to

decrease of the strain without significant change
of the size of the crystallites. The differences in
unit cell parameters can be due to differences of
oxidation state of cations, as well as to different
cation distributions into two cation sublattices
in the spinel structure (tetrahedral and
octahedral).

The Mn2p and Fe2p photoelectron lines are
shown on Fig. 3. The Mn2ps, binding energy
value of 642.0 eV is slightly higher than
expected for Mn?* i.e. 641.3 eV [29, 30]. In
addition, the absence of satellite at ~ 647 eV is
an indication for the possible presence of Mn in
oxidation state higher than 2+ due to air
exposure after samples preparation. The Fe2ps.
main line has maximum at 711.0 eV, a value
characteristic of Fe* as in Fe,0s [31].

O1s Mn2 Fe 2p
d) b)
a) 3 d)
) b) a) > C)
b)
3
540 535 530 525 520 515 670 660 650 640 630 750 740 730 720 710 700

Binding energy, (eV)

Binding energy, (eV)

Binding energy, (eV)

Fig. 3. O1s, Mn2p and Fe2p photoelectron lines for MnFe,O4 samples synthesized by (a) sucrose-urea 0.75:0.25
at 500°C, (b) sucrose-urea 0.25: 0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-

glycerol 0.25:0.75 at 500°C (Ar).

Fe3*.SPM1 Fe3*-sPM2  Fe-CME

)

N
f=]
S

0,95

Relative transmission, (%

0,90 a)

108 6 420 2 4 6 810
Velocity, (mm/s)

3+
Feletra 3

Fe KME
7

1,00 455
0,981
0,961

0,94+

Relative transmission, (%)

108 64202 46 810
Velocity, (mm/s)

Relative transmission, (%)

0,85

L < L =
© =}
o S

: ;

Relative transmission, (%)
o

o

1,00+

o

©

[&]
!

o

[{e]

o
n

©
[e3]
1

©
S
L

[{e]
N

08 6420246 810
Velocity, (mm/s)

3+ 3+ 3+
Fetae:ra Feocta Feiets M _FeporaSPM

\/\\/

d)

108 -6-4-202 46 810
Velocity, (mm/s)

Fig. 4. The Mgssbauer spectra of MnFe0, synthesized by (a) sucrose at 500°C (Ar), (b) sucrose-urea 0.5:0.5 at
500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 0.25:0.75 at 500°C (Ar).

222



Lazarova et al. — “Studies of the possibilities to obtain nanosized MnFe204 by solution combustion synthesis”

The Fe® ions can be distinguished also by the
small satellite appearing at higher binding (~8.5
eV above the main line). The position of Ols
peak practically does not change for all samples
and has a binding energy of 530.0 eV, a value
typical for lattice oxygen in transition metal
oxides. The higher binding energy shoulder is
usually assigned to species adsorbed on surface
defect structures, OH group and/or adsorbed
water.

The Mossbauer spectra at room temperature
of some of synthesized samples are shown on
Fig. 4. It can be seen that all the experimental
spectra are complicated and include unresolved
components. Two of materials, MnFe;O4
synthesized by sucrose-urea 0.5:0.5 and
glycine-glycerol 0.75:0.25 (Ar), have only
sextet components i.e. magnetic structure. The
spectra of MnFe,O4 synthesized by sucrose (Ar)
and glycine-glycerol 0.25:0.75 (Ar), contain
both doublet and sextet components. The
calculated hyperfine parameters IS and QS
suggest the presence of spinel ferrite material
with critically small particle size. This leads to
registration of  relaxation effects as
superparamagnetism (SPM) and collective
magnetic excitation behavior (CME) [32, 33].

CONCLUSION

Single phase nanosized spinel manganese
ferrites were prepared by solution combustion
method using two mixtures of fuels urea-sucrose
and glycine-glycerol in different ratios. The type of
fuel has a strong influence on the possibilities to
obtain single-phase product. The analyses indicate
that single-phase product was obtained using pure
hydrocarbons as fuel or fuel mixtures with high
content of hydrocarbons. The spinel phase
decomposes to individual oxides at temperatures
above 600°C despite the atmosphere of thermal
treatment. Samples obtained by using pure
hydrocarbons or mixtures with high content of
hydrocarbons show superparamagnetic behaviour
due to the small size of the crystallites while
samples obtained with high content of nitrogen
containing fuels show magnetic ordering. It was
shown that smaller particles obtained at low
temperatures of thermal treatment demonstrate
higher strain. Thermal treatment at higher
temperatures leads to decrease of the strain without
significant change of the size of the crystallites.
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N3CJIEBAHE HA Bb3MOXHOCTHUTE 3A ITOJIYHABAHE HA HAHOPA3MEPEH
MnFe204 TTPU CUHTE3 110 METOJZIA HA U3T'APSHE OT PA3TBOP

IB. ﬂa3ap0Bal, . Kogauesal, 3. I{epKeS013a-)KeneBaz, . Tronues?
YUnemumym no obwa u neopeanuuna xumus, bBvieapcka akademus na naykume,
yi. akao. I'. bonues, Bn 11, Coghusi-1113, Bvacapus, cveti_ura@abv.bg
2Uncmumym no kamanus, Bvieapcka akademus na nayxkume,
ya. akao. I'. Bonues, bn 11, Coghus-1113, Pvaeapus

Hocmovnuna na 10 noemepu 2016 2.; npuema na 3 snyapu 2017 2.
(Pesrome)

Hanopasmepuust MnFe;,O; mma BakHM NPWIOKEHUS B YCTPOMCTBA 3a MarHMTEH 3amnuc, (epodiayunu,
OMOCeH30pH, KaTaln3aTopy, HalpaBIIsiBaH TPAHCIIOPT Ha JieKapcTBa B opranuima u 1p. B paborara ce usyuasar
BB3MOXKHOCTHTE 3a MOJydaBaHe Ha HaHopasmepuu MnFe;O4 mo MeTosa Ha CHHTE3 4pe3 M3rapsiHe OT Pa3TBOP.
W3yyeHu ca JBe CHCTEMHU ChC CMECEHH TOpPHBA B PA3lUYHH CHOTHOILICHUS, & MMEHHO TJIHIMH-TIHIEPONT U
3axapo3a-ypes. [lonyueHnuTe MpoayKTH ca MOAJI0KEHH HA TEPMUYHA 00pabOTKa NPU Pa3IUYHK TEMIIEPAaTypH U B
pasnuuHu cpeau (BB3IyX, aproH), 3a Jila Ce HAMEPSAT ONTHMAIHUTE YCIIOBHS 3a TOJydyaBaHe Ha MOHO(aseH
nanopasmepen MnFe;Os. OOpasire ca wH3CIEABAHM C METOAUTE HA PpEHTreHoBata audpaxims,
HUCKOTeMIIepaTypHa aacopoius Ha a3ot (BET), horoenektporna 1 MbocbayepoBa criekrpockomnus. Oopasiure,
MOJYYEHH 4Ype3 HM3IO0J3BaHe Ha YMCTH BBIVIEBOJOPOJIU WIIM CMECH C BHCOKO ChIbP)KAHWE Ha BBIJIEBOJOPOIH
MOKa3BaT CylepliapaMarHUTHO ITOBEACHHE MOpaad MajKHs pa3Mep Ha KPUCTAIUTE, JOKaTO TE3H, MOJYYeHH C
BHCOKO ChJIbp)KaHHE Ha a30TChIbPIKAIU TOPUBA [TOKAa3BaT MarHUTHO Mojapexaane. [lokasaHo e, ye no-mMajikure
YaCTHLM, MOJYYeHH NPU HUCKM TEeMIlepaTypd Ha TepMHUYHa 00paboTKa HMAaTr I0-BHCOKH CTOMHOCTH Ha
peleTbuHUTe HampexeHus. TepMuuHa o0paboTKa IIpM BHCOKM TEMIIEpPaTypH BOAM [0 HaMmalsiBaHe Ha
HAMpeXeHusITa 0e3 3HaYNTeIHA MPOMSIHA HAa Pa3Mepa Ha KPUCTAIUTE.

Knrouosu oymu: cunmes upes useapsine om pasmeop, MnFe>Os, XRD, XPS, Mvocbayeposa cnekmpockonus.
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The nanosized zinc hydroxide nitrate has been recently estimated as prospective foliar fertilizer, possessing improved
zinc solubility, but low phytotoxicity, in comparison with ZnO and other Zn-containing compounds. The main problem
is obtaining stable particles with dimensions less than 100 nm. This work studies the effect of preparation conditions on
the chemical compositions and particle size of the zinc hydroxide nitrates prepared by precipitation. Zn(NO3),-6H,0 and
NaOH were used with concentrations ranging from 0.4 to 3.2 M and the initial OH/Zn ratio of 1.6 at temperatures from
20 to 60°C. All samples were characterized in detail by X-ray diffraction, scanning electron microscopy, thermal analysis,
and inductively coupled plasma (ICP). Stability and distribution of the zinc hydroxide nitrate particles were estimated

too.

Keywords:Zinc hydroxide nitrate, nanoparticles, preparation, foliar fertilizer.

INTRODUCTION

The layered double hydroxides (LDH) family of
materials are important compounds with the general
formula of [M"xM",(OH)]**[A™]wn-mH20 where
M'" and M"" are di- and trivalent metals, and A™ is
an anion (e.g. nitrate) [1]. As modified form of LDH,
hydroxide double salts (HDS) with a general formula
of [M"1xM""5(OH)2]** [A™]oxn-mH20 exist, which
contain two divalent cations. In case the cations in
HDS are the same, the salts are known as “basic
salts” [2]. They are precursors for useful materials
such as UV absorbents in sunscreen formulations [3]
and matrices for immobilization of metal complexes
and dyes [4]. Recently, HDS have been intensively
studied as potential long-term foliar fertilizers [5, 6].
Zinc hydroxide nitrate (Zns(OH)s(NOs)2-2H20)
seems to be the most promising in this respect. The
crystal suspension maintains a Zn?* concentration of
30-50 mg/l which is enough for suffusion leaf uptake
without phytotoxicity [7]. Four forms of zinc
hydroxide nitrate are known in the scientific
literature; Zns(OH)g(N03)2'2Hzo, Zns(OH)g(N03)2,
Zn3(OH)4(N03)2 and Zn(OH)(N03)2'HQO. The last
one is not layered [8]. Many efforts are devoted to
the preparation of free of impurities nanosized
Zns(OH)g(NOs),-2H,0. It is generally accepted that
zinc hydroxide nitrate with the ideal composition
Zns(OH)g(NOs)2-:2H,O  can  be prepared by
precipitation from a solution of Zn(NQ3),-6H,0 with
NaOH (OH/Zn ratio 0.5) at room temperature with
vigorous stirring. It was found that increasing the
OH/Zn ratio, or the reaction temperature, resulted in
the formation of ZnO or Zn(OH)(NOs3).-H20, in
addition to the desired product [7, 8]. The main
misadventure of the procedure is the limitation of the

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

OH/Zn  ratio, which  predicts substantial
concentration of Zn?* in the mother liquor.
Therefore, the main objective of this research is to
develop and optimize the preparation of zinc
hydroxide nitrate, Zns(OH)s(NOs3).-2H.0, with
nanosized dimensions and to evaluate the shelf life
of prepared crystals in suspension.

EXPERIMENTAL

Preparation procedure

Materials: Zinc nitrate hexahydrate
Zn(NO3)2-6H20 and NaOH reagent grade were used
in the present experiments.

Synthesis: Preparation of zinc hydroxide nitrate
(Zns(OH)s(NO3)2-2H20) was performed by pouring
NaOH solution into Zn(NOs),-6H.0 under vigorous
stirring. The initial OH/Zn molar ratio was 1.6
(corresponding to stoichiometric OH/Zn molar ratio)
and the time of precipitation was 10 minutes in all
cases (to prevent transformation of the synthesized
zinc hydroxide nitrate to ZnO). Five series of
samples (Table 1) were synthesized under the
following conditions: a solution containing
120 mmol of NaOH with concentration ranged from
0.4 M to 3.2 M was poured in a solution containing
75 mmol of Zn(NOs),-6H,O with concentration
ranged from 0.4 M to 3.2 M under vigorous stirring.

In order to evaluate the influence of the
temperature on the parameters of the resulting zinc
hydroxide nitrate, more experiments were performed
under different conditions, including increasing the
temperature to 70 °C and monitoring the precipitate
in the mother liquor for one month. The white
precipitate was filtered, washed with deionized
water and dried at 65°C for 24 h. The scheme of the
experiments is presented in Table 1.
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Table 1. Scheme of the experiment

Samples Characterization

Powder X-Ray Diffraction (XRD)

The XRD patterns were recorded on a Philips PW
1050 diffractometer, equipped with Cu Ka tube and
a scintillation detector. Data for cell refinements was
collected in 0-20, step-scan mode in the angle
interval from 10 to 90° (20) at counting time of 3
s/step and steps of 0.03° (26).

Scanning Electron Microscopy (SEM)

SEM images were recorded in a JSM 6390
electron microscope (Japan) in conjunction with
energy dispersive X-ray spectroscopy (EDS, Oxford
INCA Energy 350) equipped with ultrahigh
resolution scanning system (ASID-3D) in a regime
of secondary electron image (SEI) and backscattered
electrons (BEC). The samples were coated with gold
before imaging.

Chemical Analysis

ICP-AES (Prodigy 7, Leeman) was applied to
guantify the zinc content in the solid products and
filtrates. The pH values were monitored by a pH
meter WTW inoLab® pH 7110 (Germany).

RESULTS

The Influence of the main parameters of the
synthesis on the chemical composition and
morphology of the resulting samples were
monitored.

Influence of initial concentration

Chemical Composition

Twenty five samples were prepared according to
the scheme presented in Table 1, and zinc content
and weight loss (AG, %) were determined for each
of them. The weight loss was calculated after
calcination of the samples for 2 hours at 450°C. The
results are presented in Table 2.

The theoretical value of zinc content in the dried
at 65°C zinc hydroxide nitrate, calculated for the
formula Zns(OH)g(NO3)2'2H20, is 52.47%.
According to the data of [9] complete decomposition
of Zns(OH)g(NOs),- 2H,0 to ZnO ends at 300°C with
the weight loss of 34.7%.

A weight loss less than this and zinc content more
than 52.47% indicates the presence of impurities
with a higher content of zinc (ZnO, Zn3(OH)4(NOs);
or Zn(OH)(NO3)-H.0). The results presented in
Table 2 correspond very closely to the theoretical
ones and suggest the  formation  of
Zns(OH)g(NOs)2-2H,0 in all cases. This suggestion
was verified by X-ray and SEM analysis of the fresh
samples after filtration and washing with distilled
water. Some of these results are shown in Figs. 1-4.
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Series S-1 S-2 S-3 S4 S5
Zn(NOs),.6H; 0.4 1.2 1.6 2.4 3.2
0O, mol/l M M M M M
0.4 0.4 0.4 0.4 0.4

M M M M M

1.2 1.2 1.2 1.2 1.2

ot MMM M
NaOH' mol/l 1.6 1.6 1.6 1.6 1.6
NaOH' mol/Il M M M M M
NaOH’ mol/l 2.4 2.4 2.4 2.4 24
' M M M M M

3.2 3.2 3.2 3.2 3.2

M M M M M

Table 2. Chemical composition (Zn, %) and weight loss
at 450°C (AG,%) of the samples synthesized at room

temperature

Series S-1 S-2 S-3 S-4 S-5
Zn,% 52.3+0.8 51.3+0.9 52.7#0.5 53.1+0.8 52.4+0.6
AG,% 34.48 34.57 34.63 34.3 34.8
Zn,% 53.1+0.8 53.4+0.8 51.9+0.8 52.3+0.9 52.7+0.7
AG,% 34.53 34.66 34.34 34.85 34.95
Zn,% 52.6+0.8 53.3+0.9 51.9+0.4 52.1+0.6 52.3+0.7
AG,% 34.11 34.7 34.87 34.54 34.25
Zn,% 53.3+0.9 51.840.8 52.4+0.5 53.1+0.7 53.6+0.8
AG,% 34.28 34.02 33.98 34.11 33.73
Zn,% 52.4+0.8 52.9+0.8 52.240.7 53.4+0.6 53.8+0.7
AG,% 34.46 34.00 34.25 33.60 33.62

Fig. 1 presents the X-ray pattern of the sample
synthesized at 25°C and concentration of sodium
hydroxide and zinc nitrate 1.6 M. The strongest peak
at 20 = 9.2° and other characteristic peaks at 20 =
18.4,34.6, 35.4, 46.8, and 47.4° identified formation
of pure well crystallised zinc hydroxide nitrate
(Zns(OH)s(NOs),-2H,0, JCPDS card 24-1460).

The results for all other samples were identical
except for the last two from series S5. In these cases,
a new set of very weak peaks appears at 26 = 31.8°,
34.5° and 47.4°. These peaks are identical to the
JCPDS card 36-1451 for ZnO and indicate the
presence of insignificant amounts of zinc oxide and
Zn3(OH)4(NOs3)2 (20 =26.1°, JCPDS card 70-1361).
The presence of the last one is not fully clarified
(Fig. 2).

Fig. 3 presents the SEM images of the sample
synthesized at 25°C and concentration of sodium
hydroxide and zinc nitrate 1.6 M. As it can be seen,
the sample is composed of sheet-like particles, the
typical morphology of zinc hydroxide nitrate. These
images are typical for all other samples, prepared
according to the scheme presented in Table 1 except
for the last two from series S5. The result is
consistent with the observation from XRD pattern,
presented in Fig. 1 and confirm the obtaining of pure
Zns(OH)g(N03)2'2Hzo.
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Fig. 1. X-ray pattern of the sample synthesized at 25°C
and concentration of NaOH and Zn(NOs), 1.6 M
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Fig. 2. X-ray pattern of the sample synthesized at 25°C
and concentration of NaOH and Zn(NOs), 3.2 M
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Fig. 3. SEM images of samples synthesized at 25°C with initial OH/Zn molar ratio 1.6 and concentration of zinc nitrate
and sodium hydroxide 1.6 M. Scale bar: A: 10 um; B: 1.0 pum

Fig. 4 presents the SEM images of the sample
synthesized at 25°C and concentration of NaOH and
Zn(NQs)2 3.2 M. The results presented suggest two
easily noticeable differences, concerning particle
size and sample composition. Fig. 4 (a) demonstrates
the same morphology of the resulting precipitate but
a visible decrease of the particle size, more often
smaller than 1 um.

A slight morphology change can be seen after
careful examination of the image presented in Figs.
4 (b) and (c). Obvious domination of the sheet-like
particles with thickness less than 100 nm, belonging
to  (Zns(OH)s(NO3)2:2H,O)  can  be  seen.
Furthermore, although few in number, a new type of

particles appears. Probably ZnO crystals or the
intermediates to ZnO, as suggested by the weak
characteristic peaks of ZnO in the X-ray pattern,
presented in Fig. 2.

Influence of temperature and storage time in the

mother liquor

Except the concentration of the solutions used in
the synthesis, the temperature and acidity of the
medium are essential for the composition and
stability of the resulting precipitates. Takada [10]
investigated the effect of pH on the formation of the
zinc compound, including Zns(OH)g(NOs3)2-2H,0.

227



C

Fig. 4. SEM images of samples synthesized at 25°C with initial OH/Zn molar ratio 1.6 and concentration of zinc nitrate
and sodium hydroxide 3.2 M. Scale bar: A: 10 um; B: 1.0 um; C: 0.5 um

In order to accelerate hydrolysis, suspensions
containing 0.15 or 0.5 M Zn(NQOs), and 1.0 M NaOH
with 20H/Zn?" (R) from 0.01 to 2.0 are subjected to
ageing on a rotating drum for 100-120 h at 25, 50
and 70°C. The authors found that a zinc hydroxide
nitrate and/or ZnO are formed depending on the
20H/Zn?* value. Impurities of zinc oxide are found
at R close to 1.0 and pure ZnO is formed after this
point. According to the results presented, increasing
the temperature up to 70°C does not affect the
composition of the precipitate obtained.

Similar results are obtained in [7], [11] and [12],
which studied in detail the preparation of zinc
hydroxide nitrate nanocrystals and their chemical
and structural stability. These authors found that this
compound can be synthesized by quick precipitation
of zinc nitrate and sodium hydroxide solution under
various  conditions.  Transformation in the
composition and morphology of the precipitate
along the ageing is monitored. It was concluded that
zinc hydroxide nitrate crystals are very stable when
isolated and then dispersed in aqueous solution.

In our opinion, isolation and drying of the
precipitate is not the best approach for the successful
preparation of foliar fertilizer. The main reason is the
sintering of the partials, leading to a rapid decrease
in its affectivity. This is why the shelf life of the
precipitate in the mother liquor after synthesis is
extremely important in terms of the use of the basic
zinc nitrate as foliar fertilizer. Therefore, we
changed the method of investigating the stability of
the synthesized samples by limiting the time of
synthesis to 10 minutes. The precipitates obtained at
higher temperatures were cooled rapidly to room
temperature and ongoing processes in the thus
obtained suspensions were monitored for 30 days.

Figs. 5 and 6 show the temperature influence on
the samples prepared at 70°C, initial OH/Zn molar
ratio 1.6 and concentration of the NaOH and
Zn(NO3)2 3.2 M.
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Fig. 5. XRD patterns of sample prepared at 70°C, initial
OH/Zn molar ratio 3.2 and concentration of the zinc
nitrate and sodium hydroxide 3.2 M

Fig. 6. SEM images of sample synthesized 70°C, initial
OH/Zn molar ratio 3.2 and concentration of the zinc
nitrate and sodium hydroxide 3.2 M. Scale bar:

A:1.0 um; B: 1.0 um.
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No substantial change in the composition and
morphology of the resulted sample can be observed.
The sheet-like particles of Zns(OH)g(NOs),-2H,0
dominate and traces of Znz(OH)4(NOs). are also
present. This result confirms the suggestion that
increasing the temperature to 70°C slightly affects
the crystal phase and morphology of the precipitate.
The shelf life in the mother liquor of the precipitate
obtained at 25 and 75°C was monitored. The results
are presented in Tables 3 and 4.

The results presented in Tables 3 and 4
correspond very closely to the theoretical ones and
suggest no change in the composition and
morphology of the precipitate. This suggestion was
confirmed by the results of X-ray and SEM analysis,
which are similar to the results presented above.
Obviously the crystal phase does not undergo
detectable change along the storage in the mother
liquor (up to 30 days).

Table 3. Chemical composition (Zn, %) and weight loss
at 450°C (AG,%o) of the samples synthesized at room
temperature, OH/Zn molar ratio 1.6 and NaOH and
Zn(NOs), concentration 1.6 M after 30 days storage in
mother liquor

No Time Zn, % AG, % pH
1 Immediately 53.4+0.8 34.61 5.98
2 1 hour 520+1.0 3412 6.01
3 3 hours 53.1+0.9 3400 6.01
4 5 hours 52.6+0.7 33.84 6.00
5 8 hours 53.2+0.38 3465 6.00
6 1 day 51.2+0.9 3413  6.00
7 10 days 52.0+0.6 3512 6.02
8 20 days 51.3+1.0 3453 6.03
9 30 days 53.2+0.8 3391 6.06

Table 4. Chemical composition of the samples
synthesized at 70°C, OH/Zn molar ratio 1.6 and NaOH
and Zn(NOs), concentration 3.2 M after 30 days storage
in mother liquor at room temperature

No Time Zn, % AG, % pH
1 immediately 52.0+0.8 34.22 6.10
2 1 hour 52.8+1.0 34.81 6.15
3 3 hours 53.1+0.38 33.52 6.14
4 5 hours 529+0.38 33.81 6.18
5 8 hours 52.2+0.38 34.90 6.18
6 1 day 53.2+0.9 34.10 6.17
7 10 days 53.0+1.0 35.11 6.15
8 20 days 53.1+0.9 34.53 6.10
9 30 days 52.8+0.8 35.62 6.10

The essential difference between the results
obtained by us and those of other authors can be
explained with the very low speed of hydrolysis
processes at room temperature, leading to the
transformation of the Zns(OH)s(NOs),-2H.O to
Zn0. The minor change in pH values is noteworthy,
which also confirms the absence of significant
processes in the frame of the investigated time
period.

CONCLUSIONS

Zinc hydroxide nitrate has been synthesized by
precipitation of zinc nitrate in sodium hydroxide
solution under various conditions. The phase
transformation from zinc hydroxide nitrate to ZnO
or other intermediate compounds has been
examined. A long-term stability of the crystal phase
in the mother liquor was found which identifies the
zinc hydroxide nitrate suspension as a promising
feedstock for the preparation of foliar fertilizer.
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CHUHTE3 1 CTABMJIHOCT HA HAHOKPUCTAJIMA OT HMHKOB XUJIPOKCUHUTPAT
K. W. UBanos*, E. H. Konenniora, H. Kao Hryen, A. b. [lentekos, B. P. Aarenosa

Kameopa ,, Obwa xumus ', Aepapen ynusepcumem, 4000 I[1noeous, Bvieapus
Hocmovnuna na 24 okmomespu 2016 2.; npuema na 3 snyapu 2017 2.
(Pesrome)

HaHopa3MepHHUAT IIMHKOB XHJPOKCH HUTpAT C€ OICHSBAa KaTO MEPCIEKTHBEH JIMCTEH TOp C TO-100pa
pastBopuMocT oT ZnO u ¢ no-HKucKa PUTOTOKCUYHOCT B CPAaBHEHHUE C JPYTH LIUHK-ChABPKAIIN ChEeAUHEHHS.
OCHOBHHAT NPOOJIEM € MOTyYyaBaHETO Ha cTabwiHu KpucTtanu ¢ pazmepu nox 100 nm. ToBa uzcnenBane nma
3a I Jia OlCHH BJIMSHHETO Ha YCJIOBHSITA HA IMONyYaBaHE BHPXY XUMHYECKHS ChCTaB M TOJEMHUHATA Ha
YACTUIIMTE HA [IMHKOBMS XUAPOKCH HUTPAT, CHHTe3WpaH 4pe3 chyrasBane Ha ZN(NOs3)-6H,O u NaOH ¢
KOHIIEHTpAIHs Ha n3xoauuTe pa3tBopH ot 0.4 1o 3.2 M u monro otromenne OH/Zn 1.6 mpu temneparypu
Ha cuHTe3 oT 20 mo 60°C. Beuuku obpasnm ca AETalIHO OXapaKTepU3WpPaHU 4Ype3 PEHTTeHOCTPYKTYpeH
aHaM3, CKaHWpalla eJIeKTPOHHA MUKpOocKomus, TepMuueH u enemeHTeH (ICP) ananus. M3cneasana e chiuo
CTaOMITHOCTTA Ha KPUCTAIUTE OT IIMHKOB XUAPOKCH HUTPAT MPH MPECTON B MATOYHUS pa3TBop 10 30 ITHU.

Knwuosu ()yjnu: YUHKOB xudeKcu Humpam, Hanovacmuyu, Cunmes, JuCmeH mop.
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Sediments were sampled from 5 sites from the Maritsa River basin in the period 2013-2014 with the aim to assess
effects of the anthropogenic pressure caused by the pesticides production and by the intensive agriculture. Sites were
located in the middle part of the Maritsa River basin (near Plovdiv city) and the watersheds of Chepelarska and Stryama
rivers. Methods for analysis of certain priority substances and specific pollutants were applied in order to establish trends
in the accumulation in sediments, as required by the Directive 2000/60/EC and Directive 2008/105/EC. The reported data

for organic pollutants are the first for the studied river basin.
Key words: sediments, Maritsa River, PCBs, OCPs, PAHs

INTRODUCTION

The Maritsa is the largest river on the Balkan
Peninsula; it is the biggest river in terms of discharge
volume and the third longest river in Bulgaria. It
emerges from springs in the Rila mountain range and
its basin is a cross-border watershed for Bulgaria,
Greece and Turkey. The number of the tributaries of
Maritsa River is about 100. The most significant
among them are the rivers Chepinska, Topolnitsa,
Luda Yana, Vacha, Chepelarska, Stryama, Sazliyka,
Arda, Tundzha, Ergene.

Sediments are by far less variable in time, but
much more heterogeneous than waters. Determining
organic compounds in river sediments enables the
identification of the contaminant origin in local
regions. Polychlorinated biphenyls (PCBs) are toxic
chemicals, which precipitate in soil and water. They
are mixtures of synthetic and organic chemical
substances which share similar chemical structure.
PCBs had been derived for their very high flash
points and were widely deployed as fire-
extinguishing agents, electrical insulators and
plasticizers mainly in electrical apparatuses. Most
often they are introduced into the environment
through defective equipment, illegal discharge,
scavenge oil from electrical equipment, as well as
hazardous waste. They are a family of 209 synthetic
molecules composed of a biphenyl nucleus with
chlorine at any, or all, of the 10 available sites [1].
The ortho-, meta- and para positions are important in
determining the chemical properties of PCB, such as
high  dielectric  constants, nonflammability,
hydrophobic quality and chemical stability. The
usefulness of these properties led PCBs to be used in

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

mixtures for a wide range of applications from the
1930s onwards [2,]. However, after their toxicity
became recognized, PCBs were progressively
banned in most developed countries during the
1980s [4]. Due to their large-scale production,
extensive use and environmental persistence, these
compounds have accumulated in many ecosystems
all over the world; in aquatic environments they are
trapped in sediments. PCB contamination continues
to be a problem as compounds can be transferred
from the sediment to the lower trophic levels of an
ecosystem through microbial and bottom-feeder
uptake.

Organochlorine pesticides (OCPs) have been
widely used in the past, but because of their high
persistency in environment and accumulation in the
food chain, they can still arouse topical concerns
about human health.

Polyaromatic hydrocarbons (PAHS) are a large
group of organic substances with two or more
benzene cores. They are characterized by low
solubility in water, but high solubility in fats. The
polycyclic aromatic hydrocarbons are produced
mainly by incomplete combustion of coal and diesel
fuel. There are several hundred PAHs. These
compounds are absorbed by organisms mainly
through the respiratory system, but may also be
assimilated together with water and food. The most
thorough study of the carcinogenic effect is that of
inhaled benzo[a]pyrene (BaP), essential source of
which is tobacco smoke.

The aim of the research was to identify the extent
of accumulation of organic pollutants in “sediment”
matrix in selected river valleys and monitoring
stations along the Maritsa River basin. The study for
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the first time provided information about the organic
pollutants and could be a basis for initial
examination of the level of pollution in the surveyed
water bodies and identification of the sources of
anthropogenic pressure. The selection of indicators
(priority substances and specific pollutants) provides
particular guidelines for planning future monitoring
for assessment of their chemical and ecological
status. The data from the analysis conducted may be
used for the purpose of monitoring the tendencies in
the pollution of water bodies in terms of the
examined indicators.

EXPERIMENTAL

The monitoring of sediments was accomplished
in accordance with Guidance document No. 25 on
chemical monitoring of sediment and biota to the
common implementation strategy for the Water
Framework Directive (WFD) 2000/60/EC.

The research was conducted at 5 monitoring
stations located in the Maritsa River basin and two
of its major tributaries — Chepelarska River and
Stryama River (Fig 1). The selection of the stations
was made in compliance with the key criteria and the
best practices of the strategy for sampling of
sediments specified in Guidance document No. 7 [5]
of the WFD. Thus, stations were selected upon a
preliminary analysis of the information about the

anthropogenic pressure from point and diffuse
sources of organic pollutants, the typological
characteristics of the rivers, the composition of the
bottom substrate (pebbles, gravel, sand, slime, clay),
the hydrological characteristics (water runoff, water
level) and accessibility for sampling. The geographic
characteristics of the monitoring stations (watershed,
river, location, geographic coordinates) were
specified below.

Stryama river, the village of Slatina (42.6902;
24.56917) has been selected as a potential reference
site for national type R5 Semi-mountain rivers in
Ecoregion 7, slightly influenced by anthropogenic
pressure and limited impact on the quality elements:
extensive agriculture and forestry in the vicinity of
the monitoring station; low pressure from domestic
discharges in the catchment area of the site (the town
of Klissura); limited automobile traffic; good
chemical and good to high ecological status
identified as a reference point for type R5 in the
RBMP of East Aegean River Basin district.
Substratum was consisted mainly by pebbles, gravel
and sand, and organic slime where the current is
sluggish. Moderate to significant water runoff,
moderate to high current velocity, water level was
0.2-0.4 m.

 BULGARIA

Fig. 1. Map of the studied region.

Stryama river, the village of Manole (42.1871;
24.91314) - type R13 Small and medium-sized
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monitoring station; intensive agriculture; cumulative
pressure from small settlements (<2000 p.e.);
automobile traffic; good chemical and moderate
ecological status; substrate — mostly sand and at
places where the current is sluggish — organic slime.
Moderate to significant water runoff, moderate to
low current velocity, water level was 0.3-0.6 m.

Mouth of Chepelarska river, Kemera bridge
area (42.1457; 24.87722) — type R5 Semi-intensive
rivers in Ecoregion 7, a site of significant
anthropogenic pressure from industrial plants
producing pesticides and metals (Agria AD, KCM
AD); discharge of untreated waste water from large
settlements (Assenovgrad >1000 p.e.); intensive
agriculture; automobile traffic; poor chemical status
(metals) and poor ecological status; substrate —
mostly gravel and sand, and where the current is
sluggish — organic slime. Moderate to significant
water runoff, moderate to low current velocity, water
level: 0.3-0.5 m.

Maritsa river upstream of Plovdiv city
(42.1608; 24.95124)— type R12 Large lowland rivers
in Ecoregion 7, site of combined point and diffuse
pressure from the upper and middle part of the
catchment area of the Maritsa river, before discharge
of waste water from the city of Plovdiv; discharge of
treated waste water from large settlements in the
catchment area on the monitoring station
(Pazardzhik >1000 p.e., Stamboliyski town 2000-
10000 p.e.); advanced industry (pulp and paper, food
and flavor industry); intensive agriculture; intensive
automobile traffic; good chemical and moderate to
good ecological status; substrate — mostly sand and
gravel with depositions of organic slime at places of
sluggish current; significant water runoff, moderate to
low current velocity, water level: 0.4-1.2 m.

Maritsa river, dam near the village of Manole
(42.1529; 24.74322)— type R12 Large lowland rivers
in Ecoregion 7; a monitoring station of significant
cumulative anthropogenic pressure from all the
sources in the catchment area of the other monitoring
stations (discharge of waste water from large
settlements, industrial enterprises and intensive
agriculture; discharge of treated waste water) from
large settlements in the catchment area of the
monitoring station (Plovdiv - 300000 p.e.,
Assenovgrad >10000 p.e., a large number of
settlements <2000 p.e.); combined pressure from
developed industry (industrial zones of the city of
Plovdiv, Agria AD, KCM AD); intensive agriculture
in the catchment areas of the surveyed rivers — the
Maritsa, Stryama and Chepelarska rivers; limited
automobile traffic; good chemical and moderate
ecological status; substrate — massive deposition of
organic slime in the area of the monitoring station

before the dam near the village of Manole, sand,;
significant water runoff, low velocity of the current,
water level: 1.0-3.0 m.

Samples were collected from their upper layer,
which indicates the actual materials deposited and
the actual extent of pollution. Furthermore, the
sediment topmost layer forms the habitat of the
benthic organisms, which are part of the biological
quality elements for the assessment of the status of
water bodies. The sediments are composed of
particles varying from very fine clay (< 2 pm) to
larger pebbles and stones with a size of several mm.
Their surface is often covered with organic
substances which have the effect of binding element
for many pollutants and other compounds. The
smaller the particle is, the greater the relative surface
area is, which means that the majority of monitored
substances are contained in the fine fractions of the
sediments, which are the main source of nutrients for
the biota. The size of the particle is one of the most
important factors, which controls the distribution of
natural and anthropogenic components in sediments,
along with the content of organic substances. The
clay-silt fraction of particle size < 63 pm was
analyzed. Volume (quantity) of sample for analysis
was 200 mL.

The sampling was done in compliance with the
ISO 5667-12:2002 standard [6]. Stainless steel
blades were wused in order to minimize
contamination.

Transportation and sieving

In order to minimize the possibility of disturbing
the sediment/water equilibrium, wet sieving was
done at the point of sampling with water from the
environment. The samples (upon sieving) were
transferred into preliminary cleaned brown glass
containers for organic pollutants. The containers for
samples were filled up to the brim (allowing a
minimum space for the stopper), in order to
minimize the probability of oxidation and loss of
acid-volatile sulfide during transportation. The
samples were transported in a cooled state to the
laboratory (at T 4°C) within a period not exceeding
6 hours. Cooling was accomplished by using cool
boxes and freezer block inserts.

Storage

Temperature is the most important factor
concerning samples from the time of sampling,
throughout their handling and processing to the
moment of final analysis. Another source of
contamination is the adsorption of pollutants from
the laboratory air. Decomposition and evaporation of
contaminants might also be a source of analysis
error. The sifted samples of sediments were kept in
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containers freeze dried in accordance with the EN
ISO 16720:2007 standard [7] and deep
frozen at -20°C.

Analytical methods

Validated standardized methods as per: ISO
18287-1; EN 16167; SD/CEN/TS 16181; EN 16179
were used for the analyses [8-11].

Sample preparation

A 10 g sample was extracted with organic solvent
Hexane:Acetone (1:2), by microwave
decomposition under a programmed furnace
temperature of 120°C detainment time 25. The
extract obtained was concentrated, then subjected to
a purification procedure with silica gel and again
concentrated. The sample was analyzed using Gas
chromatography — mass spectrometry (GC-MS)
equipment.

Quality control

The procedures for quality assurance include
validation of the methods by routine in-house
procedures and independent external procedures
(participation in inter-laboratory tests). Use was
made of certified reference materials: Certified
Reference Material PAHs, PCBs, and Pesticides in
Fresh Water Sediment CNS391, Fluka and Standard
Reference Material NIST- SRM 1944.

Period and frequency of sampling

As a result from the limited rate of deposition
(typically within the range of 1-10 mm/year) and the
physical u biological blending of surface sediments,
the composition of sediments is usually quite stable
in comparison to the concentration of the pollutants

in the aquatic ecosystem. The sediment sampling
was accomplished three times in the period 2013-
2014 and corresponded to the expected changes in
the sediments, taking into account the seasonal
changes in the hydrological regimes of the rivers.
Selection of organic pollutants to be monitored

Analysis of synthetic compounds was made
(pesticides, medicinal preparations, industrial
pollutants), dissociated in the event of pollution from
point and diffusive sources, atmospheric
depositions, which are taken into account in the
assessment of the chemical and ecological status of
the water bodies (e.g. priority substances according
to Directive 2008/105/EO and  Directive
2013/39/EC), and specific pollutants in compliance
with the approved list and the EQS of the Bulgarian
legislation [12].

RESULTS AND DISCUSSION

All six PCBs (PCB 28, PCB 52, PCB 101, PCB
138, PCB 153, PCB 180) studied were below the
limit of quantification (<0.001 mg kg?) at all
monitoring stations, probably due to the ban
imposed on the manufacture thereof for decades.

Results for 17 OCPs showed that exceeding the
limit of quantification have been detected for
chlorbenzene, o-HCH, B-HCH, o-Endosulfane,
endrine, o,p-DDE, p,p-DDE, o,p-DDD (Table 1).
The lowest concentrations were detected in the
Stryama River, Slatina village — a site slightly
influenced by anthropogenic pressure.

Table 1. Detected minimum, maximum and average values of studied OCPs in sediments, mg kg d.w.

ocCP min max average
(n=15)

Pentachloro benzene <0.001 - -
ChBenzene 0.001 0.0023

a-HCH 0.002 0.05 0.0093
B-HCH 0.002 0.015 0.0028
vy-HCH <0.002 - -
a-Endosulfane 0.003 0.068 0.0388
B-Endosulfane <0.003 - -
Aldrin <0.002 - -
Dieldrin 0.002 0.024 0.0106
Endrin <0.002 - -
Heptachlor <0.001 - -
o,p-DDE 0.001 0.035 0.0113
p,p-DDE 0.002 0.047 0.0192
0,p-DDT <0.001 - -
p,p-DDT <0.001 - -
0,p-DDD 0.001 0.007 0.0034
p,p-DDD <0.003 - -
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Table 2. Minimum, average and maximum concentrations of 16 measured PAH in sediments, mg kg d.w.

PAH min max average
(n=15)

Naphthalene 0.01 0.03 0.02

Acenaphthene <0.01

Acenaphthylene <0.01

Fluoranthene <0.02

Phenanthrene 0.02 0.046 0.014

Anthracene 0.002 0.008 0.002

Flurene 0.002 0.05 0.015

Pyrene 0.001 0.038 0.013

Benzo(a)anthracene 0.001 0.022 0.002

Chrysene 0.001 0.022 0.004

Benzo(b)fluoranthene 0.001 0.09 0.013

Benzo(k)fluoranthene 0.001 0.08 0.012

Benzo(a)pyrene 0.001 0.04 0.009

Indeno(1,2,3cd)pyrene <0.003

Dibenz(a,h)anthracene <0.003

Benzo(g,h,i)perylene <0.003

Exceeding the limit of quantification for 16 PAHs
analyzed was recorded for Naphthalene, Phenanthrene,
Anthracene, Flurene, Pyrene, Benzo(a)anthracene,
Chrysene Benzo(b)fluoranthene, Benzo(K)fluoranthene,
Benzo(a)pyrene (Table 2).

The lowest concentrations were ascertained again
in the Stryama River, Slatina village, while the
highest concentrations were in the Chepelarska
River, Kemera village — a site of significant
anthropogenic pressure due to discharge of waste
waters from settlements (Assenovgrad) and
industrial enterprises (KCM AD and Agria AD).

CONCLUSION

At none of the monitoring stations PCBs (used in
the past as pesticides in agriculture) have been
detected since production thereof has been
discontinued for decades. At all monitoring stations
OCPs and PAHSs above the LOQ have been detected,
which was probably due to diffuse and point
pollution in the area of the surveyed river sections.

Eight substances from the group of OCPs were
established (persistent organic pollutants used as
pesticides in agriculture and forestry). Moreover, six
of them were found constantly in all five monitoring
stations (a-HCH, o-Endosulfane, Dieldrin, o,p-
DDE, p,p-DDE, o,p-DDD).

Nine substances from the group of PAH were
also established (pressure from industry and traffic).
The lowest number of substances were found in
sediments from provisionally selected reference
point of Stryama River before Slatina (Naphthalene
and Anthracene), in concentrations close to the limit
of quantification (LOQ). In the rest of the stations
they were detected continuously in different

concentrations depending on the anthropogenic
pressure.

The highest concentrations of OCPs and PAHSs
were detected just upstream of the mouth of
Chepelarska River, which are in consequence of the
combined pollution caused by industry, intensive
agriculture and automobile traffic.

The results from the conducted for the first time
survey of organic pollutants in sediments from
Maritsa River basin could be used for the purpose of
monitoring the trends in pollution of water bodies in
terms of the examined indicators in accordance with
the requirements of Directive 2008/105/EC.
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OLIEHKA HA OPTAHUYHU 3AMBPCUTEJU B CEJJUMEHTH OT BACEHA
HA PEKA MAPUILIA (BBJITAPUA)
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B mepuona 2013-2014 e u3BbpIicHo MpoOOB3eMaHe OT CEIUMEHTH B 5 MOHHTOPUHTOBH CTaHIIMK B OaceiiHa Ha peka
Mapuia ¢ 1en oueHka Ha e(eKTUTEe OT aHTPOIOTeHHHsI HATHCK, NPUYMHEH OT MPOM3BOACTBOTO Ha HECTHLUAU U
MHTEH3UBHO 3eMenenue. CTaHIMUTE ca pas3loJIOKEHU C cpejHaTa 4acT Ha OaceiiHa Ha peka Mapuua (B paiioHa Ha
rp.I1noBauB) u Bonocoopute Ha p.Uenenapcka u p.Crpsima. V3non3Banu ca METOIU 32 aHAJIN3 Ha TIPHOPUTETHH BEIIECTBA
n creru(UYHU 3aMBPCUTENM 32 YCTAHOBSIBAaHE Ha TEHJCHLMH IIPU aKyMyJalusITa B CEJUMEHTH B CHOTBETCTBHE C
msuckBanmsita Ha JupektuBa 2000/60/EC u [dupextuea 2008/105/EC. IlpencraBeHuTe AaHHH 3a OpPraHUYHH
3aMBPCUTETH Ca ITBPBUTE 32 M3CIICABAHUS PEUCH OaceiiH.

Knrouosu oymu: ceoumenmu, pexa Mapuya, PCBs, OCPs, PAH
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The carbon encapsulated magnetic nanoparticles (MNPs) have high potential as a sorbent for solid phase extraction
(SPE) of organic and inorganic compounds. Carbon is an excellent material for MNPs core-shell modification due to its
chemical stability, biocompatibility, and possibility for further surface modification. This coating improves the stability
of magnetic nanoparticles and introduces new surface properties that could facilitate their application.

A new microwave-assisted procedure for carbon coating of magnetite nanoparticles by hydrothermal route is
presented. The Fourier transform infrared spectroscopy with attenuated total reflection (ATR-FTIR) was used for surface
characterization of produced FesO4s@C NPs.

The carbon coated nanoparticles were tested as sorbent for SPE of V, Cr, Co, Ni, Cu, Zn, Cd, Tl and Bi from model solutions.

The inductively coupled plasma quadrupole mass spectrometer (ICP-MS) was used for SPE optimization studies.

Key words: magnetic nanoparticles, MW-assisted carbon coating, SPEIntroduction

The magnetic nanoparticles MNPs are attractive
new material as a sorbent for solid phase extraction
of different compounds [1, 2]. Compared to other
nano-sized materials the use of MNPs allows to
simplify the extraction process and saves time as a
result of their isolation from the sample matrix by an
external magnetic field. For the purpose of magnetic
assisted SPE, iron oxides nanoparticles (FesO4 and
Fe.0s3 [2]) or different types of ferrites (MnFe;O4
[3], CoFe,O, [4]) are commonly used. The
application of bare MNPs for extraction of trace
elements is limited, due to their instability in acidic
solutions [3]. One approach to overcome this
drawback is to protect the magnetic core with
resistant layer (commonly SiO2) [5]. Carbon is also
excellent material for MNPs core-shell modification
due to its chemical stability, biocompatibility, and
possibility of further surface modification. Carbon
coating improves the stability of magnetic
nanoparticles, but also introduces new surface
properties, that could facilitate their application or
further modification.

Carbon encapsulated magnetic materials were
previously used for SPE of trace elements [6, 7],
organophosphorus  pesticides [8], polycyclic
aromatic hydrocarbons (PAHS) [9, 10], etc.

The synthesis of MNPs@C is attracting a lot of
attention and interests from scientists and a few
strategies were reported to prepare MNPs@C [1].
Different synthesis routes of carbon-coating, are

* To whom all correspondence should be sent.
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reported including arc discharge [11], thermal
chemical vapour condensation (TCVC) [12],
pyrolysis [13], and hydrothermal reactions [14-17].
The latter does not require special reagents (the
carbon precursor usually is glucose), but a special
equipment (autoclaves) is needed and it consumes
time (3 to 14h) and energy.

According to Wang et al [17] for effective
construction of carbon layer on magnetite
nanoparticles, a preliminary modification with oleic
acid is required. The authors compared TEM images
of the products from classical hydrothermal reaction
with glucose where Fe;O4 nanoparticles were added
in absence of any additional surface modification
and after oleic acid treatment. Authors declare that
according to TEM characterization Fe;Oq4
nanoparticles without any surface modification
cannot be incorporated into carbon sphere and the
final product mainly consists two kinds of particles,
ones is carbon nanospheres and the others are free
Fe304 nanoparticles [17].

In the present work, a new route for MW assisted
hydrothermal synthesis of carbon-coated FesO4
nanoparticles is investigated. Two types of magnetic
cores (bare and oleic acid stabilised) were studied as
precursors for Fes0.@C NPs production.

MATERIALS AND METHODS
Reagents

All reagents were analytical or suprapur reagent-
grade. Ferric chloride (FeCls-6H,0), ferrous
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chloride (FeCl;-4H,0), were used for NPs synthesis,
as well as Glucose monohydrate (CeH1206-H-0),
Oleic acid and 2-(2,4-Dihydroxy-phenylazo)
thiazole (TAR), were used for surface modification.
All were purchased from Sigma Aldrich Company
(Milwaukee, WI, USA). Other reagents, including
ammonia solution (25%) for magnetic NPs
precipitation; KCI for pH zero charge determination;
and HNO;3 (65%) for model solution conservation
and carbon encapsulated NPs stability test, were
from Merck (Darmstadt, Germany). Double distilled
water was used for the preparation of all solutions.
After appropriate dilution, ICP multi-element
standard solution 28 elements 100 mg L (CPA,
Bulgaria), was used for SPE procedure optimization.
Single element solution of Rh 10 mg L*? (Fluka
Chemie GmbH, Buchs, Switzerland) was used as
internal standard during ICP-MS determination.

Instrumentation

An inductively coupled plasma quadrupole mass
spectrometer ICP-MS Agilent 7700 (Tokyo, Japan)
with octopole reaction system (He collision gas flow
4.0 mL min?) was used for SPE optimization
studies. The instrumental parameters were as follow:
RF power 1.5 kW; plasma, auxiliary and nebulizer
Ar gas flow rates: 15 L min; 0.9 L mintand 0.95 L
min? respectively; sample flow rate 0.34 mL min;
MicroMist nebulizer. Fifteen isotopes: °V, °Cr,
59C0, 60Ni, 63’65CU, 66, GSZn, 111, 114 Cd, 205T|, 206,208 Pb,
209Bj and 1°*Rh (as internal standard) were monitored
at 1 point per mass peak with 100 ms acquisition
time with five replicates for each measurement.

For characterization of carbon coated magnetic
NPs, ATR-FT-IR Bruker Vertex 70 (Bruker
Corporation, Germany) and FAAS Perkin Elmer
4000 were used. A microwave system MDS ETHOS
One (Milestone Inc.) was used for magnetite
nanoparticles carbon encapsulation.

A permanent NdFeB magnet, N45, Ni-Cu-Ni
(P188/5-45-30-N) was used for phase separation
during SPE tests.

Magnetic NPs synthesis

The magnetic NPs were produced by co-
precipitation of a mixture containing Fe?* ion and
Fe®*" in basic media according previously optimised
procedure [3]. Produced nanoparticles were stored as
suspensions in double distilled water (10 g L™ FesO4
NPs)

Magnetic NPs modification

1. Oleic acid modification

The modification with oleic acid was used as
preliminary step before the carbon coating according
to the modified procedure proposed from Zhang et
al. [17]. Briefly into 30 mL of magnetite
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nanoparticles suspension, 0.5 mL of oleic acid and
0.3 mL of ammonia solution (25%) were added
dropwise at 80°C under vigorous stirring for 30 min.
The oleic acid-stabilized FesO4 nanoparticles were
separated by centrifugation (6000 rpm, 2 hours) and
washed with water three times and once with
ethanol.

2. Preparation of carbon encapsulated magnetite
nanoparticles (Fes0.@C)

Both type magnetite nanoparticles (bare and oleic
acid modified) were tested as a precursor for carbon
modified magnetic material production.
Modification procedure was based on microwave
assisted hydrothermal reaction in aqueous solution
of glucose. The reaction mixtures were prepared by
suspending 0.3 g of magnetite nanoparticles (bare or
oleic acid modified) in 10 ml, 5 mol L* glucose
solution in water. Prepared suspensions were
subjected to microwave treatment under the
following conditions: MW power 180 W; reaction
mixture heated in 4 steps - 100°C, 130°C, 170°C and
200°C. For the first three steps, 2 min were set to
reach the specified temperature and 2 min to hold on.
For the last step (200°C) 5 min were set as ramp time,
and the samples were treated at for one hour. After
cooling, the carbon modified nanoparticles were
washed with double distilled water and stored as
water suspension.

Estimation of pH zero charge of the carbon coated
magnetite nanoparticles

The pH zero charge of the produced Fe;0.@C
NPs was determined by pH drift method [7]. For this
estimation 30 ml of 0.1 mol L KCI solution was
used and initial pHi was adjusted from 2-10 by
addition of diluted HNOs; or NaOH solutions. The
adjusted pH solutions were transferred to conical test
tube containing 0.1 g of carbon coated NPs. The
suspensions were shaken and allowed to equilibrate
for 24 h. After treatment the MNPs were separated
by permanent magnet and the pH in supernatant
solution (pHy) were measured again. The difference
between initial and final pH values (ApH) was
plotted against pH;. The pH point zero charge
(pHezc) was identified as the cross point of the fitted
line with the abscissa.

Evaluation the potential of new carbon coated
magnetite nanoparticles as sorbents for SPE
of elements

The solid phase extraction procedure was
performed in a batch mode. The optimization of SPE
was carried out using model solutions (10 pg L),
prepared by dilution of multi-element standard.

Approximately 200 mg of the modified
nanoparticles were transferred into a conical test
tube. Afterwards the model solution of tested
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elements was added and pH was adjusted to 8. The
extraction of metal ions was performed by
continuous shaking for 30 min.

The carbon modified MNPs with adsorbed
analytes were separated by a permanent magnet for
5 min and the supernatant solution was decanted.
The obtained solution was then stabilised with HNOs
(0.1% v v) and was subjected to ICP-MS analysis.

RESULTS AND DISCUSSION

Characterisation of carbon modified FezO4
nanoparticles

The ATR-FT-IR technique was employed for
characterisation of carbon modified nanoparticles.
The spectra obtained for unmodified and carbon
encapsulated (with and without oleic acid
modification) dried FesOs nanoparticles are
presented on Fig. 1

The intensive peaks at 1700 cm™ and 1060 cm™
observed on Figure 1 illustrate the presence of C=0
in modified samples. The peaks from 2800 to 2980
cm? are ascribed to C-H vibration. The region at
1000-1300 cm? is assigned to O-H bending and
C=0 stretching vibrations. The broad band at 3100
3700 cm™ comes from the stretching vibrations of
O-H. The obtained results are consistent with those
reported by Zhang et al [10] for carbon coated
magnetite nanoparticles obtained by classical
hydrothermal reaction. The ATR-IR examination
proved the presence of carbon as a result from MW
assisted modification procedure, but results are not
indicative for a formation of compact carbon layer
surrounding the magnetic core.

One indirect test for the efficiency of
encapsulation of FesO4 nanoparticles with a
protective carbon layer is to examine their stability
in acidic medium. All produced MNPs (bare and
modified) were exposed to the action of nitric acid
(1 mol L?) for 15min and then the content of
dissolved iron was determined by FAAS. The results
presented as mass of dissolved iron per gram sorbent
are given in Table 1.

From the results presented in Table 1, it can be
concluded that preliminary modification with oleic
acid is necessary for successful encapsulation of
magnetic core with carbon. The Fe;0,@C produced
after modification of magnetite with oleic acid show
the  best stability in acidic  medium.

1.05

1.00

0.95 F

0.90

Absorbance a.u

0.85

3600 2600 1600 600
wavenumber (cm 1)

without oleic acid

with oleic acid

Fig. 1 ATR-FTIR spectra of unmodified and modified
Fe:04@C NPs

Table 1. Stability of nanoparticles in acidic medium

mass dissolved Fe in mg per 1g nanoparticles

Sample mg g
Unmodified FesO4 NPs 117
Fes0,@C without oleic acid modification 84
Fes04@C with oleic acid modification 18

The mass of dissolved Fe reduced by factors
of 6.5 to 4.66, compared to the bare material and
directly carbonised nanoparticles respectively. The
observed positive effect of oleic acid on the
stabilisation of carbon layer is in agreement with the
results reported by Wang et al [17]. All further
experiments were performed with Fes0,@C
produced after MNPs treatment with oleic acid.

The pH zero charge (pHezc) of studied Fe;0.@C
NPs was found to be 4.8. This result additionally
proves the successful formation of carbon layer
because the obtained here value is close to the
reported by Pyrzynska et al (pHpzc ~ 4 for carbon

composites [7]). While the existing data of bare
Fes304 NPs indicate the pHpzc ~7 [2].

Evaluation of Fe;0,@C NPs applicability
as a sorbent for SPE of elements

The evaluation of new Fe:04@C NPs as a
potential sorbent for magnetic assisted SPE of
elements was accomplished varying two parameters:
(i) pH of the extraction medium and (ii) quantity of
nanoparticles used for the extraction.

The extraction degree E% (Eq. 1) was used as an
estimator for the sorption effectiveness. For
calculation of E%, model solutions (with 10 pug L*
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initial analyte concentrations) were subjected to
solid phase extraction with Fe;0,@C NPs and the
residual concentration of elements in the agueous
phase after extraction were measured by ICP-MS.

Q; (initial)—Qs (residual
E (%) = Q; (initial) L. 100 1)

where: E% is the extraction degree; Qinitial i the analyte
quantity in the model solution; Qresigual IS the final analyte
quantity in residual aqueous phase after SPE.

Study of the pH influence on extraction degree

The solution pH is a parameter influencing on
NPs surface charge and affects the sorption
capabilities of carbon. At pH values above pHpzc,
the negative charge of carbon layer promotes the
adsorption process due to the electrostatic attraction
between metallic cations and nanoparticles, and vice
versa when the pH of the solution is less than
corresponding pHezc - repulsion between positively
charged NPs and metal ions is expected to decrease
the extraction degree.

The effect of pH on the extraction degree of target

metal ions was assessed in the pH range from 4 to 10
(Fig. 2).
As it is seen from Fig. 2, at pH=4 the extraction is
not effective for most of the studied elements with
exception of Bi and TIl. The extraction of Cr is
slightly favourable at pH=4 and decreases at higher
pH values. An explanation of this phenomenon is the
possibility used multi-elemental standard to contain
chromium in its highest oxidation state (6+) which
under the specified experimental conditions could
form an  oxo-anion.  Unfortunately  the
documentation, provided by the producer, includes
certified values for concentrations of the elements
with corresponding uncertainties, but the certificate
does not contain information about the oxidation
state of elements.

For the whole tested pH range the extraction
degrees for V and Pb are below 45 %. Best
performance for all other studied element is obtained
when pH of the model solution was set in the pH
interval form 6 to 8. Lowering of the extraction
degrees for all elements (with an exception of TI)
were observed at pH=10. Considering the fact, that
all studied metal ions (except TI) are able to form
stable negatively charged complexes with
hydroxide, the observed trend can be explained with
an electrostatic repulsion between M(OH).,,~ and the
negatively charged MNPs.

Optimization of the sorbent amount

In comparison to classical sorbents used in SPE,
the nanoparticles possess significantly higher
surface, therefore the amount needed for extraction
of analytes should be much lower. The quantity of
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Fe;0,@C NPs was varied at levels 5, 10, 20 and

30 mg (Fig. 3).
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Fig. 2 Effect of solution pH on the extraction degree of
metal ions collected on Fe;O4@C NPs. Other conditions:
200 mg NPs; Cq =10 ug L'*; V, =50 mL.
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Fig. 3 Effect of the amount of sorbent on the extraction
degree of analytes on Fe;s0.@C NPs. Other conditions:
pH=7; C4 =10 pug L'*; V,=50mL.

Extraction degrees higher than 80% were
achieved only for Ni, Co and Tl using at least 10 mg
of NPs. Further increase of the mass of sorbent leads
to an improvement of E% for all elements with
exception of T, Co and Cr. For most of the elements
(except from Cu, Zn and Bi) a uniform extraction is
reached when mass of carbon modified NPs is above
20 mg. The mass of carbon modified nanoparticles
needed for SPE of studied elements is at least twice
higher compared to quantity of unmodified FezO4
NPs (10 mg) used for group extraction of 9 elements
as APDC complexes [3]. This can be explained by
the extensively increase of nanoparticles size during
carbon modification which reduces the surface/mass
ratio.

CONCLUSIONS
A new MW assisted procedure with a
hydrothermal reaction with glucose was developed
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for production of carbon encapsulated magnetite
nanoparticles  (FesO,@C). The  preliminary
modification of magnetic cores with oleic acid leads
to improvement of modification procedure. Further
development of the modification procedure in the
direction of formation of thin and thick carbon layer,
respectively, would reduce the consumption of
sorbent.

In comparison with classical hydrothermal route,
the proposed procedure is fast, simple and easy for
implementation.

The synthesised Fes0,@C NPs are promising
sorbent for magnetically assisted dispersive SPE of
Co, Ni, Cu, Zn, Cd, Tl and Bi.
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HOBA MUKPOBBJIHOBO ITOJIIOMOI'HATA ITPOLIEAYPA 3A IIOJIVHABAHE
HA BBI'JIEPOA-MOANOUITINPAHU MATHETUTHU HAHOYACTULIN
C LHEJI ITPUJIOXEHMUETO UM 3A TBHPIODPA3ZHA EKCTPAKIMA HA EJIEMEHTHU

JI. Canuect, JI. Teopruesa®”, B. Kmeros?, B. Credanosa?
Y Vuueepcumem Anuxanme, Hcnanus, PO Box 99, 03080 Anuxanme, Ucnanus

2IThosouscku Yuueepcumem ,, [laucuii Xunenoapcku”, Kameodpa anarumuyna Xumus u KOMRIOMbPHA XUMUSL,
ya. Llap Acen, 24, 4000 ITiosous, *E-mail: georgieva@uni-plovdiv.net

Hocmvnuna Ha 14 noemepu 2016 2.; npuema na 14 dexemepu 2016 e.

(Pesrome)

IpemmoxkeH € HOB MOAXOM 32 TOJNyYaBaHe Ha BBIJIEPO] MOAU(PHUIMPAHH MAarHETHTHH HaHOYACTHIH, dYpe3
XHAPOTEPMHUYHA PEAKIIUS C TIIFOK03a, IPOBEICHA B JabOpaTOpHa MUKPOBBIIHOBA CHCTEMa. M3ciieiBata € BE3MOKHOCTTa
3a W3TpaXKIaHE Ha BBIVIEPOJECH CIOH BBPXY HEMOAU(MDUIMPAHH W Ha TPETHPAHU C oOjenHOBa KucenuHa FezOq
HaHOYaCTHUIH. [T0TydYeHHTe HOBM MATEPHAIIN Ca OXapaKTEPU3MPAHH C HH(PaYePBEHA CIIEKTPOMETPHS C ITBJIHO BHTPELIHO
orpaxenue (ATR FTIR), uscieBana € cTaOMIHOCTTAa UM B KHCEJIa Cpeia. Y CTAHOBEHO € Y€ 3a YCIIEIIHO M3rPpaXkIaHe Ha
3allUTEH CJIOH OT BBIVIEPOJ BBPXY MAarHUTHOTO SAPO € HEoOXoaMMa MpeaBapuTelHa MOAM(HUKALNSA C OJEMHOBA
KHCEJIMHA.

W3cneBad € MOTEHIMAA Ha MMOJy4YEHUTE HOBH MATEPHANIU 38 MarHUTHO IOAMOMOTHATa TBHPAO(ha3Ha eKCTPAKIHsI
una V, Cr, Co, Ni, Cu, Zn, Cd, Tl, Pb u Bi or mongennu pasreopu. [IpocieeHo e BAMSHHETO HAa KUCEIMHHOCTTA HA
Pa3TBOPUTE M KOJIMYECTBOTO HA HAHOYACTHIIUTE BHPXY €(PEKTUBHOCTTA HA EKCTPAKIIUATA HA U3CIICIBAHUTE EIIEMEHTH.

Kntouoeu oymu: evenepoo-moouduyupanu maznumuu nanovacmuyu, MB noonomoznama mooughuxayus, mevpoodasma
excmpaxyust
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The electrolyte of lithium ion batteries (LIBs) degrades both under normal operation — e.g. in the formation of the
solid electrolyte interphase (SEI) — and in particular under conditions of extreme temperature, voltage or current flow.
Degradation products of the electrolyte (typically a mixture of organic carbonates such as ethylene carbonate (EC),
ethylmethyl carbonate (EMC), dimethyl carbonate (DMC) or diethyl carbonate (DEC) with a suitable conducting salt
such as LiPFg) can be volatile or permanent gases, e.g. Hz, CO, CO- and the low hydrocarbons (C1-C3) and are thus
ideally determined by gas chromatography. GC with various detectors can be used, accounting for the vastly different
detectability of the degradation products with common GC detectors like flame ionization, thermal conductivity or mass
spectrometric detection. Evolved gas analysis is complemented by the direct analysis of the electrolyte which requires
careful opening of the cell for post mortem analysis. In the presence of the conducting salt LiPFg, but also in the presence
of water or air, condensed or more polar degradation products are formed which are more easily separated in liquid phase
by RP-HPLC or ion chromatography. These include carbonate oligomers (with varying number of ethoxy moieties
resulting from the ring-opening reaction of the ethylene carbonate) and organic phosphates and monofluorophosphates,
resulting from the degradation and (partial) hydrolysis of the conducting salt and its reaction with the organic solvent.
Chromatographic techniques, in particular with mass spectrometric detection, are indispensable tools to characterize the
wide spectrum of degradation products, and to better understand the processes leading to electrolyte degradation. This

forms the basis for the improvement of lithium ion battery safety and performance.

Keywords: lithium-ion battery, electrolyte; degradation products, gas chromatography, liquid chromatography

INTRODUCTION

Lithium ion batteries (LIBs) are nowadays
indispensable sources and storage devices for
electric energy. They are widely used in industry,
transport and telecommunication, and have become
essential in many applications of our daily life such
as portable computers, mobile phones, devices and
instruments, and all sorts of consumer electronics
[1]. LIBs are the currently preferred technology, as
they are lighter than other rechargeable batteries for
a given capacity; the Li-ion chemistry delivers a high
open-circuit voltage; L1Bs are characterized by a low
self-discharge rate (about 1.5% per month) and they
do not suffer from battery memory effect (i.e. loss of
capacity upon repeated charging/discharging cycles)
[2]. They have a large environmental impact as they
are rechargeable and thus reduce toxic landfill [3].
This advantage is contrasted by a number of
shortcomings. These are: poor cycle life, particularly
in high current applications; rising internal
resistance with cycling and age; and the need for Li-

* To whom all correspondence should be sent.
E-mail: erosen@mail.zserv.tuwien.ac.at

ion batteries with even higher capacity for high-
power applications [4]. Finally, but of highest
relevance, are to be mentioned the safety concerns in
case of overheating or overcharging or internal short
circuit of the battery. A number of incidents have
attracted public attention to the safety of lithium ion
batteries, such as the recent recall of Samsung
Galaxy Note 7 mobile phones due to potentially
defective lithium ion batteries [5], three car fires
involving the battery electric vehicle Tesla Model S
that occurred in 2013, or the Boeing 787 Dreamliner
Li-ion battery fire incidents in 2013-2014, as well as
serious accidents on cargo airplanes involving Li-ion
batteries in the cargo hold, that have increased the
awareness of the safety risks associated with this
type of battery [6].

One of the most important fields of application of
LIBs is in electric vehicles (both hybrid and full
electric vehicles). It is anticipated that by 2020, 12.9
million electric vehicles will exist, which would
represent approx. 3% of the global car stock [7].
With both the number and the size of lithium ion
battery packs increasing (the battery pack of a full

242 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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electrical vehicle may weigh up to 250 kg), the
aspect of battery safety becomes crucial. Lithiumion
batteries contain by mass ca. 10-12% of an organic
electrolyte [8]. This is a highly flammable solvent
that has the Li salt dissolved while the Li ions cycle
between cathode and anode. Electrochemical,
thermal and hydrolysis reactions lead to the partial
decomposition of the electrolyte and the formation
of even more volatile reaction products. When these
are vented upon overheating of the LIB, there is the
risk of fire or explosion of the entire battery pack. As
the degradation of the LIB electrolyte is a
continuously proceeding process, it can be followed
by monitoring the formation of volatile degradation
products, as well as the composition of the
electrolyte itself [9]. This provides important
diagnostic information, both on the actual state (of
charge, SOC, and of health, SOH) of the battery, as
well as on its preceding charging history, and can
thus be used to better understand electrode and
electrolyte processes to eventually increase battery
safety and performance. This review will therefore
discuss chromatographic techniques that allow the
analysis of the organic electrolyte and its reaction or
degradation products (Figure 1)

Cap

Top
(Positive Terminal)

LITHIUM ION BATTERY ELECTROLYTES

Electrolytes used in lithium ion batteries must
fulfill a variety of conditions: They must withstand
the extreme redox environment at both cathode and
anode side and the voltage range during
electrochemical cycling without decomposition.
Second, they should be stable at typical cell
operating temperatures which may range up to
60-70°C. Third, they must be good solvents for the
lithium salts dissolved at relatively high
concentrations (1 M typically). Furthermore, they
should have favorable physicochemical properties
such as low viscosity, high flash and boiling point,
and ideally be non-toxic, environmentally benign
and can be produced at low cost. It is evident that
none of the currently used solvents satisfies all
requirements to the same extent. For this reason,
solvent mixtures are used in the electrolytes of
commercial LIBs: Polar aprotic solvents, such as the
organic carbonates have high dielectric constant and
are selected to solvate the lithium salts at the high
concentrations (1 M) in which they are present.
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Figure 1 Overview of components inside a Li-ion battery and physico-chemical methods for their characterization after

post-mortem analysis (after Waldmann et al. [21]).
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On the contrary, solvents with low viscosity and low
melting point are used to meet the requirements of
high ion mobility in the temperature range
considered. A variety of solvents has been
investigated for this purpose, including dimethyl
carbonate (DMC), diethyl carbonate (DEC), ethyl
methyl carbonate (EMC), propylene carbonate (PC),
ethylene carbonate (EC), diethoxyethane, dioxolane,
y-butyrolactone, and tetrahydrofuran (THF) [10].
More recently, also heteroatom-containing organic
solvents have been suggested [11], as well as ionic
liquids [12], however, the investigations presented in
this review will concentrate on the former group of
substances whose properties are presented in Table
1. A great variety of conducting salts has been
investigated, including LiPFs, LiBFs, LiAsFs,
LiClOs and LiCF3SOs. The most characteristic
properties of these conducting salts are summarized
in Table 2. Only those conducting salts can be used
whose anions are stable under typical operating

conditions of the LIB, avoiding the possibility of
oxidation at the anode. This rules out the use of
simple anions such as Cl, Br or I. The most
commonly used conducting salt is LiPFs which
excels in view of its safety, conductivity and the
balance between conductivity and the balance
between ionic mobility and the dissociation
constant. ~ The only, although significant
disadvantage of LiPFe is its reactivity with water in
the presence of which it forms the highly toxic and
corrosive HF. For this reason, humidity must be
minimized when handling a LiFPs-containing
electrolyte.

Since no single solvent has all desired properties
for safe and efficient LIB operation, electrolytes are
typically formulated and solvents combined to
produce the desired viscosity, conductivity and
stability and to dissolve easily the particular Li-ion
salt.

Table 1. Properties of the most important organic solvents used in LIB electrolytes. (Data compiled from Amon [13]
and the PubChem database [14].)

Melting

Electrolvt CAS / Dielectric  Viscosity ~ Vapor  Flash f‘“t_c:_'

ectrolyte Registry  Structure Boiling constant  q (cP, Pressure Point -9n'ton
Components ; o Temperature

No. Point €(25°C) 25°C) (torr) °0) o
0 (°O)
(W9)
Dimethyl 2q. 0
carbonate 616-38 P 2/91 3.1 0.59 180at 18 458
(DMC) 6 HsCO™ ~“OCH3 21°C
Ethyl methyl 623-53- 0 27 at
carbonate (EMC) 0 HC0 )kOCHa 14 /107 3.0 0.65 2500 25 440
Diethyl 105-58- & -43 / 10 at
carbonate (DEC) 8 HgC/\OJ\O/\CHs 126 28 0.75 24°C 25 445
CHa
Propylene 108-32- [ -49/ 0.13 at
carbonate (PC) 7 OYO 242 65 2.53 20°C 135 455
0

hyl o__0O 90 ( 9( 0.02
Ethylene at 1.9 (at .02 at
carbonate (EC) 96-49-1 \ﬂ/ 36/248 40°C) 40°C) 36°C 145 465

O

Ethyl acetate 141-78- Q 93 at
EA) 6 HG )LO,\CHg -83/77 6.0 0.45 250C -4 4
Methyl 554-12- 9 -84/ 64 at
propionate (MP) 1 HSC\)kOCHS 102 5.6 0.60 20°C 11 469
Ethyleneglycol e
dimethylether 10717 WoO_~oo,  s8/8a 72 0.46 oA 0
(DME)
Tetrahydrofurane  109-99- / \ -108/ 143 at
(THF) 9 o 65..66 4 0.46 20°C sl
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Table 2. Properties of the most important conducting salts used in Li ion batteries [13, 17].

Salt Toecomp. iN Al-corrosion Conductivity Electrochemical Characteristics
solvent [°C] (1.0 M, EC/DMC, stability until
25°C)
LiClO4 >100 No 8.4 mS/cm 4.5V vs. Li*/Li Not sensitive to
hydrolysis; no
formation of HF;
explosive
LiAsFs >100 No. Passivates 11.1 mS/cm 4.5V (cathodic) / Good SEI
Al current 6.3 V anodic vs. formation. Toxic
collector. Li*/Li degradation
products.
LiBF, >100 No 4.9 mS/cm Strong Lewis base;
decomposes and
forms HF
LiPFe >70 Effectively 10.7 mS/cm 4.8V vs. Li*/Li Very sensitive to
suppresses Al hydrolysis
corrosion
LiCFsSOs >100 Yes >10 mS/cm
LiN(SOzF): >100 Yes: >10 mS/cm 4.8V vs. Li*/Li Not sensitive to
Insufficient hydrolysis, no
passivation of formation of HF;
Al electrode expensive
production

As an example, high dielectric solvents with a high
viscosity are typically mixed with solvents of low
viscosity to produce an electrolyte that is sufficiently
conductive and liquid in the temperature window of
operation. Some commonly used electrolytes are 1
M LiPFs in 50:50 w/w mixtures of EC with DMC,
DMC or EMC (known under trade names LP30,
LP40 and LP50 electrolytes, respectively). EC can
stabilize Li* ions more effectively than DEC or
DMC [15]. The resulting electrolyte offers a
reasonable stability over a wide potential range. In
order to improve the formation of a stable solid-
electrolyte interphase (SEI) which is of crucial
importance for cell stability, various additives such
as vinylene carbonate (VC) are added to the
electrolyte [16, 17].

In addition to liquid electrolytes [18], other forms
of electrolytes exist such as polymer [19], gel and
ceramic electrolytes [20]; however, these will not be
discussed in this context

METHODS FOR THE ANALYSIS
OF LITHIUM ION BATTERY ELECTROLYTES

When studying LIB electrolyte decomposition only
as an effect of temperature, humidity or oxidation,
simulation experiments can be performed under
laboratory conditions with the isolated electrolyte,
without the need of wusing a commercial

electrochemical cell or a laboratory cell set-up. As
soon as electrochemical reactions are to be
considered as well, it is inevitable to have either a
commercial battery or a laboratory-type
electrochemical cell to be able to go through various
charging / discharging cycles, or to subject the
electrochemical cell to defined stress conditions. For
fundamental studies, laboratory-made
electrochemical cells are often favorable, as the
fraction of electrolyte relative to the other cell
components is typically larger, and also can easier be
extracted. Commercial cells require a very careful
disassembly (under inert atmosphere), the separation
into its components, and the partially tedious
extraction of the electrolyte prior to analysis (Figure
2). A very comprehensive description of cell
disassembly procedures has been given by
Waldmann et al. [21]. It shall be noted that
chromatographic analysis not necessarily has to take
place ex situ and post mortem. In situ
chromatographic analysis is also possible and
meaningful when targeting the volatile products of
LIB electrolyte degradation: Since most of the LIBs
have a gas vent valve in order to avoid pressure
build-up due to the formation of gaseous degradation
products, they would release volatiles to the
environment during operation which can be
analyzed by gas chromatography.
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Figure 2 Flow chart for the disassembly of Li-ion batteries prior to the analysis of individual cell components (after
Waldmann et al. [21])

Analysis of the LIB electrolyte provides
information on the degradation products and allows
modeling of the (electrochemical, thermal, oxidative
or hydrolytic) reaction mechanisms leading to these
products. Spectroscopic methods (particularly
UV/Vis [22], FTIR [23, 24, 36], NMR [25] and mass
spectrometry [26]) are widely used and are at
advantage when measuring electrolyte composition
and degradation in situ in laboratory set-ups, as they
offer high time resolution and they do not
necessarily require sampling. Chromatographic
methods, on the contrary, do require sampling, but at
the same time provide more information as they are
capable of resolving and quantifying even more
complex mixtures.

For the analysis of the electrolyte mixture, both
liquid and gas chromatographic techniques can be
used: Gas chromatography offers high separation
power, positive identification capabilities (when
mass spectrometric (MS) detection is used), good
quantification and a high dynamic range, making it
possible to detect even minor constituents in the
mixture, such as electrolyte additives or degradation
products. Liquid chromatography is used to
investigate the less or non-volatile constituents of the
electrolyte and particularly its polar degradation
compounds; the technique often results in a less
efficient separation than GC, and identification is
more difficult even with mass spectrometric
246

detection due to the lack of spectral libraries.
Confirmation of tentative structures is therefore
either based on high-resolution MS measurements
which allow the calculation of the elemental
composition of the particular analyte, or the use of
MS/MS detection, in which a selected precursor ion
is fragmented and the fragments are detected,
thereby providing increased structural information.

Gas chromatographic analysis

Gas chromatography with flame-ionization
detection (GC-FID) and thermal conductivity
detection (GC-TCD) was used for the analysis of
volatile products generated during long cycling of a
LIB [27]. The use of two GC setups is necessary due
to the fact that the FID does not respond to fixed
gases and oxidized compounds, such as N, Oz, or
CO; which have to be determined by TCD, although
with lower sensitivity. The authors developed a
device in which they could quantitatively collect the
volatiles formed in the degradation of the electrolyte
and establish a mass balance. It was found that
during normal cycling, the volume of gaseous
products formed is between 1 and 2 ml for a standard
18,650 (Boston Power) cell, and that the low
hydrocarbons (CH., C2Hs, CsHs and CsHg) represent
the largest fraction of this. Under overcharging
conditions, the gas volume formed is drastically
increased (to ca. 10 cm?) of which CO, forms the by
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far largest fraction with about 75%, whereas
overdischarge conditions will lead to the formation
of an even larger gas volume (of about 40 cm?®), with
the appearance of CO as a major product and the
virtual disappearance of the lowest alkanes
(Table 3).

Analyzing the neat electrolyte by GC/FID or
GC/MS is straightforward: Medium polarity
columns (such as DB-17 ((50%-phenyl)-methyl-
polysiloxane), DB-1701  ((14%-Cyanopropyl-
phenyl)-methylpolysiloxane) or DB-200 ((35%
Trifluoropropyl)-methyl-polysiloxane) and
equivalent) of dimensions 30 m x 0.25 mm ID can

be used with relatively large film thickness (up to
1 um) in order to provide sufficient capacity to avoid
column overload by the main constituents of the
electrolyte. Direct liquid injections of the undiluted
electrolyte or after dilution in a suitable solvent (e.g.
methanol or acetonitrile) are performed with a
suitable high split ratio (e.g. 100:1). Under these
conditions, the main volatile constituents of a
commercial LIB electrolyte can be determined and
identified on the base of their mass spectra as well as
the additives present at the low and sub-percent level
[28, 29] (Figure 3).

Table 3. Composition of gases generated in the nominal operating voltage range 4.2 V-2.5 V, and during overcharging
and overdischarging (relates to a standard 18650 Li ion cell with 1 Ah capacity). (Reprinted from [26], with permission

of Elsevier)
Test Test conditions Cycle Capacity Composition of detected gases (%6) Total
no. number atend volume
cycle
Charge Discharge
current current (Ah) O2 N2 CO2 CO CHs CzHs CsHs CsHe (ml)
R1 2‘:{”‘5 cycle 53 425 17 40 42 04 0.95
R2 100 mA 2043 0.6 27 85 22 72 6.7 7.2 04 223
R3 200 mA 125 mA 2397 0.6 1.7 59 41 73 7.0 7.9 04 242
R4 200 mA 2331 0.5 15 65 7.2 61 7.6 15.6 0.8 263
R5 500 mA 2301 0.5 23 110 40 62 9.2 104 06 173
R6 125 mA 1915 0.6 21 77 13 75 7.8 6.2 02 201
R7 200 mA 125 mA 2570 0.5 32 66 32 72 8.3 7.2 04 278
R8 500 mA 3111 0.6 6.1 254 25 51 6.2 85 04 175
200/200
R9 mA, 880 0.6 1.3 53 756 12 2.6 2.7 10.57
overcharge
200/200
R10 mA, over- 880 0.0 03 15 712 06 21 3.2 0.8 1.0 40.21
discharge
w5 % % Total lon Current Chromatogram % :‘Dimelhyl carbonate (solvent)
g g 3 i
LI ! P
E é g ﬁ"‘ Ethyl methyl carbonate (solvent)
a =3 £ fin]
£ ] n o
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Figure 3: GC/MS chromatogram of a mixture of common electrolyte compounds (DMC, EMC and EC) and an
electrolyte additive (VC) and mass spectra of the individual constituents [29].

In a study of the thermal stability of the organic
electrolyte, various electrolyte mixtures were
exposed to elevated temperature in the presence and
absence of oxygen [30]. Even in the presence of
oxygen and humidity, the carbonate solvents are

remarkably stable up to a temperature of ca. 70°C
which is often considered a normal operating
temperature for LIBs. When this temperature is
exceeded, then the electrolyte rapidly starts
decomposing, leading to the formation of a large
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number of aliphatic and cyclic degradation products
(Figure 4). A similar study was performed by Nowak
and co-workers [31] who have thermally aged
commercial LP50 electrolyte for 21 days at 80°C.
The formation of the organic phosphates diethyl-
(DEFP), dimethyl- (DMFP), and methyl-
ethylfluorophosphate (MEFP) as well as triethyl-
(TMP) and trimethylphosohate (TEP) was detected
by GC/MS [32], and also confirmed by ion
chromatography with electrospray-MS detection
(IC-ESI-MS). In a further extension of this work, the
same group of authors used GC/MS with chemical
ionization to elucidate the structure of LP50 thermal
degradation products [33]. The authors were able to
confirm the formation of wvarious cyclic and
(dominantly) aliphatic (poly)ethers and carbonate
esters as illustrated in Table 4.

“Understanding the degradation processes of the electrolyte of lithium ion batteries by ... ”

The most interesting finding of these authors was
that, when the electrolyte was kept at elevated
temperature (90°C) for a longer period of time (21
days), degradation commenced to a larger extent
only after an induction period of ca 5-10 days. After
this period of time, the formation of linear
polyethylene glycol ethers increased continuously,
while the concentration of carbonate esters with a
monoetylene glycolether moiety appeared to reach
equilibrium, and the formation of carbonate esters
with di- and presumably also triethyleneglycol ether
moieties further increased. This appears plausible, as
this would explain some of the reaction mechanisms
observed within the commercial Li electrolytes.

Formation of ethoxycarbonates

NS

OH

+ MeOH

0
OMe
eo)I\O/\/

+ EtOH

PN

* 040 Meo
0

0
0 OEt
)I\O/\/ \O]/

Formation of monoalkyl-fluorophosphates

0

F—P—OH

+EMC / F—P—OH
+DMC
o

Thermal degra-
dation of LIPF,

+EMC/
+ DEC

Hydrolysis of PF

+H,0 ]

) I
LiPF, = PF, > PP A»ﬁ
- LiF 2HF .
+3EMC/
+3DMC ETO—P—OET
+3EMC/ OEt
MeO—P—OMe +3 DEC
MeO

Formation of trialkylphosphates

F- IT—OH F— _oH A‘T’ HO—P—OH

F OH

+EC HO

o P OH T’ <0/—P—0H

Figure 4. Reaction schemes proposed for the degradation of commercial electrolytes containing EC, EMC, DEC or
DMC and LiPFs as conductive salt. After Griitzke et al. [32].
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Table 4. Thermal degradation products of LP50 electrolyte identified by GC-MS with gas- and liquid chromatographic
methods [9, 32].

1 2
R \E/\oa’nR R! R? n Sum Formula  Molecular mass
Series 1 \l( ”\ VZ
(0] " 0 2 CgH1407 222.073955
O, 0. 0 1 C7H12,06 192.063390
Series 2 Y ”\ VZ
(0] " 0 2 CoH1607 236.089605
Series 3 \/O‘ O (:I:)k 1 C8H14OG 206.079040
o) NN 2 C1oH1:07 250.105255
0 0. 1 CsH1004 134.057910
Series 4 ) CHs
(0] 2 C7H140s 178.084125
O 0. 1 CeH1204 148.073560
Series 5 Y CHs
0] 2 CgH160s 192.099775
) 1 C4H100- 90.068080
Series 6 CHs0 CHa 2 CeH140s 134.004295
@] 0. 1 C4HsO4 120.042260
Series 7 \[]/ H
(0] 2 CeH120s 164.068475
OO 1 CsH1004 134.057910
Series 8 Y ' H
(0] 2 C7H140s 178.084125
. 1 C3HgO: 76.052430
Series 9 HO CH, 2 CsH1,0s 120.078645
) 1 C2Hgs02 62.036780
Series 10 HO H 2 CeHi100s 106.062995

It was already observed earlier that the
degradation of the LIB electrolyte is dependent on
the water content and also the container
material [34]. The authors speculated that in glass
containers the reaction of hydrofluoric acid with the
silicon oxide from the glass leads to the formation of
SiF4 and H,O which itself can induce further
electrolyte decomposition.

Very similar results were obtained when the
electrolyte and gaseous emissions from commercial
cells were investigated: Looking at the volatile
emissions, Dahn and co-workers remarked that the
emission of gaseous components takes place in two
distinguishable steps, namely at 3.7 and 4.3 V
charging voltage [35], the first step being
attributable to reactions mainly at the cathode, while

the second step was attributed to the anodic reaction,
distinguished by a stronger formation of CO; and a
decreased production of the low hydrocarbons
(CoHs, CoH4 and CsHg) compared to the first gas
evolution step.

More recently, three further hyphenated GC
techniques were used to identify volatile emissions
form degraded LIB electrolytes. In the first study,
Laruelle and co-workers used gas chromatography
with  Fourier-transform infrared spectrometric
detection (GC/FTIR) to complement GC/MS
analyses, thereby confirming the presence of
degradation products such as acetaldehyde whose
chromatographic peak coincides with that of
ethylene oxide [36]. Schug and co-workers [37] used
GC with vacuum UV detection (GC-VUV) for the
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determination of degradation products in the off-
gassing from three different lithium-ion battery
samples. Gas samples collected from LiCoOg,
LiMno_33Nio_33C00,3302, and LiMnNi 18,650 cells
(LCO, NMC, and MN cells, respectively) showed
similar qualitative and somewhat diverging
guantitative patterns with the confirmation of the
production of acetaldehyde and traces of
propionaldehyde. Kanakaki et al. [30] have used gas
chromatography with a dielectric barrier-discharge
ionization detector (GC-BID) for the analysis of
volatile degradation products. The particular
advantage of this plasma ionization detector is that it
responds to virtually all compounds, including the
permanent gases (N2, O2) and highly or fully
oxidized compounds (as CO, CO; and HCHO)
which give a very poor or no FID response at all.
While most of the studies so far have been of
gualitative nature, aiming to identify the volatile
degradation products from the decomposition of the
electrolyte under thermal aging or overcharge
conditions, few author only reported quantitative
results. Among these are Ohsaki and co-workers
who report the formation of volatile compounds
from the degradation of an EC/EMC electrolyte in a
633,048 type prismatic cell [38]. Dahn et al. [35]
have investigated initial gas formation in
Li[Nio.4aMno4C002]O2 (NMC442) pouch cells with
three different electrolytes: 3:7 ethylene carbonate :
ethyl methyl carbonate (EC:EMC) with 1 M LiPFs
as the control, control + 2% prop-1-ene-1,3-sulfone
(PES) and control + 2% vinylene carbonate (VC). In
situ volume measurements revealed three main
features of gas evolution, namely an initial gas step,
gas absorption, and a second gas step at higher
voltage. In addition to identification by GC/MS, the
authors also determined the gas volumes formed.
These results compare well with the findings of
Kumai and co-workers [27] who have determined
guantitatively the gases evolving during charging
cycles of LixCe/Li;—xC0O; cells using electrolytes
such as 1 M LiPFs in propylene carbonate (PC),
dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), and diethyl carbonate (DEC). A further
study also reported quantitative results for the gases
liberated in the thermal abuse of high-power lithium
cells [39]. The commercial cell used in this study (a
high-power 18,650 cell) contained an electrolyte
consisting of ethylene carbonate/ethyl methyl
carbonate (EC:EMC, 3:7 by wt.) solvent with 1.2M
LiPFs as conducting salt. Most interesting was the
observation that the profile of volatile emissions
(mainly H,;, CO, CO; and C1-C3 hydrocarbons)
from the cell for which thermal runaway was
induced by heating to a temperature of >84°C
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differed, depending on whether the cell housing was
punctuated to vent the evolved gases or not.

Liquid chromatographic analysis

Somewhat less frequent than GC methods, liquid
chromatography has been used for the analysis of
degradation products. LC separation addresses the
less volatile degradation products, including the
analysis of the conducting salt and its
degradation/reaction products with the organic
solvents. For the latter task, ion chromatography is
preferably used, as ions show little retention on
reversed phase stationary columns. The probably
first use of chromatographic techniques to identify
LIB degradation products was reported by
Yoshida et al. [40] who used hyphenated HPLC-
FTIR to elucidate the degradation mechanism of
electrolytes in a lithium-ion cell with LiCoO- and
graphite electrodes during initial charging. The
solvents used in this work were EC, DMC, EMC and
DEC with LiPFg as conducting salt. In addition to
transesterification  products,  diethyleneglycol
dicarbonate methyl- and ethyl esters were further
products identified in the electrolyte. In their seminal
work [36], Laruelle and co-workers used
electrospray-high resolution-MS (ESI-HR-MS) to
elucidate the structure of degradation products. They
concluded that at least six series of degradation
products of varying ethoxylate chain length and
different end groups (H-, methyl- and methyl
carbonate-terminated) are formed. Subsequent work
from the group of Nowak used ion chromatography
to detect monofluorophosphate and organic
substituted phosphates in the aged commercial LP50
electrolyte in LMNOY/Li half cells after performing
about 50 electrochemical cycles [41]. In a follow-up
work of the same group [42], a larger number of
organic phosphates (including organic
monofluorophosphates) was detected by IC-ES-MS
in the electrolyte under thermal ageing conditions.
The study was slightly extended to report the
influence of the electrolyte volume and the
temperature on the formation of organophosphates,
and the influence of the separator materials and the
storage container materials on the thermal ageing, as
well as to provide quantitative results on the
degradation products [31]. Earlier obtained results
were repeatedly reported by the group in other
papers using ESI-MS/MS and ESI-time of flight
(TOF-)MS [43, 44] as well as HPLC-DAD and
HPLC with ESI- and APCI-MS detection
(Figure 5) [45]. Osaka and co-workers [46] used
HPLC-Q-TOF-MS which would allow elucidation
of the deterioration mechanism. The analysis results
showed that the degradation products contain
multiple components, including polymers of
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carbonate compounds and — detected for the first
time —also (polymeric) phosphate esters, which are
formed via electrochemical and chemical reactions,
resulting in  remarkably reduced capacity.
Altogether, this demonstrates the versatility that
HPLC has — particularly with MS detection — as a
complementary analytical tool to GC/MS, providing
information on the polar, ionic and oligomeric
compounds that are not amenable to GC analysis.
100

EC i
80
< PC
E 60+
§ DMC EMC
8 DEC
S 40
Q
<
205 System signal
_M 1
0 -
T ¥ T o T » T
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Figure 5. Separation of the electrolyte components EC,
PC, DMC, EMC and DEC by HPLC-UV/VIS using a
C18 column (Thermo Fisher Scientific Acclaim

120 C18, 250 mm x 4.6 mm ID, 5 um particle size).
Reproduced from [44] with permission.

SUMMARY AND CONCLUSION

Chromatographic methods have been shown to
be valuable tools to gain insight into the thermal,
electrochemical, hydrolytic and oxidative processes
leading to the formation of degradation products.
GC/MS is the method of choice to identify and
quantify volatile degradation products ranging from
permanent gases (e.g. Hz, CO, CO: and the low
hydrocarbons) to higher and  oxygenated
hydrocarbons (linear and cyclic ethers, esters and
ethylene glycol derivatives). The amount and
relative fractions in the evolved gas are indicative for
the dominant degradation reaction. The polar, ionic
and polymeric degradation products are more
advantageously detected by HPLC, particularly with
MS detection. Since the soft ionization mechanisms
in LC/MS with single-quadrupole MS detection
provide only simple mass spectra with hardly any
structural information, more sophisticated mass
spectrometers, such as MS/MS, TOF-MS or Q-TOF-
MS instruments are required to increase the
structural information by providing either high mass
accuracy (and thus the ability to calculate elemental
formulae), or fragmentation. In this way both the
degradation products of the conducting salt (most
often LiPFs), as well as its numerous reaction
products with the organic solvent of the electrolyte

can be identified. The identification of degradation
products of LIB electrolytes is an important step in
understanding the degradation mechanisms of LIB
electrolytes, and in being able to improve battery
safety and performance.
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N3SCHABAHE ITPOLIECA HA PA3IIAZ] HA EJIEKTPOJIUTA OT JJUTUEBO-UOHHU
BATEPUUN YPE3 XPOMATOI'PA®CKU AHAJIN3U

E. Posen6epr’’, H. Kanakaku', A. Amon?, Up. I'ouesa?, At. Tpudonopa?

Texnuuecku ynueepcumem 6v6 Buena, Mncmumym no XumuuHu mexHono2uu u anamsu,
Buena, Ascmpus, Email: erosen@mail.zserv.tuwien.ac.at

2 Ascmpuiicku mexnonozuuen uncmumym, JJenapmamenm “Mobunnocm, erexmpo mexuonozuu”’, Buena, Aeécmpus
Hocmwvnuna na 29 noemepu 2016 2.; npuema na 20 dexemspu 2016 e.
(Pesrome)

EneKkTpoiauThT OT JIHTHEBO-HOHHHTE OaTepuH ce pasnaja KakTo NPH HOPMAaJHH CeKCIUIOATALlMOHHH YCIOBHS -
HarpuMmep (opMHpaHe Ha TBBpJa MEXIMHHA ENEeKTPONUTHA (a3za, Taka U HPU EKCTPEMHH YCIOBHUS, Karo BHCOKa
TeMIIepaTypa, HalpeXeHHe, eIEeKTPUUeCKH TOK. [IpoAyKkTuTe Ha pasmajg Ha eNeKTpoiuTa (OOMKHOBEHO CMEC OT
OpraHM4YHM KapOOHATH, KaTO eTHICHKapOOHAT, €TWIMETWI KapOOHAT, NUMETHJIKapOOHAaT WIIM AMETHIKapOOHAT ¢
Pa3IMYHM SICKTPONPOBOANMU coJik kKaTo LiPFg) Morat 1a 0baaT IeTIMBH WU OCTOSIHHE T'a30Be kato Ha, CO, CO», uiu
KbCOBEPIKHU BhIIIeBo0pou (C1-C3), KOMTO ca MOAXOIAIIN 3a ONpeeiisiHe Ype3 ra3oBa xpomarorpadus GC.

[IpenBua MHOrooOpa3ueTo Ha NPOJAYKTHTE Ha pasmaj, Morar Ja ObAaT moaOupaHH ra3oBH xpomMarorpadu c
pas3IHYHU IETEKTOPH, KOUTO Jla PETHCTPHPAT MPOLYKTHTE Ype3 IUIAMBbYHO-HOHU3ALHNOHHU JETEKTOPH, AETEKTOPH II0
TOILUIONPOBOJHOCT (KaTapoMETHPH), Mac criekTpoMeTpHr. Kato monbiaeHne Ha npemioxernte GC aHaIM3u, MOTaT Jia ce
NPUIOKAT TUPEKTHH aHAIM3H Ha eJIEKTPOIINTA, Cliell BHUMATETHO pa3ps3BaHe Ha Oarepusrta 3a Post mortem ananus.

B npucbeTBHETO Ha enekTponpoBoauMara coil LiPFe, kKakTo M B MPUCHCTBHETO Ha BOJA WIIM BB3YX, ce oOpa3ysar
KOHJICH3HMPaHH MJIHM CHIIHO MOJIAPHU MPOIYKTH, KOUTO MOTaT Ja ObJaT MMO-JIECHO OIPEeNIeNICHH B Te4Ha (ha3a upe3 BUCOKO
edexkTuBHa TeyHa xpomarorpadus ¢ oobpHatu pazu RP-HPLC, nnu upes HionHa xpomarorpadus IC. ToBa BkmouBa
KapOOHATHH OJIUroMepu (C pasnuyueH Opoi Ha €TOKCH IpYyNUTe, MOJYYEeHH Cie]] pa3KbCBaHe Ha €THIICH KapOOHATHHs
npbcTeH) U opranodocdatn u MoHoduryopodochaTH, KOUTO ca MPOAYKTH HA peakUUHUTe HA pasnajg ¥ (4acTH4YHA)
XHUJPOJIHM3a Ha eEKTPONPOBOINMATA COJI U HEHHOTO B3aUMOICHCTBUE C OPTraHUYHUS Pa3TBOPHUTEI.

Xpomatorpadckute TEXHUKH, OCOOCHO TEe3M C MAacCIEKTPOMETpUYHA MAETeKIUs ca HE3aMEHMMO CpEICTBO 3a
OoXapakTepu3upaHe Ha LIMPOKHUs CIIEKTHD OT Pa3NajHU IPOAYKTH, W 33 HM3SICHSIBAHETO HA MPOLIECHTE, BOJCIIU 0
Jerpajanys Ha enekrposura. ToBa popMupa OCHOBaTa 3a MogoOpsiBaHe Ha 6e30MacHOCTTA M €()EeKTUBHOCTTA HA JINTHEBO-
HoHHUTE OaTepuu.

Knrouosu Oymu: numueso-tionHu 6amepuu, eleKmponum, pasnaoHu RPOOYKmu, 2a306a Xpomamozpagus, meuHa
xpomamoepadghus
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