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Preface 

Dear reader, 

 

This special issue of the ‘Bulgarian Chemical Communications’ contains most of the studies, presented 

during the 10th 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 I – Analytical 

chemistry, Theoretical chemistry and Physical chemistry (9); Section II – Organic chemistry and Food 

chemistry (8); Section III - 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-

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 MΩ cm resistivity) was used 

for all dilutions. HNO3, H2SO4, H2O2, HF, HClO4 

and HCl were of suprapur quality (E. Merck). All the 

plastic and glassware was cleaned by soaking in 

dilute HNO3 (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 l-1 (Pb, Cd, Co, Cr, 
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Mn, Ni) supplied by Sigma and (Cu, Zn, Fe) by 

Aldrich. 
Apparatus 

A Perkin Elmer AAnalyst 800 atomic absorption 

spectrometer with deuterium background corrector 

was used in this study. Pb, Cd, Co, Cr, Mn and Ni 

in plant samples were determined by HGA graphite 

furnace using argon as inert gas. Other 

measurements were carried out in an airyacetylene 

flame. The instrumental parameters and operating 

conditions are given in Table 1. 
Digestion procedures 

Three types of digestion procedures were 

applied. Optimum digestion conditions are given 

below. 
Dry ashing 

One gram of mushroom sample was placed into 

a high form porcelain crucible. The furnace 

temperature was slowly increased from room 

temperature to 450 ○C in 1 h. The samples were 

ashed for approximately 4 h until a white or grey 

ash residue was obtained. The residue was 

dissolved in 5 ml of HNO3 (25% v/v) and the 

mixture, when necessary, was heated slowly to 

dissolve the residue. The solution was transferred а 

25-ml volumetric flask and made up to volume. A 

blank digest was carried out in the same way. 
Wet ashing 

Digestion of mushroom samples was performed 

using an oxi-acidic mixture of HNO3:H2SO4:H2O2 

(4:1:1) (12 ml for a 1-g sample). This mixture was 

heated up to 150 ○C for 4h and brought to a volume 

of 25 ml with deionized water. A blank digest was 

carried out in the same way. 
Microwave digestion 

Multiwave 3000 closed vessel microwave 

system (maximum power was 1400 W, and the 

maximum pressure in Teflon vessels - 40 bar) was 

used in this study. Mushroom samples (0.25 g) 

were digested with 6 ml of HNO3 (65%) and 1 ml 

of H2O2 (30%) in microwave digestion system for 

23 min and diluted to 25 ml with deionized water. 

A blank digest was carried out in the same way. All 

sample solutions were clear. Digestion conditions 

for the microwave system are given in Table 2. 

In order to validate the method for accuracy and 

precision the certified reference material (CRM) - 

Virginia Tobacco Leaves (CTA-VTL-2) was 

analysed for the corresponding elements. The 

results are shown in Table 3. 

Table 1. Instrumental analytical conditions of element analyses 

FAAS 

Element 
Wavelength 

(nm) 

Lamp current 

(mA) 

Slit width 

(nm) 

Air 

(l min-1) 

Acetylene 

(l min-1) 
 

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 

Instrumental 

conditions 
Pb Cd Ni Cr Mn Co 

Argon flow 

(ml min-1) 
250 250 250 250 250 250 

Sample 

volume (µl) 
20 20 20 20 20 20 

Modifier (µl) 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 

(min) 

Power 

(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-1; 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 NH4H2PO4 + 0.003 mg Mg(NO3)2 for Pb, 

0.050 mg NH4H2PO4 + 0.003 mg Mg(NO3)2 for Cd, 

0.015 mg Mg(NO3)2 for Co, 0.005 mg Pd + 

0.003 mg Mg(NO3)2 for Mn, 0.015 mg Mg(NO3)2 

for Ni and 0.015 mg Mg(NO3)2 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 μl 

of solution and 5–10 μl 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 (µg g-1) of element concentrations in the CRM (CTA-VTL-2) as average ± S.D. 

Element 
Certified 

value 

Observed value 

Dry ashing 
Recovery 

(%) 
Wet ashing 

Recovery 

(%) 

Microwave 

digestion 

Recovery 

(%) 

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 1.45 ± 0.09 95.4 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 0.408 ± 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 99.4 

Zn 43.3 ± 2.1 42.3 ± 3.0 97.7 43.9 ± 2.6 101.4 44.1 ± 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   
mg kg-1 

0.81 0.33 0.16 0.08 0.88 0.10 6.41 61.32 88.52 

SD  

mg kg-1 
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 4.11 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. 

Level 

0.06 0.04 0.03 0.01 0.46 0.01 0.91 3.36 5.89 

 

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 use 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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ОПРЕДЕЛЯНЕ КОЛИЧЕСТВОТО НА ТЕЖКИ МЕТАЛИ В ПРОБИ ОТ ГЪБИ ЧРЕЗ 

АТОМНА АБСОРБЦИОННА СПЕКТРОСКОПИЯ 

Л. Доспатлиев1, М. Иванова2 

1Катедра “Фармакология, физиология на животните и физиологична химия”, Ветеринарно-

медицински факултет, Тракийски университет, Стара Загора 

2Катедра “Информатика и математика”, Стопански факултет, 

Тракийски университет, Стара Загора 

Постъпила на 27 октомври 2016 г.; приета на 2 декември 2016 г. 

(Резюме) 

Концентрациите на тежки метали в проби от гъби, събрани от Баташката планина в България са 

определени чрез атомноабсорбционна спектрометрия в пламък и графитна пещ след сухо 

опепеляване, киселинна минерализация и микровълнова минерализация. Проучването на 

процедурите за подготовка на проби показа, че методът на микровълновата минерализация е най-

добрият. Добрата точност е доказана чрез анализ на сертифициран референтен материал. Във всички 

случаи на пробоподготовка се получават количествени извличания на елементите вариращи от 92 до 

104 процента от сертифицираната стойност. Получените резултати са в съгласие с данните, 

докладвани в литературата. 

Ключови думи: Aтомна абсорбционна спектроскопия, разтваряне, тежки метали,гъби 

 

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
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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 

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. 

* To whom all correspondence should be sent. 

E-mail: vzapryanova@uni-plovdiv.net 

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

The reagents used for extraction of soluble 

fractions of elements from compost were 

hydrochloric acid (HCl ≥ 37%, Fluka, grade p.a.) 

and nitric acid (HNO3 ≥ 65%, Fluka, grade p.a.,). 

Ultrapure water with 2 µS cm-1 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 IV 

1000 mg L-1 - Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, 

Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, 

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 0C 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 0C, hold on 

175 ± 5 0C 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 II 214.439, Cd II 

226.502, Cd I 228.802, Cr II 267.716, Cr II 

283.563, Cr I 357.868, Cu II 224.700, Cu I 

324.754, Cu I 327.395, Ni II 221.648, Ni II 

230.299, Ni II 231.604, Ni I 341.476, Pb II 

220.353, Pb I 283.305, Zn II 202.548, Zn II 

206.200 and Zn I 213.857. The respective ones for 

MP-AES were Cd II 214.439, Cd II 226.502, Cd I 

228.802, Cr I 357.868, Cr I 425.433, Cr I 520.844, 

Cu I 324.754, Cu I 327.395, Cu I 510.554, Ni I 

231.096, Ni I 341.476, Pb I 283.305, Pb I 405.781, 

Zn II 202.548, Zn II 206.200, Zn I 213.857 and 

Zn I 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 II 214.439, Cd II 226.502 and Pb I 283.305. 

When ICP-OES was used for analysis of the 

compost produced by Manufacturer 3 spectral 

interference from Fe I 213.859 over Zn I 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 I 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-1 15 20 

Auxiliary gas, L min-1 1.5 1.5 

Nebulizer Flow 200 kPa  0.55 - 1.0, L min-1 a 

Nebulizer type OneNeb® OneNeb® 

Sample flow rate, mL min-1 1.2 0.9 

Optics viewing position axial axial 

Integration time, s 0.05 3 

Number of readings 3 3 

Selected analyte lines for 

measurement, nm 

Cd I 228.802, Cr II 267.716, 

Cu I 324.754, Ni I 341.476, 

Pb II 220.353, Zn II 202.548 

Cd I 228.802, Cr I 357.868, 

Cu I 324.754, Ni I 341.476, 

Pb I 405.781, Zn I 481.053 
a 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) 

Acid 

media 

ICP-OES MP-AES 

Measured 

line 

MLOD 

 mg kg-1 

Measured 

line 

MLOD 

 mg kg-1 

Nitric 

Acid 

Cd I 228.802 0.14 Cd I 228.802 0.30 

Cr II 267.716 0.20 Cr I 357.868 0.46 

Cu I 324.754 0.21 Cu I 324.754 0.21 

Ni I 341.476 0.47 Ni I 341.476 0.67 

Pb II 220.353 1.1 Pb I 405.781 2.0 

Zn II 202.548 0.27 Zn I 481.053 39 

Aqua 

Regia 

Cd I 228.802 0.14 Cd I 228.802 0.30 

Cr II 267.716 0.21 Cr I 357.868 0.44 

Cu I 324.754 0.22 Cu I 324.754 0.21 

Ni I 341.476 0.50 Ni I 341.476 0.69 

Pb II 220.353 1.1 Pb I 405.781 2.0 

Zn II 202.548 0.29 Zn I 481.053 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 

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-1 

with corresponding limit of quantification 

0.60 mg kg-1. The last value is more than two times 

lower than the prescribed limit of 1.3 mg kg-1Cd. 

 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.=CMP-AES – CICP-OES> 

and the corresponding relative difference 

<Rel.=(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 Table 4 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-1; Cr –  60 and 100 mg kg-1; Cu – 

200 and 250 mg kg-1; Ni – 10 and 80 mg kg-1; Pb – 

130 and 180 mg kg-1; Zn – 600 and 800 mg kg-1[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. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 

Mean c 0.01 0.7 3.8 6.5 9.2 5.9 0.5 1.6 0.4 0.3 36 5.2 

SD d 0.16 11.5 1.5 2.6 4.1 2.6 1.2 4.3 2.9 2.2 7 0.9 

p-value e 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; 
c Mean value of the differences obtained from 6 replicate samples; 
d Standard deviation of the differences obtained from 6 replicate samples; 
e 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. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 
Diff. a, 
mg kg-1 

Rel. b, 

% 

Mean c -0.11 -8.5 -3.7 -4.0 6.6 4.2 0.1 0.2 -4.3 -3.4 32 4.7 

SD d 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 e 0.32   <0.001   <0.001   0.54   <0.001   <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; 
c Mean value of the differences obtained from 6 replicate samples; 
d Standard deviation of the differences obtained from 6 replicate samples; 
e Obtained by the paired t-test 
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Table 5. Assessment of sample homogeneity - results for compost from Manufacturer 3 

  mg kg-1 a 

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 4 105 108 108 3.9 

Ni 22 25 24 1 23 24 24 4.4 

Pb 101 119 109 5 106 108 111 5.1 

Zn 393 438 423 17 418 432 435 3.9 
a 11 replicate samples were analyzed after extraction with nitric acid. 

   

   
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 used 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. 

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-1). 

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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Постъпила на 12 ноември 2016 г.; приета на 19 декември  2016 г. 

(Резюме) 

Съгласно българското законодателство са постулирани пределно допустими концентрации за набор от 

елементи (Cd, Cr, Cu, Ni, Pb и Zn) в третирани биоотпадъци като компост. Зададените граници са по 

отношение на разтворимите фракции на елементите, екстрахирани с азотна киселина или царска вода, 

съгласно процедури описани в БДС EN 16173:2012 и БДС EN 16174:2012. В настоящата работа бе 

сравнено количеството на извлечените елементи в разтвор при използване на препоръчаните реагенти 

(азотна киселина или царска вода). Киселинните екстракции са проведени в микровълнова система, 

ползваща затворени съдове за разтваряне. Разтворимите фракции на елементи са анализирани 

посредством две инструментални техники - оптико-емисионна спектрометрия с индуктивно свързана 

плазма (ICP-OES) и атомно-емисионна спектрометрия с микровълново генерирана плазма (MP-AES). 

Получените резултати показват, че MP-AES може да бъде приложен за мониторинг на Cd, Cr, Cu, Ni, Pb 

и Zn в компост и методът е адекватна алтернатива на ICP-OES. При изследването на набор от проби 

компост от различни производители бе установено, че екстракцията на Cd, Cr, Pb и Zn е статистически 

идентична за различните подходи на киселинно третиране. Заключението за Cr и Ni бе противоположно 

– екстрахираните количества от тези елементи с царска вода са значително по-големи спрямо

извлечените при самостоятелната употреба на азотна киселина.

Ключови думи: елементен анализ на компост; микровълново-подпомогната киселинна екстракция на 

елементи; оптико-емисионна спектрометрия с индуктивно свързана плазма (ICP-OES), атомно-

емисионна спектрометрия с микровълново генерирана плазма (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-1), 

followed by green grapes (16±0.2 mg kg-1). Strawberry was rich in Mn (10.5±0.1 mg kg-1), while green grapes had the 

highest content of Cu (921±2 μg kg-1). 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 μg kg-1) and fig 

(181±2 μg kg-1). 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 

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. 
* To whom all correspondence should be sent. 
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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 oC) and after homogenization 

were stored at -18 oC. Prior instrumental analysis, 

the dried fruit (0.5 g) were treated on hot plate 

with concentrated HNO3 (Merck, Darmstadt, 

Germany) and 30% H2O2 (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 oC 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 quadrupole 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 μg L-1 were prepared from ICP 

multi-element standard solution VI (110580 Merck, 

Darmstadt, Germany) after appropriate dilution in 

0.1 % (v v-1) HNO3. 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-1 to 35.7±0.2 mg kg-1. Similar iron content 

(from 2 mg kg-1 to 48 mg kg-1) 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-1), followed by green grapes 

(16±0.2 mg kg-1). 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 μg kg-1) and the smallest - in melons 

(15±0.3 μg kg-1). Bulgarian and Chinese 

strawberries have similar content of this metal. 

Bulgarian strawberries have a low content of Cr 

(54±0.8 μg kg-1) compared to these by China 

(88.3±4.5 μg kg-1) [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-1 to 10.5 mg kg-1 

for Mn and in the range from 140.0 μg kg-1 to 

921 μg kg-1 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 μg kg-1) and 

fig (180.7 ±20.5 μg kg-1) [29, 30]. 
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Table 1. Dry matter, protein and carbohydrate content in Bulgarian fruits 

№ Fruits 
Dry matter,   

% 

Protein,  

% 

Total carbo-

hydrate,  

% 

Mono-

saccharides,   

% 

Total sugar,  

% 

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 14.5±0.2 13.4±0.2 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 2.9±0.1 

6 Green apples 13.17±0.13 0.5±0.1 8.8±0.2 6.9±0.1 1.9±0.1 

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 

№ Fruits 
Conc. 

μg/kg 
±U 

Conc. 

mg/kg 
±U 

Conc 

mg/kg 
±U 

Conc 

μg/kg 
±U 

Conc 

μg/kg 

±

U 
Conc. 

μg/kg 
±U 

Conc. 

μg/kg 
±U 

Conc 

μg/kg 
±U 

1 
Straw-

berries 
54 0.8 5.08 0.08 10.5 0.1 26.3 0.3 140 1 1.9 0.04 8.2 0.1 369 1 

2 
Cherries 

white 
57 0.2 1.30 0.01 0.91 0.02 46.9 0.7 631 2 8.2 0.2 0.3 0.02 103 1 

3 
Black-

berries 
70 0.5 8.57 0.10 3.19 0.07 99.0 0.2 663 4 5.9 0.3 4.8 0.3 61 0.5 

4 Peaches 120 0.2 7.20 0.10 3.90 0.03 163 4 128 1 2.0 0.1 4.4 0.1 64 1 

5 Apricots 87 0.6 1.58 0.07 2.48 0.02 152 3 851 9 0.2 0.03 2.7 0.1 68 0.1 

6 
Green 

apples 
61 0.5 6.87 0.02 2.24 0.03 35.6 0.1 297 2 0.7 0.01 0.4 0.02 28 0.6 

7 Pears 87 0.9 13.2 0.2 2.27 0.02 91 2 838 8 3.0 0.2 2.1 0.01 95 1 

8 Figs 41 0.3 11.2 0.2 2.85 0.02 169 2 255 2 3.3 0.2 5.9 0.3 181 2 

9 Prunes 55 0.5 13.9 0.1 2.32 0.02 90 1 451 3 14.6 0.5 1.9 0.1 110 1 

10 
Green 

grapes 
126 1 16 0.2 8.2 0.1 146 1 921 2 2.5 0.1 3.2 0.04 58 0.3 

11 

Blue-

Black 

grapes 
220 3 10.6 0.1 5.8 0.1 134 2 751 9 6.0 0.2 4.6 0.05 88 0.5 

12 
Water-

melons 
33 1 1.03 0.02 1.01 0.02 42.2 0.4 202 1 2.1 0.1 5.2 0.1 102 1 

13 Melons 15 0.3 1.04 0.08 0.99 0.01 40.3 0.4 487 2 0.9 0.07 1.3 0.1 34 2 

14 Quinces 128 1 35.7 0.2 2.07 0.02 172 1 287 2 2.3 0.09 6.1 0.1 42 0.2 

15 Pumpkin 74 1 9.3 0.2 0.81 0.01 177 1 567 3 6.8 0.2 12.2 0.1 133 2 

The Scheffe criterion shows significant 

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 

analysis was applied with grouping parameter “type 

of Bulgarian fruit”. The obtained model includes 

the following parameters arranged as Cr, Fe, Mn, 

Cu, Cd, and Pb. Cluster analysis was applied with 

the method of K –means clusters. Most suitable was 
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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  

Fruits in clusters 
Number of 

fruits 

Distribution 

of the 

fruits, % 

1 2 3 

Green grapes 1 7.7 

Blackberry, peach, 

apple, pear, black 

grapes, pumpkin, fig, 

prune 

8 61.5 

White cherry, apricot, 

melon, water melon 
4 30.8 

Table 4. The mahalonobis distances for different fruits 

groups 

Mahalanobis distances 
 

Groups G1 G2 G3 

1 2 3 4 

G1 0.00 83.54 218.69 

G2 83.54 0.00 58.44 

G3 263.81 58.44 0.00 

 

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-1), followed by 

green grapes (16±0.15 mg kg-1). 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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МАТЕМАТИЧЕСКИ AНАЛИЗ НА СЪДЪРЖАНИЕТО НА МИКРОЕЛЕМЕНТИ В 

БЪЛГАРСКИ ПЛОДОВЕ  

Г. Тончева1*, K. Николова2, Д. Бояджиев1, Г. Aнтова1, З. Желев1 

1Пловдивски Университет ”Паисий Хилендарски“, Пловдив, 4000 България 

2Медицински Университет “Параскев Стоянов”, Варна, 9000 България 

Постъпила на 13 ноември 2016 г.; приета на 28 декември 2016 г. 

(Резюме) 

В състава на най-известните български плодове - ягода, бяла череша, праскова, кайсия, зелена 

ябълка, круша, къпина, смокиня, синя слива, бяло и черно грозде, диня, пъпеш, дюля и тиква е 

определено съдържанието на микроелементи (Cr, Mn, Fe, Ni, Cu, As, Cd, Pb). Най-високо съдържание 

на Fe е установено за дюля (35.7±0.2 mg kg-1), следвана от бяло грозде (16±0.2 mg kg-1). Ягодата е 

богата на Mn (10.5±0.1 mg kg-1), докато бялото грозде показа най-високо съдържание на Cu 

(921 ±2 μg kg-1). Съдържанието на токсични метали Ni, As и Cd е в количества значително по-ниски 

от максимално допустимите нива на замърсители в храни. Наблюдава се завишено съдържание на 

олово в ягода (369±1 μg kg-1) и смокиня (181±2 μg kg 1). Направен е К-клъстерен анализ с три групи 

(K = 3). Първият клъстер съдържа бяло грозде, третият включва бяла череша, пъпеш и диня, а всички 

останали плодове са във втория клъстер.  Разликите в съдържанието на микроелементи са провeрени 

с прилагане на дискриминантен анализ. Математическият модел на елементния състав на български 

плодове включва следните канонични променливи подредени по ниво на значимост: Cr, Fe, Mn, Cu, 

Cd и Pb.  

Ключови думи: съдържание на микроелементи, плодове, масспектрометрия с индуктивно свързана плазма, 

дискриминантен анализ. 
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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 µmol TE/l (by ORAC method) and 5011.3 µmol 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 

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 °С. 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 Číž et al. [7]. 

* To whom all correspondence should be sent.
E-mail: antons@uni-plovdiv.bg © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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 λ= 280 nm was used. 
Separation was performed using Agilent TC-C18 
column (5 μm, 4.6 mm x 250 mm) at 25ºC. 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 µL pyridine and 
50 µL N,O-Bis-(trimethylsilyl)-trifluoroacetamide 
(BSTFA) were added. The sample was incubated at 
70 °C for 40 min. For analysis 1.0 µL 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 µm 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 µL 
dichloromethane was added. For analysis 1.0 µL 
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-

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 CO2 
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 

№ Waste 
material 

Total 
phenolics, 

mg/L 

ORAC, 
µmol 
TE/l 

HORAC, 
µmol 

GAE/l 

1 Marigold – 
after freon 

1543.8 ± 
84.9 

15856.2 
± 1427.0 

5011.3 ± 
267.6 

2 
Marigold – 

after steam 
distillation 

336.5 ± 
36.2 

3654.2 ± 
211.3 

981.2 ± 
79.8 
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Table 2. Phenolic acids and flavonoids in 70% ethanolic 
extracts. 

Phenolic acids, 
mg/100 ml 

70 % ethanol extracts 

Marigold – 
 after freon 

Marigold – 
after steam 
distillation 

Chlorogenic acid 3.44±0.42 0.24±0.01 
Neochlorogenic acid 1.55±0.10 - 
Vanillic acid 1.02±0.03 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 0.46±0.04 
Quercetin-3-β-
glucoside 1.32±0.40 0.30±0.06 

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 

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

Compounds RI 

% of TIC 

Marigold – 
 after freon 

Marigold – 
after steam 
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 
L-Threonic
acid 1528 0.677±0.078 0.228±0.072 

Vanillic acid 1758 0.241±0.085 0.144±0.079 
Protocatechuic 
acid 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 
α-Linolenic 
acid 2217 2.675±0.123 3.403±0.097 

Stigmasterol 3315 0.547±0.045 0.852±0.056 
β-Sitosterol 3355 0.693±0.047 1.595±0.095 

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

Compounds RI 

% of TIC 

Marigold – 
after freon 

Marigold – 
after steam 
distillation 

Hyacinthin 1075 0.205±0.025 0.101±0.021 
Benzeneacetic 
acid 1274 0.188±0.054 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 0.154±0.021 0.076±0.019 

α-Copaene 1379 0.317±0.032 0.085±0.026 
β-Cubebene 1391 0.296±0.065 0.102±0.059 
Methyleugenol 1405 0.144±0.012 1.358±0.025 
β-Caryophyllene 1419 0.208±0.016 0.126±0.014 
β-Copaene 1431 0.129±0.024 1.283±0.048 
γ-Cadinene 1513 1.985±0.089 1.566±0.087 
Viridiflorene 1518 2.133±0.087 0.908±0.068 
δ-Cadinene 1529 1.922±0.095 0.322±0.069 
Veridiflorol 1592 1.511±0.086 0.077±0.008 
α-Cadinol 1641 3.180±0.113 0.713±0.063 
α-Bisabolol 
oxide B 1648 3.514±0.124 3.085±0.114 

7-Methoxy-
coumarin 1737 1.595±0.102 8.747±0.254 

α-Bisabolol
oxide A 1792 2.221±0.098 5.949±0.168 

7-hydroxy-
coumarin 1813 0.755±0.085 0.578±0.077 
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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 α-Bisabolol oxide B, α-
Cadinol, α-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, α-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 

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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ОПОЛЗОТВОРЯВАНЕ НА ОТПАДЪЦИ ОТ Calendula officinalis – ПОЛУЧАВАНЕ 
НА ЕТАНОЛНИ ЕКСТРАКТИ 
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(РЕЗЮМЕ) 
Оползотворяването на отпадъците от хранителната индустрия и селското стопанство е един от основните 

приоритети в последните години. Едни нови и с голям потенциал като източник на биологично активни 
вещества отпадъци са тези, получени при преработката на етерично-маслени и медицински растения. 
Недостатъчно изследвани са отпадъците получени при преработка на цветове Calendula officinalis (невен) които 
са широко използвани в козметиката, както и за получаване на лутеин. Целта на настоящата работа е да се 
изследва възможността за оползотворяване на отпадъците, получени при преработка на невен. На изследвания 
са подложени два вида материали – получени след екстракция на цветове невен с фреон (1,1,1,2-
тетрафлуороетан) и получени след водно-парна дестилация. Общите полифеноли и антиоксидантната активност 
на екстрактите са изследвани и е намерено, че екстракцията с фреон запазва до голяма степен полифенолните 
съединения – отпадъците, получени след екстракция с фреон имат 1543.8 mg/L общи полифеноли в сравнение с 
336.5 mg/L за отпадъците от невен, получени след водно-парна дестилация. Подобни резултати са получени и 
при изследване на антиоксидантната активност – отпадъците след екстракция с фреон показват 15856.2 µmol 
TE/l (чрез ORAC метода) и 5011.3 µmol GAE/l (по HORAC метода), докато екстрактите, получени от отпадъци 
на невен, дестилирани чрез водно-парна дестилация имат 5 пъти по-малки стойности. Чрез HPLC са определени 
индивидуалните фенолни киселини и флавоноиди и е показано, че основните компоненти са хлорогенова и 
кафеена киселини, и нарингин (от флавоноидите). Чрез GC-MS са изследвани полярните нелетливи метаболити 
и ароматичните вещества в етанолните екстракти. Резултатите показват, че отпадъците от преработката на 
цветове невен могат да бъдат един добър източник за получаване на вторични продукти с изразена 
антиоксидантна активност. 

Ключови думи: Calendula officinalis (невен), отпадъци, оползотворяване, антиоксидантна активност, 
полифеноли. 
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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 104 ÷ 4.08 x 105 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 
α-D-galacturonic acid units interrupted by single 
(1→2) linked α-L-rhamnose residues [1]. They are 
commonly found in the middle lamellae of higher 
plants [1, 2]. Pectins were used successfully for 
many years 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 

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; №6 – low-methoxyl pectin 
and №8 – 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].  * To whom all correspondence should be sent.
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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 °С. 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 (Vfoam0) 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 (Vfoam) 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% = (V2 − V1 V1⁄ ) × 100, 
where V2 is the volume of pectin solution after 

whipping and V1 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% = (Vfoam Vfoam0⁄ ) × 100, 
where Vfoam0 was the volume of the formed 

foam; Vfoam 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 °С. 20 ml solution (6 mg/ml) was homogenized 
with 20 ml sunflower oil for 5 min at 50 s-1 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 λ=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 
3000×g (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 

№ Type of 
pectin DM, % Purity, % Viscosity 

[η], dm3/g 
Molecular 
weight, Da 

Ash content, 
% 

1 Rose W 61.70 ± 0.8 53.97 ± 1.3 0.0975 1.03 x 105 5.06 
2 Rose C 33.20 ± 0.7 68.72 ± 1.6 0.0362 2.65 x 104 4.29 
3 Rose A 49.50 ± 0.9 46.22 ± 1.1 0.0683 6.32 x 104 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 104 3.31 
6 Apple* 34.49 ± 0.7 50.78 ± 1.2 0.1755 2.31 x 105 1.77 
7 Apple 35.06 ± 1.2 56.23 ± 0.6 0.0515 4.29 x 104 3.25 
8 Apple* 56.26 ± 0.6 71.29 ± 0.9 0.2663 4.08 x 105 1.01 
9 Citrus* 14.29 ± 1.3 54.14 ± 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 104 0.40 
11 Celery 36.13 ± 0.9 56.28 ± 0.7 0.1170 1.32 x 105 1.90 

* - commercial pectins.

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 30th and 60th 
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 

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; c). Rose A and d). Celery  

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

№ Type of
pectin 

Separated phases, % Т, % 

Oil Water Emulsion 
1 Rose W 2.0 ± 0.1 44.5 ± 1.2 53.0 ± 0.6 33.6 ± 1.2 
2 Rose C 8.0 ± 0.2 36.5 ± 1.3 55.0 ± 0.8 48.9 ± 2.3 
3 Rose A 3.8 ± 0.1 24.0 ± 0.8 72.1 ± 1.1 5.8 ± 0.9 
4 Carrot 8.2 ± 0.3 39.8 ± 1.5 52.0 ± 0.6 26.9 ± 2.8 
5 Sunflower 2.0 ± 0.1 46.0 ± 0.7 52.0 ± 1.1 98.0 ± 1.9 
6 Apple 2.3 ± 0.2 44.4 ± 1.1 53.3 ± 0.9 78.0 ± 2.6 
7 Apple 6.1 ± 0.1 40.8 ± 0.9 53.1 ± 1.1 28.6 ± 1.2 
8 Apple 4.7 ± 0.3 44.2 ± 1.5 51.2 ± 0.8 19.8 ± 1.3 
9 Citrus 4.3 ± 0.2 47.9 ± 1.1 47.9 ± 0.7 76.8 ± 2.4 
10 Grapefruit 5.4 ± 0.1 59.5 ± 0.8 35.1 ± 1.3 51.7 ± 1.8 
11 Celery 4.9 ± 0.2 42.6 ± 0.7 52.5 ± 0.9 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 № 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% 

29
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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 °С, 5 °С, 20 °С and 50 °С. 

Pectin t, °С Water O/W emulsion W/O emulsion Oil 

1. Rose W

-18 °С 44.9 ± 1.3 8.2 ± 1.1 0.0 46.9 ± 1.0 
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 2.0 ± 0.3 
50 °C 34.7 ± 1.2 65.3 ± 0.6 0.0 0.0 

2. Rose C

-18 °С 76.0 ± 1.5 24.0 ± 1.5 0.0 0.0 
5 °C 22.4 ± 1.0 77.6 ± 0.8 0.0 0.0 

20 °C 20.0 ± 0.8 80.0 ± 0.9 0.0 0.0 
50 °C 37.5 ± 0.7 62.5 ± 0.4 0.0 0.0 

3. Rose A

-18 °С 37.7 ± 1.5 54.7 ± 1.7 0.0 7.5 ± 0.9 
5 °C 22.0 ± 1.1 78.0 ± 0.6 0.0 0.0 

20 °C 25.5 ± 0.5 74.5 ± 1.1 0.0 0.0 
50 °C 40.4 ± 0.7 59.6 ± 0.7 0.0 0.0 

4. Carrot

-18 °С 47.9 ± 1.3 52.1 ± 1.1 0.0 0.0 
5 °C 33.3 ± 0.9 66.7 ± 0.6 0.0 0.0 

20 °C 29.2 ± 0.6 70.8 ± 1.8 0.0 0.0 
50 °C 36.0 ± 0.9 60.0 ± 0.7 0.0 4.0 ± 0.6 

5. Sunflower

-18 °С 42.3 ± 1.2 44.2 ± 1.1 0.0 13.5 ± 1.1 
5 °C 40.4 ± 0.6 44.7 ± 1.3 0.0 14.9 ± 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 

6. Apple

-18 °С 48.0 ± 1.4 40.0 ± 1.4 0.0 12.0 ± 1.3 
5 °C 43.1 ± 0.9 52.9 ± 0.7 0.0 3.9 ± 0.9 

20 °C 45.1 ± 1.1 54.9 ± 0.6 0.0 0.0 
50 °C 46.9 ± 1.1 46.9 ± 0.9 0.0 6.1 ± 0.4 

7. Apple

-18 °С 40.0 ± 1.3 0.0 54.0 ± 1.2 6.0 ± 1.6 
5 °C 34.7 ± 0.9 57.1 ± 1.0 0.0 8.2 ± 0.7 

20 °C 34.0 ± 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 

8. Apple

-18 °С 38.0 ± 1.0 0.0 22.0 ± 1.0 40.0 ± 1.5 
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 

9. Citrus

-18 °С 41.5 ± 1.4 58.5 ± 1.4 0.0 0.0 
5 °C 44.2 ± 0.6 3.8 ± 0.9 44.2 ± 0.9 7.7 ± 0.8 

20 °C 45.1 ± 0.8 49.0 ± 0.8 0.0 5.9 ± 0.8 
50 °C 46.0 ± 0.5 54.0 ± 0.9 0.0 0.0 

10. Grapefruit

-18 °С 45.1 ± 1.3 51.0 ± 1.4 0.0 3.9 ± 1.0 
5 °C 34.6 ± 0.4 0.0 57.7 ± 0.4 7.7 ± 0.5 

20 °C 37.3 ± 0.6 0.0 58.8 ± 0.9 3.9 ± 0.9 
50 °C 47.1 ± 1.0 0.0 52.9 ± 1.0 0.0 

11. Celery

-18 °С 7.8 ± 0.8 92.2 ± 1.4 0.0 0.0 
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 17.6 ± 0.7 82.4 ± 0.9 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 

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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Сравнително изследване на физико-химични параметри на пектинови 
полизахариди от различни растителни източници 
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България, е-mail: antons@uni-plovdiv.bg 

Постъпила на 28 октомври 2016 г.; приета на 21 декември 2016 г. 

РЕЗЮМЕ 

Физико-химичните параметри – степен на метоксилиране, чистота, молекулна маса, 
пенообразуващи, емулгиращи и стабилизиращи свойства на пектини, получени чрез последователна 
фракционна екстракция от отдестилирани розови цветове са изследвани и сравнени със свойствата на 
осем комерсиални и некомерсиални пектинови полизахариди. Всички изследвани проби са 
високомолекулни полизахариди с молекулни маси от 1.32 x 104 до 4.08 x 105 Da. Полиуронидното 
съдържание (чистотата) е над 50% с изключение на киселинно-екстрахирания пектин от отпадъчен 
розов цвят. Намерено е, че всички изследвани пектини с изключение на пектин от целина, имат 
относително ниски пенообразуващи и пеностабилизиращи свойства. Емулсия, получена с киселинно-
екстрахиран пектин от отпадъчен розов цвят, има най-висок индекс на светлопропускливост, но е 
нестабилна при механични въздействия. Най-стабилни емулсии се получават с пектин от целина. 
Получените резултати показват, че отпадъчния розов цвят е добър източник за получаване на 
пектинови полизахариди, чиито физико-химични свойства са сравними с тези на други добре изучени 
пектини. 
Ключови думи: пектини, отпадъчен розов цвят, пени, емулсии. 
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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]. 

Figure 1. 2-substituted benzothiazoles with 
antimicrobial activity 

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 α-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).  

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. 1H-NMR, 13C-NMR 
spectra were measured on Bruker Avance AV600 
and DRX 300 devices in CDCl3 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 CDCl3 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 oC or 24 h at room temperature 
(Table 1). After completion of the reaction 
(monitored by TLC), 30 mL CHCl3 was added and 
the mixture was extracted successively with 50 mL 
10% HCl, 50 mL 3% Na2CO3 and 3х20 mL water. 
The combined organic layers were dried (Na2SO4) 
and concentrated. After the distillation of the 
solvent (CHCl3) 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-oxo-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 оС;  

1Н-NMR (300 MHz, CDCl3) (δ, ppm): 1.38 (t, J 
= 7.2, 3H, CO2CH2CH3), 3.00 (dd, 2J = 18, 3J = 5.4, 
1H, ArCH2CH), 3.10 (dd, 2J = 18, 3J = 7.5, 1H, 
ArCH2CH), 3.54 – 3.59 (m, 1H, CH), 4.32 – 4.39 
(m, 2H, CO2CH2CH3), 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); 

13C-NMR (300 MHz, CDCl3) (δ, 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-1): ν(C=O) – 1703, 1724, ν(C-O) – 
1268, ν(C-S-C) – 750, ν(Csp2-H) – 2982, 3065, 
ν(C C) – 1472 

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

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

1Н-NMR (600 MHz, CDCl3) (δ, ppm): 3.02 (dd, 
2J = 18, 3J = 6, 1H, ArCH2CH), 3.10 (dd, 2J = 18, 3J 
= 6, 1H, ArCH2CH), 3.58 (br. s, 1H, CH), 3.92 (s, 
3H, CO2CH3), 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, CDCl3) (δ, 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-1): ν(C=O) – 1698, 1722, ν(C-O) – 
1271, ν(C-S-C) – 758, ν(Csp2-H) – 2997, ν(C C) 
– 1471

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

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

1Н-NMR (600 MHz, CDCl3) (δ, ppm): 1.40 (t, J 
= 6, 3H, CO2CH2CH3), 2.89 (dd, 2J = 18, 3J = 6, 
1H, ArCH2CH), 2.97 (dd, 2J = 18, 3J = 6, 1H, 
ArCH2CH), 3.57 (br. s, 1H, CH), 4.33 – 4.40 (m, 
2H, CO2CH2CH3), 6.06 (d, J = 6, 2H, OCH2O), 
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); 

13C-NMR (600 MHz, CDCl3) (δ, 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-1): ν(C=O) – 1688, 1718, ν(C-O) – 

1256, ν(C-S-C) – 754, ν(Csp2-H) – 2980, 3056, 
ν(C C) – 1468, ν(O-CH2-O) – 2913  

Methyl-2-(5-oxo-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 оС;  

1Н-NMR (600 MHz, CDCl3) (δ, ppm): 2.79 (dd, 
2J = 18, 3J = 6, 1H, ArCH2CH), 2.87 (dd, 2J = 18, 3J 
= 6, 1H, ArCH2CH), 3.47 (br. s, 1H, CH), 3.83 (s, 
3H, CO2CH3), 5.98 (d, J = 6, 2H, OCH2O), 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, CDCl3) (δ, 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-1): ν(C=O) – 1694, 1719, ν(C-O) – 

1258, ν (C-S-C) – 747, ν(Csp2-H) – 2954, ν(C C) 
– 1472, ν(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 оС;  

1Н-NMR (300 MHz, MeOD) (δ, ppm): 1.04 (s, 
6H, 2xCH3), 1.26 (t, J = 7.2, 3H, CO2CH2CH3), 
2.27 (s, 4H, 2xCH2), 4.17 (q, J = 7.2, 2H, 
CO2CH2CH3), 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, Ar); 

13C-NMR (300 MHz, MeOD) (δ, 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-1): ν(C=O) – 1708, ν(C-O) – 1247, 
ν(C-S-C) – 738, ν(Csp2-H) – 2995, 3064, ν(C C) 
– 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 μl of each dilution 
were inoculated in an amount of 1 × 106 CFU 
(Colony-forming unit) for various bacteria and 
transferred in microplates. The plates were 
cultivated at 37 оС 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 
of the cultivation period with (λ = 600 nm) against 
inoculated media.  

RESULTS AND DISCUSSION 

Our primary aim was to develop an efficient 
multicomponent one-pot procedure for the 
synthesis of benzothiazole derivatives through the 
reaction of benzothiazole (1), alkyl chloroformates 
(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

and time. Using the optimized conditions, the 
reactions were carried out in dry dichloroethane for 
2 h at reflux temperature (80 оС) 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 1H-NMR spectra of compounds (5 a-d) 
exhibited a distinctive set of two doublet of 
doublets (dd) in the range of δ = 2.79 – 3.10 ppm 
for diastereotopic protons from benzylic CH2 group 
adjacent to the newly formed stereogenic center. 

All products (Table 1) were purified by column 
chromatography and characterized by IR, 1H-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 µg. Effect on 
Gram-negative bacteria Escherichia coli and Gram-
positive Bacillus licheniformis, Bacillus cereus, 
Staphylococcus aureus was measured. 
Table 1. Synthesis of benzothiazole derivatives 
(5 a-d, 6) 

Pro-
duct R1 R2 

Reaction 
conditions 

(Time/ 
Temperature) 

Yields 
% 

M. p.
оС

5 a OEt H 2 h / 80 оС 76 127–130 
5 b OMe H 2 h / 80 оС 86 138–141 
5 c OEt OCH2O 24 h / r.t. 60 97–99 
5 d OMe OCH2O 24 h / r.t. 81 92–94 
6 OEt - 24 h / r.t. 67 160–161 

Table 2. Test results for antibacterial activity of 
compounds (5 a-d, 6) 
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Products 
(5, 6) 

Microorganisms 
(sterile zone, mm) 

MIC 
mg/ml 

5 a Bacillus licheniformis - 19 
Escherichia coli - 22 

0.027 
0.055 

5 b Shows no activity - 

5 c Bacillus licheniformis - 18 
Escherichia coli - 22 

0.027 
0.060 

5 d Shows no activity - 

6 Bacillus cereus - 10 
Staphylococcus aureus - 12 

0.031 
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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СИНТЕЗ И АНТИБАКТЕРИАЛНА АКТИВНОСТ НА 2-ЗАМЕСТЕНИ БЕНЗОТИАЗОЛИ 
Й. Стремски1, С. Статкова-Абегхе1*, Д. Георгиев2, П. Ангелов1, И. Иванов1

1Пловдивски Университет „Паисий Хилендарски”, Катедра Органична химия, 
ул. Цар Асен, 24, 4000 Пловдив, e-mail: stab@uni-plovdiv.bg

2 Катедра Биохимия и микробиология, ул. Цар Асен, 24, 4000 Пловдив, e-mail: danail_d_g@abv.bg 

Постъпила на 11 ноември 2016 г.; приета на 1 януари 2017 г. 

(Резюме) 
Приложена е мултикомпонентна реакция на амидоалкилиране между бензотиазол, алкилхлороформиати и 

циклични карбонилни съединения. Успешно са синтезирани пет 2-заместени бензотиазолови производни с 
добри добиви (от 60 до 86 %). Намерени са условия за хроматографско разделяне и изолиране на 
новополучените съединения с разпределителна течно-течна колонна хроматография на силикагел или 
неутрален алуминиев оксид. Изолираните кристални съединения са спектрално охарактеризирани с 
инфрачервена, ЯМР-спектроскопия и МАС-спектрометрия.  

Изследвана е антибактериалната активност на синтезираните съединения с диск-дифузионен метод срещу 
четири щама микроорганизми - грам-отрицателни бактерии Escherichia coli ATCC 8739 и грам-положителни 
Bacillus licheniformis ATCC 14580, Bacillus cereus ATCC 11778, Staphylococcus aureus ATCC 6538P. 

Ключови думи: Бензотиазол, Мултикомпонентна реакция, Антибактериална активнос 
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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 10-6 and 10-4 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 

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 

* To whom all correspondence should be sent.

E-mail: peytcheva@hotmail.com
© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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in a well-shaped river valley, 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 -18ºC immediately upon 

returning from the field. 

Sample Digestion and Instrumental Analysis 

Approximately 1.0 g of homogenized miscle 

tissues sample was digested with 10 cm3 HNO3 

(ultra-pure Merck ® Darmstadt, Germany) in a 

digestion system and diluted to final volume of 25 

cm3 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% HNO3). Analytical quality control 

included analysis of a 2 % ultrapure HNO3 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. Tüzen 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 n.d 0.041± 

0.005 

0.044±

0.004 

0.17±

0.11 

2.23±

1.63 

0.19± 

0.10 

0.09± 

0.05 

0.27±

0.07 

6.98±

0.66 

Freshwater 

bream 

3 n.d 0.020± 

0.001 

0.033±

0.004 

0.12±

0.11 

5.85±

1.97 

0.32± 

0.03 

0.055± 

0.004 

0.15±

0.02 

1.94±

0.16 

Common 

roach 

3 n.d 0.046± 

0.007 

0.05± 

0.05 

0.11±

0.03 

1.68±

0.96 

0.19± 

0.16 

0.11± 

0.03 

0.25±

0.06 

4.99±

1.12 

European 

crap 

2 n.d 0.031± 

0.001 

0.03± 

0.01 

0.16±

0.01 

1.92±

0.15 

0.050± 

0.005 

0.08± 

0.01 

0.20±

0.02 

3.27±

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

Věstonice 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 μg/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 Atatürk 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 μg/g wet weight) 

[23], and in the muscle of Lisa abu and Silurus 

triostegus from the Atatürk Dam Lake (0.40 and 

0.35 μg/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 Atatürk Dam Lake the mean nickel

concentration of 0.56 μg/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 III 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:  

𝑇𝐻𝑄 =
(𝑀𝐶  . 𝐼𝑅 . 10−3. 𝐸𝐹 . 𝐸𝐷)

(𝑅𝑓𝐷 . 𝐵𝑊𝑎 . 𝐴𝑇𝑛)
 

where MC is the metal concentration in muscle 

tissues of fish (μg/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 = 3x10-4, Zn = 0.3, Ni= 0.02, Cr  -3 x 10-3, 

Fe -9x10-3, Cd -13x10-3, Pb - 4x10-3, Mn - 

0.144 μg/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 + THQCr + THQCu + 

THQFe + THQNi + THQZn+ THQPb + 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:  

𝑇𝑅 =
(𝑀𝐶  . 𝐼𝑅 . 10−3. 𝐶𝑃𝑆𝑜. 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. 

 

 

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

Females 

Fish 

samples 
Target hazard quotients (THQs)  

Hazard 

Index 

(HI) 

Target Risk (TR) 

 As Cd Cr Cu Fe Mn Ni Pb Zn As Ni Pb 

Carassius 0.00 0.003 0.001 0.0003 0.021 0.00012 0.0004 0.006 0.002 0.034 0.00 1.33.10-5 2.27.10-5 

Freshwater 

bream 
0.00 0.002 0.001 0.0003 0.054 0.00019 0.0002 0.003 0.001 0.061 0.00 7.84.10-6 1.24.10-5 

Common 

roach 
0.00 0.004 0.001 0.0002 0.016 0.00011 0.0004 0.005 0.001 0.028 0.00 1.52.10-5 2.10.10-5 

European 

crap 
0.00 0.003 0.001 0.0003 0.018 0.00003 0.0003 0.004 0.001 0.027 0.00 1.14.10-5 1.65.10-5 
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Table 3. Risk values of each metal contaminant of the freshwater fish species (males) 

Males 

Fish 

samples 
Target hazard quotients (THQs)  

Hazard 

Index 

(HI) 

Target Risk (TR) 

 As Cd Cr Cu Fe Mn Ni Pb Zn As Ni Pb 

Carassius 0.00 0.003 0.001 0.012 0.018 0.0001 0.0003 0.005 0.002 0.042 0.00 1.06.10-5 1.81.10-5 

Freshwater 

bream 
0.00 0.001 0.001 0.009 0.048 0.0002 0.0002 0.003 0.001 0.063 0.00 6.22.10-6 9.85.10-6 

Common 

roach 
0.00 0.003 0.001 0.008 0.014 0.0001 0.0004 0.005 0.001 0.033 0.00 1.21.10-5 1.66.10-5 

European 

crap 
0.00 0.002 0.001 0.012 0.016 0.00003 0.0003 0.004 0.001 0.035 0.00 9.02E-06 1.31.10-5 

 

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 9.02x10-6 and 

1.06x10-5 for Ni for both males and females and 

between 9.85x10-6 and 1.24x10-5 for Pb. 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 8.6x10-5 (range, 4.7x10-5, Labeo rohita 

to 1.5x10-4, Catla catla) and 4.7x10-4 (range, 

3.0x10-4, Oreochromis nilotica to 5.8 x10-3, Catla 

catla), respectively for fishes from Kolkata 

wetland, India [25].; and between 1x10-6 to 1x10-4 

for Cu, Pb, Ni, Cd and Cr except Zn (6.17x10-4) 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: 

4.3x10-5 for As and 3.57x10-7 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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ОЦЕНКА НА ПРИЕМА НА НЯКОИ ТОКСИЧНИ И ЕСЕНЦИАЛНИ ЕЛЕМЕНТИ ЧРЕЗ 

КОНСУМАЦИЯ НА СЛАДКОВОДНИ РИБИ В БЪЛГАРИЯ 

К. Пейчева, Л. Македонски, М. Станчева 

Медицински университет Варна, Факултет по химия,  

Бул. Цар Освободител 84, 9000 Варна, e-mail: peytcheva@hotmail.com 

Постъпила на 10 ноември 2016 г.; приета на 15 декември 2016 г. 

(Резюме) 

Оценката на експозицията спрямо As, Cd, Cu, Cr, Mn, Fe, Ni, Zn и Pb  е съществен елемент от 

количествената оценка на риска за човешкото здвраве. Рискът, свързан с консумацията на някои 

сладководни риби, е оценен чрез пресмятане на коефицентите за неканцерогенен риск (THQ), индекс 

на опасност (HI) и канцерогенен риск (TR). Химичните елементи са анализирани чрез ICP-OES. 

Резултатите от това изследване показват, че THQ стойностите за токсичните и есенциални 

микроелементи са под единица, т.е дневната експозиция при това ниво е малко вероятно да причини 

нежелани ефекти за целия период на човешкия живот. В допълнение, индексът на опасност за всеки 

един микроелемент е също под единица, което предполага, че тези замърсители не представляват 

опасност за местните жители. Стойностите за TR са между 10-6 и 10-4, което показва, че не 

съществува риск от ракови заболявания причинени от консумацията на тези видове сладководни 

риби.  

Ключови думи: токсични метали, сладководни риби, THQ, HI, Езеро Мандра. 
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Synthesis, structure and nonlinear optical properties 

 of tellurium oxide – bismuth oxide – boron oxide glasses    
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TeO2-Bi2O3-B2O3 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 Å3). 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 0.64-2.31x10-13 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 Å-3). These results indicate for the presence 

of weak chemical bonds which are formed between TeO4, TeO3, BiO6, BO4 and BO3 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 TeO2-

based glasses are promising optical materials for 

up-conversion lasers and nonlinear optical materials 

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 

TeO2-Bi2O3-B2O3 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 Bi2O3 in boro-tellurite glasses improves 

the optical properties. 

The purpose of the present study is to synthesis 

of novel TeO2-Bi2O3-B2O3 glasses and to apply the 

polarizability approach to them. The structure of 

the glasses by means of IR-spectroscopy is also 

investigated. 
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EXPERIMENTAL  

Glasses in the ternary TeO2-Bi2O3-B2O3 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 TeO2, Bi2O3 and H3BO3 were mixed 

together and melted in a corundum crucible at 

900oC 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-1 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-1.  

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 (no) and the molar volume (Vm) of the 

substance by, 
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Assuming that the molar refraction of a glass 

with a common molecular formula AxByCzOn is 

additive quantity it follows that, 

2iA iB iC 2.52(x +y )m O
R z n        (2) 

where 
iA iB iC, ,    are the polarizabilities of 

cations A, B and C and 2O
  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 th  and the electronic 

oxide ion polarizability αO2- for ternary oxide glass 

on the basis of the following equations proposed by 

Duffy and Ingram [17,18], 

1 1 2 2 3 3th X X X         (3) 

and 

2

1.67
  

1.67O
th

a  


    (4) 

where 
1 2 3, ,X X X are equivalent fractions based on 

the amount of oxygen each oxide contributes to the 

overall material stoichiometry and 
1 2 3    are 

basicities assigned to the individual oxides.  

The third order nonlinear optical susceptibility
(3) , can be predicted by generalized the so-called 

Miller’s rule [19], 
  43 (1) 10[ ] .10    , esu    (5) 

where 
(1) is  linear optical susceptibility calculated 

in accordance with, 
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1
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    (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  BM-O 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,  

 (7) 

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], 

 (8) 

where X1, X2 and X3 are equivalent fractions based 

on the amount of oxygen each oxide contributes to 

the overall glass stoichiometry, αO2- is oxide ion 

polarizability of the glass and , , and  

are cation polarizabilities. Pauling’s value of 3.921 

Å3 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 TeO2-Bi2O3-B2O3 

glasses by Eq. 3 and 4 using optical basicity data of 

TeO2 (Λ=0.975), Bi2O3 (Λ=1.19) and B2O3 

(Λ=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  

=1.595 Å3; = 1.508 Å3;  = 0.002 Å3. 
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Table 1 Composition, Molar mass M, density d, molar volume Vm, optical basicity Λ, electronic oxide ion 

polarizability αo2- , molar refraction Rm 

 Composition M, 

g/mol 

d, 

g/cm3 

Vm, 

cm3/mol 

Λ αo2-, 

Å3 

Rm, 

cm3/mol 

Series  1 10TeO250 Bi2O340B2O3 276.79 5.75 48.11 0.857 2.053 19.21 

20TeO240Bi2O340B2O3 246.15 5.43 45.33 0.829 1.986 17.86 

30TeO230Bi2O340B2O3 215.52 5.11 42.20 0.800 1.920 16.55 

40TeO220Bi2O340B2O3 184.88 4.78 38.65 0.768 1.852 15.27 

50TeO210Bi2O340B2O3 154.24 4.46 34.58 0.734 1.785 14.02 

Series  2 45.5 TeO230.0Bi2O324.5B2O3 256.05 5.85 43.76 0.891 2.143 18.83 

59.65TeO225.0Bi2O315.35B2O3 222.38 5.89 37.76 0.936 2.274 18.08 

60.2TeO220.0Bi2O319.8B2O3 203.06 5.56 36.54 0.891 2.145 16.90 

Series  3 31.2TeO245.0 Bi2O323.8B2O3 276.05 6.21 44.44 0.936 2.274 20.08 

31.0TeO240.0Bi2O329.0B2O3 229.46 5.70 40.25 0.891 2.145 17.86 

45.5TeO235.0 Bi2O319.5B2O3 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 th, oxide ion 

polarizability 2O
  and molar refraction Rm 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 Å3) 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 TeO2-Bi2O3-B2O3 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
(3) , was 

predicted by generalized Miller’s rule (see Eqs. 5 

and 6). The results are listed in Table 2, column 4. 

TeO2-Bi2O3-B2O3 glasses show relatively high 

values of the third order nonlinear optical 

susceptibility in the 0.64-2.31 x 10-13 esu range 

which are close to those reported in Refs. 24, 25. 

This means that TeO2-Bi2O3-B2O3 glasses are 

probably good candidates for nonlinear optical 

applications. It was established that third order 

nonlinear optical susceptibility χ(3) 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 Ed. Yamashita and 

Kurosawa [22] have proposed a general theory of 

the dielectric constant of simple ionic crystals based 

on quantum-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 n0, third order nonlinear optical susceptibility χ(3), interaction parameter A, single 

bond strength BM-O 

 Composition 
n0 

Χ(3).10-13 

esu 

A, 

Å-3 

BM-O, 

kJ/mol 

Series 1 10TeO250 Bi2O340B2O3 1.730 0.64 0.036 279 

20TeO240Bi2O340B2O3 1.718 0.58 0.039 297 

30TeO230Bi2O340B2O3 1.713 0.56 0.042 316 

40TeO220Bi2O340B2O3 1.720 0.59 0.046 334 

50TeO210Bi2O340B2O3 1.745 0.70 0.051 352 

Series 2 45.5 TeO230Bi2O324.5B2O3 1.807 1.06 0.033 283 

59.65TeO225.0Bi2O315.35B2O3 1.938 2.31 0.028 272 

60.2TeO220Bi2O319.8B2O3 1.893 1.79 0.033 291 

Series 3 31.2TeO245.0 Bi2O323.8B2O3 1.864 1.50 0.028 254 

31.0TeO240Bi2O329.0B2O3 1.842 1.32 0.032 274 

45.5TeO235.0 Bi2O319.5B2O3 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 

TeO2-Bi2O3-B2O3 glasses were estimated by using 

Eqs. 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 TeO2, 103  kJ/mol for Bi2O3 

and 498 kJ/mol for B2O3  (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 Å-3 range. Small interaction parameter means 

week interionic interactions resulting in large 

unshared electron density at one averaged oxide 

ion. These values of BM-O and A suggest for the 

presence of predominantly ionic character of the 

bonds in the glass structure. Probably Te-O-B, Te-

O-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 TeO2-Bi2O3-B2O3 

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-1 range, a band at 1014-1001 cm-1  and two 

low frequency bands at about 670 cm-1 and 

440 cm-1. The intensity of the band at about 

670 cm-1 increases and that of the band at about 

440 cm-1 decreases with the TeO2 content increase 

and Bi2O3 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-1 and 1210-1206 

cm-1  respectively, weak maxima at 1071-1017 cm-1 

and strong band at about 658-649 cm-1  with a 

shoulder at 750-742 cm-1 .  

The spectra of the glasses from Series 3 are 

similar each other. A broad band in the 1325-

1206 cm-1 could be observed along with weak band 

at around 1045-1022 cm-1 in the high frequency 

range. In the low frequency range four or five 

bands exist, namely at 759-713 cm-1 , 658-633cm-1 , 

617 cm-1 , 562-548 cm-1  and 438-433 cm-1. The last 

band decreases its intensity with Bi2O3 decrease.  

The change of the tellurium coordination 

polyhedron from ТеО4 to ТеО3, the change of 

boron coordination polyhedron from BO3 to BO4 

and existence of BiO6 and BiO3 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 α-TeO2 

and 16 crystalline tellurites built up by TeO3, TeO4 

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-1 

range. According to IR- spectral data for large 

number of bismuthate crystals and glasses collected 

by Iordanova et al. [30] the stretching vibrations of 

BiO6 are in the 480-420 cm-1 range while those of 

BiO3 groups are around 860-840 cm-1. 

 

Fig. 1. IR spectra of the TeO2-Bi2O3-B2O3 glasses from 

Series 1. 

 

Fig. 2. IR spectra of the TeO2-Bi2O3-B2O3 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 BO3 and BO4 structural groups. 
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Fig. 3. IR spectra of the TeO2-Bi2O3-B2O3 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 BO3 units could be observed in the 1480-

1200 cm-1 range. The band at about 1345-1235 cm-1 

is connected with the presence of pyroborate and 

orthoborate groups. The absorption maxima at 

about 1015 cm-1 gives information of the presence 

of pentaborate groups containing both BO3 and BO4 

units. The bonds at about 1046-1020 cm-1 are 

assigned to the B-O stretching vibrations of BO4 

units. Similar results about the vibrations of BO3 

and BO4 units in the structure ZnO-Bi2O3-B2O3 and 

CdO-Bi2O3-B2O3 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 TeO2-Bi2O3-B2O3 glasses is made. The bands in 

the 1338-1278 cm-1 range and the bands at 1229-

1196 cm-1 range are assigned to the asymmetrical 

stretching vibrations of BO3 units in pyro- and 

orthoborate superstructural units. The absorption 

maxima in the 1071-1001 cm-1 range is attributed to 

the stretching vibrations of BO4 units. The 

absorption band around 670-650 cm-1 is probably 

due to overlapping between asymmetrical 

stretching vibrations of axial Te-O bonds in the 

TeO4 groups and asymmetrical stretching vibrations 

of TeO3 pyramidal groups. The shoulder at 760-

713 cm-1 could be assigned to symmetrical 

stretching vibrations of equatorial Te-O bonds in 

TeO4 groups or to symmetrical stretching vibrations 

of TeO3 groups. The band around 440 cm-1 is 

attributed to the Bi-O stretching vibrations of BiO6. 

The observed structural units namely BO3, BO4, 

TeO3, TeO4 and BiO6 are interconnected in the 

structure of the TeO2-Bi2O3-B2O3 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 TeO2-

Bi2O3-B2O3 glasses. It was established that the 

glasses possess high refractive index (1.713-1.938), 

high electronic ion polarizability (1.785-2.276 Å3) 

and high optical basicity (0.734-0.936). The 

theoretical third order nonlinear optical 

susceptibility χ(3) was determined and it was found 

that the glasses possess high values of χ(3) in the 

0.64-2.31x10-13  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-O-Bi, Te-O-Te and Bi-O-Bi probably 

interconnect TeO4, TeO3, BiO6, BO3 and BO4 

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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СИНТЕЗ, СТРУКТУРА И НЕЛИНЕЙНИ ОПТИЧНИ СВОЙСТВА НА 

ТЕЛУР-БИСМУТ-БОР ОКСИДНИ СТЪКЛА 

Т. Р. Ташева, В. В. Димитров 

Катедра „Технология на силикатите“, Химикотехнологичен и металургичен университет,  

бул. Кл. Охридски 8, София 1756, България, e-mail: tina.tasheva@gmail.com 

Постъпила на 7 ноември 2016 г.; приета на 3 януари 2017 г. 

(Резюме) 

TeO2-Bi2O3-B2O3 стъкла бяха синтезирани посредством рязко охлаждане на стопилки. Беше 

приложен поляризационния подход, базиран на уравнението на Лорентц-Лоренц. Oптическата 

основност и кислородната поляризуемост бяха определени. Установено е, че стъклата притежават 

сравнително високи стойности за оптическата основност (0.734-0.936) и кислородната електронна 

поляризуемост (1.785-2.276 Å3). Теоретичният показател на пречупване също беше определен. На 

негова основа беше определена нелинейната оптическа възприемчивост от трети порядък χ(3) 

посредством Милеровото правило. Стъклата притежават сравнително високи стойности за χ(3) (0.64-

2.31x10-13 esu). Химическото свързване е изяснено, на основата на една осреднена катион-кислород 

(М-О) химична връзка, посредством параметъра на междуйонно взаимодействие и  здравината на 

връзката. Установено е, че стъклата притежават сравнително ниски стойности за здравината на 

химичната връзка (352-254 kJ/mol) и ниски стойности за параметъра на междуйонно взаимодействие 

(0.051 до 0.028 Å-3), Тези резултати предполагат наличието на слаби химични връзки между TeO4, 

TeO3, BiO6, BO4 и  BO3 групите, потвърдени чрез ИЧ спектрален анализ. 

Ключови думи: оксидни стъкла, поляризуемост, оптическа основност, химическо свързване, ИЧ 

спектроскопия, нелинейни оптични материали. 
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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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University of Plovdiv “Paisii Hilendarski”, 24 Tzar Assen str., 4000 Plovdiv, Bulgaria 
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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-1 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 

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 140,142Ce, 
151,153Eu, 156,157Gd, 166,168Er with exception of 
lanthanum where only one isotope is free from 
isobaric interference 139La.  

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-1) were purchased from CPA-spectrTM. 
Solutions for La and Gd with concentration 
1000 mg L-1 were prepared by dissolving of Gd2O3 
(99,9%, Sigma-Aldrich) and La(NO3)3·6H2O 
(99,99%, trace metals basis, Sigma-Aldrich) in 1 
mol L-1 HNO3 ( p.a.,Merck) on heating plate and 
then diluting with double distilled water. Stock 

* To whom all correspondence should be sent.
E-mail:stefanova@uni-plovdiv.net © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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solution of Re (1000 mg L-1) was obtained from 
Merck (Darmstadt, Germany). Selectivity test was 
performed using Multi elemental solution, 
100 mg L-1 CPA Chem Ref. № B56A.K1.5N.L1. A 
buffer solution with pH=8.3 was prepared from 
NH4OH 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 µg L-1 (and concomitant elements 10 µg L-1) 
was buffered at pH=8.3 by the addition of 5 mL 
NH4OH/NH4NO3 buffer solution. Then 0.2 mL 
(0.06 mol L-1) 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-1 HNO3 with internal standard (IS) 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-1 HNO3 
(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 

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, 
NH4NO3/NH4OH 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 
quantitative extraction of the analytes. 

Figure 1. Signals for lanthanides after dilution of SRP 
with 1 mol L-1 HNO3 with and without ligand.  
Constant conditions: pH=8.3; CLn=1µg L-1; 12 µmol 
Enaminone; 1% TX-100; incubation time of 1 hour, 
t=70°C; dissolution of SRP - 1 mol L-1HNO3. 
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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-1 HNO3 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 µg L-1), and with the same 
solution spiked with multielement standard (MY) 
containing 28 elements in concentration 10 µg 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 µg L-1 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. 

Figure 2. Analytical recovery for lanthanides after CPE 
with  8-HQ и En; optimal conditions for each ligand.  

Figure 3. Recovery for concomitant elements 
(C=10 µg L-1) 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 µg L-1 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 139La 
(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 
139La. It should be noted that the only other isotope 
of 138La (natural abundance, NA=0.09%) could not 
be measured because of strong isobaric overlap 
originated by two other elements: the main isotope 
of barium (138Ba, NA= 71.7% and co-extraction 
~5%) and 138Ce (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 
52

method includes the isotopes free from isobaric 
overlap of examined lanthanides which are more 
abundant - 139La,140Ce, 153Eu, 157Gd, 166Er.  

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. 

Figure 4. Signals for lanthanides after CPE in presence 
(Ln + MY) and absence (Ln) of concomitant elements; 
used ligand - En. 

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 Tl) 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 µg L-1 
with preconcentration factor of 10. Good 
coefficients of determination (R2>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 µg L-1) 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-1) 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 µg L-1; internal standard 185Re; Preconcentration factor of 10. 

Slope, 
 (cpsLn cpsIS-1 Lµg Ln-1) 

SD 
slope 

Intercept, 
(cpsLn cpsIS-1) 

SD 
intercept R2 LOD, 

ng L-1 
139La 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 
151Eu 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 
166Er 0.45 0.01 -0.2 0.2 0.9975 0.2 

Table 2. Certified and measured concentration for lanthanides (µg L-1) 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-1) sample and R% - recovery of spiked samples. 

Meas., 
µg L-1 

U, 
k=2* 

Cert., 
µg L-1 U** Water 1, 

ng L-1 U, k=2* R, % spike 
100  ng L-1 

R,% 
spike 

500 ng L-1 

Water 2, 
ng L-1 

U, 
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 

CONCLUSIONS 

The proposed procedure for CPE with 
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 

method allows eliminating of spectral interferences. 
Obtained limits of detection with preconcentration 
factor of 10 are satisfactory for examination of real 
waters samples.  
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ЕКСТРАКЦИЯ ПРИ ТЕМПЕРАТУРА НА КОАГУЛАЦИЯ НА ЛАНТАНИДИ ОТ ВОДНИ 
ПРОБИ С 3-ЕТИЛАМИНО-БУТ-2-ЕНОВА КИСЕЛИНА ФЕНИЛАМИД И ICP-MS 

АНАЛИЗ 

Е. К. Върбанова1, П. А. Ангелов2, К.К. Симитчиев1, Л. И. Кайнарова1, В. М. Стефанова1* 

Пловдивски университет „Паисий Хилендарски“, Пловдив, ул. Цар Асен 24 
1Катедра аналитична химия и компютърна химия 

2Катедра органична химия 

Постъпила на 11 ноември 2016 г.; приета на 16 декември 2016 г. 

(Резюме) 

Изследван е нов лиганд от клас енаминони за екстракция при температура на коагулация на лантаниди (La, 
Ce, Eu, Gd, Er) от водни разтвори. Оптимизирани са екстракционните параметри: pH на водната фаза, 
температура и време на нагряване, вид и количество на използваното повърхностно активно вещество. 
Концентрацията на аналитите е определена чрез ICP-MS, след подходящо разреждане на ПАВ-обогатената 
фаза. Екстракционната система с новия лиганд притежава висока ефективност за разделяне на лантаниди от 
съпътстващите алкални и алкалоземни елементи, което значително понижава риска от спектрални пречения при 
анализ на реални проби. Селективността на изследвания енаминон е сравнена с тази за 8-хидроксихинолин. 
Инструменталният дрейф на чувствителността е коригиран с вътрешен стандарт рений. Оптимизираната 
процедура е приложена за анализ на сертифициран референтен материал вода и реални проби. Получените 
граници на откриване са в интервала 0.02-0.13 ng L-1, при фактор на концентриране ФК=10.  

Ключови думи: Лантаниди, Екстракция при температура на коагулация, Енаминони, ICP-MS, Анализ на води 
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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 

3.6 – 6.9% and the major representatives were phosphatidylcholine, phosphatidylinositol and 

phosphatidylethanolamine. In the sterol fraction (0.37 – 0.51%) the main component was -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 -tocopherol and -tocopherol. The 

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

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 β-sitosterol, brassicasterol, campesterol 

and ∆5-avenasterol [2, 3]. Mustard oil contains a 

high level of tocopherols which amount is 410 

mg/kg and γ-tocopherol predominates [13]. α-, β-, 

γ- and δ-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 μm capillary DB-23 column and a flame 

ionization detector. The column temperature was 

programmed from 130oC (hold 1 min), at 6.5oC/min 

to 170oC, at 3oC/min to 215oC (hold 9 min), at 

40oC/min to 230oC (hold 1 min); the injector and 

detector temperature were 250oC. 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 Rf 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 (Rf = 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 90oC (hold 

2 min) up to 290oC at a rate of change 15oC/min 

and then up to 310ºC at a rate of 4ºC/min (hold 10 

min); the injector and detector temperature was 

300oC and 320oC. 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 oC 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 

acids, 

% 

Accessions 

BG 

431 

BG 

290 

RO 

268 
Zuzanka  

Stalin-

gradskaya 

C 12:0  0.2 0.2 0.2 0.3 0.2 

C 14:0 0.1 0.2 0.2 0.4 0.2 

C 14:1 0.3 0.4 0.4 0.6 0.4 

C 16:0 4.0 4.5 4.8 5.2 3.9 

C 16:1 0.3 0.3 0.3 0.3 0.2 

C 18:0 1.6 2.0 2.3 2.3 1.3 

C 18:1 13.7 23.8 20.9 25.1 21.2 

C 18:2 11.5 17.4 14.7 13.5 4.9 

C 18:3 3.6 5.9 5.4 4.5 2.1 

C 20:0 1.3 1.4 1.7 1.1 0.9 

C 20:1 9.4 13.9 14.2 11.1 10.6 

C 20:2 0.8 0.9 0.7 0.6 0.2 

C 22:0 1.8 1.1 1.5 1.0 0.7 

C 22:1 51.4 28.0 32.7 34.0 53.2 

SFA 9.0 9.4 10.7 10.3 7.2 

UFA 91.0 90.6 89.3 89.7 92.8 

MUFA 75.1 66.4 68.5 71.1 85.6 

PUFA 15.9 24.2 20.8 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 

quantity 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. β-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 

Sterols, % 

Accessions 

BG 431 BG 290 RO 268 Zuzanka Stalingradskaya 

free 
esteri-

fied 
free 

esteri-

fied 
free 

esteri-

fied 
free 

esteri-

fied 
free 

esteri-

fied 

Cholesterol -* 1.0 0.2 0.7 0.2 0.7 - 0.5 - - 

Brasicasterol 22.5 8.9 22.2 7.0 20.7 5.5 19.3 6.1 11.9 3.7 

Campesterol 19.5 31.1 19.6 32.5 19.1 31.9 24.2 33.5 30.5 32.2 

Stigmasterol 1.5 0.9 1.3 1.0 1.2 1.3 1.5 2.1 1.1 1.5 

 β - Sitosterol 52.8 53.8 53.5 52.8 55.9 53.6 51.9 53.9 53.8 59.7 

Δ5 - Avenasterol 0.6 0.9 0.5 1.1 0.4 1.0 0.6 0.3 0.5 0.6 

Δ7 - Stigmasterol 0.3 0.5 0.3 0.5 0.3 0.9 0.4 0.7 0.3 0.3 

Δ7 - 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, % 
Accessions 

BG 431 BG 290 RO 268 Zuzanka  Stalin-gradskaya 

C 12:0 0.4 0.4 0.2 1.4 0.9 

C 12:1 1.0 1.0 1.0 1.1 1.0 

C 14:0 1.0 0.6 0.5 1.8 1.2 

C 14:1 1.0 1.2 1.9 1.4 1.8 

C 15:0 0.3 0.2 0.2 0.5 0.3 

C 16:0 10.9 8.1 9.8 16.7 12.9 

C 16:1 0.9 0.5 0.5 1.0 1.2 

C 17:0 0.3 0.2 0.2 0.6 0.4 

C 18:0 3.2 3.0 4.0 5.5 3.7 

C 18:1 19.4 27.8 26.5 27.3 32.0 

C 18:2 3.4 7.0 3.5 3.3 3.5 

C 18:3 0.2 0.5 0.3 0.1 0.3 

C 20:0 1.3 1.6 2.0 1.6 0.9 

C 20:1 8.0 13.7 14.7 9.0 8.2 

C 20:2 0.3 0.4 0.2 0.4 0.4 

C 22:0 2.2 1.2 1.3 1.6 1.0 

C 22:1 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%).On the other hand, bigger 

quantity 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 

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 (7.2 – 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 

α-tocopherol 26.5 26.5 17.4 37.2 16.1 

- tocopherol -* - 4.2 - - 

-tocotrienol - - 1.6 - - 

- tocopherol 70.7 73.5 60.1 63.8 82.7 

-tocotrienol - - 9.3 - 1.2 

δ- tocopherol 2.8 - 7.4 - - 
* - Not identified 

Table 6. Phospholipid composition of mustard oils 

Phospholipids, % 
Accessions 

BG 431 BG 290 RO 268 Zuzanka  Stalingradskaya 

Phosphatidylcholine 51.0 50.2 46.1 37.1 37.2 

Phosphatidylinositol 23.8 28.0 29.3 23.7 24.5 

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 2.5 3.0 2.6 4.3 5.2 

Others 4.2 3.9 3.9 9.3 11.0 
* - Not identified 

γ-Tоcopherol predominated in all investigated 

mustard oils and it was over 70.0% except in RO 

268 and Zuzanka. The amount of α-tоcopherol 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 β- and δ-tocopherol 

as well as unsaturated derivatives β- and 

γ-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 (14.2 – 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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(Резюме) 

Изследван е липидния състав на семена от пет образци синап (Sinapis alba L.). Съдържанието на глицеридно 

масло в семената е от 22.4 до 38.9%. Основните мастни киселини в триацилглицеролите са ерукова (28.0 – 

53.2%), олеинова (13.7 – 25.1%), палмитинова (3.9 – 5.2%), гадолеинова (9.4 – 14.2%) и линолова киселина (4.9 

– 17.4%). Общото фосфолипидно съдържание варира между 3.6 и 6.9%, като основните представители са 

фосфатидилхолин, фосфатидилинозитол и фосфатидилетаноламин. В стероловата фракция (0.37 – 0.51%) 

основните компоненти са -ситостерол (51.9 – 55.9% в свободните стероли и 52.8 – 59.7 % в стероловите 

естери), последван от кампестерол (19.1 – 30.5% и 31.1 – 33.5% съответно) и брасикастерол (11.9 – 22.5% и 3.7 – 

8.9%). Мастнокиселинният състав на стероловите естери е подобен на този на триацилглицеролите с 

изключение на палмитиновата киселина, чието количество е по-високо в свързаните стероли. Съдържанието на 

токофероли е 456 – 1025 mg/kg, като основните представители са - и -токоферол. Оксидантната стабилност на 

изследваните масла от семена от Sinapis alba L. е сравнително висока (14.8 – 25.1 h). 

Ключови думи: Sinapis alba L., глицеридно масло, мастнокиселинен състав, фосфолипиди, стероли, 

токофероли 
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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-1, 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 

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 II (Bruker 
Optics) with a focused laser beam of Nd:YAG laser 
(1064 nm) from 4000 cm-1 to 51 cm-1 at resolution 
2 cm-1 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, SpSim1 
and SpSim2, given by Eqns. 1 and 2, respectively. 

SpSim1 = 2K / (M + N)   (1) 

RU
k

R
k

U
k

2 AA

AA
SpSim

⋅
=
∑

,   (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 Eqn. 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 

* To whom all correspondence should be sent. 
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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 number 
tolerance, ∆ν, and the second twice the intensity 
tolerance, ∆I. 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] (Eqns. 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, ∆А, and 
wavenumber, ∆ν–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 ∆А = 0.4 - 1.0 a.u. 
and ∆ν = 4 - 7 cm-1 [11] when SpSim2 was used. 
For identity Raman library search these appeared to 
be ∆I = 0.2 - 1.0 arbitrary intensity units (a.i.u.) and 
∆ν =  4 - 11 cm-1. 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 ∆ν =  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 
∆I and ∆ν when SpSim1 is used, and Fig. 2 when 
SpSim2 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 

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 < TCC(1) = 0.74. It 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). 

 
Figure 1. Grand mean of Tanimoto indices as a function 
of the wavenumber tolerance, ∆ν, varied by different 
values of the second tolerance, ∆I. The used spectral 
similarity measure is SpSim1. 

 
Figure 2. Grand mean of Tanimoto indices, T(h), as a 
function of the wavenumber tolerance, ∆ν, varied by 
different values of the second tolerance, ∆I. The used 
spectral similarity measure is SpSim2. 

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 SpSim1 and ∆I = 
0.4 a.i.u. and ∆ν = 30 cm-1. Logarithmic transformed 
spectra are compared by full spectrum search algorithm 
based on the correlation coefficient.  

The found optimal values from Fig. 1 are ∆I = 
0.3 - 0.4 a.i.u. and ∆ν = 20 - 40 cm-1 and from Fig. 
2 ∆I = 0.7 - 0.9 a.i.u. and ∆ν = 30 - 55 cm-1. 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 
Eqn. 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 ∆I 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, Ik.  
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. 

Ik
log = log2 (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. 

 
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) values), 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 ∆I tolerance 
compensate the difference in band intensity in 
structurally similar compounds.   
Acknowledgment We thank Prof. Kurt Varmuza for 
providing the software SubMat and dedicate this paper 
to him on the occasion of his 75th anniversary (22 
February 2017). 
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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 4oC (fridge) or at 20oC (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 20oC 

than at 4oC 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 20oC in shell had slightly shorter induction periods than the corresponding kernels stored at 4oC. 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 4oC. 

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 4-7oC vs. 20-25oC [4, 7‒10], in 

single cases ‒25oC [8, 11] or even 55oC [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], 

α-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 (4oC in fridge 

and 20oC 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 

* To whom all correspondence should be sent. 
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(4°C) for 1, 3, 6 and 12 months. Initial portions of 

hazelnuts were used as respective references (0 

months storage). 

Reagents 

All reagents and solvents were of analytical 

grade and were used 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-225 60 m x 0.25 mm x 0.25 µm column 

(J&W Scientific, USA). The column temperature 

was programmed from 150оC to 240°C with 

5°C/min and held at this temperature for 20 min. 

The injector and detector temperatures were 260oC 

and 280оC, 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 

(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 oC 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 8th month and decrease of 18:3 (being 0.1 

% in the initial oil) after the 12th month in whole 

hazelnuts stored at 20 oC but without such changes 

in kernels stored at 4 oC. Unfortunately, no 

comparative experiments with whole nuts stored at 

4oC and kernels at 20oC 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 oC 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 oC or 20 oC) 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 (Figs. 1 ‒ 4). 

 

 

   

Fig. 1. Oleic acid (9-18:1) content of the oil from three cultivars hazelnuts stored up to 12 months at different 

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

   

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 20oC or 4oC, as kernels (k) or in shell (s). 

   

Fig. 3. Palmitic acid (16:0) content of the oil from three cultivars hazelnuts stored up to 12 months at different 

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

   

Fig. 4. Stearic acid (18:0) content of the oil from three cultivars hazelnuts stored up to 12 months at different 

conditions: at 20oC or 4oC, 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, 

520 mg/kg in Ata Baba and 500 mg/kg in Tonda 

Gentile (Fig. 5). 

   

Fig. 5. Total tocopherols in the oil from three cultivars hazelnuts stored up to 12 months at different conditions: at 20oC 

or 4oC, as kernels (k) or in shell (s). 

     

Fig. 6. Oxidative stability (induction period) of the oil from three cultivars hazelnuts stored up to 12 months at different 

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

After the first storage month these amounts 

gradually decrease and that trend is slightly 

stronger at 20oC than at 4oC as well as for nuts in 

shell than the kernels. Likewise, respective 

reducing of the individual α-, β- and -isomers is 

observed (not shown here). As can be seen (Fig. 5) 

hazelnuts stored at 4oC as kernels contain slightly 

more tocopherols than that stored at 20oC 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 α-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 0oC and at 10oC 

contained slightly higher amount of α-tocopherol as 

kernels than in shell (one investigated cultivar) 

[13]. Despite the scarce information, these findings 

confirm our results that storage of hazelnuts at 4oC 

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). 

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 20oC 

than at 4oC 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 (25oC vs. 7oC for kernels and 

whole nuts [4]; or 20oC in shell vs. kernels at 

4oC [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 (4oC or 20oC) 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 20oC than at 4oC 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 4oC. 
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МАСТНИ КИСЕЛИНИ, ТОКОФЕРОЛИ И ОКИСЛИТЕЛНА СТАБИЛНОСТ НА 

ЛЕШНИЦИ ПО ВРЕМЕ НА СЪХРАНЕНИЕТО ИМ 

С. М. Момчилова1, С. П. Танева1, М. Д. Златанов2,  Г. А. Антова2, М. Й. Ангелова-Ромова2, 

Е. Благоева3 

1 Институт по органична химия с Център по фитохимия, Българска академия на науките, 

 ул. „Акад. Г. Бончев“, блок 9, 1113 София, България 

2 Катедра „Химична технология“, ПУ „П. Хилендарски“, ул. „Цар Асен“ 24, 4000 Пловдив, България 

3 Опитна станция по земеделие, ул. „Миньорска“ 1, 6600 Кърджали, България 

Постъпила на 13 ноември 2016 г.; приета на 6 декември 2016 г. 

(Резюме) 

Лешници от три сорта (Ата Баба, Ран Трапезундски и Тонда Джентиле), отглеждани в България, 

са съхранявани за 1, 3, 6 и 12 месеца при различни условия: с черупки или като ядки, при 4oC (в 

хладилник) или при 20oC (на сянка), след което са анализирани мастно-киселинния състав, 

токоферолите и окислителната стабилност (индукционен период в часове) на маслата им. Резултатите 

показват, че мастните киселини практически не се променят до 12 месеца независимо от различните 

условия на съхранение, докато количеството на токоферолите постепенно намалява, и тази тенденция 

е малко по-силно изразена при 20oC, отколкото при 4oC, както и при лешниците с черупки, в 

сравнение с ядките. Подобно съответно намаляване се наблюдава и при индивидуалните α-, β- и 

-изомери. Относно окислителната стабилност, маслата от изходните лешници имат дълъг 

индукционен период (40, 47 и 58 часа, съответно при сортовете Ата Баба, Ран Трапезундски и Тонда 

Джентиле). Тази окислителна стабилност постепенно намалява по време на съхранението по същия 

начин, както при токоферолите, т.е. лешниците, съхранявани при 20oC с черупки имат малко по-къс 

индукционен период. Всички тези резултати показват, че e възможно лешниците да бъдат 

съхранявани до 12 месеца, без да настъпят значителни и вредни за здравето промени в основните им 

липидни характеристики. За да се запази качеството им в най-голяма степен, е препоръчително те да 

бъдат съхранявани като ядки при 4oC. 

Ключови думи: лешници, съхранение, мастни киселини, токофероли, оксидантна стабилност 
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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 10-4 to 10-7 M [1]. Detecting 

of Hg2+ can be done in the same range of 

concentrations at pH 5.5 – 6.5 [2]. 

Quantitative and selective detection of Zn2+ and 

Cd2+ 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 …, O…H-C and 

C=O…C=O 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 C1 - 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 C2 – 

C2’ bond can give a total of 25, 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 aqueous 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 S0. For the excited electronic state(s), 

S1 and vibrationally excited S1*, 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 PBE0, [10] M06-2x [11] 

and MN12sx [12] functionals for the outlined 

equilibrium S0 and S1 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 S0 and first excited S1 

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.  

 

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 CH3OH 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. 10.103 cm-1 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 S0 

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 S0 

state energy minimizations of 2-(2’-hydroxyphenyl) 

quinazolin-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 S0 thermodynamic free energies G 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-1 

less stable in DMSO. In less polar solvents, studied 

here, this energy difference increases and becomes 

more than 7 kcal.mol-1 in the gas phase. We can 

therefore safely assume that the main S0 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 S0 energy surface however 

behaves differently with the chosen functionals.  

The M06-2x 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. PBE0 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 PBE0 model 5 is 

less stable than corresponding 2 by ca. 3 kcal.mol-1. 

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 S0 –> S1* 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, M06-2x/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 S0 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 G, ca. 1 

kcal.mol-1 depending on the solvent. Nevertheless, 

calculated vertical S0 – S1 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 PBE0 (pbe1pbe in GAUSSIAN), 

M06-2x 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. 

 

Figure 3. M06-2x/6-31G(d,p) diagram of S0 and S1 

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: S0: -799. 2184; S1*:  

-799.0643; S1: -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:  

S0: -798.9443; S1*: -798.7991, absorption at 314 nm; S1: 

-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 S0 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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Figure 4. The transition structure for ESIPT on the S1-

potential energy surface of 1, TD=(nstates=6) 

MN12sx/6-311G(d,p). Distances are shown in Å.  

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 S0 electronic state and corresponding S1 structures. Total energies are in hartrees, G in kcal/mol, and 

wavelengths in nanometers. f is the calculated oscillator strength.  

 S0 S0-S1 vertical S1 relaxed 

Str E ΔG ΔΔG abs f Fl 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 3.41 379.0 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 S0 electronic state and corresponding S1 structures. Total energies are in hartrees, G in kcal/mol, 

and wavelengths in nanometers. f is the calculated oscillator strength.  

 S0 S0-S1 vertical S1 relaxed 

Str E ΔG ΔΔG abs f abs 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 0.397 445.7 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 S0 electronic state and electron transitions to corresponding S1 structures. Total energies are in 

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

 S0 S0-S1 vertical S1 relaxed 

Str E ΔG ΔΔG abs f Fl f 

 Tetrahydrofuran 

1 -798.942197 -798.764794 1.38 314.5 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 1.54 314.5 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 9.05 332.5 0.248 614.4 0.004 

6 -798.928614 -798.753220 9.05 332.5 0.248 415.5 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, IOCCP, acquired under Project 

RNF01/0110 (2009-2011) of the National Research 

Fund of Bulgaria.   
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ТЕОРЕТИЧНИ ВИЖДАНИЯ ЗА ЕЛЕКТРОННИТЕ СПЕКТРИ И ПРЕНОСИ НА ПРОТОН 

В МОЛЕКУЛАТА НА ЕДИН СЕНЗОР 

Сн. Бакалова и Х. Канети 

Институт органична химия с център по фитохимия, БАН 

ул. Акад. Г. Бончев., Бл.9, 1113 София, България 

Постъпила на 14 ноември 2016 г.; приета на 21 декември 2016 г. 

(Резюме) 

Прототропната тавтомерия и възможната интерпретация на наблюдаваните абсорбционни и емисионни 

електронни спектри на 2-2’хидроксифенил-хиназолин-4-он са изследвани с помощта на зависимата от времето 

теория на функционала на плътността. Изследвани са енергиите на електронните преходи и преноса на протон 

във възбудено състояние в газова фаза и няколко разтворителя.  

Ключови думи: 2-2’хидроксифенил-хиназолин-4-он, кето-енолна тавтомерия, електронни абсорбционни и 

емисионни спектри, TD DFT, преходни структури за пренос на протон във възбудено състояние 
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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 

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 triterpenoids that exhibit 

hepatoprotective, anti-inflamotory, antioxidant, 

anti-HIV and anticancer activities [11].   

Although the fruits of S. chinensis have been * To whom all correspondence should be sent. 

E-mail: radka_vrancheva@yahoo.com 
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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 -18ºC. 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 70ºC 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 4ºC 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% Na2CO3 (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-1 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 C18 column (5 μm, 25 cm × 

4.6 mm), operated at 30ºC under 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-1. 

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 Ivanov 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 

in dried fruits, 

mg GAE.g-1 

DW 

Total phenols 

in frozen 

fruits, mg 

GAE.g-1 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 µg.g-1 plant material), 

p-coumaric (<0.02 µg.g-1 plant material) and 

gentisic acids (<0.02 µg.g-1 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 used, 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. 

Extract 

Chlorogenic 

acid, 

µg.g-1 DW 

p-coumaric 

acid, 

µg.g-1 DW 

Sinapic acid, 

µg.g-1 DW 

Chlorogenic 

acid, 

 µg.g-1 FW 

p-cumaric 

acid, 

µg.g-1 FW 

Sinapic acid, 

µg. g-1 FW 

96% 

ethanol 
297.9 ± 5.2 104.5 ±1.6 32.6 ± 0.9 32.4 ± 2.1 18.8 ± 0.5 10.4 ± 1.1 

70% 

ethanol 
556.2 ± 6.4 157.3 ± 1.4 62.2 ± 2.7 19.2 ± 1.1 14.2 ± 1.4 11.8 ± 1.1 

Water 133.5 ± 1.8 77.3 ± 1.1 26.2 ± 0.8 21.4 ± 1.4 16.3 ± 1.4 12.1 ± 1.4 

Water, 

70°C 
265.1 ± 3.1 89.6 ±1.5 28.9 ± 0.8 55.6 ± 3.5 28.3 ± 2.1 16.5 ± 1.4 
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Figure 1. Antioxidant activity of extracts of dried fruits of S. schinensis defined by DPPH, ABTS, FRAP and CUPRAC 

methods. 

 

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 with a high antioxidant activity and 

high phenolic acids content. This is a basе for 

potentially future application of S. chinensis fruits 

as source of natural antioxidants in different food 

systems. 
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АНТИОКСИДАНТНА АКТИВНОСТ НА РАЗЛИЧНИ ЕКСТРАКТИ ОТ ИЗСУШЕНИ И 

ЗАМРАЗЕНИ ПЛОДОВЕ ОТ Schisandra chinensis (Turcz.) Baill. 
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(Резюме) 

Китайският лимонник (Schisandra сhinensis) е  използван в традиционната китайска медицина в 

продължение на стотици години. През последните десетилетия, фармакологичните и химични изследвания на 

това растение разкриха различни ценни биологични и фармакологични активности, като антихепатотоксична, 

антиоксидантна, детоксикираща, антитуморна, тонизираща и противовъзпалителна активност. Целта на 

настоящото изследване е да се определи антиоксидантна активност и фенолния профили на различни екстракти 

(воден при стайна температура, воден, 70% и 96% етанолен екстракт чрез екстракция на водна баня при 70 °С и 

обратен хладник) на изсушени и замразени плодове от Schisandra сhinensis (Turcz.) Baill. Антиоксидантния 

потенциал на изследваните екстракти е определен чрез четири най-често използвани спектрофотометрични 

методи, а именно DPPH, ABTS, FRAP и CUPRAC. 70% етанолен екстракт от сушените плодове притежава най-

висока антиоксидантна активност, определена чрез всички тествани методи. Най-висок антиоксидантен 

потенциал на замразените плодове е определен във водния екстракт, получен чрез екстракция на обратен 

хладник при 70° С. Освен това, тези екстракти са с най-високо съдържание на общо феноли, определени по 

метода на Folin-Ciocalteu. Чрез HPLC анализ на фенолният профил на изследваните екстракти се установи 

наличието на хлорогенова, р-кумарова и синапова киселина. 

Установената висока антиоксидантна активност на изследваните екстракти от изсушени и замразени 

плодове от S. сhinensis е предпоставка за бъдещото им прилагане като естествени консерванти в различни 

хранителни системи. 

Ключови думи: Schisandra chinensis, антиоксиданти, фенолни киселини, биологична активност, HPLC 
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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 (C4H6N2S4Zn)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 

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, 

* To whom all correspondence should be sent. 
E-mail: dilldimitrova@yahoo.com © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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 H2SO4, CdSO4, 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].  

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 μm. 

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.I.) 

𝐴𝐴. 𝐼𝐼. % =
(A −  B). M. M𝑚𝑚Zb. K

m. 1000
. 100        (𝟏𝟏) 

А = volume of iodine used for titration of the sample, mL 
В = 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 
К =  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 μm. 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-1 

Auxiliary gas flow rate 0.5 L min-1 
Nebulizing/carrier gas 
flow rate 

0.7 L min-1 

Peak processing 3 pixels per peak 
Background correction 2 sides one pixel 
Number of replicates 4 
Replicate read time 10 s 
Nebulizer type OneNeb Flow Blurring® 

nebulizer  
Sample flow rate 1.2 mL min-1 
Spray chamber Single-pass cyclonic 

chamber  
Viewing mode  Axial 
Spectral lines for sulfur 182.624 nm 

 
Calculation of Zineb active ingredient (A.I.) 

after ICP-OES determination of sulfur 

𝐴𝐴. 𝐼𝐼. % =
𝐶𝐶𝑧𝑧. V𝑝𝑝𝑝𝑝 .  m2𝑝𝑝𝑝𝑝 .  M𝑚𝑚Zb.

m𝑝𝑝𝑝𝑝 . m1𝑝𝑝𝑝𝑝 . 4.𝐴𝐴𝑚𝑚S
. 100         (𝟐𝟐) 

Cz= content of bonded in the Zineb sulfur 
(measured by ICP-OES), mg/ml 

Vpr = initial volume for sample dissolution,  ml 

m1pr= amount of sample solution taken, g 
m2pr = 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 

𝐶𝐶𝑧𝑧
𝑚𝑚𝑚𝑚
𝑙𝑙 =

𝐶𝐶1 �𝐼𝐼2 − �𝐼𝐼𝑧𝑧 −
𝐼𝐼0
𝐹𝐹�� + 𝐶𝐶2 ��𝐼𝐼𝑧𝑧 −

𝐼𝐼𝑜𝑜
𝐹𝐹� − 𝐼𝐼1�

𝐼𝐼2 − 𝐼𝐼1
         (𝟑𝟑)   

 
Iz = intensity of the sample Zineb, cps 
Io = intensity of the extracted sample Zineb, cps 
I1 = intensity of the low standard of S, cps 
I2 = 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 
C2= 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 (%) 
 

No batch CIPAC 25 𝒙𝒙𝒄𝒄 
ICP-OES 

𝒙𝒙𝒊𝒊 |𝒙𝒙𝒊𝒊-𝒙𝒙𝒄𝒄| 𝒖𝒖𝒄𝒄 𝒖𝒖𝒊𝒊 𝒖𝒖𝒅𝒅 k𝒖𝒖𝒅𝒅 

(1) (2) (3) (4) (5) (6) (7) (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 |𝒙𝒙𝒊𝒊-𝒙𝒙𝒄𝒄| 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 (𝒙𝒙𝒊𝒊– for ICP-OES method and 𝒙𝒙𝒄𝒄 - for 
CIPAC 25 method) was found and the absolute 
value is given on column (4). The combined 
uncertainty 𝒖𝒖𝒅𝒅 of the difference for each pair of 
measurement results was calculated according to 
the propagation law using the equation 4: 

𝒖𝒖𝒅𝒅 = �𝒖𝒖𝒊𝒊𝟐𝟐 + 𝒖𝒖𝒄𝒄𝟐𝟐   (4) 

The 𝒖𝒖𝒄𝒄 and  𝒖𝒖𝒊𝒊 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 𝒖𝒖𝒅𝒅  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: 

|𝒙𝒙𝒊𝒊-𝒙𝒙𝒄𝒄|<𝒌𝒌𝒖𝒖𝒅𝒅    (5) 

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. 

 
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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СЪВМЕСТИМОСТ НА РЕЗУЛТАТИТЕ ОТ АНАЛИЗ НА АКТИВНАТА СУБСТАНЦИЯ 
ЦИНЕБ, ОПРЕДЕЛЕНА ЧРЕЗ CIPAC И ICP-OES МЕТОДИ 

Д. К Чакърова-Димитрова, В. Й. Кметов 

Пловдивски университет “Паисий Хилендарски”, Катедра Аналитична химия и компютърна химия, 
 ул. Цар Асен № 24, Пловдив, България 

e-mail: dilldimitrova@yahoo.com 

Постъпила на 11 ноември 2016 г.; приета на 1 декември 2016 г. 

(Резюме) 

Представената работа оценява метрологичната съвместимост на резултатите от определянето на активната 
субстанция в пет партиди Цинеб произведен в Агрия АД, измерени чрез класически CIPAC 25: 1993 метод в 
акредитираната лаборатория към Агрия АД, с тези, измерени чрез новосъздаден ICP-OES метод. Абсолютната 
стойност на разликата между измерените резултати за всяка двойка е по-малка от два пъти стандартната 
неопределеност при измерване на тази разлика, което потвърждава съвместимостта на CIPAC 25 и ICP-OES 
методите. 

Новосъздаденият ICP-OES инструментален метод е по-бърза и по-„зелена“ алтернатива на класическия 
CIPAC 25 метод за определяне на активната субстанция Цинеб в биоцидни продукти. 

Ключови думи: Цинеб, CIPAC, ICP-OES, метрологична съвместимост 
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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 (202Hg) 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 

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 

from the organism through urine and feces, with 

about two months’ half-life [5].  

Quantification of mercury in urine is a 

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) 

Biological 

material 

Without 

professional 

exposition 

NOAEL* 
Manifestation of 

clinical effect 

Half-life  

period 
Comment 

Urine 

(µg/L) 
< 5 35-50 100 60 days 

Reflects the exposition  

of the past 2-4 months 

*NOAEL -  No-observed-adverse-effect level  

 * To whom all correspondence should be sent. 

E-mail: panova22@abv.bg 

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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 μg/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 μg/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 μg/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 μg/L. The isotope 185Re was preferred 

because it is free of isobaric interferences. For the 

preparation of all solutions and reagents, ultra-pure 

water (18.2 M Ω.cm) from VWR Puranity TU and 

nitric acid (HNO3, 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 4ᵒC, and analysis was performed within 

7 days. The samples were thoroughly mixed before 

dilution with 2% HNO3. 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% HNO3 (DF = 200) before 

measuring.  

Aqueous standards for Hg external calibration 

were prepared in 2% HNO3 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 Qс 

Plasma conditions 

RF-power 1550 W 

Nebulizer Gas Flow    0.96 L min-1 

Auxilliary Gas Flow   0.80 L min-1 

Plasma Gas Flow 14.00 L min-1 

He gas flow   3.2 mL min-1 

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 -  198Hg, 199Hg, 
200Hg, 201Hg and 202Hg. Two isotopes - 196Hg and 
204Hg were excluded from data processing, due to 

their low natural abundance percentage. Moreover 

the latest is overlapped by 204Pb and if Lead is 

present in the urine samples, it could cause isobaric 

interference. Rhenium (185Re) was used as internal 

standard for nonspectral interferences and 

sensitivity drift correction. There are five isotopes 

of tungsten - 180W, 182W, 183W, 184W and 186W, 

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 

196Hg 0.146 180W 0.126 180W16О 

198Hg 10.02 182W 26.31 182W16О 

199Hg,  16.84 183W 14.28 183W16О 

200Hg 23.13 184W 30.64 184W16О 

201Hg  13.23 186W 28.64 184W16ОH 

202Hg  29.8   186W16ОH 

204Hg  6.85   204Pb 

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 
200Hg (Figure2).  

A very good match with the natural abundance 

of the results, obtained from the analysis of 25 ng/l 

Hg standard and the Seronorm reference material 

(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 185Re, 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 198Hg; 4 ng/L for 199Hg; 4 ng/L for 
200Hg; 15 ng/L for 201Hg; 2 ng/L for 202Hg. A very 

high value for BEC (background equivalent 

concentration) was recorded for 201Hg 

(BEC=79 ng/L). For this reason only three of the 

isotopes (199Hg 200Hg 202Hg) were chosen for 

quantitative 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 µg/L for 199Hg 200Hg and 0.15 µg/L for 202Hg 

(LoQ was calculated using 10σ criteria). All patient 

samples tested showed lower than 5 µg/L content of 

Hg, from 1 to 2.7 µg/L with acceptable precision. 

Regardless of the variable content of Tungsten in 

the urine (see the signals for 182W given in Table 4) 

no spectral interferences were registered.   

In order to validate the method all patient urine 

samples were spiked with 5 µg/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. 

. 
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Fig. 1. RSD % obtained by STD and KED mode for 

25 ng/L Hg (n=4). 

Fig. 2. Hg isotope ratio normalized to 200Hg. The numbers 

on the bottom are natural abundance in % 

Table 4.  Results of ICP-MS determination of Hg (μg/L) in human urine, urine spiked with 5 μg/L Hg and CRM – 

Seronorm, obtained from different isotopes. An interval is given as + SD, n=4.  Recovery is given in brackets (R %).  

 IS drift(1) 182W (cps) (2) 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 %) 4.5 ( 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 

 (36.1 – 45.3) (3)  

95.9% 3,433 41.2  

(101.2 %) 

40.5  

(99.5 %) 

40.4  

(99.3 %) 
Human urine was diluted with DF=20, Seronorm was diluted with DF=200. Urine was spiked (+ Hg ) with Hg 5 μg/L before 

dilution. (1) 185Re Internal Standard drift in %; (2) Signals in counts per second measured for 182W; (3) 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 μg/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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(Резюме) 

Оценена е приложимостта на ICP-MS (Thermo Scientific ICAP Qc) и възможните интерференции от 

волфрамов оксид при количествено определяне на Hg в човешка урина. Масспектрометърът е оборудван с 

колизионна клетка с газ хелий, работеща в режим KED (Kinetic Energy Discrimination). Този режим се използва 

широко за подтискане на полиатомни пречения, които са присъщи на ICP-MS. Недостатък на режима KED е 

влошаването на чувствителността и намаляването на съотношението сигнал/шум, особено за по-ниския масов 

диапазон. По тази причина в случаите, изискващи ниски граници на откриване, за предпочитане е режим STD 

(клетката не е под налягане), вместо KED. 

Настоящата работа показва, че след оптимизиране на условията за определяне на  Hg в режим KED, 

отношението сигнал/ шум може да се подобри до два пъти, в сравнение с режим STD. Вместо намаляване на 

чувствителността, сигналите за всички измерени изотопи на Hg, са по-високи и с по-добра повторяемост 

използване на KED режим. Отношенията на регистрираните сигнали на изотопите на Hg бяха сравнени с 

табличните стойности на тяхното природно разпространение, при което се установи много добро съвпадение, 

което е доказателство за липсата на спектрални пречения върху сигналите на Hg. Чрез оптимизирания метод са 

постигнати инструментални граници на откриване от 2 ng/L (за 202Hg). Отличен аналитичен добив (в границите  

от 99 до 101 %) е постигнат спрямо сертифицираната стойност на референтен материал урина. ICP-MS анализът 

на дотирани с 5 µg/L  Hg и разредени с фактор 20 проби урина показва аналитичен добив в интервала от 90 – 

110 %.  

Ключови думи: ICP-MS, определяне на живак, Hg, колизионна клетка, урина 
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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, Мelissa 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 µmol TE/g, HORAC, 1887.8±51.0 µmol GAE/g and EM, 24.901±1.445 μmol/l.min) and H. 

perforatum (ORAC, 5950.5±328.4 µmol TE/g, HORAC, 2128.3±200.1 µmol GAE/g and EM, 23.605±1.334 

μmol/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 

INTRODUCTION 

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 (HO•), superoxide anion (O2
-) 

and singlet oxygen (1O2•) 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 

medicine antioxidants are enzymes or 

nonenzymatic substances that have the ability to 

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, Мelissa 

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 аre 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, Мelissa 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, М. 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 

“Еxtractpharma” Ltd. Sofia, Bulgaria.  Antistress1 

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 

4.5:4.5:1. These combinations are registered as 

food supplements by the company “Avicena Herb” 

Ltd. Plovdiv, Bulgariа. 

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 ± 1ºC 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 №127 and decision 

of the ethical committee at MU Plovdiv protocol 

№3/21.04.2016.  

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).  

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 μmol 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 

Ou et al. [14], and measures the ability of an 

antioxidant to form complexes in conditions of 

Fenton reaction, caused by the interaction between 

Co (II) and H2O2. The results are expressed in μmol 

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 μmol TE/g) compared to water 

extracts (364, 996 and 629 μmol 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 (table1, column 4) and 

their ORAC (r2 = 0.9042) and HORAC 

(r2 = 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. Coronatа, M. Officinalis, H. perforatum and their combinations Antistress 1 and Antistress 2 

Еxtracts  ORAC, µmol TE/g HORAC, µmol 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 

Аntistress 2 3774.7±99.3 1132.4±44.8 132.36±2.4 

Аntistress 1 3746.2±180.1 861.7±25.2 128.57±2.4 

S. coronatа 1142.7±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. Coronatа, M. Officinalis, 

H. perforatum and the combinations Antistress 1 and 

Antistress 2, as measured by electrochemical method 

Еxtracts K, μmol/l.min±SD AOA 

Antistress 2 28.795±1.125 3.551 

Antistress 1 27.136±1.874 3.346 

М. officinalis 24.901±1.445 3.071 

H. perforatum 23.605±1.334 2.911 

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 Antistress 1 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].  

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 μmol TE/g), HORAC (381-

2128 μmol GAE/g) and electrochemical (15.6 - 

28.7 μmol/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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(РЕЗЮМЕ) 

В последните години големият брой предклинични и клинични изследвания подкрепят хипотезата за 

връзката между оксидативния стрес,  тревожността и депресивните състояния. В търсене на нови източници на 

антиоксиданти напоследък все повече се изследват лечебните растения, които от векове се използват в 

народната медицина. Целта на настоящото проучване е да се определи антиоксидантната  активност на 

екстракти от лечебните растения Valeriana officinalis, Мelissa officinalis, Crataegus monogyna, Hypericum 

perforatum, Serratula coronata и комбинациите от тях  Антистрес 1 и Антистрес 2, които са хранителни добавки, 

препоръчвани при хронична умора, тревожност и стрес. Това е направено чрез измерване на Oxygen Radical 

Absorbance Capacity (ORAC), Hyrdoxyl Radical Averting Capacity (HORAC) и по електохимичен метод. Най-

изразена е антиоксидантната активност на екстрактите от M. officinalis (ORAC, 6751.0±214.3 µmol TE/g, 

HORAC, 1887.8±51.0 µmol GAE/g и 24.901±1.445 μmol/l.min) и H. perforatum (ORAC, 5950.5±328.4 µmol TE/g, 

HORAC, 2128.3±200.1 µmol GAE/g и 23.605±1.334 μmol/l.min), която вероятно е следствие от високата 

концентрация на розмаринова киселина в първия екстракт и съответно на флавоноиди във втория. Те 

допринасят в най-голяма степен за активността на Антистрес 1 и Антистрес 2. Проведено е in vivo изследване за 

остра токсичност като е отчетена 100% преживяемост на опитните животни, което доказва, че самостоятелните 

и комбинираните екстракти са нетоксични. 

Kлючови думи: растителни екстракти, токсичност, антиоксидантна активност, ORAC, HORAC, 

волтамперометрия 
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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 Co2+-Co3+ and 

Mn3+-Mn4+ with the predominance of Co3+ and Mn4+ 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), SO2, NH3, NOx, volatile 

organic compounds (VOCs), CH4. 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 

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 Co3O4 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.  

* To whom all correspondence should be sent. 

E-mail: ani4ka_pk87@abv.bg © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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EXPERIMENTAL 

Catalyst preparation 

The catalyst samples were prepared using a co-

precipitation procedure. Aqueous solutions of 

Co(NO3)2.6H2O and Mn(NO3)2.4H2O with different 

molar ratios were premixed. The single component 

cobalt and manganese samples were also prepared. 

Aqueous solution of Na2CO3 (1 mol/l) was added 

slowly to the mixed nitrate solution at continuous 

stirring and maintaining the temperature of 70 ºC. 

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 ºC and subsequently calcined at 500 ºC 

for 3 hours. The samples were denoted as Co, Mn, 

CoMn1.5, CoMn1, 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, CoKα 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 % H2 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 5x10‒10 mbar 

using twin anode MgKα/AlKα 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 Ag3d5/2 photoelectron line) of 1.06 and 

1.18 eV for MgKα and AlKα 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 

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 

a continuous flow type of glass reactor at 

atmospheric pressure with catalyst bed volume of 

about 1 cm3 (fraction 0.310.63 mm). External mass 

transfer limitations have been minimized by working 

at high gaseous hourly space velocity GHSV (14400 

h1). 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 Со 

catalyst is Co3O4 determined by the peaks at (2θ = 

21.90, 36.77, 43.19, 44.95, 52.58, 65.69, 70.28, 

77.49, and 92.98) (PDF 01-074-1657). The 

manganese sample (Mn) exhibited diffraction lines 

corresponding to Mn2O3 (2θ = 27.87, 38.34, 44.62, 

65.66, 73.9) (PDF = 01-078-0390), Mn3O4 (2θ = 

21.01, 37.10, 44.67, 56.07) (PDF = 00-016-0350) 

and MnO2 (2θ = 33.20, 65.17) (PDF 00-004-0591). 

The diffraction reflections appear at slightly smaller 

2θ values in the Co-Mn mixed samples. This is direct 

prоof for the incorporation of manganese in the 

lattice of Со3О4. 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 CoMnO3 (2θ = 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 results of samples 

characterization by N2 adsorption, elemental 

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 Co2p1/2 and 

Mn2p. The presence of Co2+ 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 3d4s "shake-up" satellite 

with binding energy 803-804 eV (Figure 2A). The 

presence of Co2+ and Co3+ ions is observed in all Co-

contained samples (see Table 1).  

Figure 2B shows the XP spectra of manganese-

containing samples in Mn2p region. Registered 

binding energies in the intervals 641.5 - 642.5 eV 

and 642.5 - 643.5 eV are characteristic of Mn3+ and 

Mn4+ ions, respectively. 

From the spectra (Figure 2B) it is determined that 

the concentration of Mn4+ -containing species is 

higher than that of Mn3+ 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 Co3+ 

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 

from the Table 1, Mn3+ and Mn4+ present 

simultaneously on the surface.  

Table 1. Sample characterization 

Sample 
SBET, 

[m2/g] 

Atomic ratio 

Co2+ 

[at.%] 

Co3+ 

[at.%] 

Mn3+ 

[at.%] 

Mn4+ 

[at.%] 

Co/Mn  

in the bulk 

(elemental 

analysis) 

Co/Mn at 

the surface 

 (XPS) 

Сo 26 - - 4 27 - - 

Мn 25 - - - - 12 21 

СoМn1 67 1.25 0.94 6 10 4 13 

СoМn1.5 51 0.6 0.50 6 5 5 19 

СoМn3 36 0.3 0.10 0.9 1.1 7 18 

        

  

Fig. 1. XRD pattern of all studied samples Fig. 2. XP spectra of studied samples: A) Co2p1/2 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 

Co3O4 powder or supported relatively large Co3O4 

particles [24]. The peak at 314 C is attributed to the 

reduction of Co3O4 into CoO and that at 382 C 

originates from the further reduction of CoO into 

Co0. 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 Mn2O3 into Mn3O4 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 

catalysts prepared by co-precipitation was already 

mentioned in [20]. It could be associated with 

reduction of a Co-Mn mixed oxide. Das et al. [28] 

reported the reduction of pure (Co1-xMnx)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. H2O and CO2 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 Mn4+–Mn3+ couple. 

 

 

 

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

component (Co-Mn) oxides. 

Fig. 4. Catalytic activity testing of investigated materials 



Yordanova et al. ‘Co-Mn mixed oxide catalysts for purification of waste gases from n-hexane” 

103 

It was established that catalytic activity increases 

when the pair Mn4+-Mn3+ exists in the structure of 

the manganese oxide [20]. The other reasons for a 

considerable improvement in activity of CoMn1 

sample could be the highest specific surface area and 

the simultaneous presence of Co2+ and Co3+ ions on 

the surface. It is well accepted that Co3+ is the 

catalytic active species in the oxidation reactions, 

but the presence of Co2+ can additionally impact on 

the activity, because Co2+ 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 

Co2+/Co3+ and Mn3+/Mn4+ 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 CoMnO3 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 Co2+-

Co3+ and Mn3+-Mn4+ with the predominance of Co3+ 

and Mn4+ species and the highest specific surface 

area are responsible for the highest catalytic activity 

of the CoMn1 sample.  
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Co-Mn СМЕСЕНИ ОКСИДНИ КАТАЛИЗАТОРИ ЗА ПРЕЧИСТВАНЕ 

 НА ОТПАДЪЧНИ ГАЗОВЕ ОТ n-ХЕКСАН 

И. Д. Йорданова*, С. Ж. Тодорова, Х. Г. Колев, З. П. Черкезова-Желева 

Институт по катализ, Българска академия на науките, ул. Акад. Г. Бончев, бл. 11, 

1113 София, България 

Постъпила на 11 ноември 2016 г.; приета на 30 януари 2017 г. 

(Резюме) 

Чрез методът на съутаяване са получени едно- и двукомпонентни Co-Mn оксиди. Те са изследвани с различни 

физикохимични методи (XRD, TPR and XPS) и изпитани в реакцията на пълно окисление на n-хексан. Най-

високата каталитична активност проявява катализатор с молно съотношение Co/Mn=1. Едновременното 

присъствие на двойките Co2+ - Co3+ и Mn3+ - Mn4+ с преобладаващи концентрации на Co3+ и Mn4+ йони, високата 

специфична повърхност, както и ниската степен на кристалност допринасят за най-висока каталитична активност 

на образец CoMn1. 

Ключови думи: пълно окисление на хексан, кобалт-манганови катализатори, рентгенов фазов анализ, 

рентгенова фотоелектронна спектроскопия. 
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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 ring0opening 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 

antitumor, antimicrobial, and 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, 

mostly as intermediates [20], but also as 

glycosidase inhibitors [21]. 
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Mistosanes

extracted from Streptomyces verticillatus
anti-tumor and antibiotic activity that act by DNA alkylation
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Mitomycin B: X=OMe,Y=H, Z=Me

Mitomycin C: X=NH2,Y=Me, Z=H
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Madurastatin B1
isolated

from Actinomadura madurae IFM 0745 
strain

antibacterial activity

N

COOH

H
N

HOOC COOH
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Fig. 1. Natural products containing an aziridine ring fragment. 
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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 stereoselective 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 

(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 β-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 α-chloroimines with nucleophiles such 

as hydride, cyanide, or Grignard reagents. 

Denolf et al. [35] reported the Asymmetric 

Synthesis of Aziridines by Reduction of N-tert-

Butanesulfinyl α-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.).  

 

R'

NH2

OH

R

1eq. ClSO3H

Et2O / CHCl3
(1:0 or 10:1)

0oC, 2h
R'

NH3

OSO3

R

(extractive work up)

6.2 M aq. NaOH
r.t., 2h

R'

R

NH

R: H, alkyl, Ph
R': alkyl, Ph, Bn, H  

Scheme 1 

 

Scheme 2 

 



M. Penkova & S. Nikolova – “Application of aziridines for the synthesis of isoquinoline derivatives” 

107 

 

Scheme 3 

 

Scheme 4 

 

Scheme 5 

Biologically important N-β-

hydroxyethylaziridine intermediates were 

conveniently prepared by regioselective ring-

opening reactions of various epoxides with in situ-

generated ethyleneimine from β-chloroethylamine 

under basic conditions in an aqueous 

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 BH3 

complexation of N-alkyl-2-phenylaziridines to 

promote a regioselective β-lithiation. The lithiated 

intermediates were configurationally stable, 

allowing an enantioselective preparation of cis-2,3-

disubstituted aziridines. The structure and 

stereochemistry of the synthesized BH3 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(II) 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 (PhI=NTs) is promoted 

by a combination of I2 and tetrabutylammonium 

iodide (TBAI). TBAI3 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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Scheme 6 

 

Scheme 7 

 

Scheme 8 

 

Recently, Fukunaga reported that aziridination 

of vinyl ketones using SESN3 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 α,β-unsaturated esters and ketones 

gave N-p-tosyl-aziridine-2-ketones and 

carboxylates in moderate to good yields 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(I) compound, supported by 4,4',4”-tri-tert-

butyl-2,2':6',2”-terpyridine (tBu3tpy) as the ligand 

for efficient catalyzis of olefin aziridination [48] 

(Scheme 7). 

Complementary to existing routes, the Lewis 

acid catalyzed reactions of phenyldiazomethane 

with α-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 

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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Scheme 10 
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Scheme 13 

Scandium(III) 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)3 [65] (Scheme 11). 

Gutierrez et al. successfully used the addition to 

the α–benzyl TosMIC derivative with N-

tosylaziridine and AlEt2Cl to yielded isoquinoline 

in 68% yield. Similar results were obtained in the 

reaction of N-tosyl aziridine and the α-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 

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. 
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ПРИЛОЖЕНИЕ НА АЗИРИДИНИ ЗА СИНТЕЗ НА ИЗОХИНОЛИНОВИ ПРОИЗВОДНИ  

М. Пенкова*, С. Николова 

Пловдивски университет „Паисий Хилендарски“, Химически факултет, Катедра Органична химия, 

 ул. "Цар Асен" 24, Пловдив 4000 

e-mail: mariya.p.penkova@gmail.com 

Постъпила на 11 ноември 2016 г.; приета на 13 декември 2016 г. 

(Резюме) 

Азиридините са разнообразни структурни елементи, използвани в органичния синтез и 

медицинската химия, тъй като позволяват удобен достъп до полезни азот-съдържащи и биологично-

активни вещества. Много азиридин-съдържащи съединения проявяват фармакологична активност, в 

това число противоракова, антибактериална, антимикробна и др., доказващи че азиридиновият 

пръстен е отговорен за проявената активност. Хиралните азиридини са често употребявани в 

органичния синтез. Статията описва синтезът и отварянето на тричленният пръстен на азиридините и 

употребата им за синтез на шестчленни изохинолини. 

Ключови думи: азиридини, синтез, биологична активност, изохинолини 
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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 α-tocopherol), carotenoids (β-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, α-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, D3 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 

ω-3 and ω-6) [7]. Seaweed and mollusks tissue is a 

good source of some water- (B1, B2, B12 and C) and 

fat soluble (β-carotene with vitamin A activity, 

ergocalciferol and cholecalciferol and α-tocopherol) 

vitamins. Vitamins derived from algae are very 

important due to their antioxidant activity, 

biochemical functions and other health benefits - 

prevention of cardiovascular diseases (β-carotene), 

decreasing blood pressure (vitamin C), reducing the 

risk of developing cancer (vitamins E and 

carotenoids) [8].  

Information available about the fat soluble 

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 D3), ergocalciferol 

(vitamin D2), α-tocopherol (vitamin E), β-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, α-tocopherol, β-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, α-tocopherol, 

β-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 * To whom all correspondence should be sent. 

E-mail: diana@mu-varna.bg 

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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 50oC 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 µm syringe filter) and injected (20μl) into the 

HPLC system.  

Chromatographic conditions 

All-trans-retinol, ergocalciferol, cholecalciferol, 

α-tocopherol, astaxanthin, β-carotene and total 

cholesterol were determined simultaneously using 

HPLC/UV/FL system equipped with RP analytical 

column. Chromatographic separation was 

performed by a Synergi 4μ 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 (λ= 265 nm), 

cholecalciferol (λ= 265 nm), astaxanthin 

(λ= 474 nm), β-carotene (λ= 450 nm) and 

cholesterol (λ=208 nm) was performed by UV 

detector. Concentrations of all-trans-retinol 

(at λex = 334 nm and λem = 460 nm) and 

α-tocopherol (at λex = 288 nm and λem = 332 nm) 

were measured by fluorescence detection.  

Standards and quantification 

Stock standard solutions of each analyte 

(1.0 mg/ml) were prepared as follows: retinol, 

ergocalciferol, cholecalciferol, α-tocopherol and 

cholesterol in 100% methanol; astaxanthin and β-

carotene in 100% dichloromethane. The solutions 

were stored at −20oC 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 (tR) were as follows: astaxanthin tR 

= 4.5 min, retinol tR = 4.9 min, ergocalcipherol tR = 

11.1 min, cholecalciferol tR = 11.7 min, cholesterol 

tR = 19.6 min, α-tocopherol tR = 12.5 min and β-

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. 

 

Fig. 1. HPLC chromatograms of standard solution 
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The received equations were: y = 2.74 e005 µg for 

retinol; y = 1.01 e005 µg for ergocalciferol; 

y = 3.67 e006 µg for cholecalciferol, y = 3.29 e005 µg 

for cholesterol, y = 4.27 e006 µg for β-carotene, 

y = 1.20 e006 µg for astaxanthin, and y = 7.73 e006 µg 

for α-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 β-carotene and cholecalciferol, 90% for 

ergocalciferol and α-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 α-

tocopherol), carotenoids (β-carotene and 

astaxanthin) and cholesterol in seaweeds and 

mussel tissue. 

 

 

Fig. 2. HPLC chromatograms of Ulva rigida sample 

 

Fig. 3. HPLC chromatograms of wild mussel 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/CH3OH) 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/v/v). 

Best resolution between vitamins D2 and D3, and 

between β-carotene and α-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 -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-1ww). 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 D2 

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 β-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-1ww for vitamin A, 

0.740 mg.100g-1ww for vitamin E and 

29 mg.100g-1ww 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 

Öhrvik et al. (2012) – 0.08 mg.100g-1ww and 

0.067 mg.100g-1ww for vitamin A, and 

3.5 mg.100g-1ww and 3.07 mg.100g-1ww for 

vitamin E, respectively [15, 16]. Pospelova and 

Nehoroshev analyzed β-carotene content of wild 

Black mussel harvested in the Black Sea near 

Sevastopol, Ukraine [17,18] and found about 

0.5 mg.100g-1ww, 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 D2 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 β-carotene and cholesterol. 

β-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-1 ww) in 

Cystoseira barbata – brown algal sample. This 

seaweed sample is also rich in α-tocopherol – 

12.36 mg.100g-1 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-1 ww) 

Mussel 

 

 

 

Analyte 

Mussel Seaweed 

Aquaculture Wild 
Ulva rigida 

(green) 

Chaetomorp

ha linum 

(green) 

Gelidium 

crinale (red) 

Cystoseira 

barbata 

(brown) 

Cystoseira 

crinita 

(brown) 

Vitamin А 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 Е 4.70±0.16 2.69±0.19 1.223±0.03 1.14±0.7 1.53±0.09 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 0.20±0.01 0.30±0.03 1.39±0.12 

β-carotene 0.232±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, 

α-tocopherol, cholecalciferol, ergocalciferol, 

cholesterol, astaxanthin and β-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 β-carotene) indicate 

the possible application of Black Sea Black mussel 

and especially seaweeds as supplements in food and 

pharmaceutical industries. 
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СЪВМЕСТНО ВЕТХ ОПРЕДЕЛЯНЕ НА МАСТНОРАЗТВОРИМИ ВИТАМИНИ, 

КАРОТЕНОИДИ И ХОЛЕСТЕРОЛ В ТЪКАН НА ВОДОРАСЛИ И МИДИ 

Д.A. Добрева*, В.З. Панайотова, Р.С. Станчева, M. Станчева 

Катедра по химия, Факултет по фармация, МУ-Варна, ул. М. Дринов 55, Варна  

Постъпила на 11 ноември 2016 г.; приета на 21 декември 2016 г. 

(Резюме) 

Целта на настоящото изследване бе да се разработи хроматографски метод за едновременно количествено 

определяне на мастноразтворими витамини (ретинол, холекалциферол, ергокалциферол и α-токоферол), 

каротеноиди (β-каротен и астаксантин) и холестерол в тъкан на водорасли и миди. Високоефективната течно-

хроматографска система с UV и FL детектори е метод, характеризиращ се с бързина, чувствителнност и точност 

при откриването на всички компоненти. Екстракционната процедура се провежда с минимални количества на 

пробите. Пробоподготовката включва осапунване и течно-течна екстракция на аналитите. Точността на метода 

(относително стандартно отклонение) е под 10% за всички изследвани вещества. Методът се характеризира с 

добра линейност при всички изследвани компоненти и време за анализ - до 32 мин. Методът бе приложен при 

проби от тъкани на водорасли и миди, като получените резултати за изследваните мастноразтворими аналити са 

близки до данни, публикувани от други автори. 

Ключови думи: ретинол, калциферол, α-токоферол, астаксантин, холестерол 
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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, β-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 D3, eicosapentaenoic acid (C20:5 ω-3) and 

docosahexaenoic acid (C22:6 ω-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 

β-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, ω-3/ω-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 β-carotene, vitamins (A, E, D3), 

cholesterol and fatty acid profile of rainbow trout 

filets and skin. This is the first study on β-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 I (Rainbow trout I) – 

weighing 300 - 400 g; group II (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, α-tocopherol, β-carotene and 

cholesterol contents. Sample preparation procedure 

was performed following the method of 

Dobreva et al. (2011) with some modifications [5]. 

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 
* To whom all correspondence should be sent. 

E-mail: diana@mu-varna.bg 
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were added. Six parallel tests were prepared and 

subjected to saponification at 50oC 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 µm syringe filter) and injected (20μl) 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, α-tocopherol, 

β-carotene and total cholesterol were determined 

simultaneously using HPLC/UV/FL system 

equipped with RP analytical column Synergi 

4μ 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 (λ= 265 nm), 

cholecalciferol (λ= 265 nm), β-carotene 

(λ= 450 nm) and cholesterol (λ=208 nm) was 

performed by UV detector. Concentrations of all-

trans-retinol (at λex = 334 nm and λem = 460 nm) 

and α-tocopherol (at λex = 288 nm and λem = 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 

(g.100g-1ww). 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 β-carotene and 

individual FA and FA groups. The differences were 

considered significant at p<0.05. 

RESULTS AND DISCUSSION 

Fat soluble vitamins, β-carotene and cholesterol 

contents 

The amounts of the analyzed compounds are 

presented in Table 1 as microgram per 100 grams 

wet weight (mg.100g-1ww). 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 II samples were higher than Rainbow trout 

group I. β-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. García-Chavarría 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 D3. Their amounts in skin 

and muscle of fish in group II 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 II, but the 

results are close. Cholesterol content in both groups 

is low. According to Ordinance № 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, D3 and E). 

Vitamin A and D3 contents in skin and muscle of 

Rainbow trout in group I are close to the 

recommendations for daily intake of those vitamins 

in Bulgaria [10]. While results for the 

corresponding vitamins in group II 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-1 ww) 

                                    Rainbow trout I* Rainbow trout II* 

 Skin Muscle Skin Muscle 

Vitamin А 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 Е 7.89±0.63 28.22±1.21 16.80±1.03** 30.42±2.72 

β-carotene nd nd 0.24±0.04 0.10±0.003 

Cholesterol 66.65±7.92 46.13±4.81 75.65±6.25 47.32±4.30 

* - Rainbow trout I - with weigh 300-400 g; Rainbow trout II - with weigh 700-900 g 

*** p<0.001, ** p<0.01 and * p<0.05 groups I vs II  

Data in Table 1 is in good agreement with those 

published by other authors and our previous 

studies [11]. Harlioğlu presented close amount of 

investigated compounds in rainbow trout fillet - 

12.4 µg∙100 g-1 ww for vitamin A, 

13.2 µg∙100 g-1 ww for vitamin D3, 

714 µg∙100 g-1 ww for vitamin E and 

40.2 mg∙100 g-1 ww cholesterol [2].  

Total lipid and fatty acid composition 

Table 2 presents information for total lipid (TL, 

g.100-1g 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 ω-6/ω-3 ratios, EPA and DHA content 

(g.100-1g wet weight) are shown too. Both trout 

groups presented 70.9% higher TL (group I) 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 II) 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 

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 ω-9) and linoleic acid 

(C18:2 ω-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 ω-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 ω-6 in the 

farmed fish lipids has been attributed to the 

commercial diet where the major FA is C18:2 ω-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 ω-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 ω-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-1 edible tissue in order to evaluate the 

nutrition lipid quality based of ω-3 PUFAs content. 

A 100 g of edible filet portion from both analysed 

groups contains average 0.660-0.700 g of 

EPA+DHA ω-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 II+ 

Skin Muscle Skin Muscle 

Total lipid (g.100-1g) 

FA, % of total FA 
5.64±0.40 3.3±0.30 6.37±0.50 2.46±0.20 

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*** 

14:1ω-5 0.45±0.02 0.60±0.03 1.05±0.08 1.00±0.06 

16:1ω-7 3.95±0.25 2.95±0.20 3.00±0.32 1.60±0.13** 

18:1ω-9 31.10±2.50 3.50±0.30*** 34.00±2.40 14.54±1.05*** 

22:1ω-11 1.16±0.08 1.10±0.07 0.25±0.01 0.26±0.02 

24:1ω-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*** 

18:3ω-6 0.90±0.04 1.80±0.20 1.20±0.07 1.00±0.08 

18:3ω-3 2.90±0.25 3.80±0.25** nd 2.72±0.10*** 

18:2ω-6  12.50±1.10 20.25±1.55*** 13.73±0.30 14.45±0.55* 

20:5ω-3 1.00±0.04 7.95±0.50 5.20±0.25 4.70±0.20 

20:4ω-6 0.70±0.02 3.90±0.28*** Nd 4.36±0.15*** 

20:3ω-6 2.00±0.07 2.50±0.20 Nd 1.45±0.05 

20:3ω-3 0.50±0.01 2.00±0.15 0.20±0.01 0.22±0.01 

20:2ω-6 0.40±0.01 0.70±0.06 Nd 0.75±0.02 

22:6ω-3 4.00±0.30 14.87±0.95*** 1.45±0.06 24.08±2.05*** 

22:2ω-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*** 

ω-3 8.40±0.55 28.62±2.10*** 8.65±0.60 31.72±2.60*** 

ω-6 17.30±1.10 30.15±2.50*** 15.53±1.50 22.81±1.70*** 

ω-6/ω-3 2.06±0.15 1.05±0.07 1.79±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 II - with weigh 700-900 g 

*** p<0.001, ** p<0.01 and * p<0.05 groups I vs II 
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PUFA/SFA and ω-3/ω-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 ω-6/ω-3 ratio should not 

exceed 4.0 [13]. In this study ω-6/ω-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 ω-6 and smaller proportion of C22:6 ω-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, ω-6/ω-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 ω-3 PUFA and lower 

levels of lipids than the skin. Based on the 

PUFA/SFA and ω-6/ω-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 ω-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 

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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МАСТНО-РАЗТВОРИМИ НУТРИЕНТИ И МАСТНИ КИСЕЛИНИ В КОЖА И ФИЛЕ НА 

КУЛТИВИРАНА ДЪГОВА ПЪСТЪРВА 

Д.A. Добрева, A. Мерджанова и Л. Македонски 

Катедра по химия, Факултет по фармация, МУ-Варна, 9000 Варна, България 

Постъпила на 11 ноември 2016 г.; приета на 21 декември 2016 г. 

(Резюме) 

Представеното изследване сравнява съдържанието на мастноразтворими компоненти в мускулната тъкан и 

кожата на дъгова пъстърва (Oncorhynchus mykiss W.), предмет на аквакултура. Екземплярите, пробонабирани в 

две групи според теглото им, са закупени от рибни търговски обекти във Варна. Установена е липсата на 

информация относно разликите при диетичния внос на мастноразтворими биологично активни вещества чрез 

консумацията на филета от пъстърва – с и без кожата. Витамини А, D3 и E, β-каротен и холестерол са съвместно 

количествено определени чрез използване на ВЕТХ система с UV и FL детектори. Общите липиди са извлечени 

от рибната матрица по метода на Блайт и Даер. Анализът на метиловите естери на мастните киселини беше 

извършен чрез използване на ГХ/МД. Данните от извършените анализи показват, че общото липидно 

съдържание, количеството на витамин Е и холестерол, както и това на наситените мастни киселини са 

значително по-високи в кожата, отколкото в мускулната тъкан. Противоположно – с по-високо в мускулната 

тъкан съдържание се представят витамини А и D3, ейкозапентанова киселина (C20:5 ω-3) и докозахексанова 

киселина (C22:6 ω-3).  

Ключови думи: Oncorhynchus mykiss, витамини, каротеноиди, холестерол, ПНМК 
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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%), α-eudesmol (7.49%-17.84%), juniper camphor (3.58%-11.49%), 

α-eudesmol acetate (5.28%-6.90%), α-chenopodiol (4.04%-6.40%). For first time in the essential oils of C. botrys 

γ-costol was identified. 

Key words: Chenopodium botrys, essential oil, elemol, elemol acetate, γ-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 

reported the isolation of sesquiterpenes of 

eudesmane and guaiane type from methanol 

extracts of C. botrys [11].  

The sesquiterpenes α- and β-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 α- and 

β-chenopodiol (36%), eudesma-3,11-dien-6α-ol 

(9.4%), botrydiol (9.0%), elemol (6.5%), elemol 

acetate (5.5%), γ-eudesmol (5.4%), and α- and 

β-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%), α-chenopodiol (9.5%) 

and selina-3,11-dien-6α-ol (6.1 %) [2]. Juniper 

camphor (16.5% and 25.7%), elemol (14.3% and 

13.4%) and α-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-β-

lonone (22.4%), (+)-7-epi-amiteol (11.5%), elemol 

(7.4%), α-cadinol (7.0%) and tau-cadinol (7.0%) 

[5]. Major components of the essential oil of 

C. botrys collected in North of Iran were γ-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) 

α-terpinene (21.4%), p-cymene (15.2%), 

E-caryophyllene (6.5%), limonene (6.1%) were 

identified as major components [8]. 2-(4α.8-

dimethyl-1.2.3.4.4α.5.6.7-octahydro-naphthalen-2-

yl)-prop-2-en-l-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 
* To whom all correspondence should be sent. 
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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 Na2SO4 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 µm 

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 µl.  

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 µm) 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 µl. 

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 C6–

C22 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 yield 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), α-eudesmol (7.49-

17.84), juniper camphor (3,58-11,49), α-eudesmol 

acetate (5.28-6.90) and α-chenopodiol (4.04-6.40) 

(Table 1, Figure 2).  
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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 C6 – C22 n-alkanes on the HP-5MS column, MS-

comparison of mass spectra with those listed in the NIST 08, tr = traces (< 0.1%). 

Compounds RI 
C. botrys from different locations of Bulgaria, % 

Sh-12 K-12 Kr-12 Pl-13 U-13 R-13 

Bornylene 893 tr tr tr tr tr tr 

α-Pinene 908 tr tr tr tr tr tr 

β-Pinene 925 tr tr tr tr tr tr 

α-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 2.51 8.49 0.14 0.52 7.89 

α-Limonene 1030 0.11 0.34 tr tr tr 0.83 

γ-Terpinene 1062 tr tr tr tr tr tr 

(Z)-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-β-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-α-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 

α-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.       

Compounds RI 
C. botrys from different locations of Bulgaria, % 

Sh-12 K-12 Kr-12 Pl-13 U-13 R-13 

p-Menth-1-en-9-ol 1311 0.33 0.43 7.11 0.15 0.19 tr 

α-Copaene 1380 tr tr tr tr tr tr 

β-Elemene 1395 1.20 1.16 5.09 0.88 1.34 1.39 

α-Gurjunene 1414 tr tr tr tr tr tr 

β-Caryophyllene 1425 0.63 1.37 4.70 0.78 0.98 1.27 

α-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 

β-Selinene 1494 0.21 0.23 tr 0.14 0.14 tr 

α-Selinene 1503 0.26 0.31 tr 0.22 0.28 tr 

α-Muurolene 1508 tr tr tr tr tr tr 

Germacrene A 1515 1.02 2.59 5.54 2.17 2.47 2.82 

γ-Cadinene 1521 0.32 0.41 tr 0.28 0.40 tr 

δ-Cadinene 1530 0.52 0.59 tr 0.61 0.77 0.74 

α-Copaen-11-ol 1545 0.51 0.42 tr 0.26 0.32 tr 

α-Calacorene 1551 tr tr tr tr tr tr 

Elemol 1560 13.53 10.89 18.15 12.95 14.80 15.15 

Caryophylene oxide 1583 0.60 1.00 tr 0.97 0.88 1.07 

γ-Eudesmol 1644 1.76 1.30 tr 1.00 1.12 1.00 

γ-Costol 1653 4.22 4.35 tr 4.76 2.94 2.56 

α-Eudesmol 1671 17.56 17.84 7.49 14.92 13.10 12.95 

Elemol acetate 1693 16.77 14.01 26.32 18.95 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 

α-Eudesmol acetate 1799 5.58 6.07 5.63 6.90 5.70 5.28 

β-Chenopodiol 1830 4.07 2.65 tr 3.09 3.52 2.45 

α-Chenopodiol 1876 6.34 4.04 tr 6.00 6.40 4.73 

β-Chenopodiol-6-acetate 1904 1.43 1.47 tr 1.40 1.25 1.05 

Acetoxyeudesman-4-α-ol-11 1957 0.61 0.60 tr 0.77 0.67 0.66 

α-Chenopodiol-6-acetate 1977 4.78 4.31 tr 5.72 4.51 3.89 

n-Heneicosane 2087 tr tr tr tr tr tr 

Total compounds   53 53 53 53 53 53 

Yield, % (v/w)   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, Pl-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-β-lonone and 

(+)-7-epi-amiteol [5]. These compounds were not 

found in the investigated essential oils from 

Southern Bulgaria. In all oils γ-costol was 

identified, which has not been reported by other 

authors. The components γ-costol, α- and 

β-chenopodiol, α- and β-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 

quantitatively. The oil is rich in elemol and elemol 

acetate. For first time in the essential oil of 

C. botrys γ-costol was identified. 
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СЪСТАВ НА ЕТЕРИЧНОТО МАСЛО ОТ Chenopodium botrys 

Д. Божилов, С. Даньо*, И. Иванов 

Пловдивски Университет „Паисий Хилендарски”, Катедра Органична химия, 

ул. Цар Асен, 24, 4000 Пловдив 

Постъпила на 11 ноември 2016 г.; приета на 1 януари 2017 г. 

(Резюме) 

Етеричното масло от Chenopodium botrys L., събиран от шест района на Южна България, беше 

получено чрез хидродестилация и анализирано с ГХ/ПИД и ГХ/МС. В етеричните масла от наземната 

част на C. botrys бяха идентифицирани петдесет и три съединения. Химичният състав на 

изследваните масла се различава само количествено. В състава на маслото пробладават 

сесквитерпеноиди (69.08%-84.83%). Основните компоненти на етеричното масло от C. botrys са 

елемолацетат (14.01%-26.32%), елемол (10.89%-18.15%), α-еудезмол (7.49%-17.84%), хвойнов камфор 

(3.58%-11.49%), α-еудезмол ацетат (5.28%-6.90%), α-хеноподиол (4.04%-6.40%). В етеричното масло 

от C. botrys за първи път беше идентифициран γ-костол. 

Ключови думи: Chenopodium botrys, етерично масло, елемол, елемол ацетат, γ-костол 
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PEG/potassium phosphate 
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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 

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 usually 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. 
* To whom all correspondence should be sent. 

E-mail: angelovatina84@yahoo.com 

© 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, MgSO4 1.0, KH2PO4 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 

35ºC 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 μmol 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/KH2PO4) 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,t and Cp,b 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 Ab⁄      (2) 

where At and Ab are the enzyme activity in the 

top and bottom phases.  

Yield (Y, %) of lipase in the top phase was also 

calculated: 

Y%=
100

((VrKe)−1    +1)
    (3) 

where Vr is the volume ratio of the top phase to 

the bottom phase (Vt/Vb). 

Selectivity (S) was calculated as: 

𝑆 =
Ke

Kp
=

𝐴𝜏

Ab

Cp,b

Cp,τ
    (4) 

The purification factor in the top phase (PFtop) 

was defined as: 

PFtop =  SAt SAi⁄     (5) 

where SAt and SAi are the specific activities in 

the top phase and the crude enzyme, respectively. 

Also, the specific activity (SA) represents the ratio: 

SA =
A

Cp
     (6) 

where A and Cp are the enzyme activity and the 

total protein [13]. 

Thermodynamic parameters of ATPS 

The enthalpy change (ΔH) was calculated by 

van Hoff’s equation (7), free energy of Gibbs 

change (ΔG) and the entropy change (ΔS) were 

calculated using classical thermodynamic 

equations (8, 9) [13]:  

𝑙𝑛𝐾𝑒 = −
∆𝐻

𝑟
×

1

𝑇
+

∆𝑆

𝑅
    (7) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆    (8) 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑒     (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% (v/v) 

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 

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. 

 

 

  
a. b. 

Fig. 1. Phase diagrams for PEG/potassium phosphate ATPSs: a. PEG 400, b. PEG 4000 

Table 1. Characteristics of ATPSs PEG 400/potassium phosphate 

PEG,% 
Potassium 

phosphate,% 
Rv Ke Kp S 

ΔG, 

kJ/mol 

ΔH, 

kJ/mol 

TΔS, 

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 

PEG% 
Potassium 

phosphate,% 
Rv Ke Kp S 

ΔG, 

kJ/mol 

ΔH, 

kJ/mol 

TΔS, 

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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a. b. c. 

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 l 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 (Rv) 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 (ΔH), entropy (ΔS) and the free Gibbs 

energy (ΔG) of the systems were calculated which 

are characteristics of the stability of the systems. 

Free Gibbs energy (ΔG) 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 (ΔH) 

and the entropy (ΔS) 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 Kp 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 Rv 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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a. b. c. 

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,% Rv Ke Kp S ΔG, kJ/mol ΔH, kJ/mol 
TΔS, 

kJ/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 

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%.  

 

Fig. 4. Lipase purification with ATPS 

24%PEG 4000/15% potassium phosphate/NaCl 

The results for the influence of NaCl on ATPSs 

24% PEG 4000/15% potassium phosphate shows 

that with the increase of the salt concentration to 

6% Rv decreased to 1.13. With this concentration of 

the NaCl increase of the Ke was achieved while Kp 

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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ПРЕЧИСТВАНЕ НА ЛИПАЗА ОТ Aspergillus carbonarius NRRL369 С ДВУФАЗНИ 

ВОДНИ СИСТЕМИ ПОЛИЕТИЛЕН ГЛИКОЛ/КАЛИЕВ ФОСФАТ 

Х.Н. Панайотова1*, Х.Н. Стринска1, В.Д. Гандова2, 
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 бул. „Марица“ 26, гр. Пловдив 4002, България 

Постъпила на 2 ноември 2016 г.; приета на 23 декември 2016 г. 

(Резюме) 

Изследвано е пречистването на липаза от Aspergillus carbonarius NRRL369 с двуфазно водни системи. 

Построени са бинодалните криви на двуфазни водни системи ПЕГ 400/калиев фосфат и ПЕГ 4000/калиев 

фосфат и са избрани подходящи концентрации на двата компонента за изследване на процеса на пречистване. 

За всички двуфазни водни системи са изчислени термодинамичните параметри, за да се опишат процесите. 

Изследвано е пречистването на липаза с различни двуфазни водни системи. Установено е, че повишаването на 

молекулната маса на ПЕГ води до повишаване степента на пречистване на липазата. Резултатите показват, че 

най-подходяща за пречистването на липаза е двуфазна водна система със състав 24% ПЕГ 4000/15% калиев 

фосфат. Постигнат е добив на липаза 90.68% и степен на пречистване 10.18 пъти. Добавянето на 6% NaCl към 

двуфазна водна система със състав 24% ПЕГ 4000/15% калиев фосфат повишава степента на пречистване до 

14.08 пъти, като крайния добив е 88.81%. 

Ключови думи: липаза, пречистване, двуфазни системи, Asp. Carbonarius 
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Isolation and purification of lipase with ultrafiltration, fractional precipitation with (NH4)2SO4, 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)2SO4 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 (NH4)2SO4 is the most 

common substance. Fractional precipitation with 

acetone, ethanol and organic acid is also used in 

practice [6]. 

By using (NH4)2SO4 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. 

Degerli et al. [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)2SO4, organic solvents and PEG 400. 

* To whom all correspondence should be sent. 

E-mail: hstrinska@gmail.com 

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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; NH4H2PO4 7.1; 

(NH4)2C2O4 1.0; MgSO4 1.5; KCl 1.9.  

Ultrafiltration 

Ultrafiltration of 50 cm3 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 

(NH4)2SO4 was added in such quantity that defined 

degree of saturation (10-80%) to be achieved. 

Solutions were let for stabilization of the precipitate 

at 4C 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 

quantity that defined concentration (10-80%) to be 

achieved. Solutions were let for stabilization of the 

precipitate at 4C 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 4C 

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-HCl 

pH 9.0 [13]. The reaction mixture, containing 

2.4 cm3 of 0.8 mM substrate and 0.1 cm3 of enzyme 

solution, was incubated for 15 min at 35°С. The 

enzyme reaction was stopped by adding 1.0 cm3 

saturated solution of lead (II) acetate. After 

centrifugation absorbance was measured at 405 nm. 

One unit of enzyme activity was defined as the 

amount of enzyme that released one µmol 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 cm2 was cut and placed in a test tube containing 

2.4 cm3 of 0.8 mM substrate and 1.0 cm3 water and 

the reaction mixture was incubated for 15 min at 

35°С. The enzyme reaction was stopped by adding 

1.0 cm3 saturated solution of lead (II) 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 µmol 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]: 

sin
sin arcsin crn N A

N

  
    

  
  (1) 

where  64.7A    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]: 
2n      (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)2SO4 is a 

traditional method for isolation of enzymes. 

(NH4)2SO4 is more commonly used 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-3 
Total lipase activity, 

U 

Specific activity, 

U/mg 
Yield, % 

Purification 

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 4.71 12.77 0.18 
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Table 2. Lipase activity on ultrafiltration membranes 

Membrane, 

kDa 

Area, 

cm2 

Total activity, 

U 

10 16 1.42 

20 16 2.23 

25 16 1.02 

50 16 1.57 

100 16 1.04 

 

Fig. 1. Fractional precipitation with (NH4)2SO4 

 

Fig. 2. Time for fractional precipitation with 60% 

(NH4)2SO4 

 

Fig. 3. Fractional precipitation with ethanol 

Additional experiment was obtained in order to 

enhance the time for precipitate formation with 

60% (NH4)2SO4. 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 4th h was 75.50% 

and at 5th 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 yield 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 yield 

(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 ε 

at 532 nm 

Lipase activity, 

U.dm-3 

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 

  
Fig. 5. Fractional precipitation with acetone  Fig. 6. Fractional precipitation with PEG 400 

     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 

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 yield 93.36% was reached and 

purification factor 3.20 was accomplished.  
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Fig. 7. SDS-PAGE electrophoresis – fractional 

precipitation with 60% PEG 400: А- 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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ИЗОЛИРАНЕ И ПРЕЧИСТВАНЕ НА ЛИПАЗА ОТ Rhizopus arrhizus С 

УЛТРАФИЛТРАЦИЯ И ФРАКЦИОННО УТАЯВАНЕ 
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бул. „Марица“ 26, гр. Пловдив 4002, България 

Постъпила на 2 ноември 2016 г.; приета на 23 декември 2016 г. 

(Резюме) 

Проведено е изолиране и пречистване на липаза чрез ултрафилтрация, фракционно утаяване с (NH4)2SO4, органични 

разтворители и ПЕГ 400 от културална течност на Rhizopus arrhizus. При ултрафилтрацията с полиакрилонитрилни 

мембрани с различен размер на порите (10-100 kDa) е постигнат нисък добив, което вероятно се дължи на адсорбция на 

белтъчните молекули върху мембраните. При фракционно утаяване с 60% (NH4)2SO4 е получена степен на пречистване 

1.3 пъти и добив на липаза около 80%. Фракционното утаяване с етанол, изопропанол и ацетон води до инактивиране 

на ензима, в резултат на което е отчетена и ниска степен на пречистване. Вероятно това се дължи на промяна в 

полярността на средата, тъй като диелектричната константа при тези условия има една и съща стойност – 1.83. Най-

висок добив (95%) и степен на пречистване (3.5 пъти) са получени чрез фракционно утаяване с 60 % ПЕГ 400. В този 

случай диелектричната константа на средата е 1.97. 

Ключови думи: липаза, пречистване, ултрафилтрация, фракционно утаяване, диелектрична константа 
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In this work pure Sr2Be2B2O7 material was prepared by solid-state reaction at 9500C in air. The stoichiometric 

amounts of SrO, BeO and H3BO3 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 Sr2Be2B2O7 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 Sr2Be2B2O7 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 Sr2Be2B2O7 material was prepared by a 

solid-state method at 950 ºC in air. Stoichiometric 

amounts of SrO, BeO and H3BO3 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 ºC for 2 h. The precursor powders were 

thoroughly mixed and then slowly heated at 950ºC 

for 12 h in air.  

Reaction:  

2SrO + 2BeO  + 2H3BO3 → Sr2Be2B2O7 + 3H2O 

The XRD structural analysis of Sr2Be2B2O7 

material was performed on an X-ray Phillips X’Pert 

Pro equipped with Cu Kα (30 kV, 15 mA, 

λ= 1.54051 Å) radiation at room temperature. 

Scanning was generally performed between 10º and 

90º 2θ. Measurement was made with 0.0330º step 

size at 25°C. 

The Fourier transform infrared spectra between 

500 and 4000 cm-1 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 Sr2Be2B2O7 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 Sr2Be2B2O7 structure, 

the FTIR spectra of Sr2Be2B2O7 were measured at 

room temperature. As seen in Fig. 2, the strong 

bands observed at 614.99, 697.75 and 1241.77 cm-1 

should be assigned to the B–O vibrations of the 

triangular [BO3] groups [1, 5, 9, 10], while the band 

with a peak at 890.66 cm-1 should be attributed to 

the Be–O vibration of the tetragonal [BeO4] 

group [5]. FTIR spectrum data of Sr2Be2B2O7 аre 

listed in Table 1.  

Point group of Sr2Be2B2O7 (SBBO) is D3h. 

Geometric parameters of the synthesized borate are 

P6ˉc2, a=b=4.683 Å, c=15.311 Å, α=β=900, 

γ=1200 [4, 7, 11].  
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Fig. 1. XRD pattern of Sr2Be2B2O7 prepared by a solid-state synthesis 

 

 

Fig. 2. Infrared spectra of Sr2Be2B2O7 prepared by a solid-state synthesis 

Table 1. FTIR spectrum data of Sr2Be2B2O7 

Assignments ν3(BO3) ν3(BeO4) ν 2(BO3) ν 4(BO3) 

Frequency (cm-1) 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 Dy3+, Sm3+, Tb3+, Eu3+, 

Pb2+, etc.) in Sr2Be2B2O7 lattice are either the Sr2+ 

sites or the Be2+ sites. The Dy3+ (0.912 Å for 

CN = 6), Sm3+ (0.958 Å for CN = 6), Tb3+ (0.923 Å 

for CN = 6), and Pb2+ (1.19 Å for CN = 6) ions are 

of a much larger ionic radius, compared with that of 

the Be2+ (0.27 Å for CN = 4) ion. However, the 

ionic radius of Sr2+ (1.18 Å 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 Sr2+ ions in the Sr2Be2B2O7 lattice 

were replaced by the mentioned activator ions 

(Dy3+, Sm3+, Tb3+, Pb2+). 

CONCLUSION  

Sr2Be2B2O7 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 Sr2Be2B2O7 structure 

were confirmed by FTIR mesaurement. 
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(Резюме) 

В тази работа е получен чист материал от Sr2Be2B2O7 чрез твърдофазна реакция при 9500C във 

въздушна среда. Като изходни материали са използвани стехиометрични количества от SrO, BeO и 

H3BO3. С помощта на прахов рентгеноструктурен анализ (XRD) е извършен фазов анализ на 

синтезираните материали. Последните са охарактеризирани и чрез инфрачервена спектрометрия с 

Фурие-трансформация (FTIR).  

Ключови думи: Стронциев берилиев борат, Рентгеноструктурен анализ, Инферачервена спектроскопия с 

Фурие трансформация 
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Two commonly used digestion methods - acid digestion and microwave digestion in different variants (ISO 11466; 

EPA Method 3051; EPA Method 3052; ISO 14869-1; GB, Standing committee of analysis, ISBN 0117519081 and НNO3 

+ НСlO4 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 АА 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 KClO4 when HClO4 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 КClO4, CaF2 and 

MgF2. 

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, 

SООМЕТ № 0001 BG, SOD № 310a98; Light 

Meadow Cinnamonic Soil PS-2, SООМЕТ № 0002 

BG, SOD №311a98 and Light Alluvial-deluvial 

Meadow Soil PS-3, SООМЕТ № 0003 BG, SOD № 

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. ХCRM is the  certified value and UCRM - 

the indefiniteness of the certified value.   

Element 

PS – 1 PS – 2 PS – 3 

XCRM 

% 

UCRM 

% 

XCRM 

% 

UCRM 

% 

XCRM 

% 

UCRM 

% 

K2O 2.26 0.13 2.75 0.12 2.38 0.13 

CaO 14.73 0.36 2.88 0.09 7.34 0.18 

MgO 3.07 0.15 1.65 0.12 2.28 0.12 

Six most commonly used methods for sample 

preparation were used as follows: 

 ISO 11466 [3]: 1 g air-dried soil + 21 ml HCl and 7 
ml HNO3, heating two hours at 180 – 200 oC. 

* To whom all correspondence should be sent. 
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 1 g air-dried soil + 15 ml HNO3 and 5 ml HClO4, 

heating two hours at 180 - 200 oC [4]. 

 EPA Method 3051 [5]: 1 g air-dried + 10 ml HNO3, 

digestion in microwave system Milestone 1200 

MEGA.   

 EPA Method 3052 [6]: 1 g air-dried soil + 9 ml 

HNO3, 3 ml HF, 2 ml HCl and 2 ml H2O2, digestion 

in microwave system Milestone 1200 MEGA. 

 ISO 14869-1 [7]: 0.25 g air-dried soil in a platinum 

melting-pot, dry ashing for 3 hours at 450 oC + 5.0 

ml HF and 1 ml HClO4 (after cooling to room 

temperature). Second heating until the dense steams 

of the HClO4 and SiF4 disappear. After cooling to 

room temperature 1.0 ml nitric acid and 5.0 ml H2O 

are added. 

 ISBN 01175 19081 [8]: Part 1: 3.0 g air-dried soil 

+ 22.5 ml HCl and 7.5 ml HNO3, 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 oC and 

transferring in a teflon container with a well closing 

lid + 5 ml HF acid and heating for 30 minutes at 

140-150 oC. 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 Kα 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 HNO3 

leads to a partial extraction of potassium from the 

soil samples [9]. Its combination with HCl 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 

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 HClO4 (methods 2 and 

5) leads to different results depending on the 

composition of the acid mixture. The result of its 

combination with HNO3 (method 2) is 

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 

KClO4 (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 KClO4. 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 

(HNO3 + HClO4 + 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 

KClO4 (PDF - 70-0488), MgF2 (PDF - 38-0882), 

CaF2 (PDF - 77-2094). There is a presence and a 

small amount of SiO2 (PDF 88-2302), as well as 

aluminosilicate phase, containing magnesium and 

iron - probably Mg0.8Fe0.2Al2Si2O6(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 HClO4  

 

Fig. 2. SEM images of the residue after digestion of the 

certified sample by mixture of HNO3 and HClO4 

Table 2. Efficacy of the digestion methods at the determination of Ca (as CaО), Mg (as MgО) and К (as К2О). in 

certified soils. * - “acceptable” results 

Element K Ca Mg 

Soil Method X, % Ux, % R X, % Ux, % R X, % Ux, % R 

PS-1 

1 0.68 0.05 30.1 12.12 0.36 82.3 2.31 0.16 75.2 

2 0.75 0.05 33.2 13.00 0.39 88.3 2.20 0.15 71.7 

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 

PS-2 

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 

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 1.57 0.11 95.2 

6 2.80 0.20 101.8 2.50 0.08 96.8 1.60 0.11 96.9 

PS-3 

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 1.42 0.10 62.3 

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 2.17 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 

μm and are covered with mini crystallites (<0.1 μm) 

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 KClO4, as well as the 

presence of Al, Si, Fe and Na. The use of HF in the 

absence of HClO4 (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 

HNO3 + HClO4 + HF (ISO14869-1) 

Element Weight % Atom % 

Al 6.68 4.84 

Si 26.08 18.15 

Cl 0.61 0.34 

K 2.23 1.11 

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 + HClO4 + HF 

(ISO14869-1). 

Fig. 4. SEM images of the residue after digestion of the 

certified sample by mixture of HNO3 + HClO4 + HF 

(ISO14869-1). 

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/ISO14869-1), presented Fig. 3 and Table 3. 

Although crystal phases are highly dispersed, the 

presence of CaF2 in the sediment is undeniable. The 

addition of H3BO3 in method 6 links the unreacted 

HF and prevents the formation of such fluorides, 

allowing the measurement of the total quantity of 

extracted calcium. 

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 НClO4 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 КClO4, CaF2 and MgF2. 
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ПРИЛОЖЕНИЕ НА РЕНТГЕНОСТРУКТУРНИЯ АНАЛИЗ И ЕЛЕКТРОННАТА 

МИКРОСКОПИЯ ПРИ ОЦЕНКАТА НА ОСНОВНИТЕ МЕТОДИ ЗА ПОДГОТОВКА НА 

ПОЧВЕНИ ПРОБИ ЗА АНАЛИЗ НА МАКРОЕЛЕМЕНТИ  

K. И. Иванов1, П. А. Запрянова1, В. Р. Ангелова1, Л. К. Доспатлиев2,  

1Катедра „Обща химия“, Аграрен университет, 4000 Пловдив, България 

2Катедра „Фармакология, физиология на животните и физиологична химия“,  

Тракийски университет, Стара Загора, България 

Постъпила на 14 ноември 2016 г.; приета на 2 декември 2016 г. 

(Резюме) 

Сравнени са два от най-често използваните методи за разлагане на почвени проби при анализ на микро- и 

макроелементи - киселинно разлагане и микровълнова минерализация, в различни варианти (ISO 11466; EPA 

Method 3051; EPA Method 3052; ISO 14869-1; GB, Standing committee of analysis, ISBN 0117519081 и смес от  

НNO3 и НСlO4 киселина). Използвани са 3 сертифицирани почвени образци, отговарящи на 2 типа почви, широко 

разпространени в България: Светла алувиално-делувиална ливадна почва и Светла ливадно канелена почва. 

Определено е съдържанието на три основни макроелементи (K, Ca и Mg), като количиствените измервания са 

извършени на атомно абсорбционен спектрометър  Spektra АА 220, Varian, Australia. За да се изясни проблема 

със степента на извличане на елементите и факторите, които влияят върху нея, неразтворимите утайки след 

разлагане на пробите са изследвани с рентгеноструктурен анализ и сканираща електронна микроскопия. 

Установено е, че използването на HClO4 при определяне съдържанието на К и на HF при определяне 

съдържанието на Ca и Mg води до формирането на неразтворими утайки от КClO4, CaF2 и MgF2.  

Ключови думи: пробоподготовка, почва, 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 II 280.270 nm / Mg I 285.213 nm line intensity ratios (Mg II / 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 II / Mg I 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 II 280.270 nm/Mg I 285.213 nm 
line intensity ratios (Mg II/Mg I) 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 II / Mg I 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 

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 λa 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 * To whom all correspondence should be sent. 

E-mail: niaveli@geology.bas.bg 

© 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 II /Mg I line intensity ratios for 
control of the robustness of the plasma excitation 
conditions; 

(ii) Relationship of the Mg II / Mg I 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 μg ml−1 and the concentration of titanium in 
solution for the temperature measurement 
was 8 μg ml− 1. 

In the determination of Sc, Y, La, Ce, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb the pure solvent 
contains 22 mg ml-1 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-1 
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-1 H2SO4 and 
approximately 0.02 mg ml-1 H2O2. The final 
concentration of KTP matrix was 8 mg ml-1, 142 mg 
ml-1 H2SO4 and approximately 0.02 mg ml-1 H2O2. 
Plastic or polytetrafluoroethylene ware was used 
throughout.  

RESULTS AND DISCUSSION 

Evaluation of the robustness of the operating 
conditions by Mg II / 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 l min-1). 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 II / 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 l 

to 0.7 l min-1 (without sheath gas flow) (Fig. 1, curve 
1). The highest of Mg II / Mg I ratios were obtained 
at carrier gas flow rates from 0.4 to 0.6 l min-1 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 l 
min-1 at a constant value of the carrier gas flow rates 
0.2 l min-1 (Fig. 1 curve 2). The carrier gas flow rate 
of 0.2 l min-1 (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 II 
280.270 nm and Mg I 285.213 nm as well as the 
corresponding Mg II / Mg I ratios are very low. By 
adding 0.2 l min-1 sheath gas, the Mg II / 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.  
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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 II / Mg I in pure solvent: Curve 1 - variable carrier gas flow rates without sheathing gas; Curve 2 - 
constant carrier gas flow = 0.2 l min−1 + variable sheathing gas; Curve 3 - constant carrier gas flow = 0.3 l min−1 + 
variable sheathing gas; Curve 4 - constant carrier gas flow = 0.4 l min−1 + variable sheathing gas; Curve 5 - constant 
carrier gas flow = 0.5 l min−1 + variable sheathing gas; Curve 6 - constant carrier gas flow = 0.6 l min−1 + variable 
sheathing gas and Curve 7 - constant carrier gas flow = 0.7 l min−1 + 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 II 
/ Mg I 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 II / Mg I ratios were derived in 
both cases: 

- Carrier gas flow rate 0.3 l min-1 and sum of 
carrier and sheath gas flow rates 0.4 l min-1 + 
0.2 l min-1 (Fig. 1, curves 3); 

- Carrier gas flow rate 0.4 l min-1 and sum of 
carrier and sheath gas flow rates 0.4 l min-1 + 
0.2 l min-1 (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 l min-1 sheath gas 
flows to the 0.3 or 0.4 l min-1 to the carrier gas 
flow [12]. Here the Mg II / Mg I ratio remains 
constant. Further, by increasing of the sheath gas at 
the above mentioned constant carrier gas flow rates, 
the Mg II / 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 l min-1, the 
magnitude of the Mg II / Mg I ratio decrease (Fig. 1, 
curves 5, 6 and 7). Under these experimental 

conditions the sheath gas flow rates influence 
significantly the energy transfer between the plasma 
and the injected species and the magnitude of the Mg 
II / 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 P/N ER 2050 – 
0710N. The relative standard deviation in the 
determination of the Mg II/Mg I ratios is 5%. 
Influence of incident power and sheathing gas flow 
rate on the Mg II / Mg I 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 II / Mg I ratios do 
not change for a sum of carrier and sheathing gas 
flow rates between 0.4 and 0.6 l min−1 for different 
values of incident power in pure solvent (Fig. 2 A 
and B). Probably for a sheathing gas flow rate of 0.2 
l min−1, 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 II / 
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Mg I 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 l min−1 the Mg II / Mg 
I ratios decrease and follow the shape of the curves, 
shown on Fig.1 (curves 5, 6 and 7). 

(ii) Higher Mg II / Mg I ratios are obtained with 
a lower sum of carrier and sheathing gas flow rates 
for a given incident power. The Mg II / 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 II/Mg I ratios can be obtained for 
different combinations of sums of carrier and 
sheathing gas flow rates and incident powers. 
Relationship between the Mg II / Mg I ratio and the 

plasma excitation temperature (Texc) 
The relationship between the magnitude of Mg II 

/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 Texc 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 II / Mg I 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. 

 

 
(A)      (B) 

Fig.2. Effect of incident power (A) and sheathing gas flow rate (B) on the Mg II / Mg I 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 l min-1, 
variable sheathing gas flow rate and incident power 

Type of operating 
conditions Mg II / Mg I Texc, K Incident power, 

W 

Sum of carrier and 
sheathing gas flow 

rates, l min -1 

Non-robust 1.8 
3.6 

5200 ± 200 
6000 ± 200 

700 
700 

1.4 = 0.4 + 1.0 
1.2 = 0.4 + 0.8 

Semi-robust 6.0 
6.0 

6580 ± 200 
6580 ± 200 

800 
1 000 

1.0 = 0.4 + 0.6 
1.2 = 0.4 + 0.8; 

Robust 

11 
11 
12 
12 

7200 ± 200 
7200 ± 200 
7500 ± 200 
7500 ± 200 

1 000 
1 100 
1 100 
1 200 

      0.4 = 0.4 + 0 
0.8 = 0.4 + 0.4 
0.6 = 0.4 + 0.2 
0.8 = 0.4 + 0.4 

 
     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-1 lutetium oxide 
 (8.79 mg ml-1 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  × 0.01 × RSDB × BEC   (1) 

The true detection limit (CL true) in the presence of 
“pure” rare earth matrices was expressed by Q -
values for line interference [QI(λa)] and wing 
background interference [Qw(Δλa)] levels, 
respectively in accordance with (Eq. (2)) [4]. 

CL true= 2/5 QI(λa) × CI + 2√2 × 0.01 ×RSDBL× 
[ BEC + QI(λa) × CI+ QW(∆λa) ×CI]    (2) 

The magnitude of [QI(λa)] values is of primary 
importance for the magnitude of the true detection 
limits. The influence of the wing background 
interference levels [Qw(Δλa)] 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(λa)] values for line interferences and 

[Qw(Δλa)] values for wing interferences in the 
presence of 8.79 mg ml−1 lutetium for the selected 
analysis lines of Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm and Yb were studied. The lowest 
values of BEC, [QI(λa)] and [Qw(Δλa)] values were 
measured at Mg II / Mg I ratio of about 3.6 which 
corresponds to (Texc ≈ 6 000 K). 

By using BEC, [QI(λa)] and [Qw(Δλa)] values in 
the presence of 8.79 mg ml−1 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 II / Mg I ratios and the detection 
limits in pure solvent (A) and the true detection 
limits in the presence of 8.79 mg ml-1 lutetium in 
solution (B). 

In conclusion, the non-robust conditions at 
Texc ≈ 6 000 K (Mg II / Mg I = 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-1 

lutetium as a matrix as compared to the robust 
conditions. The detection limits under non-robust 
excitation conditions at Texc ≈ 6 000K (Mg II / Mg I 
= 3.6) are between 3 and 6 times lower than under 
robust excitation conditions at Texc ≈ 7 200 K (Mg II 
/ 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 II 413.765 nm) and 
neodymium (Nd II 401.225 nm) decrease with the 
increase of the Mg II / Mg I ratio in the presence of 
a lutetium matrix. Q-values for line interference 
[QI(λa)] are equal to zero for Mg II / Mg I from 9 or 
11 in the case of Nd II 401.225 nm or Ce II 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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A) B)  

Fig. 3. Relationship between Mg II 280.270 nm / Mg I 285.213 nm line intensity ratios and the detection limits in pure 
solvent (A) and the true detection limits in the presence of 8.79 mg ml−1 lutetium in solution (B) 

By using the selected prominent lines (in nm) the 
following detection limits (in %) were reached: 

(i) Detection limits in pure solvent (CL ) (in %): 
Sc II 358.094 - 1.9×10-6, Y II 324.228 - 1.8×10-6, 
Y II 360.073 - 1.0×10-6, Y II 360.073 - 1.0×10-6, 
La II 408.672 - 1.0×10-6, Ce II 413.380 - 1.1×10-5, Pr 
II 422.293 - 6.5×10-6, Nd II 406.109 - 3.3×10-6, Sm 
II 359.260 - 4.3×10-6, Eu II 420.505 - 1.0×10-6, Gd II 
342.247 - 3.4×10-6, Tb II 356.852 - 5.7×10-6, Dy II 
353.602 - 4.0×10-6, Ho II 339.898 - 4.4×10-6, Er II 
337.271 - 1.3×10-6, Tm II 313.126 - 3.9×10-5, Yb II 
328.937 - 3.0×10-7 and Lu II 261.542 - 3.0×10-7. 

(ii) True detection limits (CL true) in the presence 
of 8.79 mg ml-1 lutetium as matrix (in %): 
Sc II 361.384 - 1.3×10−6, Y II 371.030 - 1.5×10−6, La 
II 379.478 - 4.5×10−6, Ce II 413.765 - 8.7×10−5, Pr II 
390.844 - 1.8×10−5, Nd II 401.225 - 1.1×10−4, Sm II 
359.260 - 1.2×10−5, Eu II 420.505 - 6.4×10−6, Gd II 
342.247 - 3.4×10−5, Tb II 384.873 - 1.4×10−5, Dy II 
340.780 - 1.3×10−5, Ho II 345.600 - 4.3×10−6, Er II 
369.265 - 2.2×10−6, Tm II 313.126 - 4.5×10−5, Yb II 
328.937 - 7.9×10−7. 

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 II 
413.380 nm and Nd II 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 ml-1 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 ml-1 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 (CL true) for Ce, Nd, Eu, 
Yb, Tm and Ga with respect to the dissolved solid in 
solution for solid concentration of 8 mg ml-1 KTP (in %) 

Optimal excitation temperature Texc ≈ 6 000 K  
(Mg II / Mg I = 3.6) 

Selected analysis 
lines, λ, nm 

Sum = 
ionization + 
excitation 
potentials,  

(V) [23, 24] 

CL true (%) 

Ce II 413.380 9.33 2.6 × 10 - 4 

Nd II 406.109 9.01 6.6 × 10 - 4 

Eu II 381.967 8.91 1.0 × 10 - 5 

Yb II 328.937 10.02 3.3 × 10 - 5 

Tm II 317.283 10.02 4.0 × 10 - 5 

Ga I 294.364 10.31 1.3 × 10 - 4 
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Table 3. True detection limits (CL true) for Nb, Ni, Mn, 
Ge and Zr with respect to the dissolved solid in solution 
for solid concentration of 8 mg ml-1 KTP (in %) 

Optimal excitation temperature Texc ≈ 7200 K 
 (Mg II / Mg I = 10) 

Selected analysis 
lines, λ, nm 

Sum = 
ionization + 
excitation 
potentials,  

(V) [23, 24] 

CL true (%) 

Nb II 269.706 11.63 2.0 × 10 - 4 
Ni II 221.647 14.26 1.6 × 10 - 4 
Mn II 257.610 12.14 2.5 × 10 - 5 
Ge II 265.158 12.57 1.6 × 10 - 2 
Zr II 343.823 12.53 4.6 × 10 - 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 II / Mg I 
= 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 Texc ≈ 7 200 K (Mg II 
/ Mg I = 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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ОПТИМИЗИРАНЕ НА РАБОТНИТЕ УСЛОВИЯ ПРИ ОПТИЧНАТА ЕМИСИОННА 
СПЕКТРОМЕТРИЯ С ИНДУКТИВНО СВЪРЗАНА ПЛАЗМА 
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Постъпила на 8 ноември 2016 г.; приета на 22 декември 2016 г. 

(Резюме) 

Оптимизирането на работните условия беше изследвано с цел понижаване на границите на откриване при 
оптичната емисионна спектрометрия с 40.68 MHz индуктивно свързана плазма с радиално наблюдение (ИСП-
ОЕС). Mg II 280.270 nm / Mg I 285.213 nm (Mg II / Mg I) интензитетно отношение беше използвано за оценка на 
твърдостта на работните условия в плазмата. Работните условия бяха променяни чрез вариране на входящата 
мощност, аерозол носещия и обгръщащия газови потоци. Получена е експерименталната зависимост между 
големината на Mg II / Mg I и температурата за възбуждане в ИСП. Резултатите показват, че условията за 
възбуждане в ИСП трябва да се променят от меки към твърди чрез вариране на входящата мощност и обгръщащия 
газов поток при оптималната стойност на аерозол-носещия поток. В този случай процесите на формирането и 
транспортирането на аерозолите остават едни същи при различните условия за възбуждане. Чрез промяна на 
работните условия в плазмата от меки до твърди бяха постигнати най-ниски граници на откриване при 
определяне на елементи в еднокомпонентни и многокомпонентни матрици, използвайки избраните аналитични 
линии с различни спектрални характеристики. 

Ключови думи: ИСП-ОЕС, Оптимизиране на работните условия, Следи от елементи, Граници на откриване 
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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(III) = La(III), Nd(III), Eu(III), Gd(III), and Tb(III) 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 Tb(III) complex were taken in solid state. The lifetime of the excited state was measured. 

Key words: Lanthanoids, Complexes, Biscoumarins, IR spectroscopy, Оptical 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. 

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), C25H15O6Br. 

It belongs to the group of 3,3'-benzylidene-bis(4-

hydroxy-2H-1-benzopyrane-2-one) derivates, 

with different substitutes like –OH, –NO2, –OCH3, –

Cl, etc. This compound (named for short L15-Br) 

possess –Br substitute on para position in the 

benzylidene ring (Fig. 1).  
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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 

lanthanоid ions – La(III), Nd(III), Eu(III), Gd(III), 

and Tb(III) – 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), C25H15O6Br, synthesized by 

Knoevenagel condensation [31], was used as a 

ligand.  

Metal salts used were lanthanоid nitrates 

hydrates, among them Nd(NO3)36H2O was 

purchased from Fluka, La(NO3)36H2O was 

purchased from Merck, both were of p.a. grade. The 

others like Tb(NO3)37H2O, Eu(NO3)38H2O, 

Gd(NO3)39H2O were prepared by dissolving the 

lanthanоid 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 lanthanоid 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(III) 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-Тransform IR 

spectrometer (DTGS detector) at a spectral 

resolution of 2 cm−1 and accumulation of 64 scans. 

The spectra were scanned in the 4000 – 400 cm−1 

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 

lanthanоid 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)3nH2O stoichiometry 

for La(III), Nd(III), Eu(III), Gd(III), Tb(III), where 

HL = (C25H14O6Br)- 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  H2O; %C (55.34/55.52), %H 

(2.72/3.32), %La (8.53/7.98), 

NdL15-Br, Nd(HL)3  3H2O; %C (53.96/53.08), 

%H (2.89/3.34), %Nd (8.64/8.73), 

EuL15-Br, Eu(HL)3  H2O; %C (55.41/54.88), %H 

(2.89/2.68), %Eu (9.10/9.27); 

GdL15-Br, Gd(HL)3  2H2O; %C (54.13/54.15), 

%H (2.78/3.05), %Gd (9.44/9.99), 

TbL15-Br, Tb(HL)3  2H2O; %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-1 (a) and in 

the range 1700-1200 cm-1 (b) were recorded (Figure 

2). In the spectrum of the free ligand intensive bands 

at 1669 cm-1 and 1617 cm-1 were observed, which 

can be assigned for the carbonyl oxygen atom (C=O) 

[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=O…H bridges. In the spectra of the 

complexes these bands were shifted to lower 

wavenumbers. The band observed at 1598 cm-1 in 

the spectrum of NdL15-Br can be attributed to the 

υsym (C=O) [33]. That band is the most informative 

about the participation of the oxygen atom from the 

carbonyl group in coordination with Ln(III) ion. The 

shoulder observed at 1620 cm-1 can be assigned to 

the asymmetric vibration of the carbonyl group [27, 

32]. Bands appearing at 1605, 1562, 1486 and 1455 

cm-1 in 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-1 can be assigned to the υ(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-1, observed in the 

spectrum of NdL15-Br (Figure 2, a 2), was assigned 

to the υ(O-H) vibrations of coordinated water [27, 

32] and did not appear in the spectrum of the ligand. 

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)3 reassure 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(III) 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 

π-π* 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(III) in the visible and NIR 

region appear due to transitions from the ground 

levels of 4I9/2 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-1 (a) and in the range 1700-1200 

cm-1 (b) 
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Fig. 3. UV - Vis spectra of the free ligand (1) and the 

complexes LaL15-Br (2), NdL15-Br (3), EuL15-Br (4), 

GdL15-Br (5), TbL15-Br (6), inset f-f transitions for 

NdL15-Br 
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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(III) ions is well 

known, but still an interesting area in the science 

investigations [36]. Complexes of Ln(III) 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(III) 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 Tb(III) ion at about 489 nm 

(5D4-7F6), 583, 588 nm (5D4-7F4) and 621 nm, 

corresponding to 5D4-7F3 transitions. The transition 
5D4-7F5 is presented with an intensive emission band 

splitted at 543, 547 and 548 nm. Transitions are from 

the lowest excited state 5D4 of Tb(III) ion to the 

highest ground state 7F0 and next 7FJ (J= 0-6) [23]. 

Green emission of Tb(III) 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 µs. 

Obviously the content of water in the inner sphere 

of Tb(III) complex did not interfere its fluorescence. 

That was not the case with the other complexes. For 

example complex of Eu(III) 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(III) ion and 

Tb(III) 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(III) complex only, 

suggesting that the charge transfer from the ligand to 

Eu(III) 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(III), Nd(III), Eu(III), Gd(III), and 

Tb(III) were successfully synthesized. The IR-

spectra elucidated the possibilities for coordination 

of the metal ion to the OH deprotonated and the C=O 

oxygen atom. The Tb(III) complex of 3,3'-[(4-

bromophenyl)methylene]bis-(4-hydroxy-2H-1-

benzopyran-2-one) showed luminescent properties. 
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СИНТЕЗ И ОХАРАКТЕРИЗИРАНЕ НА ЛАНТАНОИДНИ КОМПЛЕКСИ С  

3,3’- (4-БРОМОФЕНИЛМЕТИЛЕН)БИС(4-ХИДРОКСИ-2Н-1-БЕНЗОПИРАН-2-ОН) 

В. И. Кирчева1, Й. Цв. Захариева1,  И. Mанолов2, М. М. Миланова1 

1Софийски Университет „ Св. Кл. Охридски”, Факултет по химия и фармация, Катедра „Неорганична 

химия“, бул. Дж. Баучер № 1, София 1164, България  
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ул. Дунав № 2, София 1000, България 

Постъпила на 11 ноември 2016 г.; приета на 21 януари 2017 г. 

(Резюме) 

Синтезирани са комплекси на 3,3’–(4-бромофенилметилен)бис(4-хидрокси-2Н-1-бензопиран-2-он) с някои 

лантаноидни йони Ln(III) = [La(III), Nd(III), Eu(III), Gd(III), Tb(III)]. Получените комплекси са охарактеризирани 

с помощта на елементен анализ, ИЧ спектроскопия, UV-Vis спектроскопия, флуоресцентна спектроскопия и 

микроскопия. Спектрите на комплексите са сравнени с тези на свободния лиганд, за да може да бъде направено 

предположение за начина на координиране на металния йон към лиганда. Данните от ИЧ-спектъра на 

комплексите ни дават основание да предположим, че металният йон координира с карбонилния кислороден атом, 

както и с депротонираната хидроксилна група на лиганда. Oптичните свойства на комплексите са показани чрез 

абсорбция в UV- Vis областта. Регистрирани са спектрите на възбуждане и емисия на прахова проба на Tb(III) 

комплекс. Измерено е времето на живот във възбудено състояние за праховата проба.  

Ключови думи: Лантаноиди, Комплекси, Бискумарини, ИЧ спектроскопия, Оптични свойства 
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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]), 

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 
π-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 
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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 
squaraine 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 (λ) 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 
(𝜆𝜆+) and electron transport (𝜆𝜆−) are calculated 
following the so called “4-point model” [17] as: 

𝜆𝜆± = 𝜆𝜆1
± + 𝜆𝜆2

± 
𝜆𝜆1

± = 𝐸𝐸±(𝑄𝑄𝑛𝑛)− 𝐸𝐸±(𝑄𝑄±) 
𝜆𝜆2

± = 𝐸𝐸𝑛𝑛(𝑄𝑄±) − 𝐸𝐸𝑛𝑛(𝑄𝑄𝑛𝑛) 
where 𝐸𝐸±(𝑄𝑄𝑛𝑛) ,𝐸𝐸±(𝑄𝑄±),𝐸𝐸𝑛𝑛(𝑄𝑄±) and 𝐸𝐸𝑛𝑛(𝑄𝑄𝑛𝑛) 

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 Ebind=Eg-Eopt where 
Eg is defined as the difference between the vertical 
ionization potential IP and vertical electron affinity 
EA Eg=IP-EA.  

All calculations were carried out with Becke’s 
three-parameter hybrid exchange-correlation 
functional B3LYP [18] with double-ζ 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 L UMO energies, HOMO-L UMO gap (HL G), and excitation 
energies Eexc in eV, wavelengths λmax in nm and oscillator strength f. 

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 

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 

Compound HOMO LUMO HLG Eexc λmax 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 
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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 Eexc and corresponding 
wavelengths λmax (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 λ and exciton binding energy 
Ebind. The small λ is precondition for high charge 
mobility; small Ebind 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 λ+  is smaller than for electron λ-  
transport (Figure 6a). The ratio between these two 
energies λ+/λ- 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 λ+ is the 
largest amongst the studied structures. SQ3 and CR3 
have the smallest reorganization energies λ+  and λ- 
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. 

 
Figure 2. Frontier MO orbitals. 

 
Figure 3. Simulated absorption spectra of: a) SQ’s, b) 
CR’s. 



M. Spassova et al.: Molecular design of electron-donor materials for fullerene-based organic solar cells 

170 

 
Figure 4. B3LYP/6-31+G(d,p) calculated: a) internal 
reorganization energies for hole and electron in eV, and, 
b) exciton binding energies for SQ’ and CR’s in eV. 

Generally, the different substituents do not affect 
substantially the reorganization energies for electron 
and hole. The calculated values for λ 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 CR3 to 2.11 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 Ebind 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 

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 λ 
and exciton binding energies Ebind the favorite 
structures are SQ3 and CR3.  
Nevertheless, all dyes show comparatively high 
values of λ and Ebind 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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МОЛЕКУЛЕН ДИЗАЙН НА ЕЛЕКТРОН-ДОНОРНИ МАТЕРИАЛИ ЗА ФУЛЕРЕН-
БАЗИРАНИ СЛЪНЧЕВИ КЛЕТКИ  
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(Резюме) 

Моделни симетрично и несиметрично заместени скуарилиеви и крокониеви багрила са предложени като 
потенциални донори на електрони в органични фотоволтаични слънчеви клетки с акцепторен компонент 
[60]PCBM фулерен. Геометриите и електронните структури в основно състояние са изследвани с помощта на 
теория на функционала на плътността (DFT) и зависещата от времето теория на функционала на плътността (TD-
DFT) на ниво B3LYP/6-31+G(d,p). Ефектите на богатите на електрони хетероцикли върху 
скуарилиевите/крокониеви органични багрила са изследвани по отношение на електронните и транспортни 
свойства на системите. Очакваните забранени зони на всички моделни съединения са от порядъка на типичните 
за органичните полупроводници зони - около 2 eV. Енергиите на HOMO и LUMO орбиталите на багрилата са 
сравнени с тези на акцептора и са дискутирани стриктните условия за ефективен пренос на заряд. Изчислените 
високи стойности за силата на осцилатора за всички предложени съединения са показателни за голям коефициент 
на поглъщане. Въз основа на оптимизираните молекулни геометрии, относителните позиции на орбиталите, 
абсорбционните максимуми и транспортните свойства може да се заключи, че някои от багрилата, които 
предлагаме, са подходящи компоненти за оптоелектронни устройства. 
Ключови думи: скуарилиеви багрила, крокониеви багрила, фулерен, теория на функционала на плътността, 
транспортни свойства 
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Investigation of photocatalytic properties of pure and Ln (La3+, Eu3+, Ce3+) – 
modified ZnO powders synthesized by thermal method 
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Simple and fast thermal method is used to synthesize ZnO and Ln–modified (La3+, Eu3+, Ce3+) ZnO powders. 
Nanocrystalline photocatalysts with 2.0 mol% concentration are annealed at 100oC 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/cm2 loading. The photoactivity testing was carried out using UV-A and UV-C illumination (0.014 W/cm2). Sample 3 
(Ce3+-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 II-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 

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 
(La3+, Ce3+, Eu3+). 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. 

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

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

Commercial zinc oxide powder (>99.0%), Eu2O3 
(>99.0%), Ce(NO3)3.6H2O (>99.0%), La2O3 
(>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 La2O3. 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 100oC 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/ZnO) were 
prepared at the same conditions and optimal 
concentration of 2 mol% of RE ions (Ce3+ and Eu3+). 

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 CuKα radiation within 2θ range 30–70o at 
a step of 0.05o 2θ and counting time 2 s/step). The 
average crystallite sizes were estimated according to 
the Scherrer’s equation [15]: 

(1) 

where dhkl is the average crystallite size (nm), λ is 
the wavelength of CuKα radiation (λ = 0.154056 
nm), θ is the Bragg’s angle of diffraction, β is the 
full-width at half maximum intensity of the peak 
observed at 2θ = 25.20o (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 III, 
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) C2H4, 10% О2, 89.5% N2 (four–channel 
mass flow controller Matheson model 8249). Two of 
the channels were feeding nitrogen – dry N2 flow 
directly into the reactor, and moisturized N2 (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]: 

[ ] (%)100.)/( 422222 HCONNN FFmoitsFdryFmoistFRH +++=  (2) 

where Fi denotes the various feed flow rates 
(ml/min). The feed H2O molecules are needed to 
photogenerate the highly active hydroxyl radicals 
ºOH, capable of destroying various classes of 
organic compounds. Feeding ethylene and oxygen 
by two different channels, regulated independently 
of each other, enables varying the С2Н4:О2 ratio 
(large stoichiometric excess of oxygen with respect 
to С2Н4 in all our experimental runs). In this case we 
can accept that O2 concentration is practically 
unchanged in our experiments, so its value can be 
included in the value of the efficient rate constant keff 
in the kinetic equation: 

)..1/(. 4242224242 HCHCOOHCeffHC CKCKCkR ++=  (3) 

The equation (3) includes the rate of ethylene 
consumption RC2H4 (mol/h.g-cat), CC2H4 is the outlet 
concentration (mol/cm3), while KO2 and KC2H4 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 СО2 and Н2О is observed. The use 
of keff means that the applied approach is “formal 
kinetics”, in which the efficient rate constant keff has 
complex physical meaning, comprising rate 
constant, adsorption equilibrium constant and 
reactant concentration. The ethylene contact time τе 
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 τе we 
achieved the maximal conversion degree of ethylene 
photocatalytic oxidation. 

The dimensions of the flat plate quartz window 
were 5 cm width х 15 cm length, allowing 
simultaneous accommodation of 2 lamps Philips 
TL4W/08 F4T5/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/cm2 polychromatic illumination of wave length 
range 320-400 nm (λmax = 365 nm). 

Two lamps Philips TUV 4W/G4 T5 
(monochromatic illumination λ = 254 nm) (total 
light power 8 Watts), at 0 cm distance, the same 
illumination intensity of 0.014 W/cm2, but much 
higher energy of the photons. The visible light 
irradiation was accomplished by linear halogen lamp 

)2cos(/ θβλkdhkl =
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Tungsram 500 Watts K1R7s supplying illumination 
intensity 8.9 mW/cm2 (9700 Lm) at 50 cm distance 
of illumination to avoid overheating of the explosive 
C2H4-O2 mixture [16, 17]. 

Thin layer chromatography (TLC) sheet (Merck 
Art.5554 Kieselgel 60 F254) pre-coated with SiO2 
was used to deposit the ZnO slurry by capillary 
method. The sheet had dimensions 4.2 cm х 13.4 cm 
of total geometric surface area 56 cm2. To obtain 
1mg/сm2 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 SiO2 coating. 

RESULTS AND DISCUSSION 

The SEM images of the as-prepared ZnO and 
RE–modified (La3+, Eu3+ or Ce3+) 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 μm (determined from the SEM 
images). An average particle size of 0.25 μm 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)2 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 Ln3+ is uniformly dispersed between
ZnO nanoparticles in the form of small Ln2O3

clusters. The crystallite average size of pure ZnO is
found to be 36.68 nm, calculated by Sherrer’s
formula (Eq. 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 

air pollutant in gas-phase flat-plate continuous flow 
photocatalytic reactor. 

Fig. 1. SEM images of pure (a) and Eu3+ (b), La3+ (c), 
Ce3+ (d) – modified ZnO powders. 

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/cm2) 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 Eu3+ 
(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 (C2H4 conversion (%) – 4.6 
and 7.8, under UV-A and UV-C irradiation) in 
comparison with the pure ZnO nanocomposite (C2H4 
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 C2H4 under (a) UV-
A and (b) UV-C irradiation with intensity 0.014 W/cm2, 
τе = 4 min, 30% RH and О2 excess over 4 ZnO 
photocatalysts (1 mg/сm2) 

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 RE3+ 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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ИЗСЛЕДВАНЕ ФОТОКАТАЛИТИЧНИТЕ СВОЙСТВА НА ЧИСТИ И Ln (La3+, Eu3+, 
Ce3+) – МОДИФИЦИРАНИ ZnO ПРАХОВЕ, СИНТЕЗИРАНИ ЧРЕЗ ТЕРМАЛЕН МЕТОД 

Н.В. Кънева1*, А.С. Божинова1, К.И. Папазова1, Д.Ц. Димитров1, А.Е. Елиас2 

1Лаборатория по наука и технология на наночастиците, Катедра по обща и неорганична химия, Факултет по 
химия и фармация, Софийски университет, бул. “Джеймс Баучер” 1, 1164, София, България  

2 Институт по Катализа, Българска Академия на Науките, ул. Акад. Г. Бончев 11, София 1113, България 

Постъпила на 7 ноември 2016 г.; приета на  4 януари 2017 г. 

(Резюме) 

Прост и бърз термален метод е използван за синтезирането на ZnO и Ln–модифицирани (La3+, Eu3+, Ce3+) ZnO 
прахове. Нанокристалните фотокатализатори с концентрация 2.0 мол% са накалени при 100oC за 1 час. Чистите 
и модифицираните прахове са характеризирани с различни техники, такива като Рентгенова дифракция, 
Сканиращ електронен микроскоп.  

Фотокаталитичното действие на смесите е тествано за фотокаталитично окисление на етилен (замърсител на 
въздух) в газова фаза, използвайки фотокаталитичен реактор – скорост 5000 ppm, максимално контактно време 
на етилен 4 мин и оптимална относителна влажност 30%. Пробите от прах се суспендират във вода и се подлагат 
на ултразвук (24 kHz) с цел раздробяване на големите агломерати в разтвора.  За експериментите се използва TLC 
капилярен метод. Фотокаталитичните тестове са проведени в присъствие на UV-A и UV-C светлина (0.014 
W/cm2). Проба 3 (Ce3+-модифициран)/ZnO притежава най-висока ефективност при облъчване с UV-A и UV-C 
светлина, превъзхождайки чистият ZnO. Модифицираният фотокатализатор не е активен в присъствие на видима 
светлина, което се дължи на ширината на забранената му зона.  

Ключови думи: ZnO, редкоземни елементи, прахове, фотокатализа 
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Electrochemically modified with osmium graphite: catalytic activity and 

application to the amperometric detection of hydrogen peroxide 
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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 

-0.8 to 0 V (vs. Ag/AgCl, 3 M KCl). 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-1 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 µA mM-1 cm-2 at 
an applied potential of -0.05 V (sensitivity of 364 µA mM-1 cm-2 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 (IV) anion [OsCl6]2-. 

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 

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)2OsCl6 in HClO4 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 (OsO2). 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 (H2O2). The 

development of effective and accessible materials 

* To whom all correspondence should be sent.

E-mail: dodevska@mail.bg © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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with pre-defined operational characteristics for 

quantitative determination of H2O2 at low potentials 

is relevant not only for the establishment of 

amperometric analysis of H2O2, 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. H2O2 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 

quantitative analysis of H2O2 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 H2O2 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 KCl). In order to 

obtain modified electrode with high catalytic activity 

in the reduction of H2O2, 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 

mm2 (RWO, Ringsdorf, Germany).  

(NH4)2OsCl6 (Fluka); NaClO4 (Fluka); H2O2 

(Fluka); Na2HPO4 and NaH2PO4 (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 

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 KCl) 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 oC.  

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/AgCl, 3 M KCl) from 

electrolyte containing 5 mM (NH4)2OsCl6 and 0.1 М 

NaClO4. The scan rate and the number of cycles are 

varied to obtain modified electrode with optimized 

electrocatalytic properties in the target reaction 

(electroreduction of H2O2). 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-1 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 V 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-

th 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 H2O2 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-1 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 



T.M. Dodevska et al.: “Electrochemically modified with osmium graphite: catalytic activity and application to …” 

179 

electrodes an amperometric response was recorded 

in the presence of 0.5 mM H2O2 at a constant 

potential of 0 V in 0.1 M PBS (pH 7.0). Cathode 

currents in presence of H2O2 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 µA) 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 H2O2 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 

H2O2 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 М PBS at рН 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 H2O2 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 рН 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-1, respectively. With all four types of 

modified electrodes, the current signal in the 

presence of 0.5 mM H2O2 at a constant potential of 

0 V (pH 7.0) was examined.  

 

Fig. 1. Potentiodynamic electrodeposition of Os particles 

on graphite electrode from 5 mM (NH4)2OsCl6 

containing 0.1 М NaClO4; potential scan between 

0 to -0.8 V for 20 cycles; scan rate of 10 mV s-1.  

 

Fig. 2. Effect of the number of electrodepositing cycles 

(scan rate of 10 mV s-1) on the amperometric responses 

of the modified electrodes toward the reduction of H2O2. 
Supporting electrolyte: 0.1 M PBS (pH 7.0) containing 

0.5 mM H2O2; 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-1; 

reference electrode Ag/AgCl, 3 M KCl; background 

electrolyte 0.1 M PBS. 

E, 

V 

Electrode sensitivity, μA mM-1 cm-2 

Linearity, mM 

Os_5c_v10/Gr Os_8c_v10/Gr Os_10c_v10/Gr 

-

0.05 

188 

7 mM 

(r2=0.989) 

264 

5.6 mM 

(r2=0.994) 

426 

5 mM 

(r2=0.997) 

0 

144 

7.5 mM 

(r2=0.988) 

232 

6.3 mM 

(r2=0.993) 

364 

5.6 mM 

(r2=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 KCl; background electrolyte 0.1 M PBS. 

E, V 

Electrode sensitivity, μA mM-1 cm-2 

Linearity, mM 

pH 5.0 pH 6.0 pH 7.0 pH 8.0 pH 9.0 

-0.05 

308 

0.7 mM 

(r2=0.994) 

430 

2.7 mM 

(r2=0.993) 

426 

5 mM 

(r2=0.997) 

288 

3.5 mM 

(r2=0.989) 

188 

1.7 mM 

(r2=0.966) 

0 

176 

1.2 mM 

(r2=0.998) 

390 

4.7 mM 
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(r2=0.995) 

256 
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(r2=0.981) 

 

  

Fig. 3. A) Amperometric response of the modified electrode type Os_10c_v10/Gr to successive addition of H2O2 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 H2O2. B) The corresponding calibration line (the dependence of the electrode 

response on the concentration of H2O2). 

The electrode response was found to decrease 

linearly with increasing the scan rate from 10 to 

50 mV s-1 (y= -0.3776x+56.031, r2=0.998). 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. Аt the same time the catalytic 

current (48 µA) 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-1 does not result in 

obtaining more active metal deposition. Based on 

these results, 10 cycles at scan rate of 10 mV s-1 were 

selected as optimal conditions for electrodeposition. 

The effect of pH of the PBS on the catalytic 

activity towards the reduction of H2O2 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 

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 H2O2 with the 

here presented modified electrode. 

Fig. 3A shows the typical current-time (I-t) plot 

upon the successive injection of H2O2 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 H2O2, 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 H2O2 concentration, 

producing steady-state signal within 10 s. The 

corresponding calibration curve is presented in Fig. 

3B. The linear response was proportional to the H2O2 

concentration up to 5.0 mM (correlation coefficient 

of 0.997) with a sensitivity of 106.62 µA mM-1 (or 

426 μA mM-1 cm-2) and a detection limit of 10 µM 

(at a signal-to-noise ratio of 3). The reproducibility 

of the current signal for the same electrode to 1 mM 

H2O2 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 H2O2 detection reported in the 

literature with the achieved in the present work. 

Electrode modifier/(Electrode) 
E, V (vs. 

Ag/AgCl) 
Electrolyte 

Sensitivity, 

µA mM-1 cm-2 

Detection 

limit, µM 
Ref. 

Fe3O4/chitosan/(GC rotating 

electrode) 
-0.2 pH 7.0 9.6 µA mM-1 7.4 [13] 

PtNW-CNT-CHIT/(GC) 
-0.1 

(vs. SCE) 

1/15M PB 

pH 6.98 
260 - [14] 

Co3O4 nanowalls/(GC) -0.2 
0.01 M PBS 

pH 7.4 

80.74 * 

(4.84 µA mM-1) 
10 [15] 

PdNPs-PAA/(Au) 
-0.1 

(vs. SCE) 

PBS 

pH 7.0 
232 5 [16] 

Ag/(GC) -0.2 
0.1 M PBS 

pH 7.6 

104.53 * 

(7.39 µA mM-1) 
0.5 [17] 

PVA-MWCNTs-PtNPs/(GC) 0 
0.1 M PBS 

pH 7.0 
122.63 0.7 [18] 

Ag microparticles/(SPC) -0.4 
0.01 M PBS 

pH 7.4 
138.4 50 [19] 

Pd/PEDOT nanospheres/(GC) 
-0.2 

(vs. SCE) 

0.1 M PBS 

pH 7.0 
215.3 2.84 [20] 

Graphene-AgNPLs/(GC) -0.5 
0.2 M PBS 

 pH 7.0 
183.5 3 [21] 

MWCNT/Pt nanohybrids/(Pt) 0 
PBS 

pH 7.0 
205.8 0.3 [22] 

Os/(Gr) 
-0.05 

0 

0.1 M PBS 

pH 7.0 

426 

364 
10 

This 

work 

*Calculated from the data in paper 

A large number of H2O2 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 H2O2 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 H2O2. 

Compared with other modified electrodes employed 

as H2O2 sensors in neutral medium, it showed much 

higher sensitivity. In contrast to other H2O2 

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 H2O2 for each of the produced 

electrodes was examined. The electrode modified 

with 10 cycles at scan rate of 0.01 V s-1 exhibits the 

best analytical performance for the amperometric 

H2O2 detection. The optimal working pH value (7.0), 

the high sensitivity (426 µA mM-1 cm-2) 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 

H2O2 sensing and promising candidate for designing 

biosensing systems. 
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ЕЛЕКТРОХИМИЧНО МОДИФИЦИРАН С ОСМИЙ ГРАФИТ: КАТАЛИТИЧНА 

АКТИВНОСТ И ПРИЛОЖЕНИЕ ЗА АМПЕРОМЕТРИЧНА ДЕТЕКЦИЯ НА 

ВОДОРОДЕН ПЕРОКСИД 

Т. М. Додевска1*, Н. Д. Димчева2, Е. Г. Хорозова2, Я. Л. Лазарова1 

1Университет по хранителни технологии, кат.”Неорганична химия и физикохимия”, бул. „Марица” 26, 

Пловдив 4002, България  

2Пловдивски университет „Паисий Хилендарски”, кат.”Физикохимия”, ул. „Цар Асен” 24, Пловдив 4000, 

България 

Постъпила на 7 ноември 2016 г.; приета на 23 януари 2017 г. 

(Резюме) 

Представен е нов електрохимичен метод за отлагане на осмий върху въглероден носител. Металната 

фаза е отложена върху графит в потенциодинамични условия, използвайки циклична 

волтамперометрия в диапазон от потенциали от -0.8 до 0 V (vs. Ag/AgCl, 3 M KCl). С цел получаване 

на модифициран електрод с висока каталитична активност при редукция на водороден пероксид, са 

оптимизирани броят цикли и скоростта на изменение на потенциала при процеса на електроотлагане. 

Установено е, че графитът, модифициран с осмий чрез 10 цикъла при скорост 0.01 V s-1, проявява най-

висока каталитична активност в целевата реакция. Електрохимичното поведение на така разработения 

електрокатализатор е изучено при различни стойности на рН при работни потенциали 0 V и -0.05 V. 

Модифицираният електрод има много добри аналитични характеристики при определяне на водороден 

пероксид в неутрална среда: широка област на линейна концентрационна зависимост на сигнала (до 5 

mM) и чувствителност 426 µA mM-1 cm-2 при потенциал -0.05 V (чувствителност 364 µA mM-1 cm-2 при 

потенциал 0 V, съответно), които го характеризират като подходящ базов трансдюсер (преобразувател 

на сигнала) за разработването на електрохимични сензори за пероксиди и, евентуално - биосензори. 

Ключови думи: осмий, модифицирани електроди, електроотлагане, електрокатализатор, редукция на 

водороден пероксид 
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A series of Ni(II) complexes with 4- and 5- nitro-substituted heteroaryl cinnamoyl derivatives were synthesized. All 

complexes were obtained with the metal to ligand ratio 1:2. The present study is focused on Ni(II) complexes of 4- and 

5- nitro-substituted heteroaryl cinnamoyl derivatives (L1-L8), synthesized from Ni(CH3COO)24H2O. 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(II) 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-аlylidene)-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(II), Cd(II), Zn(II), Co(II) and 

Ni(II) 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(II), 

Cd(II), Zn(II), Co(II) and Ni(II) complexes [7] and 

2-(1-hydroxy-3-(4-fluoro-phenyl)-alylidene)-2H-

indene-1,3-dione and its Cu(II), Zn(II) and Cd(II) 

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(II) 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. 

* To whom all correspondence should be sent. 
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EXPERIMENTAL 

Metal salt (Ni(CH3COO)24H2O - 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-L8 were registered in KBr pellet on a 

Bruker FT-IR VERTEX 70 Spectrometer from 4000 

cm-1 to 400 cm-1 at resolution 2 cm-1 with 25 scans. 

The IR spectra of the Ni(II) complexes of L1-L8 

were registered in KBr pellet on a 1750 FTIR-

Perkin-Elmer Spectrophotometer.  

Synthesis of Ni(II) 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 cm3 dioxane 

0.0005 mol (g) of Ni(CH3COO)24H2O in 10 cm3 

CH3OH 

All metal complexes were obtained after mixing 

methanol solutions of the Ni(CH3COO)24H2O 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 H2O, and 

dried over CaCl2 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-NO2-substituted heteroaryl cinnamoyl derivatives 

and their Ni(II) complexes (L1-L4) 

UV-Vis (DMSO) L1 λmax = 325 nm, 382 nm  

UV-Vis (DMSO) Ni(II)L1 λmax = 254 nm, 395 nm 

Raman (νmax, cm-1) L1: 1601, 1500, 1413, 1368, 

1274, 1204, 345 

UV-Vis (DMSO) L2 λmax = 300 nm, 377 nm  

UV-Vis (DMSO) Ni(II)L2 λmax = 254 nm, 313 nm, 

384 nm 

UV-Vis (DMSO) L3 λmax = 325 nm, 384 nm  

UV-Vis (DMSO) Ni(II)L3 λmax = 254 nm, 401 nm 

Raman (νmax, cm-1) L3: 1611, 1578, 1457, 1392, 

1351, 1276, 1267, 1205, 1148, 1112, 1072, 1023, 

886, 624, 400  

UV-Vis (DMSO) L4 λmax = 285 nm, 333 nm, 455 nm, 

488 nm 

O

O

OH

Het

X

Y  
X = H, Y = NO2 (L1-L4); X = NO2, Y = H (L5-L8) 

L1-L4: 4-nitro-substituted heteroaryl cinnamoyl 

derivatives 

L5-L8: 5-nitro-substituted heteroaryl cinnamoyl 

derivatives 

Het = S
 

 S

 

 

O
 

 
N
H

 

 

 1 and 5 2 and 6 3 and 7 4 and 8 

Figure 1. General formula of L1-L8 

5-NO2-substituted heteroaryl cinnamoyl derivatives 

and their Ni(II) complexes (L5-L8) 

UV-Vis (DMSO) L5 λmax = 278 nm, 387 nm, 394 nm  

UV-Vis (DMSO) Ni(II) L5 λmax = 255 nm, 323 nm, 

387 nm 

Raman (νmax, cm-1) Ni(II)L5: 1686, 1645, 1610, 

1588, 1484, 1412, 1362, 1345, 1275, 1215, 1062, 

1046  

UV-Vis (DMSO) L6 λmax = 282 nm, 360 nm, 427 nm 

UV-Vis (DMSO) Ni(II)L6 λmax = 255 nm, 307 nm, 

385 nm 

UV-Vis (DMSO) L7 λmax = 320 nm, 378 nm, 452 nm  

UV-Vis (DMSO) Ni(II)L7 λmax = 254 nm, 322 nm, 

390 nm  

UV-Vis (DMSO) L8 λmax = 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(II) were conducted using 

metal salt, namely Ni(CH3COO)24H2O 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(II) complexes. The data 

from the absorption spectra of the free ligands L1 – 

L8 and their Ni(II) 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(II) 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(II) complexes with 4-NO2-substituted heteroaryl cinnamoyl derivatives. 

№  OH NH ar C=O С=О
' C=C C=C(Het) asNO2 sNO2 δOH =CH 

2-

Thiophen 

3- 

Thiophen 

NiL1 
S

 
 

3251  3065 1674 1631 1613 1577 1532 1352 1275 961 824 - 

NiL2 

S

 

 

3270  3058 1667 1619 1582 1571 1533 1349 1248 961 - 785 

NiL3 
O

 
 

3363  3057 1674 1635 1619 1582 1538 1351 1264 961 - - 

NiL4 
N
H

 

 

3276 3221 3058 1674 1630 1614 1588 1532 1343 1256 961 - - 

Table 3. Selected IR frequencies for Ni(II) complexes with 5-NO2-substituted heteroaryl cinnamoyl derivatives. 

№  OH NH ar C=O С=О
' C=C C=C(Het) asNO2 sNO2 δOH =CH 

2- 

Thiophen 

3- 

Thiophen 

NiL5 

S
 

 

3272  3085 1692 1627 1613 1570 1528 1342 1255 977 839 - 

NiL6 

S

 

 

3098  3064 1713 1625 1612 1578 1544 1338 1240 985 - 799 

NiL7 

O
 

 

3325  3061 1693 1635 1614 1577 1528 1342 1257 982 - - 

NiL8 
N
H

 

 

3275 3225 3060 1694 1630 1613 1589 1528 1343 1255 988 - - 
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Figure 2. Suggested structures of the Ni(II)L1- Ni(II)L4 (A) and Ni(II)L5 – Ni(II)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(II) complexes 

were recorded. In the IR-spectrum of the pure 

ligands L1-L8 a band of -OH group was observed 

between 3502-3438 cm-1. 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-)22H2O]. 

Based on the experimental data, the most probable 

structure for the Ni(II) 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(II) 

complexes contain at least two water molecules, 

axially coordinated to the metal center. It is seen that 

nitro complexes exhibit  a(NO2) and s(NO2) in the 

1470–1370 and 1340–1320 cm–1 regions, 

respectively. Thus a(NO2) shifts markedly to a 

higher frequency, whereas s(NO2) 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 mW 

laser power. Only the Raman spectra of the free 

ligands L1, L3 and Ni(II)L5 complex were 

measured. In the Raman spectrum of L1 and L3 the 

band at 1601 cm−1 and 1611 cm−1 can be attributed 

to stretching vibrations of C=C. In the Raman 

spectrum of Ni(II)L5 complex the band of the 

carbonyl group appears at 1686 cm−1. In the same 

spectrum the band of the NO2 group appears at 1345 

cm−1. In the IR spectrum of Ni(II)L5 complex the 

same band was observed at 1342 cm−1. The band in 

the Raman spectrum of L1 and L3 at 1368 cm−1 and 

1351 cm−1 was observed at 1357 and 1355 cm−1 in 

the IR spectrum were for stretching vibrations of 

NO2 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(II) complexes with  

4- and 5- nitro-substituted heteroaryl cinnamoyl 

derivatives have been described. A series of non-

charged complexes with Ni(II) was isolated and 

analyzed by elemental analyses, UV-Vis  and IR 

spectroscopy. For the Ni(II) complexes a octahedral 

structure was proposed. 
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КОМПЛЕКСИ НА Ni(II) С 4- и 5- НИТРО-ЗАМЕСТЕНИ ХЕТЕРОАРИЛ ЦИНАМОИЛНИ 

ПРОИЗВОДНИ  

П.Е. Маринова 1*, И.Д. Николова 2,  М.Н. Маринов 3, С.Х. Цонева 1, А.Н. Димитров 1, Н.М. Стоянов 2 

1 ПУ „П. Хилендарски”, Химически факултет, Пловдив, 4000, ул. „Цар Асен” № 24 

2 Русенски университет-Филиал Разград, Катедра „Химия и химични технологии”,  

Разград, 7200, ул. „Априлско въстание” № 47 

3 Аграрен университет-Пловдив, Факултет по растителна защита и агроекология, Катедра „Обща химия”, 

Пловдив, 4000, бул. „Менделеев” № 12 

Постъпила на 4 ноември 2016 г.; приета на 21 януари 2017 г. 

(Резюме) 

Целта на настоящата разработка е получаването на нови комплекси на Ni(II) с 4- и 5- нитро-заместени 

хетероарил цинамоилни производни с потенциално биологично действие. Структурата на получените осем 

метални комплекси е изследвана с елементен анализ и UV-Vis, ИЧ-спектроскопски методи (за един от тях и с 

Раманова спектроскопия). Въз основа на получените експериментални резултати считаме, че най-вероятно 

лигандите са координирани бидентатно, като моноанион след депротониране на енолната -OH група. Предполага 

се октаедрична геометрия на металния център с 2 органични лигандни молекули и 2 молекули вода координирани 

към Ni(II).   

Ключови думи: 4- и 5- нитро-заместени хетероарилни цинамоилни производни, метални комплекси, ИЧ 
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Catalytic oxidation of formaldehyde in aqueous solutions over NiOx/CeO2 
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The catalytic performance of NiOx supported on CeO2 prepared by modified precipitation-oxidation method for the 

complete oxidation of formaldehyde (HCHO) with NaOCl 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 CeO2 non-stoichiometric Ni15O16 oxide was obtained. The 

catalytic activity of the NiOx/CeO2 was found better than both the unsupported bulk analogue and physical mixture of 

NiOx and CeO2, 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 30oC, catalyst loading 1.5 g dm-3, and NaOCl concentration 15 ml dm-3. 

Therefore, NiOx/CeO2 catalyst can be successfully used for the treatment of wastewaters with high concentration of 

formaldehyde.  

Key words: formaldehyde, catalytic oxidation, NiOx/CeO2 catalyst, NaOCl. 

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 – 

315oC) and pressures (up to 150 bar). However, in 

this case many intermediate products have been 

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 CO2 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 oC 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/Al2O3 catalyst has been tested in CWO 

reaction for formaldehyde oxidation at 80 oC. 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/H2O2 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 
* To whom all correspondence should be sent. 

E-mail: marianas@uni-plovdiv.bg 

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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– 5 g/L MgO powder, pH = 8, and 0.09 mol/L H2O2. 

Radical oxidation mechanism has been also proven 

[7]. 

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 NiOx/CeO2 catalyst 

and to explore its catalytic activity for low-

temperature complete oxidation of HCHO in 

aqueous solutions using NaOCl as oxidant.  

EXPERIMENTAL 

The NiOx/CeO2 catalyst was prepared by 

deposition-precipitation technique with reverse 

order of precipitation. Solid CeO2 (Aldrich) was 

suspended in a fixed volume of 0.1 M aqueous 

solution of Ni(NO3)2.6H2O, 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 Cl– 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 CeO2. 

X-ray diffraction measurement (XRD) was 

performed using TUR-MA 62 (Germany) 

diffractometer with filtered Cu Kα radiation (λ = 

1.5406 A) at U = 37 kV, and I = 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–1 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 – 30оС) 

catalytic oxidation of HCHO was carried out in a 

thermostated 400 cm3 glass reactor under constant 

stirring. In a typical run, 200 ml 50 mg dm-3 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 cm3 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 (max=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 NiOx/CeO2 sample and the 

support CeO2 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/CeO2 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 CeO2 surface. 

Moreover, the reflexes of NiOx/CeO2 were 

apparently broader and less intense, indicating 

smaller particle size compared with bare support. It 

was found that the bulk is amorphous. 

 

Figure 1. XRD patterns of bulk and CeO2 supported 

NiOx 
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Figure 2. (a) Bright field TEM and (b) HRTEM images of the NiOx/CeO2 catalyst 

The presence of NiOx nanoparticles in 

NiOx/CeO2 was confirmed by TEM and HRTEM 

(Fig. 2). As observed in Fig. 2a, the NiOx/CeO2 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 

(Ni15O16, 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 CeO2. 

Well-defined lattice fringes in the HRTEM image of 

the NiOx/CeO2 sample (Fig. 2b), corresponding to 

the two types of structures, revealed the existence of 

a well-crystallized nanoparticles. 

The FTIR spectra of bulk and CeO2 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–1, 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/CeO2 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/CeO2, 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/CeO2 sample 

are depicted in Fig. 5. 

 

Figure 3. FTIR spectra of bulk NiOx and supported 

NiOx/CeO2 

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/CeO2 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 CeO2 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 dm‒3 catalyst loading , 

5 ml dm‒3 NaOCl, 20◦C.  

Figure 5. UV–vis spectral changes of HCHO during 

heterogeneous catalytic oxidation over NiOx/CeO2. 

Reaction conditions: 50 mg dm‒3 HCHO, 1.5 g dm‒3 

catalyst loading , 15 ml dm‒3 NaOCl, 30◦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/CeO2 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 CeO2 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/CeO2. 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/CeO2 (30 wt.%). However, 

when the oxidation was carried out with 

concentration of NiOx corresponding to its loading 

on CeO2, there is still 47% of HCHO remaining in 

the first 30 min. Based on these results it might be 

concluded that deposition of NiOx on the CeO2 

support results in a synergistic effect in catalytic 

activity. Due to high dispersion of NiOx on CeO2, 

more amounts of  active sites (NiOx) were produced 

on the NiOx/CeO2 surface than bulk nickel oxide. 

The synergistic coupling between NiOx and CeO2 in 

supported sample was also confirmed by the 

considerably lower catalytic activity of simple 

physical mixture of NiOx and CeO2. 

Under all tested conditions, the HCHO oxidative 

degradation followed a pseudo first order kinetics 

confirmed by the linear plots of ln(Co/C) versus time 

(Fig. 6). The reaction rate constants (k) and 

regression coefficients (R2) of the model fitting are 

given in Table 1. 

 

Figure 6. Linear dependences lnCo/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‒3 

catalyst loading , 5 ml dm‒3 NaOCl, 20◦C)  

Catalyst k (min-1) R2 

No catalyst 0.011 0.982 

NiOx 0.227 0.997 

NiOx (0.45 g dm-3) 0.049 0.982 

NiOx/CeO2 0.137 0.991 

NiOx+CeO2 0.041 0.986 

 

The optimization of the variables affecting the 

catalytic oxidation of HCHO in aqueous solutions 

over NiOx/CeO2 catalyst was carried out following 

the factorial design of experiments. The variable 

factors chosen were concentration of catalyst (X1), 

concentration of oxidant (X2), 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 (α10, %). Table 2 

shows the experimental matrix for the 2n factorial 

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+9.44X1+8.22X2 +7.27X3 + 2.96X1X2 

– 0.11X1X3 – 2.10X2X3 – 1.46X1X2X3      

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/CeO2 concentration from 0.5 g dm–3 to 15 0.5 

g dm–3 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. 

 

 

 

Figure 7. Interaction effect of the studied variable factors on (a) the degree of HCHO catalytic degradation over 

NiOx/CeO2 and (b) the rate constant. 

Table 2. Experimental matrix and results of the factorial design for HCHO catalytic oxidation over NiOx/CeO2 

Run 

Variable factors Responce 

Experimental values Codified values 
Y 

 (%) 
[NiOx/CeO2] 

(g dm–3) 

[NaOCl] 

(ml dm–3) 

T 

(oC) 

X1 X2 X3 

1 0.5 5.0 20 –1 –1 –1 51.3 

2 1.5 5.0 20  1 –1 –1 73.4 

3 0.5 15.0 20 –1  1 –1 74.9 

4 1.5 15.0 20  1  1 –1 91.0 

5 0.5 5.0 30 –1 –1  1 67.3 

6 1.5 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 NiOx supported on CeO2 

was prepared and its catalytic performance was 

thoroughly evaluated for oxidative degradation of 

HCHO in aqueous solutions using NaOCl as 

oxidant. Characterization data showed that the 

synthesis procedure led to formation of nanosized 

non-stoichiometric nickel oxide Ni15O16 with high 

dispersion on the surface of ceria. The as-prepared 

NiOx/CeO2 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 NiOx phase onto CeO2. Using 1.5 

g dm–3 NiOx/CeO2, conversion rate of more than 98 

% has been achieved for 10 minutes at 30oC. 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 

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. 
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КАТАЛИТИЧНО ОКИСЛЕНИЕ НА ФОРМАЛДЕХИД ВЪВ ВОДНИ РАЗТВОРИ ВЪРХУ 
NiOx/CeO2 

М. Стоянова*, Ст. Г. Христоскова, Д. Н. Петров, В. В. Иванова 

Кат. „Физикохимия”, Пловдивски университет „Паисий Хилендарски”, 

 ул.”Цар Асен” 24, 4000 Пловдив, България 

Постъпила на 12 ноември 2016 г.; приета на 7 декември 2016 г. 

(Резюме) 

Изследвано е каталитичното поведение на NiOx нанесен върху CeO2, получен по модифициран утаечно-

окислителен метод, в реакция на пълно окисление на формалдехид (HCHO) във водни разтвори. Синтезираният 

катализатор е охарактеризиран чрез XRD, HRTEM, FTIR и химически анализ. Установено е, че условията на 

синтезата благоприятстват получаването на наноразмерен нестехиометричен Ni15O16, добре диспергиран върху 

повърхността на CeO2. NiOx/CeO2 демонстрира по-висока каталитична активност в сравнение с ненанесения 

масивен аналог и физична смес от NiOx и CeO2, което предполага синергичен ефект между активната фаза и 

носителя. Изследвано е влиянието на основни реакционни параметри като количество на катализатора, 

температура и концентрация на окислителя върху ефективността на процеса на каталитично окисление на HCHO. 

Проведен е многофакторен експеримент за оценка влиянието на тези параметри върху ефективността на 

окислителния процес. Резултатите показват, че оптималните условия за бързо и пълно окисление на HCHO са 

температура 30oC, количество на катализатора 1.5 g dm-3 и концентрация на NaOCl 15 ml dm-3. Синтезираният 

NiOx/CeO2 катализатор може успешно да се използва за пречистването на отпадни води, съдържащи 

формалдехид във високи концентрации. 

Ключови думи: формалдехид, каталитично окисление, NiOx/CeO2; NaOCl 
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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(ɛ-caprolactone) 
(PCL), poly(N-isopropylacryl amide) (PNIPAAm), 
derivatives of methacrylic acid, poly(vinylalcohol) 
(PVA), poly(N-vinylpyrrolidone) (PVP), 

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 
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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 glutaraldehyde, 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 
α1β5 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 used 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 

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 β-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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СЪВРЕМЕННИ ПРИЛОЖЕНИЯ НА ПОЛИМЕРНИТЕ МАТЕРИАЛИ В 
БИОМЕДИЦИНСКИТЕ НАУКИ 

Л. Х. Йоаниду1, Й. И. Узунова1, И. Д. Стефанова2 
Медицински Университет-Пловдив, Фармацевтичен факултет, 

 1 Катедра „Химия и биохимия“,  
2 Катедра „Медицинска физика и биофизика“,  

бул. В. Априлов 15А, 4002, Пловдив, e-mail: lubka84@abv.bg 

Постъпила на 11 ноември 2016 г.; приета на 21 декември 2016 г. 

(РЕЗЮМЕ) 
Разнообразието на полимери и възможностите за приложението им в различни направления на 

биомедицината, доведе до усилено разработване и проучване на нови полимерни системи. Полимери реагиращи 
на разнообразни фактори на средата се използват за създаване на иновативни лекарство-доставящи системи. 
Проучват се самовъзстановяващи се полимери и възможностите за включването им в нови материали за 
импланти. Комбинация от биополимери и синтетични проводими полимери се очертава като подходяща 
стратегия за постигане на тъканна регенерация. Целта на този мини обзор е да представи последните постижения 
в разработването и приложението на полимерни материали в медицината. 

Ключови думи: полимери, полимерни наночастици, хидрогелове, полимерни подложки, импланти
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The present study is directed to clarify the influence of the ratio of TiO2 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 II (O II) used as cosmetic colorant CI 15510 and triarylmethane dye Brilliant Green (BG), used as food 
colorant E142. 

Key words: ZnO/TiO2 composite, photocatalysis, Orange II, 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].  

TiO2 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 TiO2 because 
of its comparability with TiO2 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 TiO2 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 

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/TiO2 
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 TiO2 and ZnO may affect the overall 
catalytic processes. As the first step, this 
investigation is focused on the influence of the ZnO 
and TiO2 content in the heterostructured composite 
on the UV and visible light induced degradation of 
two model pollutants: azo dye Orange II (O II) used 
as cosmetic colorant CI 15510 and triarylmethane 
dye Brilliant Green (BG), used as food colorant 
E142. 

EXPERIMENTAL 

The oxides TiO2 anatase from KRONOS-
Germany and ZnO from Sigma Aldrich were used 
for the composite ZnO/TiO2 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. 

* To whom all correspondence should be sent. 
E-mail: a_bojinova@hotmail.com © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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The phase composition and crystallinity of as-
prepared composites was identified by X-Ray 
analysis (diffractometer Siemens D 500 CuKα 
source of radiation at a step of 0.05 deg for 2Θ and 
counting time 2 s/step). The surface area of the dry 
composite powders, was determined by BET 
analyses using N2 adsorption. The surface 
morphology of the samples was observed via 
scanning electron microscopy (JSM-5510 JEOL). 

The characteristics of two model pollutants 
Orange II and Brilliant Green are presented in Table 
1. 

The as-prepared ZnO/TiO2 samples were tested 
in photodegradation of O II or BG from water 
solution by a standard testing procedure [15]. The 
dye solution volume was 250 ml. The catalysts 
loading was 1g L-1.The initial concentration was 
20 ppm for O II 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 O II BG 
Empirical formula: C16H11N2NaO4S C27H33N2.HO4S 

Molar mass: 350.32 g/mol 482.64 g/mol 
Absorption maximum  

(in water): 484 nm  

Minimum dye content: 85% 90% 

Synonyms: 

4-(2-Hydroxy-1-
naphthylazo)benzenesulfonic acid 
sodium salt, Acid Orange 7, Acid 

Orange A, Orange II,  
Tropaeolin 000 No. 2 

Astradiamant green GX, Basic Green 1, 
Diamond Green, Emerald Green, Solid 

green JJO, Diamond green G,  Ethyl Green,  
Aniline green, Benzaldehyde green, Fast 

green J 

 
Fig. 1. Comparative XRD pattern of TiO2, ZnO and ZnO/TiO2 composites. 

RESULTS AND DISCUSSION 

The crystalline phase composition of the 
ZnO/TiO2 nanocomposite and pure oxide samples is 

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 TiO2 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 TiO2 phases. The 
crystallites size, calculated following Sherrers 
equation (k = 1.5406 Ǻ) is found to be 24 nm for ZnO 
and 17 nm for TiO2. The calculation is made from 
the peaks (101) for ZnO and (101) for TiO2 
(relatively strong and single for the respective 
oxide - Fig. 1).  

A comparison of the surface morphology of TiO2 
to that of ZnO/TiO2 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 

calculated following the equation: 

( ) NDDD ii

i

N
av 2/minmax

1

+= ∑
=

 , 

where N is the number of observed particles, and Dav, 
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 μm for ZnO and 0.02 μm for 
TiO2 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 TiO2 content from 
23.03 m2/g in case of 90%ZnO/10%TiO2 to 
37.89 m2/g for the 90%ZnO/10%TiO2 composite. 
The latter is greatest among all samples. The pure 
oxide phases have approximately equal surface area. 

Fig. 2. SEM images of the powdered catalysts at different magnifications: (a) and (b) pure TiO2;. (c) and (d) 
ZnO(75%)/TiO2(25%) composite. 

Table 2. Specific surface area S of the commercial (pure ZnO and TiO2) and prepared ZnO/TiO2 powder catalysts 

ZnO, % TiO2,% S, m2/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 II colorant from 20 ppm aqueous solutions by the different samples under: (a) 
UV and (b) visible light illumination. 

A B 
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 II and 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 II. 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/TiO2 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 TiO2 
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=Cin.e-Kt , 

where C is the concentration of the contaminants 
solution at the moment t, Cin – 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 II, 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 TiO2. 
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Fig. 5. Rate constant values of O II 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/TiO2 

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 II 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 TiO2.  
Acknowledgements: The current study was accomplished 
in the frames of  the project DFNI-T02/16 (№2742) and 
FP7 Horizon 2020. 
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(Резюме) 

Настоящата работа има за цел изследване на влиянието на съотношението на TiO2 към ZnO, в състава на 
нанокомпозитни прахове, върху тяхната ефективност като фотокатализатори в суспензия. Серия от проби, 
съответстващи на различносъдържание  на титанов диоксид са получени от търговските марки на двата оксида. 
Фазовият състав и кристалността на пробите са характеризирани с рентгенова дифракция. Морфологията на 
повърхността на пробите е наблюдавана чрез сканираща електронна микроскопия. Фотокаталитичната активност 
на композитите е тествана под действието на ултравиолетова и видима светлина, при фотокаталитичното 
разграждане на два моделни замърсителя: азо багрилото Oранжево II (O II), използвано като козметичен 
оцветител CI 15510 и триарилметановото багрило, Брилянтно зелено (BG), използвано като оцветител на храни 
E142.  
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Assessment of several priority pollutants in fish from selected lakes in Bulgaria 
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The aim of thе 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 DDTs 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 

[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 

* To whom all correspondence should be sent. 
E-mail: stanislavavn@mail.bg 
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166 million m³. 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 (-18oC) 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 

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 Ion Trap mass spectrometer. Splitless injections of 
1 μl 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 μm. 
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 (ng/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) in relation 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 (ng/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 № 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 
ww 

EDI, 
ng/kg bw day 

RfD, 
ng/kg/day 
(USEPA) 

RQ 

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 
mullet 6 4.2±1.2 5.30±0.56 1.00±0.13 20 0.050 

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 I-PCBs Mean concentration,  
ng/g ww 

EDI, 
ng/kg bw day 

RfD, 
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,  
ng/g ww 

EDI, 
ng/kg bw / day 

RfD, 
ng/kg/day 
(USEPA) 

RQ 

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-
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 

lower than those reported in most previous 
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 µg/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 μg/kg and 55 μg/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 μg/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 μg/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 
mullet 

goby, golden grey mullet, 
silverside 

gibel carp, roach roach, perch 

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 values 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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ОЦЕНКА НА НЯКОИ ПРИОРИТЕТНИ ЗАМЪРСИТЕЛИ В РИБИ ОТ ИЗБРАНИ ЕЗЕРА В 
БЪЛГАРИЯ 
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Катедра по Химия, Медицински Университет - Варна 

E-mail: stanislavavn@mail.bg 

Постъпила на 12 ноември 2016 г.; приета на 21 декември 2016г. 

(Резюме) 

Целта на настоящото изследване беше да се оцени здравния риск чрез консумацията на риба по отношение на 
устойчиви органични замърсители като порихлорирани бифенили (ПХБ), ДДТ и метаболити, хексахлоробензен 
(ХХБ) и хексахлоробутадиен (ХХБД). Изчислен е дневен прием на приоритетните замърсители чрез консумация 
на сладководни риби от някои езера в България (Варненско езеро, Белославско езеро, Бургаско езеро и езеро 
Мандра). Концентрациите на органохлорните съединения бяха определени в шест рибни вида: каракуда 
(Carassius gibelio), бабушка (Rutilus rutilus), костур (Perca fluviatilis), кая (Neogobius melanostomus), платерина 
(Mugil auratus) и атерина (Atherina boyeri). 

ПХБ, хексахлоробензен, хексахлоробутадиен, ДДТ и основните му метаболити ДДЕ и ДДД са определени 
чрез газова хроматография с масспектрометричен детектор.  Средният дневен прием на замърсителите в риби от 
крайбрежните езера са изчислени между 0.34±0.03 и 2.13±0.19 (за ДДТ и метаболити) и между 0.19±0.02 и 
0.75±0.08 ng/kg телесно тегло дневно (за ПХБ) чрез консумация съответно на кая и платерина. Здравният риск 
беше оценен чрез използване на коефициент на риск (RQ) като отношение на дневната експозиция и оралната 
референтна доза (RfD). Изчислените RQ са под единица, което означава, че консумацията на риба не представлява 
риск за човешкото здраве. 

Ключови думи: ПХБ; ДДТ; риба оценка на риск; България
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The basic chemical components of tobacco extracts, containing flavonoids (E-Fl) and the radical scavenging activity 

of E-Fl 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-1 to 16.3 ± 1.3 mg.g-1 and phenolic acids are less than 0.6 mg.g-1. The E-Fl extracts showed a high radical 

scavenging activity (IC50 data varied from 9.6 ± 0.8 μg.ml-1 to 33.4 ± 3.0 μg.ml-1). In the extracts the nicotine content was 

less than 0.38 ± 0.02 mg.g-1 and depended strongly on its amount in tobacco, showing recovery mean 1.45 ± 0.31 %. The 

content of carbohydrates in extracts E-Fl was between 39 ± 1 mg.g-1 and 94 ± 4 mg.g-1 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-Fl) and the radical 

scavenging activity of E-Fl. 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 – Pl 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-Fl) 

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 XAD7. 

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-Fl 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].  

Aliquot of the obtained extracts E-Fl was passed 

through a membrane filter 0.45 µm prior to HPLC 

analysis.  

The limit of detection of the polyphenols pointed 

to LOQ * = 0.6 µg.ml-1 

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-Fl 

by spectrometric analysis  

The content of nicotine in the extracts was 

determined according to the ISO 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 nm, 

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-1 is 

given by formula: 

1

20

alV

VAV
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 








 


2
059.1 282236

259

AA
AA  

l – optical path length of the cell, in centimetres 

V0 - the volume of extracts, in millilitres 

V1 – the aliquot of portion of V0 used for the 

distillation, in millilitres  

V2 – 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 µg.ml-1 and the limit of 

quantification (LOQ) was 0.7 µg.ml-1, 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 

equation y = a + bx  

Determination of carbohydrates in tobacco  

and in tobacco extracts E-Fl 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 Е-Fl by DPPH assay 

The E-Fl 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-1) by 

comparing to Virginia tobaccos – average 17.9 mg.g-

1. Tobacco variety Ms is characterized with the 

highest content of polyphenols – 51 ± 4 mg.g-1, 

followed by B 79 – 35.6 ± 2.8 mg.g-1, while variety 

P 380 and V 385 contain lowest amount of 

polyphenols (approximately 15 mg.g-1).  

The amount of carbohydrates, as primary 

metabolites, varies widely in tobaccos - from 

82.8 ± 3.3 mg.g-1 (V 385) to 193 ± 8 mg.g-1 (Db 1). 

The average carbohydrates amout in Oriental 

tobaccos is 147 mg.g-1, while in Virginia tobaccos is 

lower - 118 mg.g-1. 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-1 (0.67 %). 

An exception can be seen by Pl 380 - 16.3 ± 0.3 

mg.g-1. Virginia tobaccos V 385 and K 254 are 

characterized with higher nicotine content – 26.9 ± 

0.5 mg.g-1 and 15.4 ± 0.3 mg.g-1 respectively. These 

results are in accordance with the varietal 

characteristics of tobaccos [20, 21].  

Extracts, containing flavonoids (E-Fl) 

Table 2 shows the content of flavonoids, phenolic 

acids, carbohydrates and nicotine in tobacco 

extracts. 

The E-Fl extracts contain flavonoids from 3.50 ± 

0.26 mg.g-1 (V 385) to 16.3 ± 1.3 mg.g-1 (Ms). The 

amount of flavonoids in the extracts is proportional 

to the content of flavonoids in tobaccos.  

The carbohydrates amounts in E-Fl extracts vary 

between 39 ± 1 mg.g-1 (K 254) and 94 ± 4 mg.g-1 (B 

79) with mean recovery from tobacco about 48%.  

The E-Fl extracts contain minimum amount of 

phenolic acids and nicotine. The nicotine content 

varies from ≤LOQ to 0.38 ± 0.02 mg.g-1 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.g-1 (Table 1), while their extracts show a 

significant difference in carbohydrates content. The 

extract derived from B 79 contains 94 ± 4 mg.g-1 

carbohydrates, whereas the extract derived from K 

254 – 39 ± 1 mg.g-1 (Table 2).  

 
Table 1. Content of nicotine, carbohydrates and polyphenols in different varieties of tobacco 

Tobacco varieties 
Basic chemical components in tobaccos, mg.g-1 

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 15.5 ± 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 4.51 ± 0.36 10.4 ± 0.8 82.8 ± 3.3 26.9 ± 0.5 

Koker 254 7.4 ± 0.5 13.8 ± 1.1 154 ± 6 15.4 ± 0.3 

Table 2. Content of flavonoids, carbohydrates and nicotine in tobacco extracts E-Fl 

Tobaccos varieties 
 Basic chemical components in E-Fl, mg.g-1 

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 >LOQ* 48 ± 2 0.38 ± 0.02 

Koker 254 4.77 ± 0.35 >LOQ* 39 ± 1 0.15 ± 0.01 
LOQ * = 0.6 µg.ml-1,  LOQ ** = 0.7 µg.ml-1 
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Table 3. Radical scavenging activity of E-Fl extracts 

 

The free radical scavenging activity of Е-Fl is 

presented as IC50 μg.ml-1 in Table 3. Lower IC50 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 

IC50 = 3.20 ± 0.20 μg.ml-1. The data in Table 3 reveal 

the highest scavenging activity of Ms extract (IC50 =9.6 

± 0.8 μg.ml-1) 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 50 = 

33.4 ± 3.0 µg.ml-1) is twice lower than P 380 extract 

(IC 50 = 16.9 ± 1.4 µg.ml-1)  

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-Fl) did not depend on its amount in tobaccos. E-

Fl showed a high radical scavenging activity.  
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Tobaccos 
Flavonoids in 

extracts, % 

IC50  

µg.ml-1 

Oriental tobaccos 
  

Djebel basma 22.5 ± 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 10.9 ± 1.2 16.9 ± 1.4 

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 



M.H. Docheva et al.: “Basic chemical components and radical scavenging activity of tobacco extracts… ” 

216 

ОСНОВНИ ХИМИЧНИ КОМПОНЕНТИ И РАДИКАЛ УЛАВЯЩА АКТИВНОСТ 

 НА ТЮТЮНЕВИ ЕКСТРАКТИ ПОЛУЧЕНИ ЧРЕЗ АДСОРБЦИОННА СМОЛА 

M. Х. Дочева*, M. Б. Стайкова, A. Б. Стоилова, Д. Диманов 

Институт по тютюна и тютюневите изделия, Марково 4108, Пловдив, България, 

e-mail: margarita_1980@abv.bg 

Постъпила на 10 ноември 2016 г.; приета на 21 декември 2016 г. 

(Резюме) 

Изследвано е съдържанието на основни химични компоненти в тютюневи екстракти, съдържащи флавоноиди 

(Е-Фл), получени чрез използване на адсорбционна смола Amberlite XAD 7. Определена е радикал-улавящата 

активност на екстрактите. Тютюните са подбрани с различно съдържание на никотин, въглехидрати и 

полифеноли. Количеството на флавоноидите в екстрактите варира значително и е в пряка зависимост от 

съдържанието им в тютюневата суровина. Съдържанието на флавоноиди в Е-Фл е между 3.50 ± 0.26 mg.g-1 и 16.3 

± 1.3 mg.g-1. Установено е по-малко от 0.6 mg.g-1 фенолни киселини. Екстрактите Е-Фл показват висока радикал 

улавяща активност (стойностите на IC50 варират от 9.6 ± 0.8 μg.ml-1 до 33.4 ± 3.0 μg.ml-1). Съдържанието на 

никотин в Е-Фл е по-ниско от 0.38 ± 0.02 mg.g-1 и е пропроционално на това в тютюните. Максималният добив 

на никотин, изчислен спрямо съдържанието му в тютюна е до 2 %. Количеството на въглехидратите в екстрактите 

(Е-Фл) варира между 39 ± 1 mg.g-1 и 94 ± 4 mg.g-1. Отчетен е среден добив от 48 %.  

Ключови думи: тютюн, тютюневи екстракти, полифеноли, никотин, въглехидрати, радикал-улавяща 

активност 

 



 

217 

Bulgarian Chemical Communications, Volume 49, Special Issue G (pp.217 –224) 2017 

Studies of the possibilities to obtain nanosized MnFe2O4 by solution combustion 

synthesis 

Ts. Lazarova1*, D. Kovacheva1, Z. Cherkezova-Zheleva2, G. Tyuliev2  

1Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 

 Acad. G. Bonchev str., Bl 11, Sofia-1113, Bulgaria,  

2Institute of Catalysis, Bulgarian Academy of Sciences,  

Acad. G. Bonchev str., Bl 11, Sofia-1113, Bulgaria  

Received November 10, 2016; Revised January 3, 2017 

Nanosized MnFe2O4 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 MnFe2O4 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 MnFe2O4. Samples were 

studied by the methods of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), low-temperature nitrogen 

adsorption (BET), and Mössbauer 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, MnFe2O4, XRD, XPS, Mössbauer 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 

MnFe2O4. It is well known that it is partially inverse 

spinel, in which about 20% of Mn2+ 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 MnFe2O4 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 

MnFe2O4 underlies its technological applications as 

core materials for coils, transformers, information 

and communication devices and others [4]. 

Nanoscale MnFe2O4 is interesting for other practical 

applications, namely as contrast agent for magnetic 

resonance imaging, magnetic drug delivery for 

cancer treatment by hyperthermia and others [5 - 7]. 

Another important application of nano-sized 

MnFe2O4 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 MnFe2O4 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 MnFe2O4 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 NiFe2O4 using the solution 

* To whom all correspondence should be sent. 

E-mail: cveti_ura@abv.bg © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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 MnFe2O4 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 MnFe2O4. 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 700oC 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-Kɑ radiation and LynxEye detector. Powder 

diffraction patterns were collected in the range from 

10 to 90 deg. 2θ with a step 0.03 deg. 2θ 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-MkII 

(VG Scientific) with a base pressure of ~5 x 10-8 Pa. 

The C1s, O1s, Mn2p, Fe2p and Mn3s photoelectron 

lines were evaluated by using the normalized 

photoelectron intensities [28]. Mössbauer spectra 

were recorded on electromechanical spectrometer 

(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 α-

Fe. The spectra were processed using a program 

based on the least squares method.   

RESULTS AND DISCUSSION 

The possibilities for obtaining nano-sized 

MnFe2O4 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 700oC 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 

MnFe2O4 was observed when using glycerol as fuel 

and for fuel compositions with higher glycerol 

content. Formation of single phase MnFe2O4 using 

only glycine as a fuel was not observed. In all the 

samples thermally treated at a temperatures above 

600oC in both atmospheres (air, argon) a 

decomposition of the spinel phase to the individual 

oxides (Fe2O3-hematite and Mn2O3-bixbite) was 

observed. It deserves commenting that samples 

prepared with high content of nitrogen-containing 

fuels show impurity phase of oxides of divalent ions 

(Fe2+, Mn2+) 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 MnFe2O4 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 600oC from 

fuel mixtures containing high content of 

hydrocarbons. In Fig. 1 (a-d) are presented powder 

diffraction patterns of some MnFe2O4 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 MnFe2O4 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. Identified phases were manganese ferrite spinel-MnFe2O4, 

bixbite-Mn2O3, hematite-Fe2O3 and wustite (Fe,Mn)O. 

Air  Argon 

Fuel/Temperature Identified phases Fuel/Temperature Identified phases  

sucrose   sucrose   

400оС spinel 400оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС spinel +wustite 

700 оС bixbite + hematite  700 оС spinel +wustite 

sucrose and urea 

0.75:0.25 

 sucrose and urea 

0.75:0.25 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС  spinel + bixbite +hematite  

700 оС bixbite + hematite  700 оС Traces of  spinel + bixbite + 

hematite  

 sucrose and urea 

0.5:0.5 

  sucrose and urea 

0.5:0.5 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС spinel + hematite 

700 оС bixbite + hematite  700 оС spinel + bixbite + hematite  

sucrose and urea   

0.25:0.75 

 sucrose and urea   

0.25:0.75 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС traces of  spinel + hematite  

700 оС bixbite + hematite  700 оС traces of  spinel + bixbite + 

hematite  

urea  urea  

400 оС spinel + bixbite  400 оС spinel 

500 оС spinel +  bixbite + hematite  500 оС spinel +  hematite  

600 оС bixbite + hematite  600 оС spinel +  hematite  

700 оС bixbite + hematite 700 оС 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. Identified phases were manganese ferrite spinel-MnFe2O4, 

bixbite-Mn2O3, hematite-Fe2O3 and wustite (Fe,Mn)O. 

Air Argon 

 Fuel/Temperature  Identified phases  Fuel/Temperature Identified phases  

glycine  glycine  

400оС spinel + wustite 400оС spinel + wustite 

500 оС traces of  spinel+ bixbite+ 

hematite  

500 оС spinel +wustite  

600 оС traces of  spinel +bixbite + 

hematite  

600 оС spinel + hematite 

700 оС bixbite + hematite  700 оС spinel + hematite 

glycine and glycerol 

0.75:0.25 

 glycine and glycerol 

0.75:0.25 

 

400 оС three unknoun spinels 400 оС spinel 

500 оС three unknoun spinels 500 оС spinel+ hematite + 

maghemite 

600 оС bixbite + hematite  600 оС traces of spinel+ bixbite + 

hematite  

700 оС bixbite + hematite  700 оС traces of spinel +bixbite + 

hematite  

glycine and glycerol 

0.5:0.5 

 glycine and glycerol 

0.5:0.5 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel + hematite  

600 оС bixbite + hematite  600 оС traces of spinel+  bixbite + 

hematite  

700 оС bixbite + hematite  700 оС traces of spinel bixbite + 

hematite  

glycine and glycerol 

0.25:0.75 

 glycine and glycerol 

0.25:0.75 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС traces of spinel+ bixbite + 

hematite  

700 оС bixbite  + hematite  700 оС traces of spinel+ bixbite + 

hematite  

glycerol  glycerol  

400 оС spinel 400 оС spinel 

500 оС spinel + traces of  hematite 500 оС spinel 

600 оС bixbite + hematite  600 оС traces of spinel+   bixbite + 

hematite  

700 оС bixbite + hematite  700 оС 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 

mixtures. Fig. 2 represents the TEM images of 

MnFe2O4 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 MnFe2O4 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 MnFe2O4 synthesized by using mixture of 

sucrose and urea fuels in different ratio and thermally treated in Air or Argon atmosphere. 

fuel 
temperature 

оС 

unit cell 

parameter 

(Å) 

mean 

crystallite 

size, nm 

SSA,m2/g / 

mean size 

derived from 

BET, nm 

Strain x10-4 

sucrose 
400 оС 8.35 5.7  69.17 

500 оС 8.34 6.4 88/12.7 56.82 

sucrose and urea 0.75:0,25 
400 оС 8.35 6.9  52.46 

500 оС 8.379 19.1 85/13.15 13.96 

sucrose and urea 0,5:0,5 
400оС 8.38 15.8 44 /25.4 18.94 

500оС 8.379 20.04 39/28.66 16.32 

sucrose and urea 0.25:0.75 
400оС 8.38 20.57  17.99 

500оС 8.352 6.6 40/27.9 44.92 

sucrose  

(Argon) 

400оС 8.439 5.9 85/13.15 51.39 

500оС 8.5142 14.2 44/25.4 25.76 

sucrose and urea 0.75:0.25 

(Argon) 

400оС 8.387 6.8  44.83 

500оС 8.401 7.8 98/11.5 37.07 

sucrose and urea 0.5:0.5  

(Argon) 

400оС 8.500 13.3  15.06 

500оС 8.499 26.1 54/20.7 33.97 

sucrose and urea 0.25:0.75 

(Argon) 

400оС 8.456 7.2  30.7 

500оС 8.461 6.8 82/13.63 61.3 

Table 4. Structural parameters determined by XRD analysis of nanosized MnFe2O4 synthesized by using mixture of 
glycine and glycerol fuels in different ratio and thermally treated in air or argon atmosphere. 

fuel 
temperature 

оС 

unit cell 

parameter 

Å 

mean 

crystallite 

size, nm 

SSA,m2/g / 

mean size 

derived from 

BET, nm 

Strain x10-4 

glycine and glycerol 0.5:0.5 
400 оС 8.37 11  19.33 

500 оС 8.38 12  11.44 

glycine and glycerol 0.25:0.75 
400 оС 8.37 12  8.06 

500 оС 8.38 15 60 /18.63 7.85 

glycerol 400оС 8.37 11  13.03 

glycine and glycerol 0.75:0.25 

(Argon) 
400оС 8.4208 59 11/102 6.04 

glycine and glycerol 0.5:0.5 

(Argon) 
400оС 8.38 10  36.19 

glycine and glycerol   0.25:0.75 

(Argon) 

400оС 8.45 9.7 96/11.64 37.42 

500оС 8.41 10.4 86/13 11.52 

Glycerol 

(Argon) 

400оС 8.44 13  45.32 

500оС 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 Mn2p3/2 binding energy 

value of 642.0 eV is slightly higher than 

expected for Mn2+ 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 Fe2p3/2 

main line has maximum at 711.0 eV, a value 

characteristic of Fe3+ as in Fe2O3 [31]. 

 

 

Fig. 3. O1s, Mn2p and Fe2p photoelectron lines for MnFe2O4 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). 
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Fig. 4. The Mössbauer spectra of MnFe2O4 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). 
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The Fe3+ ions can be distinguished also by the 

small satellite appearing at higher binding (~8.5 

eV above the main line). The position of O1s 

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 Mössbauer 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, MnFe2O4 

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 MnFe2O4 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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ИЗСЛЕДВАНЕ НА ВЪЗМОЖНОСТИТЕ ЗА ПОЛУЧАВАНЕ НА НАНОРАЗМЕРЕН  

MnFe2O4  ПРИ СИНТЕЗ ПО МЕТОДА НА ИЗГАРЯНЕ ОТ РАЗТВОР 

Цв. Лазарова1, Д. Ковачева1, З. Черкезова-Желева2, Г. Тюлиев2 

1Институт по обща и неорганична химия, Българска академия на науките, 

 ул. акад. Г. Бончев, Бл 11, София-1113, България, cveti_ura@abv.bg 
2Институт по катализ, Българска академия на науките, 

 ул. акад. Г. Бончев, Бл 11, София-1113, България 

Постъпила на 10 ноември 2016 г.; приета на 3 януари 2017 г. 

(Резюме) 

Наноразмерният MnFe2O4 има важни приложения в устройства за магнитен запис, ферофлуиди, 

биосензори, катализатори, направляван транспорт на лекарства в организма и др. В работата се изучават 

възможностите за получаване на наноразмерни MnFe2O4 по метода на синтез чрез изгаряне от разтвор. 

Изучени са две системи със смесени горива в различни съотношения, а именно глицин-глицерол и 

захароза-урея. Получените продукти са подложени на термична обработка при различни температури и в 

различни среди (въздух, аргон), за да се намерят оптималните условия за получаване на монофазен 

наноразмерен MnFe2O4. Образците са изследвани с методите на рентгеновата дифракция, 

нискотемпературна адсорбция на азот (БЕТ), фотоелектронна и Мьосбауерова спектроскопия. Образците, 

получени чрез използване на чисти въглеводороди или смеси с високо съдържание на въглеводороди 

показват суперпарамагнитно поведение поради малкия размер на кристалите, докато тези, получени с 

високо съдържание на азотсъдържащи горива показват магнитно подреждане. Показано е, че по-малките 

частици, получени при ниски температури на термична обработка имат по-високи стойности на 

решетъчните напрежения. Термична обработка при високи температури води до намаляване на 

напреженията без значителна промяна на размера на кристалите. 

 Ключови думи: синтез чрез изгаряне от разтвор, MnFe2O4, XRD, XPS, Мьосбауерова спектроскопия. 
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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)2⋅6H2O 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 60oC. 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 [MII

1–xMIII
x(OH)2]x+[An–]x/n·mH2O where 

MII and MIII are di- and trivalent metals, and An– is 
an anion (e.g. nitrate) [1]. As modified form of LDH, 
hydroxide double salts (HDS) with a general formula 
of [MII

1-xMII
2x(OH)2]2x+[An–]2x/n·mH2O 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 (Zn5(OH)8(NO3)2·2H2O) 
seems to be the most promising in this respect. The 
crystal suspension maintains a Zn2+ 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: Zn5(OH)8(NO3)2·2H2O, Zn5(OH)8(NO3)2, 
Zn3(OH)4(NO3)2 and Zn(OH)(NO3)2·H2O. The last 
one is not layered [8]. Many efforts are devoted to 
the preparation of free of impurities nanosized 
Zn5(OH)8(NO3)2·2H2O. It is generally accepted that 
zinc hydroxide nitrate with the ideal composition 
Zn5(OH)8(NO3)2·2H2O can be prepared by 
precipitation from a solution of Zn(NO3)2·6H2O 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)(NO3)2·H2O, in 
addition to the desired product [7, 8]. The main 
misadventure of the procedure is the limitation of the 

OH/Zn ratio, which predicts substantial 
concentration of Zn2+ in the mother liquor. 
Therefore, the main objective of this research is to 
develop and optimize the preparation of zinc 
hydroxide nitrate, Zn5(OH)8(NO3)2·2H2O, with 
nanosized dimensions and to evaluate the shelf life 
of prepared crystals in suspension.  

EXPERIMENTAL 

Preparation procedure 
Materials: Zinc nitrate hexahydrate 

Zn(NO3)2·6H2O and NaOH reagent grade were used 
in the present experiments.  

Synthesis: Preparation of zinc hydroxide nitrate 
(Zn5(OH)8(NO3)2·2H2O) was performed by pouring 
NaOH solution into Zn(NO3)2·6H2O 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(NO3)2·6H2O 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. 

* To whom all correspondence should be sent. 
E-mail: kivanov1@abv.bg © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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Samples Characterization 
Powder X-Ray Diffraction (XRD) 
The XRD patterns were recorded on a Philips PW 

1050 diffractometer, equipped with Cu Kα tube and 
a scintillation detector. Data for cell refinements was 
collected in θ-2θ, step-scan mode in the angle 
interval from 10 to 90o (2θ) at counting time of 3 
s/step and steps of 0.03o (2θ). 

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 

quantify 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 (∆G, %) 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 Zn5(OH)8(NO3)2·2H2O, is 52.47%. 
According to the data of [9] complete decomposition 
of Zn5(OH)8(NO3)2·2H2O 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(NO3)2 
or Zn(OH)(NO3)·H2O). The results presented in 
Table 2 correspond very closely to the theoretical 
ones and suggest the formation of 
Zn5(OH)8(NO3)2·2H2O 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.  

 
 

 Table 1. Scheme of the experiment 

Series S-1 S-2 S-3 S-4 S-5 
Zn(NO3)2.6H2

O, mol/l 
0.4
М 

1.2
М 

1.6
М 

2.4
М 

3.2
М 

NaOH, mol/l 
NaOH, mol/l 
NaOH, mol/l 
NaOH, mol/l 
NaOH, mol/l 

0.4
М 

0.4
М 

0.4
М 

0.4
М 

0.4
М 

1.2
М 

1.2
М 

1.2
M 

1.2
М 

1.2
М 

1.6
М 

1.6
М 

1.6
М 

1.6
М 

1.6
М 

2.4
М 

2.4
М 

2.4
М 

2.4
М 

2.4
М 

3.2
М 

3.2
М 

3.2
М 

3.2
М 

3.2
М 

Table 2. Chemical composition (Zn, %) and weight loss 
at 450°C (∆G,%)  of the samples synthesized at room 
temperature  

Series S-1 S-2 S-3 S-4 S-5 
Zn,% 
∆G,% 

52.3±0.8 
34.48 

51.3±0.9 
34.57 

52.7±0.5 
34.63 

53.1±0.8 
34.3 

52.4±0.6 
34.8 

Zn,% 
∆G,% 

53.1±0.8 
34.53 

53.4±0.8 
34.66 

51.9±0.8 
34.34 

52.3±0.9 
34.85 

52.7±0.7 
34.95 

Zn,% 
∆G,% 

52.6±0.8 
34.11 

53.3±0.9 
34.7 

51.9±0.4 
34.87 

52.1±0.6 
34.54 

52.3±0.7 
34.25 

Zn,% 
∆G,% 

53.3±0.9 
34.28 

51.8±0.8 
34.02 

52.4±0.5 
33.98 

53.1±0.7 
34.11 

53.6±0.8 
33.73 

Zn,% 
∆G,% 

52.4±0.8 
34.46 

52.9±0.8 
34.00 

52.2±0.7 
34.25 

53.4±0.6 
33.60 

53.8±0.7 
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 2θ = 9.2° and other characteristic peaks at 2θ = 
18.4, 34.6, 35.4, 46.8, and 47.4° identified formation 
of pure well crystallised zinc hydroxide nitrate 
(Zn5(OH)8(NO3)2·2H2O, 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 2θ = 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(NO3)2 (2θ = 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 
Zn5(OH)8(NO3)2·2H2O. 
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Fig. 1. X-ray pattern of the sample synthesized at 25°C 
and concentration of NaOH and Zn(NO3)2 1.6 M 

Fig. 2. X-ray pattern of the sample synthesized at 25°C 
and concentration of NaOH and Zn(NO3)2 3.2 M 

 
А 

 
В 

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 μm; B: 1.0 μm 

Fig. 4 presents the SEM images of the sample 
synthesized at 25°C and concentration of NaOH and 
Zn(NO3)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 μm. 

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 (Zn5(OH)8(NO3)2·2H2O) 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 Zn5(OH)8(NO3)2·2H2O. 
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A 
 

B 
 

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 μm; B: 1.0 μm; C: 0.5 μm 
    In order to accelerate hydrolysis, suspensions 
containing 0.15 or 0.5 M Zn(NO3)2 and 1.0 M NaOH 
with 2OH/Zn2+ (R) from 0.01 to 2.0 are subjected to 
ageing on a rotating drum for 100-120 h at 25, 50 
and 70oC. The authors found that a zinc hydroxide 
nitrate and/or ZnO are formed depending on the 
2OH/Zn2+ 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 70oC 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 70oC, 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 70oC, initial 
OH/Zn molar ratio 3.2 and concentration of the zinc 
nitrate and sodium hydroxide 3.2 M 

 A 

 B 
Fig. 6. SEM images of sample synthesized 70oC, initial 
OH/Zn molar ratio 3.2 and concentration of the zinc 
nitrate and sodium hydroxide 3.2 M. Scale bar: 
A: 1.0 μm; B: 1.0 μm.  
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No substantial change in the composition and 
morphology of the resulted sample can be observed. 
The sheet-like particles of Zn5(OH)8(NO3)2·2H2O 
dominate and traces of Zn3(OH)4(NO3)2 are also 
present. This result confirms the suggestion that 
increasing the temperature to 70oC slightly affects 
the crystal phase and morphology of the precipitate. 
The shelf life in the mother liquor of the precipitate 
obtained at 25 and 75oC 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 (∆G,%) of the samples synthesized at room 
temperature, OH/Zn molar ratio 1.6 and NaOH and 
Zn(NO3)2 concentration 1.6 M after 30 days storage in 
mother liquor  

№ Time Zn, % ∆G, % рH 
1 Immediately 53.4 ± 0.8 34.61 5.98 
2 1 hour 52.0 ± 1.0 34.12 6.01 
3 3 hours 53.1 ± 0.9 34.00 6.01 
4 5 hours 52.6 ± 0.7 33.84 6.00 
5 8 hours 53.2 ± 0.8 34.65 6.00 
6 1 day 51.2 ± 0.9 34.13 6.00 
7 10 days 52.0 ± 0.6 35.12 6.02 
8 
9 

20 days 
30 days 

51.3 ± 1.0 
53.2 ± 0.8 

34.53 
33.91 

6.03 
6.06 

Table 4. Chemical composition of the samples 
synthesized at 70oC, OH/Zn molar ratio 1.6 and NaOH 
and Zn(NO3)2 concentration 3.2 M after 30 days storage 
in mother liquor at room temperature 

№ Time Zn, % ∆G, % рH 
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 ± 0.8 33.52 6.14 
4 5 hours 52.9 ± 0.8 33.81 6.18 
5 8 hours 52.2 ± 0.8 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 
9 

20 days 
30 days 

53.1 ± 0.9 
52.8 ± 0.8 

34.53 
35.62 

6.10 
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 Zn5(OH)8(NO3)2·2H2O to 
ZnO. 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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СИНТЕЗ И СТАБИЛНОСТ НА НАНОКРИСТАЛИ ОТ ЦИНКОВ ХИДРОКСИНИТРАТ 
K. И. Иванов*, E. Н. Коленцова, Н. Кao Нгуен, A. Б. Пелтеков, В. Р. Ангелова 

Катедра „Обща химия“, Аграрен университет, 4000 Пловдив, България 

Постъпила на 24 октомври 2016 г.; приета на 3 януари 2017 г. 

(Резюме) 

Наноразмерният цинков хидрокси нитрат се оценява като перспективен листен тор с по-добра 
разтворимост от ZnO и с по-ниска фитотоксичност в сравнение с други цинк-съдържащи съединения. 
Основният проблем е получаването на стабилни кристали с размери под 100 nm. Това изследване има 
за цел да оцени влиянието на условията на получаване върху химическия състав и големината на 
частиците на цинковия хидрокси нитрат, синтезиран чрез съутаяване на Zn(NO3)2⋅6H2O и NaOH с 
концентрация на изходните разтвори от 0.4 до 3.2 M и молно отношение OH/Zn 1.6 при температури 
на синтез от 20 до 60oC. Всички образци са детайлно охарактеризирани чрез рентгеноструктурен 
анализ, сканираща електронна микроскопия, термичен и елементен (ICP) анализ. Изследвана е също 
стабилността на кристалите от цинков хидрокси нитрат при престой в маточния разтвор до 30 дни.  
Ключови думи: цинков хидрокси нитрат, наночастици, синтез, листен тор.  
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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 (РСВs) are toxic 
chemicals, which precipitate in soil and water. They 
are mixtures of synthetic and organic chemical 
substances which share similar chemical structure. 
РСВs 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 

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 

* To whom all correspondence should be sent. 
E-mail: vgenina@abv.bg © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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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/ЕC.  

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. 

 

 
Fig. 1. Map of the studied region. 

Stryama river, the village of Manole (42.1871; 
24.91314) – type R13 Small and medium-sized 

lowland rivers in Ecoregion 7, located in a region 
with settlements in the catchment area of the of 
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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.е., Stamboliyski town 2000-
10000 p.е.); 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.е., 
Assenovgrad >10000 p.е., a large number of 
settlements <2000 p.е.); 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 µm) 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 µm 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 used 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 

Неxane:Acetone (1:1), by microwave 
decomposition under a programmed furnace 
temperature of 120°С 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 и 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/ЕO and Directive 
2013/39/ЕC), and specific pollutants in compliance 
with the approved list and the EQS of the Bulgarian 
legislation [12]. 

RESULTS AND DISCUSSION 

All six РСВs (PCB 28, PCB 52, PCB 101, PCB 
138, PCB 153, PCB 180) studied were below the 
limit of quantification (<0.001 mg kg-1) at all 
monitoring stations, probably due to the ban 
imposed on the manufacture thereof for decades. 

Results for 17 ОСРs showed that exceeding the 
limit of quantification have been detected for 
chlorbenzene, α-HCH, β-HCH, α-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 ОСРs in sediments, mg kg-1 d.w. 

OCP min max average 
(n=15) 

Pentachloro benzene <0.001 - - 
ChBenzene 0.001 0.0023 
α-HCH 0.002 0.05 0.0093 
β-HCH 0.002 0.015 0.0028 
γ-HCH <0.002 - - 
α-Endosulfane 0.003 0.068 0.0388 
β-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 
o,p-DDT <0.001 - - 
p,p-DDT <0.001 - - 
o,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-1 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 PAHs 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 (α-HCH, α-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 PAHs 
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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ОЦЕНКА НА ОРГАНИЧНИ ЗАМЪРСИТЕЛИ В СЕДИМЕНТИ ОТ БАСЕЙНА 
НА РЕКА МАРИЦА (БЪЛГАРИЯ) 
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(Резюме) 

В периода 2013-2014 е извършено пробовземане от седименти в 5 мониторингови станции в басейна на река 
Марица с цел оценка на ефектите от антропогенния натиск, причинен от производството на пестициди и 
интензивно земеделие. Станциите са разположени с средната част на басейна на река Марица (в района на 
гр.Пловдив) и водосборите на р.Чепеларска и р.Стряма. Използвани са методи за анализ на приоритетни вещества 
и специфични замърсители за установяване на тенденции при акумулацията в седименти в съответствие с 
изискванията на Директива 2000/60/EC и Директива 2008/105/EC. Представените данни за органични 
замърсители са първите за изследвания речен басейн. 

Ключови думи: седименти, река Марица, 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 Fe3O4@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 (Fe3O4 and 

Fe2O3 [2]) or different types of ferrites (MnFe2O4 

[3], CoFe2O4 [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 

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 Fe3O4 nanoparticles were added 

in absence of any additional surface modification 

and after oleic acid treatment. Authors declare that 

according to TEM characterization Fe3O4 

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 

Fe3O4 nanoparticles [17]. 

In the present work, a new route for MW assisted 

hydrothermal synthesis of carbon-coated Fe3O4 

nanoparticles is investigated. Two types of magnetic 

cores (bare and oleic acid stabilised) were studied as 

precursors for Fe3O4@C NPs production. 

MATERIALS AND METHODS 

Reagents  

All reagents were analytical or suprapur reagent-

grade. Ferric chloride (FeCl3·6H2O), ferrous 
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chloride (FeCl2·4H2O), were used for NPs synthesis, 

as well as Glucose monohydrate (C6H12O6·H2O), 

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; KCl for pH zero charge determination; 

and HNO3 (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-1 (CPA, 

Bulgaria), was used for SPE procedure optimization. 

Single element solution of Rh 10 mg L-1 (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-1) 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-1; 0.9 L min-1 and 0.95 L 

min-1 respectively; sample flow rate 0.34 mL min-1; 

MicroMist nebulizer. Fifteen isotopes: 51V, 53Cr, 
59Co, 60Ni, 63,65Cu, 66, 68Zn, 111, 114 Cd, 205Tl, 206,208 Pb, 
209Bi and 103Rh (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 Fe2+ ion and 

Fe3+ in basic media according previously optimised 

procedure [3]. Produced nanoparticles were stored as 

suspensions in double distilled water (10 g L-1 Fe3O4 

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 

nanoparticles suspension, 0.5 mL of oleic acid and 

0.3 mL of ammonia solution (25%) were added 

dropwise at 800C under vigorous stirring for 30 min. 

The oleic acid-stabilized Fe3O4 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 (Fe3O4@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-1 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 - 100ºC, 130ºC, 170ºC and 

200ºC. For the first three steps, 2 min were set to 

reach the specified temperature and 2 min to hold on. 

For the last step (200ºC) 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 Fe3O4@C 

NPs was determined by pH drift method [7]. For this 

estimation 30 ml of 0.1 mol L-1 KCl solution was 

used and initial pHi was adjusted from 2-10 by 

addition of diluted HNO3 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 (pHf) were measured again. The difference 

between initial and final pH values (ΔpH) was 

plotted against pHi. The pH point zero charge 

(pHPZC) 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 g L-1), 

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 HNO3 

(0.1% v v-1) and was subjected to ICP-MS analysis.  

RESULTS AND DISCUSSION 

Characterisation of carbon modified Fe3O4 

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 Fe3O4 nanoparticles are 

presented on Fig. 1 

The intensive peaks at 1700 cm−1 and 1060 cm−1 

observed on Figure 1 illustrate the presence of C=O 

in modified samples. The peaks from 2800 to 2980 

cm−1 are ascribed to C-H vibration. The region at 

1000–1300 cm−1 is assigned to O-H bending and 

C=O stretching vibrations. The broad band at 3100–

3700 cm−1 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 Fe3O4 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-1) for 15 min 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 Fe3O4@C produced 

after modification of magnetite with oleic acid show 

the best stability in acidic medium. 

 
Fig. 1 ATR-FTIR spectra of unmodified and modified 

Fe3O4@C NPs 

 
Table 1. Stability of nanoparticles in acidic medium 

Sample 
mass dissolved Fe in mg per 1g nanoparticles 

mg g-1 

Unmodified Fe3O4 NPs 117 

Fe3O4@C without oleic acid modification 84 

Fe3O4@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 Fe3O4@C 

produced after MNPs treatment with oleic acid. 

The pH zero charge (pHPZC) of studied Fe3O4@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 

Fe3O4 NPs indicate the pHPZC 7 [2].   

Evaluation of Fe3O4@C NPs applicability 

 as a sorbent for SPE of elements 

The evaluation of new Fe3O4@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 g L-1 
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initial analyte concentrations) were subjected to 

solid phase extraction with Fe3O4@C NPs and the 

residual concentration of elements in the aqueous 

phase after extraction were measured by ICP-MS. 

𝐸 (%) =
𝑄𝑖 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙)−𝑄𝑠 (𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)

𝑄𝑖 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
· 100  (1) 

where: E% is the extraction degree; Qinitial is the analyte 

quantity in the model solution; Qresidual 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 pHPZC - 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 Tl. 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 Tl) 

were observed at pH=10. Considering the fact, that 

all studied metal ions (except Tl) are able to form 

stable negatively charged complexes with 

hydroxide, the observed trend can be explained with 

an electrostatic repulsion between M(𝑂𝐻)𝑥𝑛−  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 

Fe3O4@C NPs was varied at levels 5, 10, 20 and 

30 mg (Fig. 3).  

 

Fig. 2 Effect of solution pH on the extraction degree of 

metal ions collected on Fe3O4@C NPs. Other conditions: 

200 mg NPs; СА = 10 μg L-1; VА = 50 mL. 

 

Fig. 3 Effect of the amount of sorbent on the extraction 

degree of analytes on Fe3O4@C NPs. Other conditions: 

pH=7; СА = 10 μg L-1; VА = 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 Tl, 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 Fe3O4 

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 (Fe3O4@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 Fe3O4@C NPs are promising 

sorbent for magnetically assisted dispersive SPE of 

Co, Ni, Cu, Zn, Cd, Tl and Bi. 
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НОВА МИКРОВЪЛНОВО ПОДПОМОГНАТА ПРОЦЕДУРА ЗА ПОЛУЧАВАНЕ 

 НА ВЪГЛЕРОД-МОДИФИЦИРАНИ МАГНЕТИТНИ НАНОЧАСТИЦИ  

С ЦЕЛ ПРИЛОЖЕНИЕТО ИМ ЗА ТВЪРДОФАЗНА ЕКСТРАКЦИЯ НА ЕЛЕМЕНТИ 

Д. Санчес1, Д. Георгиева2*, В. Кметов2, В. Стефанова2 

1 Университет Аликанте, Испания, PO Box 99, 03080 Аликанте, Испания 

2Пловдивски Университет „Паисий Хилендарски”, Катедра аналитична химия и компютърна химия, 

 ул. Цар Асен, 24, 4000 Пловдив, *E-mail: georgieva@uni-plovdiv.net 

Постъпила на 14 ноември 2016 г.; приета на 14 декември 2016 г. 

(Резюме) 

Предложен е нов подход за получаване на въглерод модифицирани магнетитни наночастици, чрез 

хидротермична реакция с глюкоза, проведена в лабораторна микровълнова система. Изследвана е възможността 

за изграждане на въглероден слой върху немодифицирани и на третирани с олеинова киселина Fe3O4 

наночастици. Получените нови материали са охарактеризирани с инфрачервена спектрометрия с пълно вътрешно 

отражение (ATR FTIR), изследвана е стабилността им в кисела среда. Установено е че за успешно изграждане на 

защитен слой от въглерод върху магнитното ядро е необходима предварителна модификация с олеинова 

киселина. 

Изследван е потенциала на получените нови материали за магнитно подпомогната твърдофазна екстракция 

на V, Cr, Co, Ni, Cu, Zn, Cd, Tl, Pb и Bi от моделни разтвори. Проследено е влиянието на киселинността на 

разтворите и количеството на наночастиците върху ефективността на екстракцията на изследваните елементи.  

Ключови думи: въглерод-модифицирани магнитни наночастици, МВ подпомогната модификация, твърдофазна 

екстракция 
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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 LiPF6) can be volatile or permanent gases, e.g. H2, CO, CO2 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 LiPF6, 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; LIBs 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-

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 * To whom all correspondence should be sent. 

E-mail: erosen@mail.zserv.tuwien.ac.at 

© 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. Lithium ion 

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) 

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. 

 

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, 

γ-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 LiPF6, LiBF4, LiAsF6, 

LiClO4 and LiCF3SO3. 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 LiPF6 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 LiPF6 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 LiFP4-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].) 

Electrolyte 

Components 

CAS 

Registry 

No. 

Structure 

Melting 
/ 

Boiling 

Point 

(°C) 

Dielectric 

constant 

ε (25°C) 

Viscosity 

η (cP, 

25°C) 

Vapor  

Pressure 

(torr)  

Flash 

Point 

(°C) 

Auto-

Ignition 

Temperature 

(°C) 

Dimethyl 

carbonate 

(DMC) 

616-38-

6  
 

2 / 91  3.1 0.59 
18 at 

21°C  
18  458  

Ethyl methyl 

carbonate (EMC) 

623-53-

0 
 

14 / 107 3.0 0.65 
27 at 

25°C  
25  440  

Diethyl 

carbonate (DEC) 

105-58-

8  
 

-43  / 

126 
2.8 0.75 

10 at 

24°C  
25  445  

Propylene 

carbonate (PC) 

108-32-

7 

 

-49 / 

242 
65 2.53 

0.13 at 

20°C 
135 455 

Ethylene 

carbonate (EC) 
96-49-1 

 

36 / 248 
90 (at 

40°C) 

1.9 (at 

40°C) 

0.02 at 

36°C 
145 465 

Ethyl acetate 

(EA) 

141-78-

6  
-83 / 77 6.0 0.45 

93 at 

25°C 
-4 4 

Methyl 

propionate (MP) 

554-12-

1  

-84 / 

102 
5.6 0.60 

64 at 

20°C 
11 469 

Ethyleneglycol 

dimethylether 

(DME) 

110-71-

4  -58 / 84 7.2 0.46 
48 at 

20°C 
0 202 

Tetrahydrofurane 

(THF) 

109-99-

9 
 

-108 / 

65…66 
7.4 0.46 

143 at 

20°C 
-17 321 
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Table 2. Properties of the most important conducting salts used in Li ion batteries [13, 17]. 

Salt TDecomp.  in 

solvent [°C] 

Al-corrosion Conductivity 

(1.0 M, EC/DMC, 

25°C) 

Electrochemical 

stability until 

Characteristics 

LiClO4 >100 No 8.4 mS/cm 4.5 V vs. Li+/Li Not sensitive to 

hydrolysis; no 

formation of HF; 

explosive 

LiAsF6 >100 No. Passivates 

Al current 

collector. 

11.1 mS/cm 4.5 V (cathodic) / 

6.3 V anodic vs. 

Li+/Li 

Good SEI 

formation. Toxic 

degradation 

products. 

LiBF4 >100 No 4.9 mS/cm  Strong Lewis base; 

decomposes and 

forms HF 

LiPF6  >70 Effectively 

suppresses Al 

corrosion 

10.7 mS/cm 4.8 V vs. Li+/Li Very sensitive to 

hydrolysis 

LiCF3SO3 >100 Yes >10 mS/cm   

LiN(SO2F)2 >100 Yes: 

Insufficient 

passivation of 

Al electrode 

>10 mS/cm 4.8 V vs. Li+/Li Not sensitive to 

hydrolysis, no 

formation of HF; 

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 LiPF6 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 using 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 

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 N2, O2, or 

CO2 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 (CH4, C2H6, C3H8 and C3H6) represent 

the largest fraction of this. Under overcharging 

conditions, the gas volume formed is drastically 

increased (to ca. 10 cm3) of which CO2 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 cm3), 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 µm) 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 

no. 

Test conditions Cycle 

number 

Capacity 

at end 

cycle 

Composition of detected gases (%) Total 

volume  

 
Charge 

current 

Discharge 

current 
 (Ah) O2 N2 CO2 CO CH4 C2H6 C3H8 C3H6 (ml) 

R1 
Before cycle 

test 

   
5.3 42.5 1.7  40 4.2 0.4  0.95 

R2  100 mA 2043 0.6 2.7 8.5 2.2  72 6.7 7.2 0.4 2.23 

R3 200 mA 125 mA 2397 0.6 1.7 5.9 4.1  73 7.0 7.9 0.4 2.42 

R4  200 mA 2331 0.5 1.5 6.5 7.2  61 7.6 15.6 0.8 2.63 

R5  500 mA 2301 0.5 2.3 11.0 4.0  62 9.2 10.4 0.6 1.73 

R6 125 mA  1915 0.6 2.1 7.7 1.3  75 7.8 6.2 0.2 2.01 

R7 200 mA 125 mA 2570 0.5 3.2 6.6 3.2  72 8.3 7.2 0.4 2.78 

R8 500 mA  3111 0.6 6.1 25.4 2.5  51 6.2 8.5 0.4 1.75 

R9 

200/200 

mA, 

overcharge 

 

880 0.6 1.3 5.3 75.6  12 2.6 2.7  10.57 

R10 

200/200 

mA, over-

discharge 

 

880 0.0 0.3 1.5 71.2 0.6 21 3.2 0.8 1.0 40.21 

 

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 various cyclic and 

(dominantly) aliphatic (poly)ethers and carbonate 

esters as illustrated in Table 4. 

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. 

 

 

Figure 4. Reaction schemes proposed for the degradation of commercial electrolytes containing EC, EMC, DEC or 

DMC and LiPF6 as conductive salt. After Grützke 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]. 

 

R1 R2 n Sum Formula Molecular mass 

Series 1 

  

1 C6H10O6 178.047740 

2 C8H14O7 222.073955 

Series 2 

  

1 C7H12O6 192.063390 

2 C9H16O7 236.089605 

Series 3 

  

1 C8H14O6 206.079040 

2 C10H18O7 250.105255 

Series 4 

 

CH3 

1 C5H10O4 134.057910 

2 C7H14O5 178.084125 

Series 5 

 

CH3 

1 C6H12O4 148.073560 

2 C8H16O5 192.099775 

Series 6 CH3O CH3 
1 C4H10O2 90.068080 

2 C6H14O3 134.094295 

Series 7 

 

H 

1 C4H8O4 120.042260 

2 C6H12O5 164.068475 

Series 8 

 

H 

1 C5H10O4 134.057910 

2 C7H14O5 178.084125 

Series 9 HO CH3 
1 C3H8O2 76.052430 

2 C5H12O3 120.078645 

Series 10 HO H 
1 C2H6O2 62.036780 

2 C4H10O3 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 H2O 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 CO2 and a 

decreased production of the low hydrocarbons 

(C2H6, C2H4 and C3H8) 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 LiCoO2, 

LiMn0.33Ni0.33Co0.33O2, and LiMnNi 18,650 cells 

(LCO, NMC, and MN cells, respectively) showed 

similar qualitative and somewhat diverging 

quantitative 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, CO2 and HCHO) 

which give a very poor or no FID response at all. 

While most of the studies so far have been of 

qualitative 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[Ni0.4Mn0.4Co0.2]O2 (NMC442) pouch cells with 

three different electrolytes: 3:7 ethylene carbonate : 

ethyl methyl carbonate (EC:EMC) with 1 M LiPF6 

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 

quantitatively the gases evolving during charging 

cycles of LixC6/Li1−xCoO2 cells using electrolytes 

such as 1 M LiPF6 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 

LiPF6 as conducting salt. Most interesting was the 

observation that the profile of volatile emissions 

(mainly H2, CO, CO2 and C1-C3 hydrocarbons) 

from the cell for which thermal runaway was 

induced by heating to a temperature of >84°C 

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 LiCoO2 and 

graphite electrodes during initial charging. The 

solvents used in this work were EC, DMC, EMC and 

DEC with LiPF6 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 LMNO/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. 

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 µm 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. H2, CO, CO2 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 LiPF6), 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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(Резюме) 

Електролитът от литиево-йонните батерии се разпада както при нормални експлоатационни условия - 

например формиране на твърда междинна електролитна фаза, така и при екстремни условия, като висока 

температура, напрежение, електрически ток. Продуктите на разпад на електролита (обикновено смес от 

органични карбонати, като етиленкарбонат, етилметил карбонат, диметилкарбонат или диетилкарбонат с 

различни електропроводими соли като LiPF6) могат да бъдат летливи или постоянни газове като H2, CO, CO2, или 

късоверижни въглеводороди (C1-C3), които са подходящи за определяне чрез газова хроматография GC. 

Предвид многообразието на продуктите на разпад, могат да бъдат подбирани газови хроматографи  с 

различни детектори, които да регистрират продуктите чрез пламъчно-йонизационни детектори, детектори по 

топлопроводност (катарометъри), мас спектрометри. Като допълнение на предложените GC анализи, могат да се 

приложат директни анализи на електролита, след внимателно разрязване на батерията за post mortem анализ. 

В присъствието на електропроводимата сол LiPF6, както и в присъствието на вода или въздух,  се образуват 

кондензирани или силно полярни продукти, които могат да бъдат по-лесно определени в течна фаза чрез високо 

ефективна течна хроматография с обърнати фази RP-HPLC, или чрез йонна хроматография IC. Това включва 

карбонатни олигомери (с различен брой на етокси групите, получени след разкъсване на етилен карбонатния 

пръстен) и органофосфати и монофлуорофосфати, които са продукти на реакциите на разпад и (частична) 

хидролиза на електропроводимата сол и нейното взаимодействие с органичния разтворител.  

Хроматографските техники, особено тези с масспектрометрична детекция са незаменимо средство за 

охарактеризиране на широкия спектър от разпадни продукти, и за изясняването на процесите, водещи до 

деградация на електролита. Това формира основата за подобряване на безопасността и ефективността на литиево-

йонните батерии. 

Ключови думи: литиево-йонни батерии, електролит; разпадни продукти, газова хроматография, течна 

хроматография 
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