BULGARIAN CHEMICAL
COMMUNICATIONS

2018 Volume 50 / Number 3

Journal of the Chemical Institutes
of the Bulgarian Academy of Sciences
and of the Union of Chemists in Bulgaria






Bulgarian Chemical Communications, Volume 50, Issue 3, (pp. 351 —362) 2018

Synthesis, characterization and antioxidant measurements of selenium (IV)
complexes with some amino acids - binuclear complexes

A. M. Naglah’*, A. S. Al-Wasidi®, N. M. Al-Jafshar’, J. S. Al-Otifi’, M. S. Refat* > R. F. Hassan*¢
W. N. Hozzein’?®

! Department of Pharmaceutical Chemistry, Drug Exploration & Development Chair (DEDC), College of
Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia
’Peptide Chemistry Department, Chemical Industries Research Division, National Research Centre, 12622-
Dokki, Cairo, Egypt
3 Department of Chemistry, College of Science, Princess Nourah Bint Abdulrahman University, Riyadh 11671, Saudi
Arabia
“Chemistry Department, Faculty of Science, Taif University, P.O. Box 888, Al-Hawiah, Taif 21974, Saudi Arabia
SDepartment of Chemistry, Faculty of Science, Port Said, Port Said University, Egypt
SChemistry Department, Faculty of Science, Helwan University, Cairo, Egypt
’Bioproducts Research Chair, Zoology Department, College of Science, King Saud University, Riyadh 11451, Saudi
Arabia
8Botany and Microbiology Department, Faculty of Science, Beni-Suef University, Beni-Suef 62111, Egypt

Received January 9, 2018; Accepted May 17, 2018

A series of selenium(IV) complexes of asparagine (A4sn), proline (Pro), glutamine (Gln), methionine (Mef) and
cysteine (Cys) amino acids were prepared and well characterized based the (elemental analyses, molar conductance
measurement), various spectral studies (IR, Raman, UV-Vis, 'H-NMR and mass) and thermo gravimetric analyses
(TG/DTG). The X-ray diffraction studies were carried out using PANalytical X-ray diffractometer, surface
homogeneity of the respected samples was investigated using Quanta FEG 250 scanning electron microscope (SEM)
and the chemical compositions of these samples have been studied using energy dispersive X-ray analyses. All the
selenium (IV) complexes (I-V) are of [Se™(AA™),Cl] type, where AA = (4sn, Pro, Gln, Met and Cys) act as
monobasic bidentate ligands in the synthesized complexes. Mass fragments of the [Se (Cys)2(Cl):] (V) suggest
monomeric statement. The speculated geometries of the 1:2 complexes were octahedral configuration with two
chlorines and two bidentate ligands occupying the corners of the octahedral complexes. In selenium—4sn, Pro, Gln, and
Met complexes both amino and carboxylate groups are involved in coordination with metal, but, Cys coordinates
through its sulfhydryl and carboxylate groups. The free radical scavenging activity of newly synthesized selenium (IV)
complexes was determined at the concentration of 10, 20 and 30 ppm by means of the interaction with free radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH) in stable form. All these complexes have a bullish antioxidant activity.
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INTRODUCTION The amino acid reactions were found to be
responsible for the enzymatic activity and stability
of protein structures [9, 10]. The complexity of
mineral amino acids is an important area of
research where they can be used as simulated
systems to identify the interaction of mineral
protein in biological systems.

Selenium is one of the rarer elements present in
low and fundamental concentrations in the human
body and is of great importance in nutrition and
medicine [11]. Selenium nanoparticles have some
unique optical, mechanical, electrical, biological
and chemical properties as compared to other
chemicals. For example, selenium nanoparticles
have been reported to have high biological activity
and low toxicity [12], and nanowires of selenium
with trigonal geometry have new optical
photoconductivity [13]. Thus, selenium

Generally, amino acids containing two essential
groups (amine and carboxylic acid) attached to the
first a—carbon atom, are of particular importance in
biochemical field. The chemical formula of a-
amino acids is HoNCHRCOOH in most cases
where, R is an organic substituent known as a side-
chain [1, 2]. Amino acids are the main structural
chemical constituents of proteins, which enter into
the structure of all living organisms and are the
most important factor in biochemical processes that
support the preservation of human life [3, 4]. They
are highly susceptible to being excellent catalysts
and can be chelated with transition metals through
their amino or carboxylic groups [5, 6]. Over the
past few decades the complexation of transitional
metal ions with amino acids has been studied [7, 8].
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nanoparticles attracted considerable interest of
researchers and different synthesis methods were
exploited [14-17].

Amino acid coordination chemistry is an
integral feature of inorganic and bioinorganic
chemistry [18-20], with many applications in
medicinal design and materials science [21, 22].
Selenium amino acid complexes attract attention of
chemists because of their different kinds of
applications. In selenium (IV) amino acid
complexes syntheses, the amino acid is first reacted
with a selenium (IV) ion and gives stable
octahedral selenium (IV) complexes. In this paper
an overview on structures and coordination
chemistry of selenium (IV) amino acid complexes
is given. This article describes the synthesis of
selenium nanoparticles by in situ amino acid
chelation. This study presents preliminary results of
synthesized bis-chelated complexes of the used five
amino acids, shown in Fig. 1.

0O O
O
OH OH
NH, NH» NH
Asparagine (Asn) Proline (Pro)
O o} 0]
_S
NH; NH,
Glutamine (Gln) Methionine (Met)
O
HS/\‘)J\OH
NHo
Cysteine (Cys)

Fig. 1: Chemical structures of the used five amino acids
MATERIALS AND METHODS
Chemicals and reagents

The amino acids (L-configuration) asparagine
(4sn), proline (Pro), glutamine (Gin), methionine
(Mef) and cysteine (Cys) were purchased from
Sigma-Aldrich Chemical Company, all organic
solvents and reagents were used in pure form. SeCl4
was received from Aldrich Company.

Synthesis of selenium (IV) amino acid complexes

The collected compounds were prepared using
the same chemical procedures, as follows: adding
25 mL of amino acids in ethanol (4 mmol) to the
same volume of selenium (IV) tetrachloride also in
ethanol (2 mmol). The solutions were refluxed for 2
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h and the resultant brown to black-brown solution
was reduced to ca. 1/2 of its volume. The solids
produced by filtration were collected and washed
with petroleum ether (60-80°C) and dried in a
vacuum medium over anhydrous CaCl..

Instruments

—  Elemental analysis (%C, %H and 9%N)
percentage was performed using Perkin Elmer
CHN 2400.

—  Molar conductivity (10° mol/cm?) with
dimethylsulfoxide (DMSO) solvent was determined
using Jenway 4010 conductivity meter.

—  Electronic spectra were scanned using UV-
3101 PC Shimadzu spectrophotometer.

—  FT-IR spectra were scanned on a Bruker
FT-IR spectrophotometer.

— Raman laser spectra were collected on a
Bruker FT-Raman spectrophotometer equipped
with a 50 mW.

— 'H-NMR spectra were recorded using a
Varian Gemini 200 MHz spectrometer.

—  Mass spectra were scanned using AEI MS
30 mass spectrometer with 70 eV.

—  Thermal study TG/DTG-50H was carried
out on a Shimadzu thermogravimetric analyzer
under nitrogen atmosphere.

—  Scanning electron microscopy (SEM) was
performed on Quanta FEG 250 equipment.

—  X-ray powder diffraction was measured on
X'Pert PRO PANanalytical with target Cu with
secondary monochromator.

DPPH and Hydroxyl Radical Scavenging assays

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
assay was performed as described in [23]. Free
radical damage imposed on the substrate,
deoxyribose, was measured using the thiobarbituric
acid test [24, 25]. The inhibition (I) percentage of
deoxyribose degradation was experimentally
calculated using the following relationship:

1(%) = 100 X (A¢-A1/Ao)

where Ao is the absorbance of the control
sample and A; is the absorbance of the tested
sample.  Statistical analysis: each of the
measurements described was conducted in at least
three identical trials and the results were reported as
mean and standard deviation, significantly different
calculated level at p <0.05.

RESULTS AND DISCUSSION
Microanalysis results

Analytical results for the synthesized selenium
(IV) amino acid complexes are listed in Table 1.
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Table 1: Elemental analysis and physical data of [Se"*(AA~"),Cl,] complexes

Complex/ M. wt. % C %H %N Mp/°C Am
Empirical formula g/mole (caled.)/found Color (Q'em® mol™')
Se(Asn)x(Cl), 2332) (342) (13.60
281;401)215140)6]%, I oo ORY 0% 50 119 Bow 27
Se(Pro)»(Cl), 31.77 4.27 7.41
E:m%mc)lz(lxh())zsa 1 s QP Q3 G 85 Bown 25
[Se(GIn)x(Cl)a] (2729) (4.12) (12.73) Red
CioH sCLN:OgSe, T 440.14 2718 410 1270 2% brown 3
[Se(Me?)»(Cl),] (2691) (452)  (6.28) Red
CiHaoCLN>0:S:8e, IV 44627 2688 450 626 201 prown 32
[Se(Cys)a(Cl)a] (1847) (3.10)  (7.18) Black
CeHiCLN,0s8:8e, V 390.17 1842 307 715 245 brown 38
These support the formation of binuclear 2.8 (hbsorbance
complexes with chemical composition of 1:2 ;i i i 2
selenium to amino acid stoichiometry. All 22F / e
complexes are colored, and soluble in DMF and fg F 1
DMSO. The elemental analysis in Table 1 matched 16 ] J‘
well with 1:2 (Se: amino acid) ratio. For selenium 1‘2‘ - P
complexes, the molar conductivities are in the 10f =
range of 25-43 ohm™ cm? mol!. These values 08
deduced that 1:2 complexes are non-electrolytes ﬁi
soluble in DMSO [26, 27]. These results are 02} -
regarded to be low due to the existence of the two %9200 a0 400 500 600 700 800 900
chlorine atoms inside the coordination sphere. Wavelength (nm)
These complexes have a melting point within the a
179-245 °C range, with yield of 80-88%. The 2.6 pAosorbance
presence of Cl™ ions was checked using AgNO; 20 R
reagent. 20 f ; ;3
. 18 [ " \Y
Electronic spectra 12 i ;
The shift of n-n* characteristic band in the UV- 12 [ \\i
Vis spectra, attributed to the C=0 bond (272 nm for ;2 g “
Asn-Se, 272 nm for Pro-Se, 276 nm for GIn-Se, 06 | .
294 nm for Met-Se and 264 nm for Cys-Se ) is due ool =
to the involving of the non —bonding electron pairs 00f
of the oxygen in the metal-ligand bond formation, 02 0 400 600 800 1000
Fig. 2. The formation of amino acids SeNPs was Wavelength (nm)
confirmed with the help of UV-Vis spectra b
investigation according to the change in color from 3.0 Absorbance
colorless (selenium(IV) chloride) to three degrees I <2
of brown color (SeNPs), having absorption 287 [ Xi
maximum Amax at 300400 nm [28]. 20 i : \‘
Infrared spectra 15 }“ ‘k‘l
FT-IR spectra of the five investigated complexes 10
are illustrated in Figs. 3a-e. These spectra display o5
very similar spectral bands, so the coordination -
behavior in all selenium (IV) complexes I-V is 00
similar. The proposed spectral assignments are 05

presented in Table 2.
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Fig. 2. UV-Vis spectra of [Se(AA).Cl] complexes:
a- Asn, b- Pro, c- Gln, d- Met, e- Cys.

The assignments were discussed on the basis of
literature [29-31] and with the help of some
interesting references [32, 33]. The characteristic
bands were referred to CH, CH, and CHj;
deformational modes, and other skeletal vibrations
between 2980-2900 cm™! with similar energies in
all spectra.

—  The O-H stretching modes are overlapped
with the -NH; stretchings around 3000-3200 cm ™.

—  The free amino acids exist as zwitterions in
the solid state, thus, there are two stretching
vibrations for the COO— moiety present in these
systems, namely v{(COO—) and v,s(COO-).

— The vs(COO-) usually has a medium
intensity in the IR spectrum, whereas the
vas(COO-) has a strong broad band.

—  After coordination, one should expect a
lowering of the frequency of one of these bands,
due to the generation of a Se—O bond and the
energy increase of the other, because the C-O
double bond is partially reconstructed, as it can be
seen from the data presented in Table 2.

—  The absence of the characteristic v(NH3")
and 8(NH;") bands and the shift in the position of
the carboxylate stretching vibrations in the free
ligand, clearly confirm its existence in the non
zwitterionic form.
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In the spectrum of selenium (IV)-Cys complex,
the infrared frequencies at 1622 and 1407 cm™'
were assigned to antisymmetric and symmetric
COO™ frequencies, respectively. In free Cys the SH
frequency appears at 2548 c¢cm™!' but the infrared
spectrum of Se(IV)-Cys complex shows no SH
absorption frequency. The absence of SH frequency
in the spectrum of the complex is an evidence of
the involvement of S group in complexation with
metal. The NH, frequencies are found to be at
3027, 1487 and 1125 cm’'. Antisymmetric and
symmetric COO~ frequencies in Se-Asn, Se-Pro,
Se-GIn and Se-Met complexes are at (1667 and
1403) cm™!, (1621 and 1403) cm™, (1593 and 1402)
cm!, and (1617 and 1409) cm™!, respectively.
There are no NH: bending frequencies in the
spectra of these complexes as expected from the
symmetry consideration. The complexes exhibit
two new frequencies at 600-500 and 500-400 cm !,
respectively, due to Se-O and Se-N stretching [33].
The Se-Gin complex has medium string band at
1682 cm™! attributed to stretching vibration of the
carbonyl of the amido group. From IR data, the
energy difference between both v, (COO™) and
vs(COO") vibrations (A = 191-264 cm!) clearly
supports the participation of carboxylate group in
monodentate binding [34].

/pf“’r \ g
\ /ﬂ i
)1‘1

—— Se-Asp
—— Se-Pro
Se-Glu
—— Se-Met
Se-Cys

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

T.%

40-

Wavenumbers, cm'”

Fig. 3. Infrared spectra of [Se (AA)>Cl] complexes
(AA= A4sn, Pro, GIn, Met and Cys).

The infrared spectra of the bi-chelated Se (IV)
complexes of the amino acids Asn, Pro, Giln, Met
and Cys were recorded and analyzed in relation to
their structure, Fig. 4.

Proton Magnetic Resonance Spectra

The chemical shifts of Se-Cys (V) complex are
shown in Fig. 6. The spectrum of complex V possesses
two characteristic signals. The sharp signal due to the —
CH and —a CH2 proton is observed around 3.31 ppm.
The singlet broad signal of the -NH, protons is located
at 7.01 ppm. The resonance due to the proton of the -OH
and —SH groups (11-12 ppm) of the Cys chelate
disappears in the selenium (IV) complex (V) indicating
that coordination has taken place through the
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deprotonation of —OH and binding of S atom of —SH 7.01 ppm is due to the faraway of nitrogen atom of —-NH>
group. Finally, the presence of a singlet broad band at from complexation, Fig. 4.

Table 2. IR frequencies (cm™) of [Se(AA),Clz] complexes

v(O-H) v(COO)

Compound 6(NH v(M-O v(M-N
P v(N-H) Asym Sym (NH2) ( ) ( )
1 3163 1667 1403 -- 524 466
11 3136 1621 1403 -- 520 470
111 3180 1593 1402 -- 497 428
v 3124 1617 1409 -- 523 439
\% 3027 1622 1407 1487 540 455

(0] o 0 0
'
OMNHZ 6l o,
5¢-NH, HN”ée“O HN—86-H,
o Y Ué' HN oo
O o H2 \gJ m
O
NH,
@ (IT) (I1)
? ° Cl g
S (0]
OJBI\;/V ~ HZN...z\: 8¢ )NH,
H,N- —/éé—NHz s'&o
-Cl \O N
~s
(Iv) V)

Fig. 4. Speculated structures of [Se(AA),Cl2] complexes (AA= Asp, Pro, Glu, Met and Cys).
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Fig. 5. Raman laser spectrum of a- Se-Met and b- Se-Cys complexes
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Fig. 6. 'H-NMR spectrum of the Se-Cys complex.
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Fig. 7. Mass spectrum of Se-Cys complex.
Mass Spectra

Chemical shifts of the Se-Cys (V) complex.: The
mass spectral data of the [Se(Cys)2(Cl),] complex
are presented in Fig. 7. The mass spectrum of Se-
Cys complex showed a molecular ion peak that is in
a good agreement with the expected value. The
mass spectrum of Se-Cys shows a peak at 390 m/z,
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which was assigned as a [M] peak. The Cys
molecule was thought to produce ions at m/z 345,
329, 284,252, 219,200, 168, 135, 105, 64, and 63,
respectively. The m/z 78 ion, which is a Se-Cys (V)
complex, is containing one selenium atom.

XRD Spectra

The X-ray diffraction patterns of the
[Se(Cys)2(Cl)z] complex with selenium
nanoparticles are shown in Fig. 8. The diffraction
peaks present at 20 (degrees) of 23.42°, 29.57°,
42.05°, 43.75°, 45.47°, 51.43°, 55.70°, 61.46°,
65.09° and 71.59° correspond to (100), (101),
(110), (102), (111), (201), (112), (202), (210) and
(113) planes of selenium, respectively. The
diffraction peaks within the 26 region due to
hexagonal crystal structure of selenium are in
agreement with the standard data (JCPDS card No.
01-071-4647), as shown in Fig. 9. The particle size
of selenium was estimated using Scherrer’s eq. [36]

_ 0.89 |
pCosbt

where D = grain size, K = constant equal to 0.94, A
= wavelength of the X-ray radiation, = full width
at half maximum and 0 = diffraction angle. The
particle size of selenium nanoparticles is found to
be ~ 10 nm. The diffraction pattern due to (100),
(101), (110), (102), (111) and (201) directions of
hexagonal phase of selenium is shown in Fig. 9.
The d-spacing values for the diffraction pattern
match well with the hexagonal selenium.
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SEM, TEM and EDX Spectra

The scanning electron microscope (SEM) image
of the [Se(Cys):(Cl):] complex with selenium
nanorods and hexagonal structure is illustrated in
Fig. 10. The SEM image reveals that the selenium
nanorods are of uniform size with a mean diameter
of ~ 10 nm. It can be seen that nanorods are of
several micrometers in length with diameter
ranging from 10 pum. Energy dispersive X-ray
analysis (EDX) was used to identify and determine
the chemical composition of the Se-Cys complex.
EDX pattern of the Se-Cys complex is shown in

' 2o ' X 3500
Fig. 10: SEM image of Se-Cys complex.

Fig. 11. Weak signals concerning O atoms have
been recorded along with the strong peak due to Se
atom. EDX analysis indicates the presence of O, S,
C, and Cl with very low intensity, so this analysis
supported the purity of the selenium particles.

The transmission electron microscopy images
were performed using JEOL 100s microscope. Fig.
12 shows the transmission electron microscope
(TEM) image of Se-Cys complex selenium
nanorods. The image shows that the nanorods are
with an average diameter of ~ 10 nm.

Fig. 12. TEM image of Se-Cys complex

Se
= Se
C Cl Se
.J‘T"‘H-E'L.i'l?.... ......... R —hj\uw—gg-. ......... e
2 4 5] 8 10 12

Fig. 11. EDX spectrum of Se-Cys complex.

Thermal analysis

Thermal stability of [Se(AA):Cly] complexes
(AA= Asn, Pro, Gln, Met and Cys) complexes was
checked based on thermo gravimetric and its
differential analyses started from room temperature
till 800 °C under N, atmosphere. The TG curves
were redrawn as mg mass loss versus temperature.
The thermal decomposition curves (TG) are given
in Fig. 13.
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Asn-Se complex: Thermal decomposition of
Asn-Se complex (I) occurs in four steps. The 1%
degradation step takes place in the temperature
range of 179-222 °C at DT Guax = 196 °C (endo) and
it correspond to a mass loss of 15.043%. The 2™
step occur within the temperature range of 296-367
°C at DTGmax= 317 °C (endo) which was assigned
to the decomposition of Asn molecule with a weight
loss of 52.949%. The 3™ step occurs within the
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temperature range of 433-475 °C at DTGuax = 452
°C which is due to loss of organic moiety with a
weight loss of 8.835%. The last decomposition step
takes place within the temperature range of 573-663
°C with mass loss of 21.464%. The residual carbon
atoms (1.709%) in the final product remain stable
till 800 °C.

Pro-Se complex: The thermal decomposition of
Pro-Se complex (II) occurs in three steps. The first
degradation step takes place in the temperature
range of 121-167 °C at DTGmax= 136 °C (endo) and
it corresponds to the loss of one chlorine atom with
mass loss of 7.697%. The second step occurs within
the temperature range of 275-383 °C at DTGmax =
325 °C (endo) which was assigned to the
decomposition of two Pro and one chlorine
molecule with weight loss of 75.077%. The third
step occurs within the temperature range of 527-
625 °C at DTGmax = 563 °C (endo) which was
assigned to the loss of organic moiety with a weight
loss of 12.420%. The few carbon atoms in the final
product remain stable till 800 °C with mass loss of
4.806%.

Gin-Se complex: The thermal decomposition of
GIn-Se complex (III) occurs in four successive
steps. The first degradation step takes place in the
temperature range of 46-55 °C at DTGmax = 44 °C
and it corresponds to the loss of water molecules
with a weight loss of 2.183%. The second step
occurs within the temperature range of 156-202 °C
at DTGmax = 172 °C (endo) which was assigned to
the loss of one of the chlorine molecules beside the
amino terminal groups with a weight loss of
10.069%. The third step occurs within the
temperature range of 284-381 °C at DTGmax = 328
°C (endo) which was assigned to the loss of organic
moiety of Gin chelate with a weight loss of
54.740%. The fourth step occurs within the
temperature range of 432-800 °C at DTGmax = 500
°C which was assigned to the loss of organic moiety
with a weight loss of 8.102%. The few carbon
atoms with mass (24.906%) in the final product
remain stable till 800 °C.

Met-Se complex: The thermal decomposition of
Met-Se complex (IV) occurs in three steps. The
first degradation step takes place in the temperature
range of 128-146 °C at DTGmax= 134 °C (endo) and
it corresponds to the loss of chlorine atoms with a
weight loss of 11.363%. The second step occurs
within the temperature range of 257-303 °C at
DTGmax = 277 °C (endo) that was assigned to the
loss of organic moiety with a weight loss of
56.139%. The third step occurs within the
temperature range of 494-535 °C at DTGmax = 511

°C that was assigned to the loss of organic moiety
with a weight loss of 10.147%. The residual carbon
with a mass of 2 2.351% in the final product
remains stable till 800 °C.

Cys-Se complex: The thermal decomposition of
Cys-Se complex (V) occurs in three successive
steps. The first degradation step takes place in the
temperature range of 265-305 °C at DTGuax = 284
°C and it corresponds to the loss of two chlorine
atoms and two molecules of Cys with weight loss of
70.559%. The second step occurs within the
temperature range of 381-436 °C at DTGuax = 397
°C which was assigned to the loss of organic moiety
with a weight loss of 12.665%. The third step
occurs within the temperature range of 448-558 °C
at DTGmax = 509 °C (endo) which was assigned to
the loss of organic moiety with a weight loss of
11.700%. The residual few carbon atoms with
m(VO; + C) in the final product remain stable till
800 °C as a final residue.

20
16 1

12 4

._‘__‘_‘-‘-\.
Asn-Se

Mass [oss, mg

4| ——Prose
Gin-Se
— Mel-Se
o CysSe = —
T T T T
1] 200 400 [7111] 800
Temp. [°C]

Fig. 13. TG curves of [Se(AA)>Cl,] complexes (AA=
Asn, Pro, Gln, Met and Cys).

Antioxidant activity

Bioavailability of selenium from dietary
supplements is strongly dependent on its chemical
form. Seleno amino acids which possess
organically bound selenium are considered to be
better absorbed and less toxic than inorganic
selenium compounds [37]. Many chemical
materials have been evaluated for antioxidant
activities using in vivo and in vitro models and the
selenium compounds trial is one of the most
successful. The aim of this work was to examine
the antioxidant activities of five selenium amino
acid complexes. DPPH and hydroxyl radical
scavenging methods were applied to in vitro
models. Resulted data indicated that the radical
scavenging activities of the tested compounds
depend on the chemical form of selenium. Radical
scavenging activity effects of selenium complexes
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I-V against DPPH and hydroxyl radicals are shown
in Figs. 14 and 15. All concentrations (10, 20 and
30 ppm) of the tested complexes showed significant
to moderate radical scavenging activity compared
to standard BHA material (70.4, 85.1 and 94.3%),
respectively. As shown in Figs. 14 and 15, the
radical scavenging activity of all tested compounds
gradually increases through all concentrations (10,
20 and 30 ppm) compared with butylated
hydroxyanisole (BHA) as positive control.

Concantations (ppm)

BAH Asn Pro Gln el Cys

Tested compounds

Fig. 14. Diagrams of radical scavenging activity
effects of selenium complexes I-V against DPPH.

oo +
30 -

FL B

60 -

50 -

40 |

Congertations (pom)

30 -

20 -

Tested compounds

Fig. 15. Diagrams of radical scavenging activity
effects of selenium complexes I-V against hydroxyl
radicals

The Se-Met and Se-Cys displayed the highest
radical scavenging activity effects against DPPH
compared with BHA. In the DPPH free radical
scavenging test the stable yellow-colored
diphenylpicrylhydrazine (DPPH-H) is formed in the
presence of an antioxidant. The scavenging effects
of BHA at concentrations 10, 20 and 30 ppm on the
hydroxyl radical were 65.2, 78.3 and 86.5%,
respectively. When the tested compounds or BHA
were incubated with the reaction mixture they were
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able to interfere with free radical reaction and could
prevent damage to the sugar.

CONCLUSION

Selenium(IV)-amino acids complexes of Asn,
Pro, Gin, Met, and Cys were synthesized and
characterized using analytical techniques such as
elemental analysis, thermal analyses and (FT-IR,
Raman laser, 'TH-NMR, and UV-Vis) spectroscopy.
The microanalytical elemental data deduced a 1:2
selenium ions: amino acid ratio of the synthesized
complexes. In view of the FT-IR spectroscopy
results the selenium (IV) ion was coordinated to the
respective amino acids as a bidentate chelate. The
geometry of the selenium ions was six-coordinated
with those of amino acid complexes. The selenium
in nano-structured form was investigated by Raman
laser spectroscopy, X-ray powder diffraction,
surface morphology, scanning electron microscopy
(SEM). The free radical scavenging activity of the
newly synthesized selenium (IV) complexes was
determined at the concentration of 10, 20 and 30
ppm using stable DPPH free radicals. All
complexes displayed a significant antioxidant
activity.
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CHHTE3, OXAPAKTEPU3NPAHE U AHTUOKCUJAHTHA AKTUBHOCT HA
KOMIUIEKCH HA CEJIEH (IV) C HAKOU AMWNHOKWNCEJIMHU — BUHYKJIEAPHU
KOMIIIEKCH

A. M. Harnax"*, A. C. An-Bacuaw®, H. M. An-JIxxapmap®, JIx. C. An-Otudu’, M. C. Pepar®>, V. H.
Xoneun®’

! Tenapmamenm no gpapmayesmuuna xumus, Kameopa no paspabomeane u usciredeane na nexapcmsa, Konesc no
Gapmayus, Yuueepcumem ,,Kpan Cayo*, Puao 11451, Cayoumcka Apabus
2 lenapmamenm no xumus na nenmudume, Omoen no usciedeane na xumuueckama unoycmpus, Hayuonanen
uscnedosameincku yewmop, 12622 Jloku, Kaupo, Ecunem
3 Jenapmamenm no xumus, Hayuen xonexc, Ynusepcumem ,, Ipunyeca Hypa Bunm A60yapaxman*, Puso 11671,
Cayoumcka Apabus
4 Tlenapmamenm no xumus, Hayuen paxynmem, Taugpcku yuusepcumem, n.x. 888, An-Xayua, Taugh 21974, Cayoumcka
Apabus
3 lenapmamenm no xumus, Hayuen paxynmem, Ynusepcumem na Iopm Cauo, ITopm Cauo, E2unem
¢ Kameopa no uscredeane na 6uonpodyxmu, JJenapmamenm no soono2us, Hayuen xonesc, Yuueepcumem ,, Kpan
Cayo*, Puso 11451, Cayoumcka Apabus
7 lenapmamenm no 6omanuxa u muxpobuonozus, Hayuen axynmem, Ynusepcumem na Benu-Cyegp, benu Cyech
62111, Ecunem

[ocrpnuna va 9 sHyapu, 2018 r.; npuera va 17 maii, 2018 r.
(Pesrome)

[Monyuenn ca komruekcure Ha ceneH (IV) ¢ amuHokucenuanTe acnaparut (4sn), npoiud (Pro), rmytamu (Gln),
MeTnoHuH (Mef) n tmcrenH (Cys) W ca OXapaKTEpU3UpaHM 4Ype3 €JIEMEHTeH aHajiu3, W3MEpBaHe Ha MoOJiHaTa
HpPOBOAMMOCT, crekTpannu uicneasanus (IR, Paman, UV-Vis, 'H-NMR u Mmac-) ¥ TepMOTpaBUMETPUYEH AHAIIM3
(TG/DTG). WscnenBanmsATa Ha pEHTreHoBata mudpakuus ca TmpoBeneHH Ha audpakromersp PANalytical,
MMOBBPXHOCTHATA XOMOT'C€HHOCT Ha MPOOHMTE € W3CJe/JBaHa ChC CKaHWpaI elekTpoHeH Mukpockon Quanta FEG 250
(SEM), a XHMHWYHHUAT CHhCTaB Ha MPOOWTE € ONPEJCIICH Upe3 E€HEPTrUifHO-AMCIIEPCUBEH PEHTICHOB aHalu3. Bcwukm
xommnekcu Ha cened (IV) (I-V) ca ot Buna [Se*(AA™),Cl,], xpaero AA = (4Asn, Pro, Gln, Met u Cys) ce OTHACAT KaTo
MoHOOa3u4yHu nurangu. Macosute ¢(parmentu Ha komruiekca [Se (Cys)2(Cl):] (V) momkpensT TBBPACHHETO 3a
MoHOOa3ngHOCT. [Ipennonaraemara reoMeTpus Ha 1:2 KOMIUIEKCHTE € OKTaeApHYHa KOH(PHUTypamus ¢ IBa XJIOPHH
aToMa ¥ 1Ba OWACHTATHHU JIMTAHIa, 3a€MAaIlH bIIIOBITE MECTa B OKTACAPHIHUTE KOMIUIEKCH. B KOMIIIEeKCHTE Ha CeJieH ¢
Asn, Pro, Gln u Met, aMuHO M KapOOKCWJIHHTE TPYNH y4acTBaT B KOOPAMHHpaHETO C MeTaia, pokaro Cys ce
KOOpJMHHUpA TIOCPENCTBOM CyidxuapwiHata M KapOOKCWIHAaTa rpymna. AKTUBHOCTTA Ha HOBOCHHTE3HPAaHUTE
KomIutekcH Ha ceneH (IV) 3a orcTpaHsBaHe Ha cBOOOJTHM pajiMKallv € ompejiesieHa npu KoHnenTpauus ot 10, 20 u 30
pPpm Bb3 OCHOBa Ha B3aMMOJICHCTBHETO ChC CTAOMIHUS cBOOONeH pamukan 1,1-mudenunn-2-nukpuixuapasua (DPPH).
Bcunuku koMmIieken nposiBsiBat 100pa aHTHOKCHJaHTHA aKTHBHOCT.
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Identification of volatile compounds from maize aerial parts infested by Chilo
partellus (swine hoe) using GC-MS analysis
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Zea mays is one of the most important stable foods in Asian and African countries and is the second-largest
cultivated and highest-yielding crop in India. Lepidopteron stem borer Chilo partellus is a dangerous insect pest in
maize. The stem borer makes holes on the stem and leaves and enters inside the stem for feeding. The plant was
therefore investigated for its bioactive components. The present study was carried out to identify the volatile
compounds present in the n-hexane extract of Zea mays by GC-MS analysis. Total 30 compounds were identified in
both infected and uninfected samples. Among the 30 compounds butylated hydroxytoluene, n-hexadecanoic acid and
9,12,15-octadecatrienoic acid, (Z,Z,Z)- were identified as three common major components. Differences in their

concentrations reveal their role in plant-insect interactions.

Keywords: Zea mays, GC-MS, n —Hexadecanoic acid and volatile compounds.

INTRODUCTION

Maize (Zea mays L.) is the third major cereal
crop grown worldwide. It is extensively grown in
temperate, subtropical and tropical regions of the
world. Among several limiting factors, stem borer
Chilo partellus is a serious insect pest affecting
maize yield. For nutrition, the stem borer enters the
host plant by forming holes on the stem and leaves.
Attack of pest begins with laying eggs on leaves.
Larvae then feed on leaves causing lesions. Further
they bore into the stem feeding on tissues. This
results in reduction in the surface area of
photosynthesis in leaves. On the other side, plants
possess several dynamic defense mechanisms
against  insect  herbivores  which include
morphological, biochemical and molecular
alterations [1]. The defense strategies against
herbivores could be attained by physical barriers
like trichomes, silica deposition and cell wall
lignifications. Chemically, some toxic chemicals
(alkaloids, terpenoids and phenolics) are
synthesized by plants, which act as repellents,
deterrents, antinutrients and significant part in pest
control by the attracting carnivores [2, 3].
Herbivore-induced plant volatiles (HIPVs) are
helpful to communicate between infected plants
and natural enemies by attacking the insects, as
well as they warn neighboring undamaged plants of
the forthcoming danger [4]. These HIPVs help in
feeding or oviposition or both of insects [5,6].
Generally HIPVs are released from the plant leaves,
flowers and fruits into the atmosphere, or into the
soil from the roots in response to herbivore attack

* To whom all correspondence should be sent:
E-mail: msrkrishna81@gmail.com

[7-9]. The HIPVs are emitted by both infected and
uninfected plant parts, which increases the signal
detection [10].

Around 2,000 volatile compounds were reported
to be released from 900 plant families, in response
to herbivore attack [5]. The nature of volatile
compounds produced is highly specific to the
insect-plant system [11-13]. The plants exposed to
HIPVs have modified levels of defense-related
metabolites, for example terpenoids [14], proteinase
inhibitors and phenolic compounds [15]. The main
objective of the present study is to analyze the
various phytochemical constituents found in the
aerial parts of Zea mays infected and uninfected by
Chilo partellus.

MATERIALS AND METHODS
Plants

The maize seeds were collected from the
farmers’ fields; the seeds were sterilized with
fungicides and planted in individual pots filled with
fertilized soil in an insect-proof screen house in the
KL University Guntur, Andhra Pradesh. All
seedlings were grown at natural conditions; when
they were 4-5 weeks old, the leaves and stem were
collected for GC-MS analysis.

Insects

The Chilo partellus moths were obtained from a
mass raring unit at the Department of
biotechnology, KL University. The stem borer
larvae were collected and infected to the plants
under closed conditions for trapping of volatile
compounds.
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Extraction of plant samples

The Chilo partellus infected and uninfected
maize aerial parts (stem and leaves) were cleaned
with tap water followed by Tween-20 and finally
cleaned with distilled water; shade dried and cut in
small pieces. The required quantity of these small
pieces was weighed and transferred to soxhlet bags
and soxhleted with n-hexane solvent until the
pieces were fully immersed. Further, to remove
high molecular weight compounds, waxes and
heavy fractions, extracts were purified by following
the method described by Rodriguez-Solana et al.,
(2014) [16]. Treated extract was collected and
evaporated to dryness by using a vacuum
distillation unit. The final residue thus obtained was
then subjected to GC-MS analysis.

GC-MS Analysis

GC-MS analysis of these extracts was
performed using a Thermo Fisher scientific system
and a gas chromatograph interfaced to a mass
spectrometer (GC-MS) equipped with a Xcaliber
software. For GC-MS detection, an electron
ionization system with ionizing energy of 70 eV
was used. Helium gas (99.999%) was used as the
carrier gas at constant flow rate of 1 ml/min and an
injection volume of 2ul was employed (split ratio of
10:1); Injector temperature 250°C; ion-source
temperature 280°C. The oven temperature was
programmed from 110°C (isothermal for 2 min),
with an increase of 10°C/min, to 200°C, then at

Data File: MI15030283-01
Operator: Quantum
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5°C/min to 280°C, ending with a 9 min isothermal
stay at 280°C. Mass spectra were taken at 70 eV; a
scan interval of 0.5 sec and fragments from 45 to
450 Da. Total GC running time was 36 min. The
relative % amount of each component was
calculated by comparing its average peak area to
the total areas, software adopted to handle mass
spectra and chromatograms was Xcaliber. Data
handling was done by using GCMS solution
software. The identification of compounds was
based on the comparison of their mass spectra with
those of WILEY and NIST Libraries. The name,
structure and molecular weight of the components
of the test materials were determined.

RESULTS AND DISCUSSION
GC MS Analysis

The n-hexane extracts of uninfected and infected
maize plant volatiles were identified by GC-MS.
The chromatograms of both treated and control
samples are depicted in Figures 1 and 2,
respectively.

From the GC-MS analysis a total of 30
compounds (Table 1) were identified in both
infected and uninfected samples. Analysis revealed
that in both control and treated samples, three
compounds, namely butylated hydroxytoluene, n-
hexadecanoic acid and 9,12,15-octadecatrienoic
acid, (Z,Z,2)- (Table 2), displaying high peak areas,
form the major components.

Sample Name: Control-C
Run Time(min): 30.96
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Fig. 1. GC — MS chromatogram of n-hexane extract from uninfected maize aerial parts.
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Fig. 2. GC — MS chromatogram of n-hexane extract from infected maize aerial parts

Table 1. List of volatile compounds identified in infected and uninfected maize aerial parts.

S. No | Compounds from larvae uninfected sample Compounds from larvae infected sample

1 Tramadol 6-Octadecenoic acid, methyl ester, (Z)-

2 Dodecane, 2,6,10-trimethyl Hexacosane, 9-octyl-

3 Butylated hydroxytoluene Butylated hydroxytoluene

4 Dodecanoic acid Diethyl phthalate

5 Diethyl phthalate Tridecane, 2-methyl-

6 Dodecane, 5,8-diethyl- Heneicosane, 11-(1-ethylpropyl)-

7 Clocortolone pivalate Benzene, (1-butyloctyl)-

8 Dodecane, 2,6,11-trimethyl- Benzene, (1-propylnonyl)-

9 Selenium(1V) oxide Octadecane, 3-ethyl-5-(2-ethylbutyl)-

10 Benzene, (1-propylnonyl)- Benzene, (1-methylundecyl)-

11 Tetradecanoic acid 3,7,11,15-Tetramethyl-2-hexadecen-1-ol

12 2-Propenal, 3-(2,6,6-trimethyl-1-cyclohexen-1- 1,2-Benzenedicarboxylic acid, butyl 8-methylnonyl
yl)- ester

13 Dodecane, 5,8-diethyl- 3,7,11,15-Tetramethyl-2-hexadecen-1-ol

14 Benzene, (1-methylundecyl)- Hexadecanoic acid, methyl ester

15 3,7,11,15-Tetramethyl-2-hexadecen-1-ol n-Hexadecanoic acid

16 9-Octadecen-1-ol, (2)- 9,12-Octadecadienoic acid (Z,Z)-, methyl ester

17 1,2-Benzenedicarboxylic acid, butyl 8- 9,12,15-Octadecatrienoic acid, ethyl ester, (Z,Z,2)-
methylnonyl ester

18 3,7,11,15-Tetramethyl-2-hexadecen-1-ol Phytol

19 Hexadecanoic acid, methyl ester 9,12-Octadecadienoic acid (Z,2)-

20 1,2-Benzenedicarboxylic acid, butyl cyclohexyl 9,12,15-Octadecatrienoic acid, (Z,Z,2)-
ester

21 n-Hexadecanoic acid Octadecanoic acid

22 9,12,15-Octadecatrienoic acid, methyl ester, Cyclononasiloxane, octadecamethyl-
(2,2,2)-

23 Phytol 1H-Indene, 1-hexadecyl-2,3-dihydro-

24 9,12-Octadecadienoic acid (Z,2)- Bufa-20,22-dienolide, 3,14-dihydroxy-, (34,54)-

25 9,12,15-Octadecatrienoic acid, (Z,Z,2)- Phenanthrene, 9-dodecyltetradecahydro-

26 Octadecanoic acid Spironolactone

27 1H-Indene, 1-hexadecyl-2,3-dihydro- Lumicolchicine

28 Bis(2-ethylhexyl) phthalate Xanthylium, 9-[2-(ethoxycarbonyl)phenyl]-3,6-bis

(ethylamino)-2,7-dimethyl-, chloride
29 Triacontane Heptadecane, 9-hexyl-
30 Tetratetracontane Benzene, (1-ethyldecyl)
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Table 2. Major volatile compounds identified in both uninfected and infected samples

Sample RT Compound name Area Formula Molgcular
percentage weight
10.63 Butylated hydroxytoluene 4.42 CisH240 220
Uninfected 15.66 n-Hexadecanoic acid 28.45 Ci6H3202 256
sample
9,12,15-Octadecatrienoic
17.34 acid, (2.2.2)- 24.23 C1sH3002 278
10.62 Butylated hydroxytoluene 10.42 CisH240 220
Infected 15.64 n-Hexadecanoic acid 21.62 C16H3202 256
sample 9,12,15-Octad ienoi
,12,15-Octadecatrienoic
17.32 acid, (2.2.2)- 26.84 CisH3002 278

Out of the three compounds, two compounds,
viz., n-hexadecanoic acid (palmetic acid) and
9,12,15-octadecatrienoic acid, (Z,Z,Z)- (linolenic
acid) belong to the group of fatty acids, the other
(butylated  hydroxytoulene) being a phenol
derivative. These three compounds are biologically
active molecules as they play a major role in plants
defense system and thence are included in the large
group of protective molecules found in plants,
called phytoprotectants [17].

Though the major components are the same in
both samples, the concentrations of each compound
varied between larvae infected and larvae
uninfected samples. This shows that under the
influence of herbivores, plants secrete different
components with different concentrations. A higher
concentration of n-hexadecanoic acid was found in
larvae uninfected sample (28.55%), compared with
infected sample (21.62%). The concentrations of
butylated hydroxytoluene (4.42%) and 9,12,15-
octadecatrienoic acid, (Z,Z,2)- (24.23) were
identified to be low in the uninfected sample while
the same compounds showed high concentrations in
infected samples. Increased concentration of
butylated hydroxytoluene would play a protective
role in the infected sample against oxidative stress.
Butylated hydroxytoluene is a phenol compound
which is known to have antioxidant activity which
effectively prevents oxidation [18]. Increased
linolenic acid would further increase the production
of pheromones by insects as insects utilize
compounds released by the host plant as pheromone
precursors [19]. Also, the identified compounds
may act as synomones which would attract
parasitoids. Hilker et al., 2001 [20] reported the
ability of plants to produce synomones that would
defend plants against the damage caused by feeding
larvae.
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GC-MS analysis is the initial step towards
understanding the nature of plant volatile
compounds. However, isolation of individual
phytochemical constituents and subjecting them to
biological activity analysis will definitely give
fruitful results. It could be concluded that, Zea
mays contains various bioactive compounds which
are of importance in plant-insect interactions.
However, further studies are needed to study its
bioactivity, toxicity profile and IPM values.

CONCLUSION

In the present study total 30 compounds from
the n-hexane aerial parts extracts of Zea mays were
identified by gas chromatography—mass
spectrometry (GC-MS) analysis. The nature of the
identified volatile compounds is mostly fatty acids.
The research findings have shown that the aerial
part of Zea mays is extensively rich in secondary
metabolites and the identified compounds can be
used as synomones for controlling the maize stem
borer.
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NAEHTUOUILINPAHE HA JIETJIMBUTE CbEJJUHEHMA OT HAJISBEMHUTE YACTU HA
LHAPEBULIA, THOEKTUPAHMU C Chilo partellus, C IOMOILITA HA GC-MS AHAJIN3

I. ena Kacum?, I1. Cynera?, M. C. P. Kpummna®”, B. Jlunent®, P. pu Jdeptu’, Y. Jlakimumu Caxurua®

! Henapmamenm no 6uomexuonozus, KJI ynusepcumem, I'puiin@uiinoc, Badeceapam, I'vumyp - 522502, AIl, Unous
2 Uncmumym no 6uoexnonozus, [Jopocasen cenckucmonancku ynusepcumem Ipo. Joucas Hlanxap Tenanzana”,
Xaiioepabao, Unous

Ilocrprimna Ha 25 maii, 2017 r.; kopurupana Ha 18 maii, 2018 .
(Pesrome)

[apeBumata (Zea mays) e eiHa OT Hall-BaXXHUTE XpaHHU B CTpaHUTEe OT A3us U AdpHKa U € Ha BTOPO MSCTO IO
KyJITHBUpPaHEe U ¢ Hali-rosim go6uB B Munust. [IpencraButenure na Chilo partellus ca enuu ot Haii-Bpegaurte HacekoMu
3a mapeBunara. Te mpoOWBaT AYNKH B CTBOJIA M JIUCTAaTa W BIHM3aT B TAX, 3a Ja ce XpaHAT. [lo Ta3um mpuymHa ca
u3cjIeBaHi OMOAKTHBHUTE KOMIIOHCHTH B PAaCTCHHETO. B HACTOSIIIOTO W3CiIE[BaHE Ca HACHTH(OUIIUPAHHU JICTIMBUTE
ChEJIMHEeHNUs, HAMMPALIM Ce B H-XEKCAHOB eKCTpakT orT Zea mays upe3 GC-MS ananmz. O6mo 30 cheauHeHus ca
UACHTU(DHUIIMPAHNA KAKTO B MH()EKTUPAHUTE, TaKa U B HEMH(PCKTHPAHHUTE PACTCHHS, KATO OCHOBHHTE KOMIIOHCHTH Ca
OyTUIIMpaH XHAPOKCUTONyEH, H-XeKcajekaHoBa kuceauna u (Z,Z,2)-9,12,15-okTagekaTpueHoBa KUceanHa. Pa3mukure
B KOHIICHTPAI[MHUTE UM Pa3KPUBAT POJISITA UM BbB B3aMMOJICHCTBHSATA PACTCHUE-HACEKOMO.
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It is well known that oxidative stress due to free radicals can lead to many human illnesses, like cancer. Antioxidants
are the agents which scavenge these free radicals and protect the biological system. Food of plant origin is an essential
source of reliable antioxidants. These plant-derived antioxidants belong to many biochemical categories but most are
phenolics or flavonoids. The Galyat region of Pakistan is rich in plant biodiversity, and local inhabitants frequently use
medicinal plants to treat common ailments. Three of these common regional medicinal plants (Dryopteris ramosa,
Quercus leucotricophora and Arisaema flavum) were selected and their free radical scavenging potential was
investigated using DPPH assay. The crude extract of D. ramosa exhibited the maximum free radical scavenging
potential (93.8 £ 0.2 %) while A. flavum (56.4 = 0.4 %) showed the lowest radical scavenging potential at 250 pg/ml. A
low SCso value of the crude extract of D. ramosa (88.9 + 0.4 ug/ml) confirmed the relatively high antioxidant potential
of this plant species. Among the polarity-based fractions obtained from crude extract of D. ramosa, the ethyl acetate
soluble fraction showed maximum free radical scavenging potential. The D. ramosa contained higher amounts of total
phenolic and flavonoid compounds than Quercus and Arisaema species. A significant Pearson correlation at the 0.01
level (2 tailed) was also noticed between SCso and total phenolic contents of all extracts. A significant difference in
percentage scavenging activities of the various extracts was observed. The ethyl acetate soluble phase of D. ramosa
may prove to be an especially useful source of natural antioxidants for a variety of medicinal uses. Further studies
are in progress.

Keywords: Antioxidant, Total phenolics, Total flavonoids, Dryopteris ramosa, Quercus leucotricophora, Arisaema
flavum

INTRODUCTION

Recent studies have confirmed the detrimental
role of free radicals (reactive oxygen species ROS)
and their direct role in causing oxidative stress
leading to many human disorders. These free
radicals are produced in the biological system by a
variety of environmental factors, such as a poor
diet, exposure to toxins, and emotional stress.
Antioxidants are compounds that scavenge ROS
and other free radicals and protect living cells.
Antioxidants are not only prescribed as preventive
measures against ROS to protect human health, but
are also used for the treatment of various human
diseases [1,2]. Plant-derived antioxidants belong to
different biochemical categories, but are typical
secondary metabolites concentrated in various plant
organs specific to the different species [3-5].
Recently, plant antioxidants belonging to the
phenolic and flavonoid classes, including ascorbic
acid, tocopherol, wvarious tocotrienols and
carotenoids [6] have gained much importance. The

* To whom all correspondence should be sent:
E-mail: agayyum@uoh.edu.pk
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Galyat area ~ 50 km North East of Islamabad,
Pakistan, is a moist temperate forest with an area of
1011.714 km? [7], lacking modern facilities,
especially for health care, and as such the
inhabitants are much dependent on indigenous
medicinal plant species [8]. The area is rich in
medicinal plants [9], and the local people use many
plant species to cure various ailments including
gastric ulcers, digestive problems [10], fever, as
astringents, back ache [11], antidote against snake
bite, cattle’s mouth and foot diseases, skin diseases
[12].

The research presented in this paper evaluates
the antioxidant properties of three common and
extensively used medicinal plants in the Galyat
region, and sheds light on the relationship between
the antioxidant potential of these species and their
total phenolic and flavonoid contents. The selected
plant species include Dryopteris ramosa (Hope) C.
Chr, Quercus leucotricophora A. Camus and
Arisaema  flavum  (Forssk.)  Schott.  The
ethnomedicinal uses of these plants are given in
Table 1.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Selected plant species and their ethnomedicinal uses.

Botanical name Local name  Plant’s family Part used Ethnomedicinal uses
Drvopteris ramosa Tonic, gastro-intestinal, antimicrobial and
yop Pakha Dryopteridaceae Frond anti-cancer (13) gastric ulcer, constipation
(Hope) C. Chr. s
and aphrodisiac (10)
Quercus leucotricophora . Antitumor (14) diarrhea, indigestion,
A. Camus Rein Fagaceae Leaves, bark asthma and gonorrhea (10)
Arisaema flavum Saap Booti Aeraceae Rhizome Antidote (Snake bite) (15) Rhizome juice is

(Forssk.) Schott.

applied on earache and skin diseases (16)

EXPERIMENTAL
Plant species

Leaves of the Pakistan wood fern Dryopteris
ramosa (Hope) C. Chr., the Banj oak Quercus
leucotricophora A. Camus, and rhizomes of yellow
cobra lily Arisaema flavum (Forssk.) Schott were
collected from the Galyat area, Pakistan. The plants
were identified by Dr. Rehmatullah Qureshi at the
Department of Botany, PMAS-Arid Agriculture
University Rawalpindi, Pakistan. Herbarium
specimens were deposited in the Herbarium of
Quaid- i- Azam University, Islamabad, Pakistan.

Preparation of crude methanolic extract

The crude methanolic extracts were prepared by
maceration technique as described in [17] with
some modifications and the dried crude methanolic
extracts were stored in air— tight containers at
4°C.

Evaluation of free radical scavenging
(antioxidant) activity

Each extract was evaluated for its antioxidant
potential using a free radical scavenging assay as
described in [18, 19] with some modifications. The
extract solution was prepared in methanol at a 1:40
ratio (mg/ml) w/v. Ascorbic acid was used as a
standard, while methanol was used as a blank. A
stock solution (5 mg/ml) of each extract was made
in methanol and subsequent dilutions of 25, 50,
100, 150, 200 and 250 pg/ml were prepared. Then,
200 ul from each dilution was mixed with 200 ml
of DPPH (di(phenyl)-(2,4,6-trinitrophenyl)
iminoazanium) solution and placed in dark at 25-30
°C for 30 min. Next, the contents of each reaction
tube were subjected for spectrophometric analysis
at 517 nm, and free radical quenching potential was
determined using the following equation:

Scavenging (%): [Absorbance (controty —
Absorbance (sampley / Absorbance (contron] * 100

The scavenging concentration 50 % (SCso) was
calculated by regression equation. SCso is the half
maximal scavenging concentration. (SCsp) is a
measure of the effectiveness of a substance in

scavenging the free radicals in specific biological or
biochemical function. The terms ICso and SCso may
be used as synonym by the fact that both have been
used to demonstrate 50 % potential concentration.
According to the FDA, ICs; represents the
concentration of a drug that is required for 50 %
inhibition in vitro. For competitive binding assays
and functional antagonist assays the most common
summary measure of the dose-response curve is the
ICso, the concentration of substance that provides
50 % inhibition [20]. In vitro ICsp is a very basic
starting point in determining the potential efficacy
of a developmental drug.

Estimation of total phenolic contents

For the purpose of estimation of total phenolic
contents of the extracts, a standard method was
used as described in [21]. For plotting a reference
standard calibration curve, different dilutions (25,
50. 100, 150, 200 and 250 pg/ml) of gallic acid
were used. The reaction mixture contained 500 pl
from each dilution of gallic acid, 10 x diluted 2.5
ml of Follin-Ciocalteu reagent and 2.5 ml of 7 %
(w/v) Na2COs. Gallic acid was replaced with 500 pl
of plant extract (1 mg/ml) to the obtained reaction
mixture for the test sample. Each reaction tube was
vortexed and incubated at 25-30 °C for half an hour
and then spectrophotometric analysis was carried
out at 760 nm.

Estimation of total flavonoid contents

For the determination of total flavonoid contents
of each extract, a standard AIClz method was used
as suggested in [22], with slight modifications. For
plotting a reference standard calibration curve,
different dilutions (25, 50, 100, 150, 200 and 250
ug/ml) of quercetin were used. The reaction
mixture contained 500 pl from each dilution of
quercetin, vortexed with 10 % AICI3 (100 pl), and
after one min 100 pl of CH3COOK (1 M) was
added and vortexed again, followed by addition of
distilled water (2.8 ml) after one min and once
again vortexed. Quercetin was replaced with 500 pl
of plant extract (1 mg/ml) to the obtained reaction
mixture for the test sample. Each of these reaction
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tubes was incubated at room temperature for 30
min and spectrophotometric analysis was carried
out at 415 nm.

Polarity based fractions of D. ramose

The crude methanolic extracts of D. ramosa
were fractionated into n-hexane, chloroform, ethyl
acetate, and the aqueous phase was treated as
suggested in [23]. All fractions thus obtained were
evaluated for their free radical scavenging potential,
total phenolic content and total flavonoid content as
described earlier.

Statistical analysis

All values are mean of triplicates + standard
deviation (SD). Using Statistical Package for Social
Science (SPSS) Programme 16.0, univariate
analyses of all extracts were performed at p < 0.05.
Pearson correlation at the 0.01 level (2 tailed) was
also determined between SCso and total phenolic
contents of plant extracts.

RESULTS
Antioxidant potential

The free radical scavenging potential (%
scavenging) of crude extracts of D. ramosa, Q.
leucotricophora and A. flavum and various fractions
of D. ramosa at different concentrations are shown
in Table 2. Among the crude extracts, those of D.
ramosa exhibited a higher scavenging potential
than the other species. For instance, at a
concentration of 250 pg/ml, the percent free radical
scavenging was 93.8 + 0.2, 86.0 + 0.2 and 56.4 +
0.4 for D. ramosa, Q. leucotricophora and A.
flavum species, respectively. Similarly, among the
various solvent polarity-based fractions of D.
ramosa, the ethyl acetate fractions showed the
highest free radical percentage scavenging
potential, while the least antioxidant potential was
exhibited by the chloroform soluble fraction of D.

ramosa (Table 2). Regression line equations were
used to determine the SCso of each crude extract
and the various fractions obtained from D. ramosa.
Ascorbic acid was used as a standard and its SCso
was 44.5 £ 0.2 pg/ml. The crude methanolic extract
of D. ramosa showed the lowest SCso while A.
flavum had the highest SCso. Among the fractions
of D. ramosa, the ethyl acetate fraction had the
lowest SCso value (Table 3). The low SCsy value
indicates a higher antioxidant potential and so the
ethyl acetate fraction of D. ramosa was revealed to
have the best antioxidant potential.

Total phenolic contents

The total phenolic contents of crude extracts and
fractions were calculated by a linear regression
equation (y = 0.0071x + 0.4332, R?= 0.9606)
primed with a gallic acid standard calibration curve,
and expressed in terms of gallic acid equivalent.
Crude methanolic extract of D. ramosa had the
highest amount of phenolic constituents, followed
by Q. leucotricophora and A. flavum (Table 3).
Among the polarity-based solvent soluble fractions
of D. ramosa, higher phenolic contents were shown
by ethyl acetate soluble fractions (55.7 = 0.5 pug/mg
GAE), while the least ones (13.8 + 0.6 ug/mg
GAE) were present in the chloroform fractions of
D. ramosa.

Total flavonoid contents

The total flavonoid contents of crude extracts
and fractions were calculated from a linear
regression equation (y = 0.0063x + 0.395, R? =
0.9697) primed from a quercetin standard
calibration curve. Crude methanolic extract of D.
ramosa has higher total flavonoids than all other
crude extracts in the present study, while the ethyl
acetate soluble fraction showed higher total
flavonoids than all other fractions obtained from D.
ramosa (Table 3).

Table 2. DPPH free radical scavenging potential of selected plant species.

Concentrations 25 pg/ml 50 pg/ml 100 pg/ml 150 ug/ml

Crude extracts D. ramosa 23.7+0.8 30.8+ 1.6 68.8+ 1.8 73.7+ 1.6

(% scavenging)* Q. leucotricophora 21.5+0.6 38.1+0.1 533+0.2 76.3+04

A. flavum 05.9+0.2 24.7+0.3 32.8+0.1 385+ 0.4

n-Hexane fraction 26.6 +0.5 333+04 33.2+0.2 447+ 0.9

Fractions of D. ramosa  Chloroform fraction 17.3+0.2 19.9+0.2 21.6+0.3 26.0+0.7
(% scavenging)* Ethyl acetate fraction 36.7+0.3 44.1+04 69.9+0.6 76.7+0.7
Aqueous fraction 18.3+0.2 19.1+0.1 26.9+0.5 27.7+0.5

Standard Ascorbic acid 371+ 1.6 54340.5 778429 920+ 14

(% scavenging)*

*All values are mean of triplicate (n = 3) = standard deviation.
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Table 3. Total phenolics, total flavonoid contents and antioxidant potential of selected plant species.

Total phenolic Total flavonoid Antioxidant potential [SCso (ng/ml)]

Extracts (Samples) contents contents Samples Standard
(ng/mg GAE) (ng/mg QE) (Extracts) (Ascorbic acid)
Crude D. ramosa 122.6 £4.4 61.4+179 88.9+04
extracts Q. Leucotricophora 74.1+7.7 387+11.0 95.6+04
A. flavum 19.0+6.3 4.6+12 208.4+0.1
n-Hexan fraction 273+0.4 9.4+0.3 198.8+0.0 445+0.2
D. ramosa Chloroform fraction 13.8+0.6 5.8+0.1 468.2 £0.0
fractions  Ethyl acetate fraction 55.7+0.5 29.7£04 57.8+0.1
Aqueous fraction 18.0+ 0.4 7.3+0.1 410.7£0.1

Legend: GAE = Gallic acid equivalent, QE= Quercetin equivalent, Results are mean of three parallel measurements.
P <0.05 as significant. + Standard deviation (n = 3).
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Fig. 1. Relationship between SCsy, total phenolic content and total flavonoid content of the plant extracts.

DISCUSSION

It is noteworthy that various chronic health
disorders are due to the stress caused by free
radicals in the bodies of living organisms [24].
These free radicals can accumulate in the human
body, because of various factors including poor
diet, environmental factors, and emotional stress.
Within living systems therefore, the necessity of
antioxidative systems is essential. It is also
important to note that substances exhibiting low
antioxidant potential in vitro show similar low free
radical scavenging abilities in vivo [25]. Human
health specialists worldwide are interested in
antioxidant substances, especially for their potential
use in the treatment of various human diseases.
Most of these antioxidants have been identified and
isolated from plants, although a few have synthetic
origins [26]. It is generally considered that natural
antioxidants from plants are much safer than
synthetic forms [27].

The Galyat region of Pakistan is mountainous,
and distant from modern health facilities. For that
reason, local inhabitants rely heavily on medicinal
plants species of the area to treat many health
problems. The ethnomedicinal knowledge of
indigenous people is based on experience and
traditions that have been transmitted from
generation to generation. This cultural knowledge

might provide clues in identifying new therapeutic
substances. The findings of this report confirm the
medicinal status of three plant species (D. ramosa,
Q. leucotricophora and A. flavum) commonly used
as medicinal plants in this region (Table 1, Table
2), and is consistent with the findings of previous
studies of these species [28-30].

In the DPPH antioxidant assay, the ICsg, and the
antioxidant  potential  exhibited an inverse
relationship. The order of SCso among the selected
crude extract was D. ramosa < Q. leucotricophora
< A. flavum, findings that indicate that A. flavum
has the least ability to scavenge free radicals. Ethyl
acetate soluble fraction of D. ramosa showed better
antioxidant potential (SCso 57.8 + 0.1 pg/ml) than
crude methanol extracts of the same plant. The
reason might be that antioxidant components have
polar nature. In a similar study, Lee et al., 2003,
isolated two antioxidant compounds from the ethyl
acetate soluble fraction of a fern that is closely
related to D. ramosa, called thick-stemmed wood
fern, Dryopteris crassirhizoma Nakai [30].

Phenolic constituents have recently shown their
worth in the food industry through their ability not
only to protect lipids from oxidative degradation,
but also in their ability to improve the nutritional
value and quality of food [31]. The phenolics
examined in these studies were primarily derived
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from plants, and belonged to several biochemical
categories, mainly flavonoids, flavones, and
flavonols that exhibited excellent antioxidant
properties [2]. It is also important to note that the
plant extracts examined in that study had higher
total phenolic and flavonoid contents, showed
lower ICso values, and hence a higher free radical
scavenging potential (Fig. 1), consistent with the
results of the present study. For instance, the total
phenolic contents of the methanolic extracts of D.
ramosa were higher compared to the extracts of
other species, and similarly, the total phenolic
contents of D. ramosa ethyl acetate fractions were
higher compared to all other fractions obtained
from D. ramosa. Significant Pearson correlation at
the 0.01 level (2-tailed) was also noticed between
ICso and total phenolics contents of all crude
extracts and fractions, as reported by others [32-
34]. Our results are in accordance with previous
reports suggesting that the high antioxidant
potential of the ethyl acetate phase of D. ramosa is
due to higher contents of phenolics and flavonoids.

CONCLUSION

Our results show that the antioxidant potential is
related to the total phenolics contents of the plants,
and also that plant phenolics contents are more
concentrated in medium-polarity solvent-soluble
fractions, like the ethyl acetate fraction. These
findings reveal a significant and potentially useful
variation in antioxidant potential for important
medicinal plants in the Galyat region of Pakistan, as
well as a potential for future research seeking to
isolate and identify novel antioxidants from
ethnobotanically-associated medicals.
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In order to study phytochemical changes, enzymatic and antioxidant activity of Salsola dendroides Pall. and
Limonium reniforme (Girard) Lincz halophytes, leaf and root samples of these plants were collected from Incheh Borun
region in northern Gorgan, Iran, in three seasons (spring in May, summer in August, and autumn in November) in four
iterations. The results showed that soil salinity level increased in autumn and significantly increased enzyme activities
and antioxidant activities in shoots and roots of both species in most cases. Phytochemical studies showed that phenol
content significantly increased in shoot and root of Salsola dendroides in summer and autumn and in Limonium
reniforme in summer, compared to theother two seasons. Flavonoid content also significantly changed with seasonal
variation. The highest flavonoid accumulation was observed in shoots and roots of the plants in summer; most of these
changes were related to activation of physiological and biochemical processes which allow the plants to adapt to salinity
conditions.

Keywords: Phenol, Flavonoid, Antioxidant enzymes, Salinity

INTRODUCTION

Variability of environmental conditions, such as
fluctuations in temperature, humidity, salinity, and
UV radiation, results in increased production of
reactive oxygen species (ROS) inducing oxidative
stress in plant cells [1,2]. Antioxidants are
compounds which inhibit oxidative reactions of
plants by free radicals. Also called reactive oxygen
species (ROS), free radicals are frequently
produced as by-products of various metabolic
mechanisms in plants and are accumulated in
different  cellular  compartments such  as
chloroplasts, mitochondria, and peroxisomes [3,4].
Accumulation of free radicals such as hydrogen
peroxide (H20>), superoxide (Oy), hydroxyl radical
(HO"), and singlet oxygen causes oxidative damage
to proteins, lipids, nucleic acid, and photosynthetic
enzymes; therefore, it disrupts normal plant
metabolism [5].

Halophytes are natural herbs in saline habitats
and can be a good candidate for having unsaturated
fatty acids, beta-carotene, sterols, as well as active
enzymatic and phytochemical compounds, for
example, phenolic compounds, and more
specifically fluorutanins, terpenes and alkaloids that
have antioxidant and anti-microbial properties [6].

In the past decade, there has been a new interest
in the search for phytochemical compounds from
natural native plants to provide pharmaceutical and
nutritional materials [7] recognizing that the
products derived from them can be useful for
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pharmaceutical purposes [8]. This is mainly due to
their high biological activity and antioxidant
compounds [9]. Among herbal antioxidant
compounds, phenolic compounds such as phenol
and flavonoids are widely distributed in many
plants which synthesize and accumulate them in
response to biological and non-biological stresses
such as salinity [10].

Antioxidant properties of phenolic compounds
are deliberately due to regenerative capacity of their
chemical structure, which enables them to
neutralize free radicals, form complexes with metal
ions, silence single and triple oxygen molecules and
reduce oxidative damages caused by ions. By
inhibiting lipoxygenase, they inhibit peroxidation
of lipids [11]. Since there is a significant interest in
natural antioxidants, efforts have been made to find
alternative sources of these antioxidants. Therefore,
it is logical that plants such as halophytes are
identified due to their high antioxidant properties.
Thus, this study tends to investigate phytochemical
changes and enzymatic and antioxidant activity in
Salsola dendroides from the Chenopodiaceae
family and Limonium reniforme from the
Pallumbazinasea family under naturally applied
stress in different seasons.

MATERIALS AND METHODS

Samples of two species, Salsola dendroides Pall.
(chenopodiaceae family) and Limonium reniforme
(Girard) Lincz (plumbaginaceae family) were

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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randomly obtained from their natural habitats in
Inchehboron region, Gorgan, North Eastern Iran
(37° 27" N, 54° 43 E) in 4 iterations during spring
(May), summer (August), and autumn (November),
2015. The samples were then transferred to a
laboratory for testing peroxidase, ascorbate
peroxidase, polyphenol oxidase, and catalase
enzyme activities, antioxidant activity (DPPH test)
as well as content of phytochemical compounds.
Samples were rinsed by distilled water before the
tests.
Enzyme extraction

Proteins were extracted as suggested in[12]. For
this purpose, 5 ml 0.05 M Tris buffer-HCI, pH 5.7,
was added to fresh leaf tissues in a mortar and kept
for 30 min. Then, the tissues were ground by pestle
in an ice bath. The solution was centrifuged at
13000 rpm and 4°C. Protein extraction was used for
testing peroxidase, catalase, and polyphenol
oxidase activities. Ascorbate peroxidase is
vulnerable in the absence of ascorbate. Therefore,
0.2 ml 0.5 pM ascorbate was added to test
ascorbate peroxidase activity.

Peroxidase measurements

Peroxidase activity was determined as suggested
in[13]. For this purpose, 0.1 ml of enzyme extract
was added to a mixture containing 2 ml of 0.2 M
acetate buffer (pH 5.0), 0.4 ml of 3% H,0; and 0.2
ml of 0.01 M benzidine solution in 50% alcohol.
Enzyme activity was determined
spectrophotometrically (2800, UV/VIS, UNICO,
USA) by recording the absorbance at 530 nm. In
order to protect enzyme activity, the procedure was
carried out in an ice bath. Enzyme activity was
calculated in terms of changes in absorption per
min for 1 g fresh weight of the plant tissue.

Ascorbate Peroxidase Measurements

The method reportedin[13] was used to test
ascorbate peroxidase activity. For this purpose, 2
ml of 0.05 M phosphate buffer (pH 7), 0.2 ml of
3% (v/v) H20, and 0.2 ml of 50 mM ascorbate were
mixed in an ice bath. Then, 0.1 ml of enzyme
extract was immediately added to the indicator and
the absorbance changes were recorded at 290 nm
(2800UV/VIS,  UNICO, USA).  Ascorbate
peroxidase activity was calculated in terms of
changes in absorption per min for 1 g fresh weight
of the plant tissue.

Polyphenol oxidase measurements

Polyphenol oxidase was determined as
reportedin[15]. Reaction solution contained 1.5 ml
of Tris buffer (pH 7.6), 0.4 ml of 0.02 mM
pyrogallol, and 0.1 ml of enzyme extract.

Incubating at 25°C for 5 min, the reaction was
stopped by adding 1 ml of 10% H,SOs The
absorbance was then measured at 420 nm using a
spectrophotometer (2800 UV/VIS, UNICO, USA).
Polyphenol oxidase activity was calculated in terms
of changes in absorption per min for 1 g fresh
weight of the plant tissue.

Catalase measurements

Catalase  activity = was  measured  as
suggestedin[16]. Reaction mixture containing 2.5
ml of phosphate buffer (50 mM, pH 7.0) and 0.3 ml
of 3% (v/v)H.0, was mixed in an ice bath. Then,
0.2 ml of enzyme extract was added to the mixture.
Absorbance changes were read at 240 nm
(2800UV/VIS, UNICO, USA). Catalase enzyme
activity was calculated in terms of changes in
absorption per min for 1 g fresh weight of the plant
tissue.

Extract preparation

Fresh roots and shoots of the plants were rinsed
by distilled water and dried in an oven at 40°C. One
gram of the dried plant material was soaked in 10
ml of methanol at room temperature for 24 h and
filtered through a Whatman filter paper. The extract
was then stored in dark at 4°C for analysis.

Antioxidant activity by DPPH measurements

The reagent 1,1-diphenyl-2-picryl hydrazyl
(DPPH) radical was used for measuring free radical
scavenging activity of the extracts as described
in[17]. Different concentrations of methanol extract
were first prepared and then 1 ml of various
concentrations of the solvent extracts was added to
0.5 ml of a 0.2 mM methanol solution of DPPH.
The reaction mixture was then vigorously shaken
and kept at room temperature in dark for 30 min.
Absorbance of the resulting solution was then
measured using a spectrophotometer at 517 nm
after 30 min. The ability to scavenge DPPH radical
was calculated using the following equation:

DPPH radical scavenging activity (%) =
= [(Abs control — Abs sample)/ (Abs control)] x 100.

Phenolic compounds measurements

For extraction of phenolic compounds, the
procedure was: (i) the samples weredriedat a
temperature of 40-45°C; (ii) 10 ml of 80% methanol
was added per one gram of sample; it was placed
on a shaker for 24 h, after which it was laid on a
filter paper; (iii) total phenolic compounds were
measured as follows: 20 ul of the extract was mixed
with 1.16 ml of distilled water and 100 pl of folicin
reagent was added to the solution. After 5 min, 300

375



S. Bakhshietal.: Study of phytochemical changes, enzymatic and antioxidant activity of two halophyte plants...

ul of 20% sodium carbonate solution was added to
the solution and the samples were kept at 40°C in a
water bath for 30 min. Then, the absorbance of the
samples was read on a spectrophotometer at a
wavelength of 760 nm and the phenol content was
calculated in mg of gallic acid per gram of dry
weight of the sample [18].

Flavonoid content measurement

For extraction, 10 ml of 80% methanol was
added to 1 g of the dried plant powder sample, and
the mixture was placed on a shaker for 24 h and
filtered with a filter paper. The extract was then
used to measure the flavonoid content. Flavonoid
measurement was based on the aluminum chloride
colorimetric method. According to this method, 0.5
ml of methanolic extract was mixed with 1.5 ml of
methanol, 0.1 ml of 10% aluminum chloride, 0.1 ml
of 1M potassium acetate and 2.8 ml of distilled
water, and was placed in darkness for half an hour.
Then,, the absorption was read on a
spectrophotometer at 415 nm. Flavonoid content
was calculated and set at 1 mg quercetin per gram
of dried powder [19].

Statistical analysis

The obtained data were analysed by SPSS Ver.
21 by comparing the means by Duncan’s multiple-
range test (P<0.05) in 4 replications for each study.

RESULTS

The highest peroxidase activities were recorded
in shoots of Salsola dendroides and Limonium
reniforme in summer and spring, respectively,
while the lowest peroxidase activities were
observed in shoots of both species in spring and
autumn, respectively. Peroxidase activity increased
in roots of both species in summer, while it
decreased in spring (Table 1). There is a significant
relationship between different seasons and enzyme
activities in both species (P<0.05).

The highest and lowest ascorbate peroxidase
activities were observed in shoots of S. Dendroides
and L. reniforme in summer and autumn,
respectively. There are significant differences in
enzyme activities in the three seasons (P<0.05).
Ascorbate  peroxidase activity  significantly

increased and decreased in roots of both plants in
summer and autumn, respectively (Table 2).

Polyphenol oxidase activities significantly
increased in summer in shoots of S. dendroides and
L. reniforme. On the other hand, enzyme activities
significantly decreased in spring and autumn,
respectively (P<0.05). Polyphenol oxidase activities
significantly increased in roots of S.dendroides and
L. reniforme in summer and autumn, while they
decreased in autumn and summer (Table 3).

The highest and lowest catalase activities of
shoots of S .dendroides were recorded in autumn
and spring, respectively, while maximum and
minimum catalase activities of shoots of L.
reniforme were recorded in spring and autumn,
respectively. There are significant differences
between enzyme activities of the plants in different
seasons. Catalyse activities increased in the roots of
both species in summer, while it decreased in
spring; these differences are significant, as shown
in Table 4 (P<0.05).

Methanol extracts of shoots showed the highest
level of antioxidant activities in both plants in
summer, whereas the lowest antioxidant activities
were observed in the methanol extracts of shoots of
S. dendroides and L. reniformein spring and
autumn, respectively, suggesting a significant
difference (P<0.05). Antioxidant activities (DPPH)
significantly increased in root extracts of S.
dendroides in autumn and decreased in summer; in
root extracts of L. reniforme, these activities
significantly increased in summer, while they
decreased in autumn; these differences are
significant, as shown in Table 5 (P<0.05).

Phenol content of shoots significantly increased
in both S. dendroides and L. reniforme plants in
summer and decreased in S. dendroides in spring
and in L. reniforme in autumn. In S. dendroides, the
highest phenol content of roots was observed in
autumn and the lowest phenol content was observed
in summer. In L. reniforme, the highest phenol
content of roots was observed in summer and the
lowest content was observed in spring; a significant
difference was found between different seasons in
the phenol content of roots (Table 6).

Table 1. Effect of seasonal variation in peroxidase activity in shoots and roots of Salsola dendroides and Limonium
reniforme (min g'FW)

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 0.246+0.005c | 0.491+0028a | 0403+0012b | 0.129+0.004c | 0203 +0.012a | 0.153 + 0.003b
dendroides
Limonium
oo | 0.202£0.006a | 0.172£0.002b | 0.14150.004c | 0.116+0.005¢ | 0.158£0.005 | 0.1240.003b

Different letters in each row indicate significant difference at P<0.05 by Duncan test; FW: fresh weight
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Table 2. Effect of seasonal variation in ascorbate peroxidase activity in shoots and roots of Salsola dendroides and
Limonium reniforme (min g"*FW)

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 0.063+0.004b | 0.092+0.004a | 0.045+0.003c | 0.036+0.001b | 0.057+0.003a | 0.028 % 0.001c
dendroides
Limonium
reniforme 0.049+£0.002b | 0.071 £0.004a | 0.036 +0.002¢ 0.035+0.002b | 0.047 +0.004a | 0.026 +0.003¢c

Different letters in each row indicate significant difference at P<0.05 by Duncan test; FW: fresh weight

Table 3. Effect of seasonal variations in polyphenol oxidase activities in shoots and roots of Salsola dendroides and
Limonium reniforme (min g*FW)

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 0.181£0.009c | 0511+0023a | 0249+0013b | 0431+0041b | 0.631+0.033a | 0.325+0.031c
dendroides
'r‘;nmi?gr';? 0271£0.007b | 034900182 | 0236=0.004c | 0.117£0.003b | 0.091%0.005c | 0.152 % 0.005a

Different letters in each row indicate significant difference at P<0.05 by Duncan test; FW: fresh weight

Table 4. Effect of seasonal variations in catalase activities in shoots and roots of Salsola dendroides and
Limoniumreniforme (min g* FW)

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 0.045+0.003c | 0.058+0.005b | 0.105+0.005a | 0.041+0.004c | 0.073£0004a | 00% %
dendroides 0.005b
Limonium | 151 0005a | 0.126+0.002b | 0.118=0.006c | 0.043 +0.00dc | 0.086+0004a | 0052 %
reniforme 0.004b

Different letters in each row indicate significant difference at P<0.05 levels by Duncan test; FW: fresh weight

Table 5. Effect of seasonal variations in activities of antioxidant (DPPH) in shoots and roots of Salsola dendroides and
Limonium reniforme

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 60.32 + 0.8¢ 83.08437a 65.58 + 0.9b 8435+ 1.2b 66.08 = 1.3¢ 9123 +2.1a
dendroides
Limonium 1 ¢ 10 .31 69.91 + 0.6a 57.06 + 0.8¢ 64.62 + 0.4b 70.04 + 1.4a 59.98 + 0.4c
reniforme

Different letters in each row indicate significant difference at P<0.05 levels by Duncan test.

Table 6. Effect of seasonal variations in activities of phenol shoots and roots of Salsola dendroides and Limonium
reniforme (mg GAEgDW)

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 0.896+0.048a | 1.398:0.066b | 1.184£0.066¢ | 0.455+0.044b | 0.223£0.008¢ | 087 *
dendroides 0.066a
Limonium 1) o ¢ 0068 | 1.88740.110a | 1.144 £0.060¢ | 0.265:0.010a | 0.695+0.017b | 0476 * 0.027
reniforme c

Different letters in each row indicate significant difference at P<0.05 levels by Duncan test. GAE: Gallic acid

equivalent; DW

: dry weight

Table 7. Effect of seasonal variations in activities of flavonoid shoots and roots of Salsola dendroides and Limonium
reniforme (mg QUEgQDW)

Shoots Roots
Spring Summer Autumn Spring Summer Autumn
Salsola 5.47+0450c | 9+0309a 6.46+0467b | 5.02+046b 6.01 £0.73a 3.91031 ¢
dendroides
Limonium 297 | g 441 0384a | 540£0616b | 2.75£031¢ 5.61 4033 a 3.82+037b
reniforme 0.409 ¢

Different letters in each row indicate significant difference at P<0.05 levels by Duncan test. QUE: Quercetin equivalent;

DW: dry weight
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The highest flavonoid content was observed in
shoots of S. dendroides and L. reniforme in summer
and the lowest content was observed in spring. This
difference was statistically significant between
seasons. In roots of both S.dendroides and
L.reniforme, the highest flavonoid content was
observed in summer; the lowest root flavonoid
content was observed in S. dendroides in autumn
and in L. reniforme in spring. The results showed
statistically significant difference between seasons
(Table 7).

DISCUSSION

Halophytes are a group of plants with strong
antioxidant systems including enzymatic and non-
enzymatic components. Non-enzymatic
components include antioxidants such as
tocopherol, carotenoids, ascorbate and glutathione;
enzymatic components include enzymes such as

superoxide  dismutase, catalase, peroxidase,
ascorbate  peroxidase, = monodehydroascorbate
reductase,  dehydroascorbate  reductase  and

glutathione reductase, which protect their important
biomolecules including lipoproteins and DNA from
destruction by ROS [20,21]. It has been suggested
that high antioxidant capacity of halophytes
compared with glycophites is one of the important
reasons for increasing tolerance and adaptation of
these plants to salinity stress [22,23]. Since the
severity of damages caused by salinity varies in
different plant species, plant organs, or at different
stages of growth, the performance of various plant
species can be different in synthesis and
accumulation of organic compounds, change in
capacity and activity of antioxidant enzymes in
response to salinity [24].

Studies have shown that enzyme activities
increased in plants as an antioxidant defense
mechanism against oxidative stress induced by
various abiotic stresses [25].

Peroxidases (POXs) are a family of isoenzymes
primarily found in apoplastic species of plants
which can scavenge H,0, [26]. Peroxidase is
considered as the first line of plant defense against
abiotic stresses such as salinity; increased activity is
reported in plants exposed to salt stress [27].

In organic plants, it has been shown that
peroxidase enzyme participates in a number of
cellular processes such as host defense mechanism,
lignin and suberin wall, resistance to pathogens,
tolerance to salinity and aging [28].

In the present study, peroxidase activity
significantly increased in shoots of S.dendroides
and L.reniforme in summer compared to autumn. In
fact, the highest and lowest levels of peroxidase
were recorded in roots of both species in summer
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and spring, respectively. Significant increase was
also observed in peroxidase activities of species
such as Suaeda arcuata, Cressacretica and Salsola
turcomanic as abiotic stresses, particularly salinity
stress, increased in spring to summer [29]. These
results support the findings of the present study.
Increased peroxidase activity under salinity stress
has been reported in many plants, e.g. genotypes of
wheat [30], Suaeda salsa[31], Cakile maritime [32],
Atriplex halimus[33], and Hordeum marinum[34].
Increased peroxidase activity was also reported in
callus cultures of Suaeda nudiflora where higher
concentrations of NaCl increased peroxidase
activity in salinized cells of S.nudiflora improving
their capacity for decomposing H»O[35]. These
findings are consistent with the present study,
where salinity significantly increased peroxidase
activity of both species in dry seasons.

Ascorbate peroxidase is an antioxidant with
generally the same function as peroxidase and
catalase. However, this antioxidant enzyme
catalyzes scavenging H2O: by using ascorbate as a
reductant [36,37]. In this study, ascorbate
peroxidase activities increased in shoots and roots
of both species in summer compared with spring.
This is consistent with the study of Ghorbanliet
al.[38] who studied Flavoparmelia caperata and
Physcia dubia and reported higher activity of
ascorbate peroxidase in both species during
summer compared to spring for protection of
plants. Moreover, some scientists have reported
increased ascorbate peroxidase activity under saline
conditions in halophyte plants, e.g. Atriplex
portulacoides[39], and Bruguiera parviflora[36].
Ascorbate peroxidase induction clearly shows that
this enzyme plays a critical role in controlling H20;
level in plant cells under initial salt-induced
oxidative stress [40].

Polyphenol oxidase is part of an enzymatic
mechanism for eliminating reactive oxygen species
(ROS) under UV radiation, heat, and stress
conditions [41]. This study showed that polyphenol
oxidase activity significantly increased in shoots
and roots of both species in summer and autumn,
respectively. This is consistent with the study of
Szecskoet al.[42] who found maximum level of
polyphenol oxidase activities in rootstocks of plum
cultivars during autumn (November) and Sen and
Mukherji  [43] who studied Lycopersicon
esculentum and reported an increase in polyphenol
oxidase activities during summer. Increased activity
of polyphenol oxidase in summer and rainy seasons
could be attributed to protective function of plants
in response to abiotic stress.

Increased polyphenol oxidase activity under salt
stress was already reported in halophytes such as
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Sesuvium portalacas[44] and Excoecaria agallocha
[45]. Subhashini and Reddy [46] argued that
increased polyphenol oxidase activity under salinity
stress implies that this enzyme is able to oxidize
and degrade the toxic compounds which are
generally accumulated under saline conditions.

Catalases are tetramer enzymes with four heme
groups per tetramer, capable of direct dismutation
of H,0; into H20 and O which are indispensable
for ROS detoxification under stress conditions [47].
Findings of this study revealed a significant
increase in catalase activity in shoots of S.
dendroides in summer compared with spring, while
the enzyme activity was higher in L. reniforme in
summer compared with autumn. The highest
catalase activity was recorded in roots in summer,
while the enzyme activity was at its lowest in
spring. This is consistent with Farzamisepehr et al.
[48] who studied Populus deltoids and showed that
increase in temperature and drought during summer
increases catalase activities in comparison with
spring and autumn.

Effects of salt stress on catalase activity were
evaluated in different groups of halophytes such as
Hordeum marinum [34], Suaaeda maritime [49],
and Limonium bicolar [50]. All these studies
reported a significant increase in catalase activity
under salt stress conditions, which is consistent
with the present study. Increased catalase activity
seems to be linked to gene expression regulation.
Lower oxidative damage has generally been
reported in plants with higher catalase activity,
suggesting the protective function of this enzyme
[51].

Many plant extracts have potential chemo-
preventive properties against cancer through
antioxidant mechanism and scavenging reactive
oxygen species (ROS), inhibiting lipid peroxidation
or stimulating cellular antioxidant defense [52].
There are many reports on polyphenol
accumulation and enhanced antioxidant ability in
halophytes [53,22]. Superior Fe  reduction power
and DPPH radical scavenging ability were reported
in shoot extracts of halophytes compared with
glycophytes [53]. In this study, methanol extracts of
shoots and roots of both species had the highest
antioxidant activities in summer and autumn,
respectively. This variability could be due to
meteorological factors such as solar irradiation,
photoperiod, temperature, and relative humidity
[54] or edaphic effects such as salinity.

Findings of the present study are consistent with
those of Zhanget al.[55] who studied antioxidant
activity of Sauedasalsain vitro and reported that
extracts had the highest antioxidant activity in
summer, as well as of Jallali et al.[56] who studied

Crithmum maritimum and found that the plant
extracts had richer phenolic compounds at
reproductive stage (summer), suggesting higher
antioxidant activities in comparison with extracts at
vegetative stage in spring.

Phytochemical studies showed that phenolic
compounds significantly increased in shoots of the
species in summer and significantly decreased in
S.dendroides in spring and in L.reniforme in
autumn. In roots of the studied plants, the highest
phenolic compounds were observed in S.dendroides
in autumn and in L. reniforme in summer. The
results of this study were consistent with those of
Jallali et al.[56] who showed that phenolic
compounds significantly increased in Crithmum
maritimum species in summer compared with
spring. Medini et al. [57] studied the halophytic
species Limonium densiflorum and found that
phenolic compounds increased in summer and
decreased in autumn. Variation in production of
phenolic compounds in different seasons may be
due to various environmental factors such as
weather, precipitation, salt increase in soil and
sunlight, which may affect biosynthesis and
accumulation of phenolic compounds in stressed
plants. Many reports confirm the role of phenolic
compounds as an important antioxidant in many
plants, particularly halophyte plants [20]. Bagal et
al.[58] claimed that the reason for increase in
phenolic compounds in plants exposed to biological
and non-biological stresses is rapid induction of
expression  of  phenylalanine  ammonilase
gene.Phenylalanine ammonilase enzyme plays a
key role in biosynthesis of phenolic compounds and
regulation of products derived from
phenylpropanoid pathway. These compounds play
important roles in plants such as protection against
alive and non-alive stresses, UV protection, and
intercellular signals. Studies show that high levels
of phenolic compounds are the main reason for
high antioxidant activity of some plant extracts,
because evidence suggests a positive relationship
between phenolic compounds and antioxidant
strength of plants which can be extracted through
plant extracts [59,60]. This is consistent with our
results that antioxidant activity of the samples is
directly related to phenolic and flavonoid
compounds, so that methanolic extract of the
studied plants with the highest levels of phenolic
and flavonoid compounds has the highest
antioxidant activity. For example, Hyoscyamus
aureus[61] and Solanum guaraniticum [62]
exhibited high antioxidant activity in DPPH-free
radical inhibitors due to high polyphenolic
compounds. Moreover, studies on Hypericum
brasiliense showed a positive relationship between
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phenolic compounds and their antioxidant function;
in dry and saline environments, increase in total
phenol content added to antioxidant function of
plants, that is, chemical and active compounds of
the plant, and most importantly, their antioxidant
properties vary by various environmental factors
[63].

According to the results, flavonoid content was
significantly higher in shoots and roots of the
studied species in summer than in other seasons.
Studying seasonal variations, Fardus et al. [64]
measured phenolic compounds such as flavonoids
in Oenothera biensis and showed that flavonoid
content varied as seasons changed; the highest level
was observed in summer. Kheira et al. [65]
observed the highest flavonoid content in the
Ballota hirsuta Benth plant in summer, which is
consistent with the findings of this study.
Flavonoids are a group of secondary polyphenolic
metabolites of the plant derived from
phenylpropanoid pathway, which plays a major role
in plant responses to environmental conditions,
particularly under biological and non-biological
stresses. Flavonoids have been reported to have an
antioxidant effect and, by eliminating free radicals,
can protect cells [66]. Accumulation of secondary
metabolites is known as a defense mechanism in
plants, and plants can respond and adapt to stress
by altering their cellular metabolism by various
defense mechanisms [67].

CONCLUSION

Generally, the findings of this study suggest that
accumulation of antioxidant compounds and their
activities in the studied plants change as the seasons
change; in most cases, the highest antioxidant
contents and activities were observed in roots and
shoots of the studied plants during summer (along
with an increase in draught and salinity levels).
Therefore, it seems that there is a strong
relationship between tolerance against oxidative
stresses due to abiotic conditions and increase in
antioxidant  activities  and phytochemical
compounds in the studied plants. In their attempt to
reduce oxidative damages due to salinity stress,
these plants increase activities of their enzymes
such as catalase, peroxidase, ascorbate peroxidase,
and polyphenol oxidase and phytochemical
compounds, responding to various salinity levels in
different seasons and adapting to conditions.
Further studies are required to understand the
nature of adaptation and the defense mechanisms of
halophytes and their tolerance, which in turn may
result in identification of the genes which play a
role in adaptability of these plants to abiotic
stresses.
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MN3CJIIEABAHE HA ®PUTOXUMWYHUTE ITPOMEHU, EH3UMHATA 1 AHTUOKCUJJAHTHATA
AKTHUBHOCT HA JIBE XAJIO®OUTHU PACTEHI - Salsola dendroides PALL. 1 Limonium
reniforme (GIRARD) LINCZ ITPE3 PA3JIMYHUTE CE30HU

C. Bakmm!, X. A6actyp'*, C. Caenucap?

! lenapmamenm no 6uonozus, xion Jamean na Ucnamcku A3ad ynusepcumemm, Jamean, Upan
2TexnuueCku xoneauc ,,JI-p Lllapuamu”’, Texnuuecku u cneyuanusupan ynueepcumem, Texepan, Upan

IMocrenuna Ha 8 nexemspu, 2017 r.; kopurupana Ha 16 gexemspu, 2017 r.

(Pestome)

C oeia ga Cc€ M3CjcaBar (bI/ITOXI/IMI/I‘lHI/ITe IMPpOMEHHU, €CH3UMHATa U AaHTUOKCUAAHTHATa aKTUBHOCT Ha XaJ'IO(bI/ITHI/ITe
pactenus Salsola dendroides Pall. u Limonium reniforme (Girard) Lincz, mpo6u OT HCTa 1 KOPEHH Ha TE3W PACTCHHS ca
chbpanu ot paiiona Muuex bopyn B Cesepen 'opran, Upan npe3 Tpu ce3oHa (MpojieT — Maid, JIATO — aBr'yCT M €CEH -
HOEMBpH). YCTaHOBEHO €, Y€ 3aCOJICHOCTTAa Ha MOYBaTa Ce yBENMYaBa MPe3 €CCHTA M B MOBEYETO CIyYal 3HAYMTEIHO
IIOBUIIIaBa CH3HMMHATAa M aHTHOKCHUJAHTHAaTa aKTHBHOCT B cTnbiaTa u KOPCHUTC Ha ABCTC PACTCHUA. DuTOXUMUIHUTE
M3CIE/BaHUs TOKa3BaT, Ye ChIbpXKaHWETO Ha (eHomu B cThOMaTa U kopenure Ha Salsola dendroides smauurento
HapacTBa IIpe3 JIITOTO U eceHTa, a Ha Limonium reniforme — mpe3 sisitoto. ChabpikaHHeTo Ha (GIABOHOMIM CHILO CE
MIPOMEHSI 3HAYUTEIHO TIpe3 ce30HnTe. Hali-Brcoko HaTpymBaHe Ha (IaBOHOMIHM B CTHOJATa M KOPEHUTE HA PacTCHUSTA
ce HabmromaBa mpe3 JATOTO. [loBeueTo OT TE3M INMPOMEHHM ca CBBP3aHM C AKTHBHPAaHE Ha (DU3NOJOTUYHHUTE H
OMOXMMHUYHHTE MPOLECH, TO3BOJISIBAIIN HA PACTEHHETO J1a Ce aaNTHpa KbM yCIOBHATA Ha 3aCOJISIBAHE.
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Mycotoxins are small toxic molecules produced by a variety of microorganisms. They are often made of several
secondary metabolites and often have a variety of chemical functions and structures. Citrinin and Ochratoxin A produced
by different species of Penicillium contaminate various types of foods. Today, the cold atmospheric pressure plasma
method has potential for mycotoxin detoxification. In this study, cold atmospheric pressure plasma (CAPP) operating
parameters were investigated and optimized to increase the effect on Citrinin and Ochratoxin A in wheat, oat, corn and
rice. In this study, the output of power supply first was set to 50 kV, 100 watts and the electron frequency of 30 kHz
(optimum conditions for stable and effective plasma) to perform the tests. Then, the effect of cold atmospheric plasma jet
(argon) on the gas flow establishment (gas rate 6 6 I/min) for 30, 60 and 360 sec was investigated. The results showed
that CAPP method effectively reduces the pure mycotoxins. Overall, there are more than 40% and 50% reduction in the
mean initial concentrations of Ochratoxin A and Citrinin, when plasma-treated at 100 W powers. The degree of
destruction of various mycotoxins varies according to their structure. It was also shown that the presence of a
combination of mycotoxins in foods reduces the plasma's effect but does not prevent their destruction. Finally, in this
study, Citrinin and Ochratoxin A were successfully detoxified on all specimens. In addition to mycotoxin detoxification,
the CAPP method is neutral in terms of biologic effects and has least negative effects on the nutrients compared to the
conventional methods of disinfection of food products.

Keywords: Mycotoxin, Citrinin, Ochratoxin A, Penicillium, Cold atmospheric pressure plasma, Detoxification

INTRODUCTION investigated in recent years due to advantages such
as cost-effectiveness of the test, performance
without  vacuum, accessibility and sample
processing without limitations in size and high
reactivity. The use of APP is a new technology that
has been considered as a non-thermal method in
recent years due to its high potential for the
destruction of microorganisms and its low cost.

For the first time, Kung et al. [1] stated that cold
plasma is a very effective bacteria killer. Cold
atmospheric plasmas have the ability to generally
disable microorganisms under controlled laboratory
conditions [1]. Mortazavi et al. [2] announced that
plasma would degrade proteins and cause lipid
peroxidation of E. coli gram-negative bacteria,
thereby destroying the bacterial membrane of the
microorganisms [2].

Mortazavi et al. [2] also reported that one of the
most important mechanisms for killing bacteria, in
addition to destruction of DNA, proteins, etc. by
cold plasma, is the destruction of bacterial
membrane through membrane lipid oxidation.
Since plasma can produce reactive oxygen species,
therefore, by increasing treatment time, the level of
membrane lipids oxidation should increase, as a
result more bacteria in different times will be

Penicillium is one of the most commonly found
fungi in nature. They belong to the class of
Ascomycota and subdivide into subgeneas such as
Furcatum, Aspergilloides, Beverticllium and
Penicillium. Penicillium is present in nature (water,
air, soil and plants). They have many benefits,
including the ability to produce various enzymes,
antibiotics, antitumor and antifungal drugs, as well
as effective compounds against insects. The study
aimed to investigate the effect of atmospheric cold
plasma on the reduction of mycotoxins produced by
Penicillium isolated from 5 different food sources
(wheat, oat, corn, rice and flour).

Today, plasma science is a new way of
overcoming the problems faced by food
biotechnology researchers. The unique properties of
plasma make it widely available in industry and
medicine. Classification from a point of view of
pressure, divides the plasma into two general
classes: low pressure plasma and atmospheric
pressure plasma (APP). Currently, more attention is
paid to APP due to its simplicity and low cost
compared to low pressure plasma. Atmospheric
electrical  discharge has been extensively

* To whom all correspondence should be sent:
E-mail: Dr_mansour_bayat@yahoo.com © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 383
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eliminated [2]. Fernandes and Thomson [3]
reported that the need to meet the consumer
demand for fresh products without challenging the
microbial safety of food and its quality, has
attracted the interest of the food industry to new
low-temperature products. Compared to the thermal
processes, these technologies depend on physical
processes, such as high hydrostatics, ionizing
radiation, ultrasonic, ultraviolet light and cold
plasma, which are capable of destroying
microorganisms at limited temperatures. This latter
treatment (plasma jet) is one of the promising
technologies for food maintenance [3].

In this study, 5 Penicillium samples from flour,
wheat, corn, oat and rice (their storage sites) were
isolated and then cultured for observing their
important features in oatmeal agar. After the
preparation of the culture slide, the morphological
features such as colony surface and back color,
colony texture and pigmentation production were
determined. To increase the mycotoxin production,
their fungal isolates were cultured in two broth
types (malt extract + sabouraud dextrose broth) and
(yeast extract + sabouraud dextrose broth) and after
an incubation period, the toxins produced by
superior strains were isolated by solvent extraction
and their initial concentrations before the treatment
were examined by ELISA test, finally the effect of
mycotoxin detoxification of APP was studied at 3
different times - 60, 120 and 360 sec.

MATERIALS AND METHODS

In this study, a non-thermal atmospheric plasma
(99% argon and 1% air with a gas flow rate of 6
I/min for a single jet with high sinus voltage at a
frequency of 30 KHz for treatment of samples was
used). The general stages are:

- Sampling

- Initial tests (identification)

- Culture tests and detoxification testing

- Culturing and determining the amount of

toxic production by ELISA method

- Execution of plasma radiation and

measurement of mycotoxin detoxification

- Review of raw data and statistical data

analysis

Materials and culture media

In this study, an oatmeal agar medium was used,
and sabouraud dextrose broth 250 ml + malt extract
7.5 ml and sabouraud dextrose broth 250 ml + yeast
extract 7.5 ml were used (to enrich and increase
mycotoxin production by collected samples). All
culture media and chemical materials used to
isolate and produce mycotoxins were from the
German Merck Co. (According to the instruction on
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the cans of culture media) [4-6].
Sampling

In this research, samples were from the northern
regions of Iran including wheat, corn, oats, flour
and rice. These samples were collected by Dr.
Arash Chaichi Nosrati and were available for the
study. Samples were transferred to the laboratory
immediately after collection, and were kept in the
refrigerator at 4 °C to determine the amount of
Citrinin, Ochratoxin A, as well as mycotoxin
detoxification by plasma.

Needle culture of samples in oatmeal agar media
(culture in a solid medium)

To isolate the Citrinin and Ochratoxin A generic
fungi, the collected samples were cultured in an
oatmeal agar medium (specific culture medium) as
needle culture (in 3 points at a distance of 2 cm
from the edge of the plate). Each plate was
transferred to the incubator for 7 days at 25 °C.
Plates were examined during the incubation (every
3 days from the 7 days incubation period).
Identification of isolated fungi was done according
to the morphological and  macroscopic
characteristics of fungal colonies such as colony
surface and back color, smooth or rough colony
surface, powder, cotton or more, with the help of
Klich, Barnett and Hunter's identification keys [7,
8].

Culture in a liquid medium (transfer of samples
from solid to liquid medium)

In this step, two broths, sabouraud dextrose broth
+ malt extract (SB + ME) and sabouraud dextrose
broth + yeast extract (SB + YE) in 10 ml falcon
tubes containing 5 ml of liquid medium with sterile
glass (in this study, it was used to accelerate the cell
breakdown process, to extract mycotoxins from
beads glass). To inoculate the samples from solid to
liquid medium, the pure and isolated samples were
picked by sterile loops, transferred to the liquid
medium and were kept in an incubator shaker at 25
°C, 200 rpm for 7 days. To prevent drying of liquid
medium during incubation (on day 3 of the 7-day
incubation period) 0.5 cc of phosphate buffered
saline solution (PBS) was added to each of the
falcon tube by a sampler [5, 6].

Preparing culture slides from selected samples

In the preparation of culture slide in this study,
the oatmeal agar medium was used. Using sterilized
scalpel, parts of the medium as 1 x 1 cm? were cut
and placed on the slide by observing the
sterilization rules (Fig. 1). After placing the agar
completely in the center of the slide, it was
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horizontally placed on a "U-shaped" tube in a large
glass plate (containing 10 ml of sterile distilled
water). Then using a sterile anse, the pure isolation
samples were inoculated on 4 points on the slide
(Fig. 2). Subsequently, the sterilized slide was
placed on an inoculated agar portion and stored in
an incubator at 25 °C for 7 days [9]. During
incubation (each 3 days from the 7-day incubation
period), the plates were examined and distilled
water was used to prevent the plates from drying.
After the 7-day incubation period, the microscope
slide was separated and two drops of lactophenol
were poured on another clean slide and placed the
microscope slide with a mold (purified sample)
attached to it on the slide and then examined and
photographed them with a (10x), (40x) and (100x%)
lens with an optical microscope on the next day [9].

Fig.1. Slide culture from selected strains

Fig.2. Preparation of culture slide on U-shaped loop
Extraction of mycotoxins from liquid

Extraction of mycotoxins from liquid media
(sabouraud dextrose broth with malt and yeast
extract) after incubation (seventh day) to extract
and purify mycotoxins produced by pure strains
requires cell-free media. For this purpose, the
falcon tubes containing the liquid medium were
placed in a freezer for 15 min with a 35 degree
angle vortex at -70 °C. In the next step, the falcon

tubes were removed from the freezer and de-frozen
at the laboratory temperature. Then, 2.5 ml of
extraction solvent was added to the falcon tubes
and vortexed three times in three 15-minute periods
at 30 to 35 degrees angle (this step was repeated to
increase the extraction). A total of 5 ml of
extraction solvent was used for each falcon. At the
final stage of mycotoxin extraction (after two times
during the vortex process and adding extraction
solvent) the obtained liquid was separated by sterile
Whatman filter paper (0.5 micron) and transferred
to sterile microtubes (2 ml) for ELISA test and kept
at a temperature of -4 °C. (Each of them was
transferred to a bain-marie for 5-15 min at a
temperature of 95-100 °C before the ELISA test for
evaporation of the remaining alcohol from the
microtubes) [10].

Extraction of mycotoxins from the solid medium
(oatmeal agar)

After incubation (seventh day), cell-free media
were required for extraction and purification of
mycotoxins produced by the pure strains. For this
purpose, using a sterile scalpel, the oatmeal agar
was cut in 1x3 cm and inoculated to the sterile
falcon tubes (10 cc) containing sterile beads glass
and 5 cc of phosphate buffered saline (PBS) and
was vortexed at 35 °C for 15 min and placed in a
freezer at 70 °C.

Cold atmospheric pressure plasma (CAPP)

In this research, Citrinin and Ochratoxin A
detoxification of APP of argon gas (output of the
device's power supply at 50 kV, 100 watts, electron
frequency 30 kHz, and gas flow rate 6 I/min) was
investigated. To do the tests, first the output of the
power supply was set to 50 kV, 100 watts, and the
electron frequency of 30 kHz (optimal conditions
for stable and effective plasma) and their exact
values were measured with high-voltage probes and
oscilloscopes. Then, with the gas flow (gas rate 6
I/min) and the high potential difference between the
two connected electrodes, the effect of APP (argon-
air) was investigated for 30, 60 and 360 sec. For
treatments and mycotoxins (supernants), it was
done in three replicates (Fig. 3).

RESULTS

Results of preliminary tests for the selection of
mycotoxin producing microorganisms

In this research, samples were collected from
northern regions of Iran including wheat, corn, oat,
flour and rice. These samples were collected by Dr.
Arash Chaichi Nosrati and put into the study.
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Fig.3. APPJ arrangement: Schematic image of the arrangement of plasma and plate containing the sample, as well as
a view of the single-flame plasma jet produced, h of the produced plasma is 27 mm and the effective distance between

the samples and the nozzle is 21 mm

In this research, 5 species of Penicillium genus
were isolated and identified from different sources
(wheat, corn, oats, flour and rice) (fungi coding as
V1,V2,V3, V4 and V5).

Macroscopically, fungal colonies such as colony
surface and back color, smooth or rough colony,
powdery, cotton, etc., were examined (Table 1). In
this study, the standard strains of Penicillium
digitatum and Penicillium italicum of the microbial
bank of the Iranian Institute of Plant Protection
were used to compare the results and produce
mycotoxins with collected samples The mean initial
concentration of Citrinin reached from 47.203 ppb
at 60, 120, and 360 sec to 16.38, 16.23, and 29.27
ppb, respectively (Fig. 5).

7 Standard curve
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Corr.Coeff.: 0.9840
50% inhibition = 115.1

Fig.4. Standard curve of Citrinin

Results of examining the concentration of
Citrinin obtained from the analysis of Lin/Log
charts in sabouraud dextrose broth + yeast extract
(Citrinin / YE + SB)

The mean initial concentration of Citrinin
reached from 57.14 ppb at 60, 120, and 360 sec to
24.75, 30.04 and 34.78 ppb, respectively (Fig. 5).

386

Results of evaluation of Ochratoxin A A
concentration obtained from Log/Lin tables
analysis in sabouraud dextrose broth + malt extract
(Ochratoxin A/ ME + SB)

The mean initial concentration of Ochratoxin A
in the medium reached from 25.9 ppb at 60, 120,
and 360 sec to 13.66, 16.15, and 8.93 ppb,
respectively (Table 4).

average residual concentration of Citrinin
(V1to V5 and STD 1,2) Lin/Log

60

50

S§ 40
5 30

) 20
10

Before treatment 608 1208 3608
Citrinin/ ME+SB 47203 1638 16.23 2927
Citrinin/ YE+SB 57.14 2475 3004 3478

Fig.5. The average concentration of Citrinin before
and after plasma radiation

Results of examining the concentration of
Citrinin, obtained from the analysis of Log/Lin
tables in the sabouraud dextrose broth + malt

extract (Citrinin / ME + SB)

The average initial concentration of Citrinin in
the medium reached from 36.05 ppb at 60, 120, and
360 sec to 41.66, 11.22 and 20.24 ppb, respectively
(Table 2).

Results of examining the concentration of Citrinin
obtained from the analysis of Log/Lin tables in
sabouraud dextrose broth + yeast extract (Citrinin
IYE + SB)

The mean initial concentration of Citrinin in the
medium reached from 63.01 ppb at 60, 120, and
360 sec to 29.88, 13.49 and 31.61 ppb, respectively
(Table 3).
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Table 1. Macroscopic and microscopic characteristics of the isolated samples

Number/ Macroscopic characteristics
Sample | separated | Gender/species Microscopic characteristics
sources (colony)
e Limited growth o Conidiospores are often concentrated in
o Colonial diameter 10-15 the center
2 samples / Penicillium mm per 7 days ¢ Containing spindle-shaped soft conidia
V1, V2 rice variable o Fluffy and woolly colonies| e Conidiospores with a smooth wall
e Yellow colonies e Containing 5-7 units in conidiospore
o Natural size of conidia is (2.5 - 2.5) x
(12.5-7.0 pm)
V3 1 sample / Penicillium e Fast grOV\_/th e Branched and irregular conidi(_)spores with
corn i e Colony diameter 40-60 short base and at the end 3-6 phialides
digitatum mm in 7 days o Two-row phialides around
e Low sporulation o Round conidia color (green olives)
¢ Powder colony e Conidiasize is (3.5-8) x (3-4) um
¢ Colony color (first yellow
to green-brown)
¢ Smooth colony level
— o The colony diameter is 25- |Conidiospores are single but less than P.
V4 1 sample / rFl)aeIr;]Iig\l/gﬁ;ne 30 mm in 7 days Italicum o N
from the o Colony color green to e Containing 6-2 units in Conidiospore
source of yellow « Conidiospores have a smooth wall
wheat ¢ Wooly and fluffy colony o Coinidia with a diameter of 3-4 pm
e Colony back color yellow | e Transparent Conidiospores
¢ 2-6 high phialides at the end
V5 1 sample / Penicillium e Slow groyvth ° Sing_le_ conidiospores _
cereal o ¢ Colony diameter 50-60 Conidiospores have a smooth wall having
(storage area italicum mm in 14 days stipe with a size of (5-5.5) x (250-100) pm
of wheat and ¢ Having a fragrant smell e Transparent conidiospores
oat) e Colony back color is  3-6 high phialides
colorless or yellow-brown e Conidia color (green)
e Colony color (green-gray) | e Coinidia size (5 - 4) x (2.5 - 3.5) um
e Smooth colony level
. o Fast growth e Branched and irregular conidiospores with
STD BB‘f:rfﬁr(')i' Penicillium |+ Colony diameter 40-60 short base and at the end of 3-6 phialides
() Plant digitatum ~ [mmin 7 days « Two-row phialides around
Protection o Low sporulation ¢ Round conidial color (olive green)
Research o Powder colony e Coinidia size (3.5-8) x(3-4) um
Institute o Colonial color (first yellow
to green-brown)
¢ Smooth colony level
STD (2) Bacterial Penicillium e Slow grO\_/vth . Sing_le_ Conidiospores
Bank of italicum . Co_lony diameter 50-60 . Con!dlospo_res ha_ve a s_mooth wall
Plant mm |n_14 days e Having a stipe with a size of (5-5.5) x (250-
Protection e Having a fragran'_t sm.ell 100) pm N
Research e Colony back behind is e Transparent conidiospores
Institute colorless or yellow brown ¢ 3-6 long phialides

color
o Colony color (green-gray)
e Smooth colony level

e Conidia color (green)
e Conidia size (5-4) x (2.5-3.5) um
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Analysis of the concentration of Ochratoxin A in
isolated samples in sabouraud dextrose broth +
malt extract (SB + ME) and sabouraud dextrose
broth + yeast extract (SB + YE) before and after
plasma radiation

The output of the power supply was set at 50 kV,
100 watts, 30 kHz electron frequency, and the inlet
gas flow rate at 6 I/min. As in the previous method,
first the turbidity of Ochratoxin A of the produced
samples was measured and in the next step,
according to the standard curve of Ochratoxin A
(Fig. 6) and standard Penicillium samples
(STD1/STD2), the concentration of Ochratoxin A
was determined before and after treatment with
plasma jet as Lin/Log charts and Log/Lin tables.

o 0.001 0.002 ©0.003 0.004 0.005
Concentration(ua).

Fig.6. Standard curve of ochratoxin A

Results of examining the Ochratoxin A
concentration obtained from analysis of Lin/Log
charts in sabouraud dextrose broth + malt extract
(Ochratoxin A/ ME + SB)

The mean initial concentration of Ochratoxin A
reached from 35.264 ppb at 60 and 360 sec to 18.34
and 12.008 ppb, respectively (Fig. 7).

Results of evaluation of Ochratoxin A
concentration obtained from analysis of Lin/Log
charts in sabouraud dextrose broth + yeast extract
(Ochratoxin A/ YE + SB)

The mean initial concentration of Ochratoxin A
in the media reached from 28.625 ppb at 60 and
360 sec to 196.486 and 14.607 ppb, respectively

(Fig. 7).
Results of evaluation of Ochratoxin A
concentration obtained from Log/Lin tables

analysis in sabouraud dextrose broth + malt extract
(Ochratoxin A/ ME + SB)

The mean initial concentration of Ochratoxin A
in the medium reached from 25.9 ppb at 60, 120,
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and 360 sec to 13.66, 16.15, and 8.93 ppb,
respectively (Table 4).

average residual concentration of Ochratoxin (V1 to V5 and STD 1,2)
Lin/Log

| Bemretr atment ‘ 60S | 1208 | 3605
[Ochratoxin / MI:—SB 372 13.66 16.766

Ochratoxin/ YE+SB | 13.808 [ 14.322 [ 9.671 [ 526

Fig. 7. Mean concentration of Ochratoxin A before
and after plasma radiation

Results of evaluation of Ochratoxin A
concentration obtained from Log/Lin tables
analysis in sabouraud dextrose broth + yeast
extract (Ochratoxin A/ YE + SB)

The mean initial concentration of Ochratoxin A
in the medium reached from 27.51 ppb at 60, 120
and 360 sec to 22.45, 13.83 and 10.63 ppb,
respectively (Table 5).

As can be seen from the Log/Lin tables, it can be
said that detoxification of Citrinin and Ochratoxin
A was investigated by radiating argon gas over 60,
120 and 360 sec, and the mean initial
concentrations of samples in sabouraud dextrose
broth + malt extract and sabouraud dextrose + yeast
extract (before radiation) were compared with the
mean residual concentrations after each plasma
emission. In these studies, it was found that
detoxification of Citrinin and Ochratoxin A was
successful in all samples and showed a high
efficiency of APP in this field, especially in the
food industry.

DISCUSSION

Investigation of Pearson correlation (Lin/Log)
on the concentration of pre-irradiation produced
mycotoxins (Citrinin and Ochratoxin A) in two
media (ME + SB) and (YE + SB)

In this section, statistical correlation between the
amount of Citrinin and Ochratoxin A produced by
each isolated strain (V1 to V5) was investigated in
two media (ME + SB), (YE + SB) and showed that
a significant incompatibility is seen between these
two toxins. So, the mean concentration of Citrinin
was higher than that of Ochratoxin A.
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Table 2. Concentration of Citrinin in sabouraud dextrose broth + malt extract

Log/lin Sample name Citrinin Malt Citinin Malt Citinin Malt Citinin Malt
(ppb) /60s (ppb) /120s (ppb) /360s (ppb)
V1 Penicillium variable 44.99 42.36 9.36 22.39
V2 Penicillium variable 28.68 47.42 8.89 7.52
V3 Penicillium digitatum 40.5 88.28 0.03 0.01
V4 Penicillium nalgiovense 38.1 23.39 0.3 0.01
V5 Penicillium italicum 48.61 64.27 44.61 42.34
V STD(1) | Penicillium digitatum 16.81 10.43 19.82 24.38
V STD(2) Penicillium italicum 34.66 15.51 5.51 24.54
Mean 36.05 41.66 11.22 20.24
Table 3. Concentration of Citrinin in the sabouraud dextrose broth + yeast extract
Log/lin Sample name Citrinin Yeast Citrinin Yeast Citinin Yeast Citinin Yeast
(ppb) /60s (ppb) /120s (ppb) /360s (ppb)
V1 Penicillium variable 32.43 35.04 13.54 72.2
V2 Penicillium variable 39.53 22.5 7.91 6.72
V3 Penicillium digitatum 226.68 57.8 0.03 0.2
V4 Penicillium nalgiovense 52.36 12.38 0.1 66.01
V5 Penicillium italicum 40.5 55.73 36.3 44.48
V Penicillium digitatum 15.54 12.61 17.08 8.08
STD(1)
\% Penicillium italicum 34.04 13.11 19.51 23.58
STD(2)
Mean 63.01 29.88 13.49 31.61
Table 4. Concentration of Ochratoxin A in the sabouraud dextrose broth + malt extract
Log/lin Sample name OchraA Malt OchraAMalt OchraA Malt OchraA Malt
(ppb) /60s (ppb) /120s (ppb) /360s (ppb)
V1 Penicillium variable 29.95 13.372 20 0.1
V2 Penicillium variable 13.11 13.372 9.03 7.93
V3 Penicillium digitatum 40 13.372 0.03 0.02
V4 Penicillium nalgiovense 11.12 13.372 11.35 5.75
V5 Penicillium italicum 7.13 15.391 45.35 35.71
V STD(1) | Penicillium digitatum 40 13.372 15.57 5.51
V STD(2) Penicillium italicum 4 13.372 11.23 7.5
Mean 25.9 13.66 16.15 8.93
Table 5. The concentration of ochratoxin A in the sabouraud dextrose broth + yeast extract
Log/lin Sample name OchraA Yeast OchraA Yeast OchraA Yeast OchraA Yeast
(ppb) /60s (ppb) 120s (ppb) /360s (ppb)
V1 Penicillium variable 23.91 62.7 11.1 0.03
V2 Penicillium variable 13.47 9.03 7.3 9.3
V3 Penicillium digitatum 40 11.6 1.51 0.01
V4 Penicillium nalgiovense 29.47 20.5 8.89 0.02
V5 Penicillium italicum 15.47 15.06 41.66 42.39
V STD(1) Penicillium digitatum 40 18.8 17.3 13.79
V STD(2) Penicillium italicum 40 19.5 9.03 8.89
Mean 27.51 22.45 13.83 10.63

Statistical analysis of Pearson correlation
(Lin/Log) on the concentration of Ochratoxin A in
two media (ME + SB) and (YE + SB)

In the study of Pearson's correlation,

the

correlation between the amount of Ochratoxin A
produced in the two studied media showed that the
fungal isolates of the two sabouraud dextrose broth

+ malt extract and sabouraud dextrose broth + yeast
extract were able to produce toxin. In the study of
the Pearson correlation, according to Table 6, the
extent of Ochratoxin A reduction by plasma jet
after 60 sec in both studied media showed a
statistically significant correlation between them.
So in both media, the toxin reduction was on
average less than 10% after 60 sec.
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Also, there was a significant statistical
correlation after 120 sec of plasma jet treatment
about comparing the amount of Ochratoxin A in the
two media studied. In both media, the amount of
toxin reduction after 120 sec was on average less
than 5%, which is indicative of the high accuracy of
ELISA test in this study.

Statistical analysis of Pearson correlation
(Lin/Log) on the concentration of Citrinin in two
media (ME + SB) and (YE + SB)

In the study of Pearson's correlation, the
reduction of Citrinin in the medium (ME + SB)
after 60, 120, and 360 sec of jet plasma treatment
was more than its reduction in the medium (YE +
SB) and there was a consistent and significant
correlation between them.

In the study of Pearson correlation, a significant
aligned correlation can be seen between the
amounts of Citrinin detoxification produced after
60 sec treatment with plasma jet. The significant
correlation shows that with the effect of plasma jet,
Citrinin toxin levels were reduced in the ME + SB
and YE + SB by 34.7% and 43.31%, respectively
(Table 6).

In the study of Pearson's correlation, the
statistical correlation between the amount of
Citrinin toxin produced in the two studied media
showed that the fungal isolates studied in both ME
+ SB and YE + SB are able to produce toxin. The
greatest reduction and effect of plasma jet among
treatments was observed for Citrinin toxin after 360
sec of treatment in YE + SB. During this time, the
amount of toxin was reduced by 60.86%.

Comparison and statistical analysis of the Pearson
correlation (Lin/Log) and concentration and effect
of plasma jet on Citrinin and Ochratoxin A

Citrinin is known in the inter-cellular
metabolism of producing fungi of the leading toxin
of Ochratoxin A. In examining the correlation
between Citrinin and Ochratoxin A levels in ME +
SB and YE + SB, which are treated for 60 sec with

plasma, there was a significant correlation between
them (Table 6).

Wilcoxon test (significant numerical difference)
(Lin/Log) on the concentration of pre-irradiation
mycotoxins (Citrinin and ochratoxin A) in two
media (ME + SB) and (YE + SB)

In evaluating the initial values of Citrinin and
Ochratoxin A produced in SB + ME in statistical
analysis, the result was acceptable in terms of
Wilcoxon test (significant numerical difference).
Therefore, the inconsistency in the study of
Pearson's correlation indicates that the ratio of
Citrinin to Ochratoxin A transform was relatively
low. Significant statistical inconsistency between
the relative amount of Ochratoxin A as reduced in
SB + ME medium after 60, 120, and 360 sec
treatment shows that increasing the time of
treatment with plasma jet also increases the amount
of toxin, although by increasing the time from 120
to 360 sec, the toxin was severely reduced.

Statistical analysis of Pearson correlation
(Log/Lin) on the concentration of Ochratoxin A in
two media (ME + SB) and (YE + SB)

In the study, the correlation of Ochratoxin A
amount in two SB + ME and SB + YE was
statistically significant. At the concentration of
Ochratoxin A, after 120 and 360 sec of treatment, a
correlation was observed between the reduced
values. There is a statistically pair significant
correlation between the amount of Ochratoxin A in
the SB + ME from 120 to 360 sec, and also in the
SB + YE from 120 to 360 sec.

For Ochratoxin A, the highest reduction in SB +
YE occurs after 120 seconds of treatment, which
decreased by about 50.27% after 120 sec. For
Ochratoxin A, the highest reduction in SB + ME
occurs after 360 sec of treatment, so that after 360
sec, the toxin decreased by 34.47%.

Table 6. Concentration of Citrinin and Ochratoxin A before and after plasma radiation (Lin/Log)

Citrinin and Concentration Concentration after 60 [Concentration after 120|Concentration after 360
Ochratoxin A (Before treatment) sec of radiation sec of radiation sec of radiation
(ppb) (ppb) (ppb) (ppb)
Citrinin/ ME + SB 47/203 16/38 16/23 29/27
Ochratoxin A 13/372
/ ME + SB 13/66 16/766 5/26
Citrinin/ YE + SB 57114 24/57 30/04 34/78
Ochratoxin A 13/808 14/322
/YE +SB 9/671 5/26
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Statistical analysis of Pearson correlation
(Log/Lin) with the concentration of Citrinin in two
media (ME + SB) and (YE + SB)

However, Pearson's correlation (significant and
consistent  correlation) between Citrinin  and
Ochratoxin A can be achieved, but the decreasing
amounts of Citrinin and Ochratoxin A do not occur
after these treatments, which can be detected by
ELISA method and we cannot prove the extent of
treatment with plasma jet, so it should be

with plasma jet, reached from 25.9 to 8.93,
indicating a non-uniform significant correlation
between the data. This correlation was statistically
significant in comparison with the amount of
Ochratoxin A reduction in SB + ME after 120 and
360 sec of plasma jet treatment, and there was a
significant inconsistent correlation in increasing the
time and the requirement for toxin reduction.

The results of this study are consistent with other
studies carried out in recent years, including that of
Siciliano et al., on the effect of APP that uses argon
gas to produce plasma, to study the effect of plasma
on the elimination of mycotoxins produced by
Aspergillus. In this study, they were able to use a
plasma with the characteristics of a power supply
output of 50 kV, 400 watts, an electron frequency
of 30 kHz, aflatoxin, and ochratoxin A produced by
isolates at a concentration of 25 ng/g to remove
95% after one min of radiation [5]. Also, Ouf et al.
used the effect of APP, which uses argon gas to
make plasma, to study the effect of plasma on the
elimination of mycotoxins produced by Aspergillus.
In this study, they were able to remove more than
97% of aflatoxin B1 produced by Aspergillus
parasiticus with a power of 60 watts over a period
of 15 min. In this study, they removed more than
95% of aflatoxins produced by Aspergillus flavus
by the radiation of plasma of 60 watts in 12 min.
[11].

CONCLUSIONS

In this research, detoxification of Citrinin and
Ochratoxin A by APP of argon gas (output of the
6. Prelle, D. Vallauri, M. C. Cavallero, A. Garibaldi,

M. L. Gullino, Use of cold atmospheric plasma to
detoxify hazelnuts from aflatoxins, Toxins, 8, 110
(2016).

7. Y. Devi, R. Thirumdas, C. Sarangapani, R. R.
Annapure, Influence of cold plasma on fungal
growth and aflatoxins production on groundnuts,
Food Control, 77, 187 (2017).

8. M. A. Klich, Identification of Common Aspergillus
Species, United States. Centraal Bureau Voor
Schimmel Cultures, 13, 959 (2002).

considered in another research.

Examining Wilcoxon test (Log/Lin) on the
concentration of mycotoxins produced before
radiation (Citrinin and Ochratoxin A) in two media
(ME + SB) and (YE + SB)

Considering the significance of the numerical
difference (Wilcoxon), the mean Ochratoxin A
produced from the fungi studied in SB + ME
medium after 360 sec treatment

power supply 50 kV, 100 watts, electron frequency
30 kHz, and gas flow rate 6 I/min) was investigated.
In summary, it can be said that many disinfection
methods, including chemical, physical, dry or wet
heat methods, are used to disinfect solid surfaces or
liquids and biological surfaces such as skin with
functional limitations. The use of non-thermal
plasma technology in cleaning, sterilization and
detoxification has advantages over existing ones,
including high detoxification properties during
short flow, lack of remaining toxicity, and the cost-
effectiveness of argon gas. In this study, Lin/Log
and Log/Lin charts and tables were statistically
evaluated (mean, standard deviation, variance, co-
variance, correlation coefficient, etc.).
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BJIMAHUE HA TUIASMEHUTE PEAKTYMBHU E®QEKTU BHPXY LIUTPUHUH- U
OXPATOKCHH-TIPOU3BEXIAILUTE ®OPMU HA PENICILLIUM

H. Baszern?!, M. Baar!*, A. X. Hocpatn?, M. I'opanesuc®, C. Xamemu*

! lenapmamenm no muxpobuonozus, Hayuen u uscnedosamencku xion na Ucaamcxu Asad ynusepcumem, Texepan,
Upan
2 Jlenapmamenm no Monexyiapua u kiemvuna 6uonozus, Jlaxuoxcancku kion na Menamcku A3ad ynueepcumemn,
Jlaxuoacan, I'unan, Upan

3 Uzcnedosamencku yenmop no naasmena gusuxa, Hayuen u uscredoeamencku knon na Mcasmexu Azao
yuusepcumem, Texepan, HUpan
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Tlocrprmna Ha 23 HOemBpH, 2017 r.; kopurupana Ha 15 ¢eBpyapu, 2018 r.
(Pesrome)

MHUKOTOKCHHHTE Ca MAaJIKH TOKCUYHH MOJIEKYJH, IPOU3BEXKIAHW OT Pa3IMYHW MHUKpoopraHmsmu. Te dyecto ce
CBhCTOSIT OT BTOPUYHHA METAOONUTH W HMMAT pPa3IMYHUd (DYHKIMH U CTPYKTypu. LIATpUHMH M OXpaTrokcuH A,
NpoM3BeXIaHu OT pasnuund ¢opmu Ha Penicillium, 3ambpcsBar xpanute. MeTombT Ha CTydeHaTa IUIasMa IIpH
aTMoc(epHO HalsAraHe HMMa IOTEHIWAN 3a JETOKCHKAIMs Ha MHUKOTOKCHMHH. B Ta3zu craTusi ca wH3CieiBaHU U
ONTHMH3UPAHU PabOTHHUTE MapaMeTpd Ha CTyleHaTa miasma npu atMmochepHo Hamsrane (CAPP) 3a 3acunBaHe Ha
e(eKTa BbpXy IIUTPUHUH M OXPAaTOKCHH A B TIIICHHIA, OBEC, IIAPEBHIA U Opu3. [IbpBOHAYATIHATE ONMUTH Ca IPOBEICHU
npu MortqHocT Ha 3axpanBane 50 KV, 100 Bara u enextponna yectora ot 30 KHz (onTumanHu ycnoBusi 3a ctabuiHa u
edexruBHa mna3ma). Ciie/l TOBa € M3CIIEABAHO BIHSHUETO HA CTy/CHATA IIa3MeHa CTPys (aproH) BPXY Ch3/IaBAHETO HA
ra3oBHs MOTOK (CkopocT Ha rasa 6 1/min) 3a 30, 60 u 360 sec. YcranoseHo e, ue CAPP metoasT eekTHBHO HamaIsBa
KOJMYECTBOTO HAa MHUKOTOKCHMHM. Hamanenuero ¢ n3noissane Ha rwiasma ¢ MomHocT ot 100 W e vax 40% u 50% ot
IbpBOHAYAJHATA KOHIICHTPAIWs CHOTBETHO HA NUTPUHHUH M OXpaToKCHH A. CTemneHTa Ha pa3pylIaBaHe Ha Pa3IMIHUTE
MHUKOTOKCHHHU BapHpa B 3aBUCHMOCT OT TsXHara cTpykrypa. I[loka3zaHo e, ue B NPHCHCTBHE Ha KOMOHWHAIMS OT
MHUKOTOKCHHHU DPa3pyllaBaHETO UM OT IUIa3MaTa € MOo-Majko e(eKTHBHO. B HAcTOSIOTO H3cieABaHE UUTPUHHMH U
OXPAaTOKCHH A ca yCIICIIHO [ETOKCHKHpPAHH BbB BCHUKK 00pasuu. B mombnnenne, CAPP MeToAbT HsIMa OHOJIOTHYHU
epekTH M ce OTpa3sBa MHHMMAJIHO HAa XPAaHUTEJIHUTE INPOAYKTH B CpPaBHEHHE C KOHBEHIHOHAJIHUTE METOJM Ha
ne3uH(EKIns Ha XPaHUTEIHA POTYKTH.
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Blackberries are fruits abundant in bioactive compounds which may be extracted from the matrix by several
strategies. Different physical or (bio)chemical pre-treatment of samples might favour the extraction of specific
compounds. Little is known about the magnetic field influence on anthocyanins and phenolics extraction, which
determined the purpose of this work. Fresh wild and cultivated blackberries were exposed to homogenous 50 Hz
frequency magnetic field of 3 mT for up to 12 h. The results showed a significant increase of total anthocyanins and
antioxidant activity of all samples exposed up to six hours, compared to control sample. Longer exposure time to
magnetic field determined a decrease of total anthocyanins content of wild blackberries. The recovery of high amounts
of valuable bioactive compounds using the investigated non-thermal strategy renders the technique useful for

applications in food, pharmaceutical or cosmetic industry.

Keywords: Blackberry, Low-frequency magnetic field, Anthocyanins, Phenolics

INTRODUCTION

Apart from their nutritional profile, berry fruits
— in particular from Rubus species, are abundant in
valuable chemical compounds, mainly of
polyphenolic structure, such as flavonoids /
anthocyanins [1,2]. These compounds are powerful
antioxidant biomolecules known for their human
health benefits [3].

Considering the bioactive compounds and the
health promoting properties of blackberries [4], a
lot of research has been conducted toward their
valorisation in innovative and value-added products
for food or pharmaceutical industry. The main
focus for such applications is the recovery of high
amounts of biologically active compounds
extracted by different, conventional or non-
conventional extraction techniques. At the same
time, it is known that fresh berries are susceptible
to microbial contamination. Several techniques
have been proposed for their preservation [5]: (i)
chemical (chlorine-based surface disinfectants,
ozone, edible coatings); (ii) physical (temperature,
ionizing radiation, UV), or (iii) biological (non-
pathogenic microorganisms, essential oils, plant
extracts). Thermal treatments (heat) are very
popular for food preservation, but may lead to
degradation of various thermolabile compounds, in
particular anthocyanins. Based on the great demand
for healthy foods with required quality
characteristics, new mild preservation techniques
have emerged as useful tools for enzyme and

* To whom all correspondence should be sent:
E-mail: simona.oancea@ulbsibiu.ro

microbial inactivation, such as pulse electric field,
high pressure, microwave, ultrasound, X-ray, or
magnetic field [6].

Application of magnetic field (static or
oscillating) has been taken into consideration as
non-thermal new technology of foods preservation,
showing the advantage of maintaining the sensory
and nutritional quality of the product, because of
the small temperature increase (below 5°C), and of
no adverse effects compared to other types of
irradiation. Both inhibitory and stimulatory effects
were observed on microorganisms exposed to
magnetic field [7]. The effect depends on the
magnetic field strength and frequency, or time of
pulse duration. Low-frequency oscillation magnetic
field (10 mT) was successfully applied for
inactivation of Escherichia coli [8], while low-
frequency static magnetic field (40 mT) was found
useful to inhibit wine yeast [9]. The mechanism of
microbial inactivation by exposure to magnetic
fields has not been completely elucidated, but it is
considered that membrane integrity and DNA is
affected [6]. Little is known about the impact of
magnetic field on the extraction and recovery of
bioactive compounds from plant foods. It is known
that physical processes such as ultrasound or high-
voltage pulsed electric fields may significantly
increase the extraction of phenolics and
anthocyanins [10,11]. The literature is scarce in
studies regarding the evaluation of the nutritional
composition and/or content of phytochemicals in
plant foods which have been exposed to magnetic
field. Several studies reported higher enzymatic
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Fig. 1. Magnetic field exposure design setup used for blackberry samples irradiation.

activity in seedlings originating from wheat seeds
exposed to low- frequency alternating magnetic
field [12] or improved respiration in sugar beet
seeds treated with magnetic field [13].

The aim of the present paper was to investigate
the changes induced in total anthocyanins content
and total antioxidant activity in blackberry fruits
(wild and cultivated) exposed to low-frequency
magnetic field (50 Hz sinusoidal magnetic field, 3
mT).

EXPERIMENTAL
Plant material and reagents

The experimental study was carried out using
two types of blackberry samples grown in
Romania: Rubus sulcatus Vest, harvested from
spontaneous flora of Santa area, Saliste (Sibiu
County) and Rubus fruticosus L., Thornfree variety
harvested from Targoviste (Dambovita County)
cultivated area. The moisture content of the
samples was determined at 105°C using the
moisture analyser (MAC 210 - RADWAG,
Poland). Chemical reagents of analytical grade
without further purification were used.

Magnetic field treatment

Samples were exposed to magnetic field using a
laboratory Helmholtz coil system formed of two
coils (each 1000 turns of 1 mm copper wire) with
260 mm diameter each, mounted coaxially and
placed at a mean distance of 130 mm from each
other (Fig. 1). The coil system was powered
through a power terminal of 50 Hz sinusoidal
voltage (220V) equipped with variable transformer,
for generation of a vertical homogenous magnetic
field with 3mT of magnetic flux density in the
centre of the coil system. A low-frequency field
analyser (NARDA EFA-300) was used as no
significant variations of the magnetic field value
were detected within the central zone (10 cm
diameter) of the Helmholtz coil system. During the
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exposure, no temperature variation was registered.
The wvertical magnetic field background was
measured (0.13£0.01pT) using the C.A.40
Gaussmeter. The magnetic field treatment of
samples was performed by placing a 9 cm diameter
Petri dish containing the same number of fruit
samples of similar weight in the centre of the
Helmholtz coil system. Blackberry samples were
exposed to a homogenous 50 Hz magnetic field
with 3 mT magnetic flux density, at room
temperature (22.0 + 0.5°C) at different exposure
times (between 1 and 12 h).

The magnetic field dose was expressed using the
following formula:

2
p-B" ¢ 1)
2up
where B[T] is the magnetic flux density, t[s] is
the exposure time under magnetic field and po is the
magnetic permeability of free space

(4n-107"H/m).
The applied magnetic doses ranged between
12.89 kJ's/m® and 154.69 kJ-s/m®.

Extraction and assay of total anthocyanins

Extraction of anthocyanins was performed
immediately after the magnetic treatment, in 70 %
(VIV) ethanol solution. Untreated samples were
used for comparison studies. The total anthocyanins
content in the extracts was determined
spectrophotometrically by the pH differential
method [14]. The Specord 200Plus UV-Vis
spectrophotometer (Analytik Jena, Germany) was
used. The results were expressed as mg Cyn—-3-O-
G equivalents 100 gt DM.

Total antioxidant activity

The total antioxidant activity in the blackberry
extracts was measured by determination of total
phenolics according to the Folin-Ciocélteu method
[15] and was expressed as mg gallic acid
equivalents GAE 100 g DM.
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Statistical analysis

All experiments were done in duplicate. The
results were presented as mean values + standard
error. The statistical analysis of the experimental
data was carried out using the Systat v.10 software.
The statistical model for several regression curves
was done using the Statistics v.7.0 software.

RESULTS AND DISCUSSION

By exposure of fresh wild and cultivated
blackberries to 50 Hz magnetic field (MF) at 3 mT
of magnetic flux density for relatively short periods
— 1, 2,4 and 6 h — there was an increase of total
anthocyanins content (TAC) compared to control
(untreated sample), as shown in Fig. 2.
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Fig. 2. Comparative total anthocyanins content
(TAC) (mg 100 g'DM) changes in wild blackberries
Rubus sulcatus Vest (RSV) and cultivated blackberries
Rubus fruticosus Thornfree variety (RFT), exposed to
magnetic field of 3 mT. Values are expressed on dry
mass (DM) basis, as mean =+ standard error of two
replicates.

The MF pre-treatment caused an increase in the
level of anthocyanins by 9 — 33% in wild
blackberries (Rubus sulcatus Vest) and by 30 —
129% in cultivated ones (Rubus fruticosus
Thornfree variety) depending of irradiation time.
The highest level was recorded at 1 h, both in wild
and cultivated blackberries. Long MF exposure (12
h) caused a decrease of TAC in wild blackberries
by 20% compared to control.

As previously reported [16], wild berries contain
much higher amounts of anthocyanins compared to
cultivated ones. The present investigation showed
that wild blackberries (Rubus sulcatus Vest)
contained a 4.5 times higher concentration of
anthocyanins (2085.64 mg 100 g' DM) than
cultivated ones (Rubus fruticosus Thornfree
variety) (454.96 mg 100 g! DM). TAC was
expressed on dry mass basis, in order to have
homogenous results to be compared. These values
are within the range of TAC of blackberries

measured with the same method reported by other
authors [17].

The regression analysis revealed a third order
polynomial dependence between the TAC and the
MF energy dose (D). The regression model (R*=
0.93) for wild blackberry is presented in Fig. 3. The
total antioxidant activity as measured by total
phenolics content (TPC) of fresh wild and
cultivated blackberries exposed to 50 Hz MF of 3
mT of magnetic flux density, increased up to 63%
compared to control.

The TPC changes with exposure time (1 - 12 h)
are comparatively presented in Fig. 4. The MF pre-
treatment generated an increase in the level of TPC
of wild blackberries by 5 - 27% and of cultivated
blackberries by 6.5 - 63% in relation to the
exposure time. The highest TPC of both wild and
cultivated blackberry samples was recorded after 1
h.

TAC=(2192363H31 A813)*D+- 56886)*D" 2+ D02217)*D"3, R'=093
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Fig. 3. Dependence between the total anthocyanins
content (TAC) (mg 100 g'DM) of wild blackberries
Rubus sulcatus Vest (RSV) and the magnetic field
energy dose (D) (kJ s/m®). Values are expressed on dry
mass (DM) basis, as mean of two replicates.
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Fig. 4. Comparative total phenolics content (TPC)
(mg GAE 100 g DM) changes in wild blackberries
Rubus sulcatus Vest (RSV) and cultivated blackberries
Rubus fruticosus Thornfree variety (RFT), exposed to
magnetic field of 3 mT. Values are expressed on dry
mass (DM) basis, as mean * standard error of two
replicates.
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The TPC of wild blackberries (Rubus sulcatus
Vest) was 2 times higher than that of cultivated
ones (Rubus fruticosus Thornfree variety), which
indicates the higher total antioxidant activity of
wild blackberries. TPC was expressed on dry mass
basis, in order to have homogenous results to be
compared. TPC of blackberries was reported to
vary from 114 to 1056 mg 100 g! FW [4]
depending on variety, environmental factors and
methods of analysis.

Fig. 5 indicates the polynomial dependence
between the TPC of the wild blackberries and the
MF energy dose (D), resulted from the regression
analysis (the coefficient of determination R?= 0.93).
By calculation of the correlation coefficients, a
positive linear correlation between TPC and TAC
levels was found for cultivated blackberries (R=
0.9572; p=0.002) (Fig. 6).

Enhanced levels of TAC and TPC of
blackberries were obtained for samples exposed to
homogeneous magnetic field (50 Hz, 3 mT) for
relatively short times (1-6 h) compared to control.
A tendency of TAC decrease was registered in
samples exposed to magnetic field for longer
periods (12 h).

To our knowledge, there is a scarcity of such
studies regarding the influence of magnetic fields
on total phenolics and anthocyanins level in fruits.
Lipiec et al. [18] reported a 1.5-fold increase of
TPC in sprouts of naked oat (cv. Akt) under the
treatment with oscillating magnetic field pulses of
10 x 3 T. Most of the previous studies reported the
effects of magnetic field on the growth of various
plants. Esitken [19] studied the influence of 50 Hz
magnetic field with magnetic induction of 96, 192
and 384 mT, respectively, on raspberry (Camarosa
variety) during its growth in a greenhouse. Their
results showed a positive influence on plant growth
and fruit production. In another study, the pre-
treatment of seeds of Artemisia sieberi with MF of
200 mT for 20 min before germination, led to a
considerable increase in the concentration of
polyphenols and antioxidant activity of plant
shoots, compared to control [20].

The mechanism by which magnetic fields
impact living cells is still unclear, but most
hypotheses refer to the change in the Ca?* balance,
antioxidant enzymes and different metabolic
processes [21,22].

Another hypothesis regarding the mechanism of
interaction of low-frequency magnetic fields with
the absorbing material is based on the induction of
electric fields, their distribution being related to the
electrical conductivity of tissues [23].
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content (TPC) (mg GAE 100 g! DM) of wild
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magnetic field energy dose (D) (kJ s/m3). Values are
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Fig. 6. Linear correlation between TPC (mg GAE
100 g* DM) and TAC (mg 100 g* DM) of cultivated
blackberries Rubus fruticosus Thornfree variety (RFT).

As water is dominant in all living cells, unusual
impact of the magnetic field on the water could
explain some of the reported effects since the
energy of the extremely low MF (50 Hz) is much
lower than the energy required for breaking the
bonds of water molecules. Nevertheless, at present,
there is no clear mechanism of influence of low MF
on water. Some researchers have noticed changes in
the electrical conductivity of water due to the action
of 50 Hz MF [24]. An increase of water
evaporation due to exposure to weak static MF (15
mT) was also reported [25]. However, there are
quite a lot of controversial results in the literature
on this subject.

Regarding the possible mechanism by which the
MF increased the levels of anthocyanins and the
antioxidant activity in the hereby investigated fresh
blackberries, probably membrane permeability
processes are involved favouring the release of
intracellular  biologically active  compounds
(enhancement of extraction).

CONCLUSIONS

The results of our study showed that magnetic
field exposure produced changes in the content of
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main antioxidant compounds of polyphenolic
structure in fresh blackberries, either wild or
cultivated. The treatment of blackberry fruits with
low magnetic field (50 Hz, 3 mT) for up to six
hours resulted in the increase of total anthocyanins
and phenolics content, which was more pronounced
in cultivated species. Long exposure time (12 h)
determined a decrease of total anthocyanins content
of wild blackberries. In all experiments, wild
blackberries showed higher concentrations of the
investigated phytochemical compounds compared
to cultivated ones, for both MF irradiated and non-
irradiated samples.

Our findings may be used for the improvement
of extraction of polyphenolic compounds from
berry fruits using pre-treatment with MF.
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BJIMAHUE HA 50 Hz MAT'HUTHO I1OJIE BbPXY CBABP)KAHUETO HA ITOJIM®EHOJIHN
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[Mocrermna Ha 24 despyapu, 2018 r.; mpuera Ha 24 anpui, 2018 r.
(Pesrome)

Kbenuaute ca miuomoBe, 6orath Ha OWMOAKTHBHU BEIIECTBAa, KOWTO MOTraT Ja C€ eKCTpaxwpaT OT MaTpuiara o
paznuaHu MeTonau. Pasmuunara ¢usmyHa wim (6wo)xuMudHa o0paboTka Ha TPOOUTE MOXKe JjJa OJarompusiTCTBa
EKCTPaKIUATa HAa CICHU(UYHN BEHICCTBA. BIHMSIHUETO Ha MArHUTHO TIOJIE BBPXY CKCTPAKIUATa HA aHTOLUHMAHWHU U
(eHONMM € MaJKO U3BECTHO, KOSTO OMpEACIH IeNiTa Ha HacTosmara padorta. [IpecHH TWBU M KyJITUBUPAHU KBITUHH Ca
U3JI0KECHA Ha XOMOTEHHO MarHuTHO mojie oT 3 MT u dyecrora 50 Hz 3a cpok mo 12 yaca. YcTaHOBEHO € 3HAYUTEITHO
HapacTBaHE HA OOIINTE aHTOIIMAHWHH M HA aHTHOKCUIAHTHATA aKTUBHOCT Ha BCHYKH IPOOU, H3II0KEHH 32 CPOK JIO 6 U
B CpaBHCHHE C KOHTpoiHara mpoda. [lo-gpiara exkcrno3wmus HAa MArHUTHO MOJE BOIU JO MOHM)KaBaHE HAa OOIIOTO
ChIbpPXKAHUC HA AHTOI[MAHWHU B TUBUTE KbIMHU. JJOOMBAHETO HA TOJIEMHU KOJIMYECTBA [[CHHA OMOAKTUBHU BEILECTBA C
M30JI3BaHE Ha M3CIICABAHUSA HETEPMHUYCH IIOAXO] TPaBU Ta3M TEXHWKA MOAXOISMIA 3a MpWIaraHe B XpaHUTEIHATA,
(apMareBTHIHATa ¥ KO3METHYHATA HHIYCTPUSI.
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The interaction between ceftriaxone and phenylalanine (PA) was investigated by cyclic voltammetry and quantum
chemical study using DFT (density functional theory) method. The study was carried out in phosphate buffer solution
(PBS) at pH 7.0 (which was also used as the supporting electrolyte) by directly dissolving it in twice distilled water.
The voltammetric study of ceftriaxone showed well expressed redox peaks at 0.090 V on a GCE in phosphate buffer of
pH 7.0 at 50 mVs™. The cathodic peak currents were linear with different scan rates from 25 to 275 mVs™* and the
correlation coefficient was found to be 0.971 9 and 0.9592 for ceftriaxone and ceftriaxone-PA systems, respectively in
the potential range of 0.8-(-0.2) V. The electron transfer rate constant (ks) was calculated for the reduction of
ceftriaxone and ceftriaxone-PA interactions as 2.031 and 4.831 s, respectively. After the addition of PA to the
ceftriaxone solution, the redox binding constant was obtained as K = 1.32x10® M for ceftriaxone-PA interaction, and
quantum chemical calculations were performed for ceftriaxone and ceftriaxone-PA complex by the B3LYP method.
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INTRODUCTION

The bactericidal activity of ceftriaxone antibiotic
belonging to the third generation of cephalosporin
is due to its inhibition of the synthesis of the
bacterial cell wall [1]. Ceftriaxone shows a broad
spectrum of activity against Gram-negative and
Gram-positive pathogens; it is effective against a
wide range of infections such as skin and skin
structure infections, pelvic inflammatory disease,

meningitis, uncomplicated gonorrhea, intra-
abdominal infections [2].
Reynold suggested that ceftriaxone, when

dissolved in balanced salt solutions, enters normal
rat brain with a PS product similar to that of
mannitol and that the penetration of "C-labeled
ceftriaxone from the perfusate into the substance of
the brain can be inhibited by the weak acid
transport-system blocker probe [3].

Abu Teir et al. [4] studied the interaction
between human serum albumin and ceftriaxone
under physiological conditions by UV absorption
and fluorescence spectroscopy and reported that
ceftriaxone showed a strong ability to quench the
intrinsic fluorescence of human serum albumin and
estimated the binding constant (k) as K=1.02x 10°
M at 298 K.

Song et al. [5] performed electrochemical
synthesis of gold nanoparticles on the surface of
glassy carbon electrode and prepared GNPs in

* To whom all correspondence should be sent:
E-mail: temelkan@kastamonu.edu.tr
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aqueous solution with ceftriaxone as an innocuous
stabilizing agent and reported that the modified
electrode has excellent repeatability. Sayiner et al.
[6] studied the concerted and stepwise mechanisms
for the peptide bond formation of the carboxyl
group of ceftriaxone with the amino group of
phenylalanine and the carboxyl group of
phenylalanine with the amino group of ceftriaxone
with the semi-empirical PM6 method. Jabbar et al.
[7] studied the interaction of riboflavin with
cadmium (Cd) in aqueous media by cyclic
voltammetry, differential pulse anodic stripping
voltammetry and chronocoulometry.

Due to their high sensitivity and selectivity,
voltammetric methods have been successfully used
to investigation of the redox behavior of various
biological compounds. Electrochemical techniques
are excellent diagnostic techniques that have been
used for the determination of biological properties
of electroactive species and organic molecules,
including amino acids. Amino acids and proteins
are important electroactive species in all basic
biological processes in the cell [8].

Phenylalanine (2-amino-3-phenylpropanoic
acid), a component of many central nervous system
neuropeptides, is an essential amino acid for
humans. It is widely used as a food or feed additive
in infusion fluids or for chemical synthesis of
pharmaceutically active compounds [9].

The binding ability of drug with protein is an
important subject in life process that helps us to
understand the absorption, transport, metabolism
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and the target molecules of the drugs at the cellular
level. Therefore, this interaction will significantly
affect the apparent distribution volume of the drugs
and also affect the elimination rate of drugs in most
cases. On the other hand, clarification of the nature
of the interaction between the drug molecule and
the target protein is a key process in the
development of new drugs, which can contribute to
the elucidation of the interaction of drug with
biomolecules [10-11].

There are a variety of techniques currently
available for the measurement of binding constants
for redox active species. Compared with these
methods, cyclic voltammetry which is a frequently
used electrochemical assay, is simple, low-cost,
easily implemented, and has fast response [12-16].

To our knowledge, there is no scientific report
on the study of ceftriaxone interaction with
phenylalanine, the electrochemical behavior, or
their quantum chemical study. In this paper,
quantum chemical studies were performed for the
cationic form of ceftriaxone, the protonated form of
ceftriaxone, the complex form of ceftriaxone with
phenylalanine using the density functional theory
(DFT), within a standard Gaussian 09 (Revision
B.05) [17]. The lowest unoccupied molecular
orbital energy (Eiumo), the highest occupied
molecular orbital energy (Exomo), the energy gap
between the energy of HOMO and LUMO,
hardness, softness, polarizabilities and hyper
polarizabilities were calculated.

EXPERIMENTAL
Reagents and apparatus

All chemical substances of analytical reagent
grade were supplied by E. Merck AG (Darmstadt,
Germany) and accepted for use without further
purification. Stock solutions were prepared by
dissolving the appropriate amount of ceftriaxone in
200 mM phosphate buffer solution (PBS) at pH 7.0
(which was also wused as the supporting
electrolyte) by directly dissolving it in twice
distilled water. The working solutions of
phenylalanine and ceftriaxone were obtained by
diluting their stock solutions with PBS. All reagents
used freshly prepared. The pH measurements were
made using a Metrohm 632 Digital pH-meter
(Metrohm AG, CH-9100 Herisau, Switzerland)
with a combined glass electrode. Electrochemical
measurements were carried out with PC-controlled
BASi potentiostat C3 stand connected with a N gas
cylinder, produced by Bioanalytical System Inc.,
(BASI) USA. The working electrode was a glassy
carbon electrode (GCE) (2 mm diameter). Before
use the working electrode was sequentially polished
with graded 10 uM alumina powder, and rinsed

with doubly distilled water. A saturated Ag/AgCl
and a platinum wire were used as the reference and
the auxiliary electrode, respectively. This three-
electrode micro-cell was completely shielded from
any perturbing noises by a Faraday Cage. A
continuous flow of nitrogen was ensured before
start of any electrochemical experiment. All
solutions were purged with pure nitrogen for 10
min before the voltammetric runs. Cyclic
voltammetry (CV) measurements were made at a
50 mV s scan rate.

Calculation methods

All calculations were performed with complete
geometry optimization by using the standard
Gaussian 09 software package with DFT and
B3LYP hybrid method with 6-311G(d) basis sets
[17]. Fukui function indicating the change in
electron density of a molecule at a given position,
when the number of electrons has changed, were
calculated by using AOMix program from
singlepoint calculations with B3LYP/6-311G(d,p)
[18-19].

RESULTS AND DISCUSSION
Influence of scan rate

Cyclic voltammetry (CV) of ceftriaxone and
ceftriaxone  phenylalanine (PA) systems were
carried out separately. We examined the influence
of the scan rate on the electrochemical behavior of
ceftriaxone, to understand the nature of the
electrode process. For this, we recorded the cyclic
voltammogram of the 5x10* M ceftriaxone on
GCE in 0.2 M phosphate buffer solution at pH 7.0.
The cathodic peak currents increased linearly when
the scan rate varied from 25 to 275 mVs* and the
correlation coefficient was found to be 0.9719 and
0.9592 for ceftriaxone and ceftriaxone-PA systems,
respectively, in the potential range of 0.8-(-0.2) V.
The reduction peak current of ceftriaxone was
noted to increase with increasing scan rate.

On addition of PA, a decrease in the cathodic
peak current was observed. The competitive
adsorption between ceftriaxone and PA on the GCE
for the formation of electroinactive complex
without the changes of electrochemical parameters
may be effective for decreasing of the reductive
peak current. The peak current of ceftriaxone did
not disappear completely with the increase in the
concentration of PA, which was not typical for
competitive adsorption. The competitive adsorption
factor can be excluded by recording a cyclic
voltammogram of ceftriaxone in the excess of PA.

Consequently, the decrease in the peak current
without any changes in electrochemical parameters
is an evidence of [ceftriaxone-PA] electroinactive
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complex formation, which results in the decrease of
equilibrium  concentration of ceftriaxone in
solution.

The effect of scan rate on peak current showed
that the plot of current vs. v is linear for a limited
scan rate, indicating that the electrochemical
process is virtually an adsorption-controlled
process. However, the process is also diffusion-
controlled, as shown by the | peak versus »1/2 plot
in Fig. 1. It can be concluded that the
electrochemical process of the ceftriaxone-PA
system actually includes both diffusion and
adsorption-controlled processes, depending on the
scan rate.

Voltammetric study of ceftriaxone, ceftriaxone
and phenylalanine systems

The probable interaction of ceftriaxone and
phenylalanine was studied by comparing the
voltammetric data  between  ceftriaxoneand,
ceftriaxone — phenylalanine systems in agueous
PBS solution.

The voltammetric behavior of 510 M ceftriaxone
in the absence and presence of PA at bare GCE is
shown in Figs. 2 and 3, respectively. The

voltammogram without PA featured a cathodic
peak in the potential range of (-0.2) - 0.8 V. As it is
shown, by increasing the scan rate, the peak
potential is shifted to lower positive potentials.

140 - B Ceftriaxone
R? =0.9719

ceft™

12019 @ ceftriaxone + Phenylalanine

R? =0.9592

ceft+ PA—

100 +

80

I (nA)

60 +

40 -

20 4

V2 (mVis™)

Figure 1. Plot of I peak vs. v for 5x10* M ceftriaxone
in absence and presence of PA (5x10™ M) at various
scan rates: 25,50,75,100125,150,175,200,225,250 and
275 mV st
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Figure 2. Cyclic voltammograms of 0.5 mM ceftriaxone at various scan rates. Inset left: linear plot of Ep vs. v
(y=—0.1494x+0.0948, R?=0.948). Inset right: linear plot of Ep vs. In (v/V s7%) (y=—0.0153x+0.0409, R?=0.943). pH 7.0
PBF solution at glassy carbon electrode. Scan rates: 25,75,100,125,150,175,200,225 and 250 mV s ™%,

The electron transfer rate constant (ks) and oan were calculated using Laviron’s equations for the

irreversible surface electrode process of the

reduction of ceftriaxone [20-21]:
— EO 4+ (BT [RTks| _ [RT

E=E"+ (aF) ln[ aF ] [aF] ln[U] (1)

where R is the universal gas constant R = 8.314
Jmol K™, T is Kelvin temperature T = 298 K, F is
the Faraday constant F = 96487 C mol? ,a is the
electron transfer coefficient, ks is the standard rate
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constant of the surface reaction. The results are
shown in Table 1. v is the scan rate (Vs?) and E” is
the formal potential. If the E” is known, ks and a
values can be calculated according to the linear plot
of E versus In v .(insets right, (Figs. 2 and 3)). The
E” value can be obtained from the intercept of E vs.
v plot .(insets left, (Figs. 2 and 3)).
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Figure 3. Cyclic voltammograms of 0.5 mM ceftriaxone +
0.5 mM PA at various scan rates. Inset left: linear plot of
Ep vs. v (y=—0.0581x+0.0256, R?=0.971). Inset right: linear
plot of Ep vs. In (v/V s71) (y=—0.0062x+0.0039, R?=0.883).
pH 7.0 PBF solution at glassy carbon electrode. Scan rates:
25,75,100,125,150,175,200,225,250 and 275 mV s !

Figure 4. Cyclic voltograms of 0.5 mM ceftriaxone in
0.2 M phosphate buffer of pH 7.0 without PA and in the
presence of Cpa=0.1,0.5,2.5,12.5,62.5 mM PA at 50
mV s, Inset left: plot of 12vs. (Io?- 12)/[PA] used to
calculate the binding constant

Table 1. E° ks and o values of ceftriaxone in the
absence and presence of PA.

Ceftriaxone Ceftriaxone + PA
E% (V) 0.094 0.026
a 1.678 4,142
ks (s1) 2.031 4.831

Cyclic voltammetric measurements of PA with
ceftriaxone were carried out to determine the
binding constant using the following equation:

1
P=s -1+ -[PA] (@)

where 1o and | are the peak currents of
[ceftriaxone] in the absence and presence of PA,
respectively [22]. A plot of 12 vs. (I¢> — I12)/[PA]
was described with a straight line to give a binding
constant of K=1.32 x 103M (Fig. 4).

Theoretical aspects

The reaction between ceftriaxone and phenyl
alanine was thought as two forms. One of the
reactions was performed between the carboxyl
group of ceftriaxone and the amino group of
phenylalanine (compund A) the other one was
considered between the carboxyl group of
phenylalanine and the amino group of ceftriaxone
(compound B).

Optimized form, the highest occupied molecular
orbital - HOMO, and the lowest molecular orbital —
LUMO, and electron density of ceftriaone,
molecule A, molecule B, calculated with B3LYP/

6-311++g(2d,2p) are given in Fig. 5. There are
three rings in ceftriaxone. These are triazine (ring
1), azobicyclo (ring 2) and thiazole (ring 3). The
calculation of ceftriaxone molecule was performed
in cationic form. HOMO of the cationic form of
ceftriaone mainly consists of ring 1, ring 3,
carbonyl and amino groups. LUMO of the cationic
form of ceftriaone mainly consists of ring 1, ring 2,
and ring 3. HOMO of the complex A is mainly
concentrated on ring 3 and the imino group
attached to ring 3. LUMO of the complex A mainly
consists of ring 3. HOMO of the complex B is
mainly concentrated on ring 1 and LUMO of the
complex A mainly consists of ring 3. The common
descriptors of site reactivity are related wirh Fukui
functions which can be enunciative in a finite-

difference approximation by the following
equations:

fi’ :pk(N +l)_pk(N) @)

f =pk(N)_pk(N _1) 4

The first equation (3) expresses a condensed
Fukui function for a nucleophilic attack; the second
equation (4) means a condensed Fukui function for
an electrophilic attack. Table 2 shows the
compositions of the HOMO and the LUMO of the
molecule calculated at B3LYP/6-311G(d,p) level.
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Figure 5. Optimized form, HOMO, LUMO, and electron density of ceftriaxone, molecule A, molecule B

Table 2. Compositions of the HOMO and the LUMO of the caftriaxone, A and B molecule at the B3LYP/6-311G(d,p)
level

Ceftriaxone A B

Atom HOMO LUMO | Atom HOMO | LUMO Atom HOMO | LUMO
No No No
C2 9.89 C10 2.55 S16 3.86
03 5.33 N25 3.62 N18 12.29
C10 29.61 C26 11.36 020 7.66
Ci11 17.27 027 8.67 022 12.95
C12 8.66 028 21.29 N23 20.97
013 2.64 C29 4.89 26.69 N24 25.08
014 6.82 030 3.05 3.54 N26 4.30
C15 3.07 C32 13.61 2.15 C27 11.76
S16 5.97 C33 9.00 028 7.76
N30 7.76 N34 7.32 29C 20.05
031 4,97 C35 11.87 2.83 N30 27.33
C33 14.76 S36 24.66 7.59 310 3.96
N34 5.66 C37 23.24 33C 2.62
C35 9.28 S36 4.74
S36 11.43 C37 11.35
Cc37 25.27 N53 4.32
38N 17.76
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Figure 6. Enomo, ELumo, and the energy of 5 molecular orbitals close to these orbitals ceftriaxone, A and B
molecules
The HOMO composition represents the For complex A the compositions belong to S35,

condensed Fukui function for an electrophilic
attack. For the HOMO, the contributions of the
C33, N34, C35, S36, C37 for thiazole group of
ceftriaxone are 14.76 %, 5.66 %, 9.28 %. 11.43 %,
25.27 %, respectively. For the HOMO, the
contributions of C33, C34, C35, S36, C37
belonging to the thiazole group of complex A are
13.61 %, 9.00 %, 7.32 %, 11.87 %. 24.66 %, 23.24
%, respectively. The contributions of N18, 022,
N23, N24 of the triazine group of complex B are
12.29 %, 12.95 %, 20.97 %, 25.08 %, respectively.

The LUMO composition represents the
condensed Fukui function for a nucleophilic attack.
The LUMO contributions mainly belong to
azobicyclo group and thiazole group of ceftriaxone.

CONCLUSION

The electrochemical investigation of the redox
behavior of ceftriaxone and the interaction of
ceftriaxone with phenyl alanine was performed.
From our findings we conclude that ceftriaxone
reacts wih phenylalanine following an irreversible
charge transfer reaction at a glassy carbon
electrode. Cathodic currents of ceftriaxone-phenyl
alanine were reduced. This is the evidence of
[ceftriaxone-PA] electroinactive complex
formation. According to the theoretical calculation
form A is preferred to form B.
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BOJITAMIIEPOMETPUYHO U TEOPETUYHO U3CJIEJIBAHE HA B3AUMOJIEUICTBUETO
MEXIOY HE®TPUAKCOH 1 ®EHUNJIAJIAHVH

X. C. Caitnep?, T. Bakup?, ®. Kangemupnn®

! Unpexyuosnu 6onecmu, Meouyuncku denapmamenm, Aousmancku ynusepcumem, Aouaman, Typyus
2Xumuuecku danapmamenm, @axyimem no HayKd, usKycmeo u apxumexmypa, Ynusepcumem na Kacmamony,
Kacmamony, Typyus
8 llenapmamenm no 6uomeduyuncko unxicenepcmeo, Daxyimem Ho UHICEHEPCHBO U APXUMEKNypa, Ynusepcumem Ha
Kacmamony, Kacmamony, Typyus

[Toctrenuna Ha 13 aBryct, 2017 r. ;mpuera Ha 13 anpwr, 2018 1.
(Pesrome)

BsaumogeiictereTo Mexy tedTprakcon u dpennnananus (PA) e U3ciaeaBaHo Ype3 UKIMIHA BOITAMIICPOMETPHS U
KBaHTOBO-XMMHYHU U34KCIICHUs ¢ momoinra Ha DFT meron. M3cneaBanero e nposeaeHo BB docharen Oydep ¢ pH 7
(M3M0/13BaH  CHIO KATO MMOJIBPIKAIL EIEKTPOJIUT 4Ype3 MUPEKTHO pas3TBapsHE B [BOWHO [IECTHIMPAHA BOJA).
BontamnepomerpuyHoTO HM3cienBaHe Ha ledTpuakcoH mokasza aobpe m3pazeHu penokc nukose npu 0.090 V Bvpxy
eJIeKTPOJL OT CTHKIOBBITIEPO BB (octaren 6ydep ¢ pH 7 npu 50 mVs™?. Katoguute nukoBH TOKOBE ca JUHEHHHU OpU
CKOpOCT Ha ckaHupaHe oT 25 mo 275 mVs?' u xopenauuonHusr koedunuent e chorsetHo 0.9719 u 0.9592 3a
nedrpuakcon u nedrpuakcon-PA cucremurte B unTepBaia ot norennuanu 0.8-(-0.2) V. CkopocTHaTa KOHCTaHTA Ha
enektpoHeH npeHoc (Ks) e u34mcieHa 3a peayKuuaTa Ha HU(TPUAKCOH U B3aUMOJCHCTBUETO MEeX Iy LehTprakcoH-PA,
crotBeTHO 2.031 11 4.831 5°. Ciier mo6arstHe Ha PA xbM pa3TBOpa Ha e TPUAKCOH € MOJTydeHa KOHCTAHTAaTa Ha PEIOKC
cebp3Bane K = 1.32x10° M 3a B3aumopeiictBuero wuedTpuakcoH-PA. KBaHTOBO-XUMMYHM H3YMCIEHHS 32
nepTpUAKCOH U e TpuakcoH-PA KoMIUTEKe ca mpoBeaeHu ¢ momoinra Ha B3LYP meron.
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The undisputable benefits of pellets, associated with improved bioavailability, make them ideal for presenting in
extended-release formulations. Unfortunately, despite the many advantages of wet extrusion and spheronization,
extended release is difficult to be achieved, even with commonly used release modifying agents like cellulose derivates,
polyethylene oxides, sodium alginate, etc. In order to sort out this problem, we included ethanol in the kneading liquid
and investigated its influence on the properties of ethylcellulose (EC) pellets and the release behaviour of montelukast
sodium. Differential scanning calorimetry of EC showed increase in heat capacity, associated with increased amount of
ethanol, which proved that ethanol changes the thermo-mechanical properties of EC. Moreover, evaporation of ethanol
during spheronization caused partial melting and dissolution of EC provoking agglomeration, rounding and smoothing,
which reflected in the formation of a hydrophobic film around the particle. As a result, the increase in ethanol
concentration in the kneading liquid led to obtaining pellets with narrower particle size distribution, higher dimensions,
improved sphericity, flatter surface, longer mean dissolution time (MDT) and slower release of montelukast sodium.
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INTRODUCTION

Utilization of pellet systems is gaining much
attention due to their potential advantages:
increased bioavailability; reduced local stomach
irritation; no risk of dose dumping; flexibility to
mix pellets with different compositions or release
patterns in order to achieve desired release rate, etc.
Several technologies for preparation of pellets are
available (spray-drying, extrusion/spheronization,
solution/suspension layering, etc.), but wet
extrusion/spheronization  technique has the
advantages of obtaining high-density matrix pellets
with high drug loading capacity [1]. The desirable
properties of the pellets include uniform spherical
shape and size, good flow properties, high
mechanical strength, low friability, low dust and
smooth surface. Most workers usually report the
size and size distributions produced as an indication
of the quality of the product, because they have
significant influence on the release kinetics, as well
as for reproducible packing in hard gelatine
capsules or sachets [1]. The shape is critical for a
number of processing properties of beads, such as
flowability, uniformity of coating, etc., and uniform
regular spherical shape is highly desirable [2].

Microcrystalline cellulose (MCC) is the golden
standard as a diluent for wet extrusion. However,
sometimes it is not the first choice due to the lack
of disintegration and the inability to extend the

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

release [3]. Although a number of polymers such as
hydroxypropylmethyl cellulose, polyethylene oxide
(PEO), sodium alginate, and even ethylcellulose
(EC) are successfully used to produce extended-
release matrix tablets, their inclusion in matrix
pellet ~ formulations  (prepared by  wet
extrusion/spheronization) does not result in
significant delay in the release rate. The small
diameter and the large free surface area of the
pellets lead to rapid penetration of the solvent into
the system and reduction of the drug diffusion
pathway [4-7]. However, in the study of
Hamelelniel et al. [8] a delay in the initial release of
a drug was achieved from pellets with MCC and
EC caused by changing pure water with 16%
ethanol as a kneading liquid. EC swells and
dissolves in ethanol, which leads to the formation
of a hydrophobic film after evaporation of the
solvent. This gives us the reason to investigate the
influence of the kneading liquid on the properties of
ethylcellulose matrix pellets with montelukast
sodium, prepared by wet extrusion and
spheronization.

Montelukast sodium was chosen as a model
drug because it is an appropriate candidate for
presenting in an extended-release formulation due
to its intensive hepatic first pass metabolism and
short biological half-life (2.5-5.5 hours) [9].
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Materials

The active pharmaceutical ingredient (API)
Montelukast sodium was obtained from Inchem
Laboratories (India). The excipients sodium
alginate, general grade and Avicel PH 101 were
obtained from Fisher Scientific (UK) and Evonik
(Germany), respectively, and ethylcellulose N46
and PEO 6000000 - from Sigma-Aldrich (USA).

Methods

Differential scanning calorimetry (DSC) of
ethylcellulose. For thermal characterization of
ethylcellulose, as well as for studying the influence
of the type of the solvent on its thermo-mechanical
properties, a differential scanning calorimeter,
Perkin-Elmer DSC 7, USA, was used. Five samples
were prepared for this purpose, as follows: A. Pure
substance EC; B. EC treated with water; C. EC
treated with 40% ethanol; D. EC treated with 60%
ethanol: E. EC treated with 95% ethanol. The
experiment required measurement of the loss on
drying at 105°C of the pure substance EC NA46,
which served as a standard (sample A). The
treatment of the other samples included spraying of
1.5 g of the corresponding liquid (water, 40%, 60%
and 95% ethanol - w/w) onto 3 g of pure substance,
manual mixing in glass vials with a steel spatula
and subsequent drying to a loss on drying
equivalent to that of the pure substance. The
analysis was performed with heating/cooling run
from 25 to 200°C as follows [10]: 3-5 mg of test
sample was placed in a sealed aluminum pan at a
5°C/min heating/cooling rate with a 70 ml/min
nitrogen flow rate.

Preparation of matrix pellets with montelukast
sodium via wet extrusion and spheronization

The extrusion was performed with a radial
screw-feed extruder (4M8Trix, Procept, Belgium)
equipped with a standard die having 1.2 mm
diameter aperture and rollers rotating at 75 rpm.
The extrudate fell directly into the spheronizer
fitted with a cross-hatch friction plate, 13.5 cm in
diameter where it was rounded off at 2100 rpm
rotating speed for 10 min. The appropriate use and
level of each excipient, as well as processing
parameters were determined by conducting
preliminary trials. Based on them for the present
experiment MCC was used as diluent, EC as release
modifying agent, Na-alginate as pore-forming agent
and PEO as spheronization aid (Table 1).

Determination of pellet size and pellet size
distribution

Pellet size and pellet size distribution were
determined by performing a sieve test using a set of
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standard test sieves (0.5-2.5 cm with 20%
progression) and a sieve shaker (VEB MLW
Labortechnik Ilmenau, Thvr 2, Germany) operated
with 50 g pellet sample for 5 min at a frequency of
50 Hz and an amplitude of 1 mm.

Table 1. Composition of pellet formulations
(weight/weight ratio).

Excipients Formulation Ne
ElL | E2 | E3 | E4
Monte_lukast 05
sodium
Avicel PH 101 4.15
EC N46 4.15
Sodium
. 1
alginate
PEO 600000 0.2
Kneading 30% 40% 50%
liquid water | ethanol | ethanol | ethanol
(wiw) | (wiw) | (w/w)

The weight retained in each fraction was
determined by an analytical balance (model
AG204, Mettler-Toledo, Greifensee, Switzerland)
and the percentage of each fraction was calculated.
These results were used for building a cumulative
particle size distribution curve and calculating the
average pellet diameter (da.) and span value
following equations 1 and 2, respectively:

__ X% pellet fraction retained x average sieve aperture (mm) 1
day, = o (1)
dgp-d
span = (dgo-d10) )
dso

Determination of pellet shape

The shape of the model pellet compositions was
characterized by the aspect ratio (AR), which
represents the ratio of the maximum and minimum
values of Feret diameter of each particle. It can be
found in the range of 0-1, as higher value indicates
that the shape of the pellets is more regular and
spherical. The AR value was obtained by making a
series of images for each sample with a digital
camera (E61MIDO02 uEye UI-1545LE-C CMOS 1.3
MP) attached to a tripod and pointing to the surface
of the particles, which were spread over a flat
surface by spatula. Each image was processed with
Image J software and measured in millimeters the
maximum and minimum values of Feret diameter
of 500 particles.

Determination of pellet morphology

Scanning electron microscope (Jeol JSM-5510,
Japan) was used to observe the physical properties
(shape and texture) and surface modification of the
prepared pellets. Samples of pellets from each
formulation were mounted on a disk using an
adhesive. For better conductivity, the samples were
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coated with gold using a Jeol JFC-1200 Fine coater
and observed at an accelerating voltage of 25 kV.

In vitro release studies

Due to the pH-dependent solubility of
montelukast sodium, as well as the inability to
achieve sink conditions with commonly used
buffers, a 0.5% aqueous solution of sodium lauryl
sulfate was used as a medium for the in vitro
dissolution study. Drug release from 208 mg bead
sample with size fraction of 1.25-1.4 mm in 500 ml
medium solution at 37°C was studied using an
Apparatus 2 — Paddle Apparatus USP 37 (RC-8D,
KHP, Germany) with a 100 rpm stirring rate.
Samples were collected at specified time intervals
(15 min, 30 min, 1, 2 3, 4, 5, 6, 7, 8 h) and
centrifuged at 150000 rpm for 3 min on a micro-
centrifuge (D2012, Dragon Lab., China). The assay
of API released at each time interval was measured
spectrophotometrically at 285 nm
(spectrophotometer RAYLEIGH UV-9200, China)
and calculated based on a calibration curve
equation. Dissolution tests were repeated six times
for all formulations. The mean dissolution time
(MDT) was used to characterize drug release and to
compare the drug release profiles of the prepared
formulations, because this parameter indicates the
drug release retarding efficiency of polymers. It
was calculated from the dissolution data using
equation 3:
ik’ (-

n+1

MDT = (3)

RESULTS AND DISCUSSION
Thermal characterization of ethylcellulose

Based on the obtained thermograms (Fig. 1),
glass transition temperature (Tg) and heat capacity
(delta Cp) were determined by the specific software
of the apparatus. The results are presented in Table
2. Glass transition temperature (Tg) is one of the
most important characteristics of polymers. This
temperature is the temperature range in which the
polymer passes from a solid, glass-like state to a
soft rubbery state. Tg is characteristic of polymers
that have an amorphous structure or have an
amorphous region in their molecule (such as
ethylcellulose).

tg=93°C
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Fig. 1. DSC thermograms of ethylcellulose from
samples A-E.

Tg can be lowered by substances called
plasticizers, which improve the processability,
flexibility and elasticity of the polymers [11]. In
this line of thought, it is clear from Table 2 that the
contact of ethylcellulose with water (whether pure
water or water-ethanol mixtures) had a significant
effect on Tg, expressed as a decrease in its value
from 93 to 53°C (40°C difference), which
confirmed literature data that water had a
plasticizing effect on EC [12].

The heat capacity (delta Cp) is a measurable
physical quantity equal to the ratio of the heat
added to (or removed from) an object to the
resulting temperature change or the energy required
to raise the sample temperature by 1°C or 1K [11].
A change in the heat capacity means a change in
the  thermo-mechanical properties of EC.
Regardless of the same Tg for samples B-E, a
decrease in the water content, respectively an
increase in the ethanol content induced an increase
in the value of heat capacity: 0.45 J/g*°C - for the
sample with pure water and 1.67 J/g*°C - for the
sample with 95% ethanol. This gave us a reason to
believe that ethanol changes the thermo-mechanical
properties of EC, which could affect the release rate
of API of systems in which ethanol was included in
the kneading liquid.

Table 2. Values of Tg and delta Cp for samples A-E

Sample Ne | A B C D E
EC + EC + EC +
Composition P;ée VEV;; 40% | 60% | 95%
ethanol | ethanol | ethanol
Tg (°C) 93 53
delta Cp
(3/g*C) 0.67 | 0.45 | 0.78 1.36 1.67
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Pellet size and pellet size distribution

The screening experiments indicated unimodal
non-monodispersible particle size distribution (Fig.
2) with average pellet diameter varying between
1.029 and 1901 mm (Table 3), indicating a
profound influence of formulation variables. It was
demonstrated that with the increase in ethanol
concentration in the kneading liquid the average
pellet diameter tended to increase significantly,
whereas span value decreases. Moreover, except of
formulation E1, all the other samples had da, values
higher than the extruder’s die diameter. This was
caused by the agglomeration occurring during
spheronization - apart from breaking and
smoothing, adhesion of finer to larger particles was
observed. Due to the heat generated by the friction
of the pellets, the ethanol started to evaporate,
which led to the dissolution of EC from the bead
surface of formulations E2-E4 and to a partial
melting of the polymer, which could explain the
occurring agglomeration of formulations E2-E4.
Decreasing span value associated with increased
amount of ethanol in a kneading liquid was a
reflection of the homogeneity and narrower size
distribution.

Cumulati ve, Y
8
8

0 —=E1 {2
—_E2
10 —4—E1 {10
—=—E4

wn wE 10 15 28 2E
Particle size, mm

Fig. 2. Cumulative particle size distribution of
formulations E1-E4; mean+SD; n=3.

Pellet shape

The bead shape was evaluated based on the
aspect ratio. An aspect ratio of 1.0 indicates a
perfect shape. However, an aspect ratio > 0.8 has
been considered good for pharmaceutical pellets.
This specification was not achieved only for
formulation E1 (AR=0.647) because of the swelling
of the hydrophilic polymers sodium alginate and
PEO, causing the formation of a tacky wet mass
with extremely high plasticity resulting in the
formation of an extrudate, which broke unevenly
and resisted rounding up completely in the
spheronizer. Formulations E2-E3 possessed high
value of AR (above 0.8), which meant that they had
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the desired nearly spherical shape, demonstrating
the success of spheronization under these
conditions. The improved sphericity associated
with increased amount of ethanol in the kneading
liquid was caused by the partial melting and
dissolution of EC under the influence of
evaporating ethanol, which led to self-layering and
rounding.

Table 3. Parameters of pellet formulations E1-E4

Formulation | dav., Span | Aspect
Ne mm ratio | MPT h
El 1.029 0.69 0.647 | 0.04231
E2 1.327 0.49 0.881 | 0.20830
E3 1.529 0.18 0.889 | 2.36971
E4 1.901 0.13 0.920 | 4.39490

Pellet Morphology

The shape and surface characteristics of the
prepared pellet formulations E1-E2 at 40x and
250x magpnifications are illustrated in Fig. 3. As it
was mentioned before, the final beads of
formulation E1 showed heterogeneity in shape —
only some of them possessed the desired spherical
form. The texture of the pellets of formulation E1 at
higher magnification (250x) showed that the
surface of the beads was rough, porous and marked
with irregularities for both spherical and dumb-bell
shape pellets. SEM observations of formulations
E2-E4 estimated that pellets were spherical in
shape. A smoothing on the surface of pellets was
observed with the increase in ethanol concentration.
This was due to the fact that some of EC was
partially dissolved in ethanol forming film pieces

[8].

Drug release studies and analysis of release data
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Fig. 4. In vitro release profiles of pellet formulations
E1-E4; meantSD; n=6.

Fig. 4 and Table 3 show the results from the
release studies of the obtained formulations. The
increased amount of ethanol in the kneading liquid
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significantly delayed the release rate and increased
MDT of API. As a result an immediate release
product was obtained from formulations E1 and E2,
whereas formulations E3 and E4 demonstrate
extended release of montelukast sodium. The
presence of both sodium alginate and PEO, as
hydrophilic water-soluble polymers, resulted in the

formation of pores on the pellets surface [6,7].

Fig. 3. SEM micrographs of pellets at magnifications
40x (right) and 250x (left): A. Formulation E1 —
spherical pellet; B. Formulation E1 — dumb-bell shape
pellet; C. Formulation E2; D. Formulation E3; E.
Formulation E4.

The increase in ethanol concentration in the
kneading liquid increased the amount of dissolved
EC which led to obtaining of a thicker hydrophobic
EC film, to increased MDT value and to a slower
release rate of montelukast sodium [8].

CONCLUSION

The results from our studies demonstrated that
the choice of a kneading liquid had a decisive
impact on the size and size distribution, shape,
surface morphology, as well as on the release
behavior of the obtained pellets. Except for
formulation E1, all the other batches (E2-E4) in the
study were highly spherical and exhibited an
extended release rate of montelukast sodium, which
suggested that the composition and process
conditions were optimal. Evaporation of ethanol
during spheronization induced a change of thermo-
mechanical properties of EC causing its partial

melting and  dissolution. These led to
agglomeration, rounding and smoothing and
reflected in the formation of a very strong

hydrophobic film around the particles during the
drying period. Due to this an increase in the ethanol
concentration resulted in obtaining pellets with
narrower particle size distribution, higher
dimensions, better sphericity and MDT and slower
release rate of montelukast sodium.
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OXAPAKTEPU3SNPAHE 1 JIEKAPCTBEHO OCBOBOXIABAHE OT MATPUYHU ITEJIETHU
C YABJDKEHO OCBOBOXJIABAHE HA MOHTEJIYKACT HATPUU
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Iocrenuna Ha 20 despyapu, 2018 r.; npuera na 20 mapTt, 2018 .
(Pe3tome)

BescropHUTEe MOJN3M OT TENETUTE, CBBP3aHH C MOA00peHA OMOHATMYHOCT, TH MPABAT WACATHU 33 M3TOTBSHE Ha
nekapcTBeH:n (HOPMH C YIBIDKCHO 0CBOOOXKAaBaHe. 3a ChKaleHHE, HE3aBHCUMO OT MHOTOTO MPEANMCTBA Ha BIIAKHATA
eKCTpy3us U chepOHHU3aLHs, TPYHO CE TIOCTHIa YIBIKEHO 0CBOOOXKAaBaHE, TOPH C OOMKHOBEHO M3MOI3BAHUTE AarCHTH
3a MomuduIUpaHe Ha 0CBOOOXIaBAaHETO, KAaTO IIENYJIO03HU ACPUBATH, MOJUETUICH OKCHJI, HATPUEB alrMHAT H Jp. 3a
pceuiaBaHe Ha TO3HU HpO6HeM HUEC BKIIIOYHUXME €TAaHOJ B CBBp3BalllaTa TCHHOCT U U3CJIICABAXMC BJIUAHUCTO MY BBPXY
CBOWCTBATA HA CTWILEIYJIO3HH MEICTH W OCBOOOKIABAaHETO HA MOHTENyKacT HaTpuil. Upe3 audepeHimamHa
CKaHHpallla KaJopuMeTpus Ha eTuiienyio3ara (EC) e ycTaHOBEHO MOBHUIIABAHE Ha TOIUTMHHUS KAllaUTET, CBHP3AHO C
YBEJIMYIaBAHETO HA KOJMYECTBOTO Ha €TaHoN. ToBa MoKa3Ba, Y€ CTAHONBT MPOMEHS TEPMOMEXaHHYHHUTE CBOWCTBA Ha
EC. OcBeH TOBa, WM3MapsABaHETO HA E€TAHOJ [0 BPEME Ha C(EPOHHM3ALMATA MPEIM3BHKBA YAaCTHYHO CTAISIHE K
pasrBapsire Ha EC, Bomemu o ariioMepanyis, 3aKphIjIsiHE W 3ariaxaane U o0pasyBaHe Ha xuapohobeH GuiM oKomo
JqacTHIHTe. B pe3ysirar Ha MOBHIIABAHETO HA KOHLEHTPALMATA HAa €TAHON B CBBP3BAIlATa TEYHOCT CE IOIydYaBar IIo-
FOJIEMH YaCTHIM C IO-TSICHO pasMpeselieHue 1Mo pa3MepH, Mogo0peHa chepHIHOCT, MO-TPOBIDKUTEIHO CPSIHO BpEMe
3a pa3TBapsHe U N0-0aBHO OCBOOOK/IaBaHEe Ha MOHTEIIYKACT HATPH.
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Hydrolyzed plant biomass from willow, paulownia and straw was studied by using XPS and IR spectroscopy
method in order to understand in depth their chemical composition and the nature of the functional groups on their
surfaces. The surface concentration and the presence or absence of some functional groups and their amount on the
surface of these materials were studied by the XPS method. The calculated O/C ratio shows that the surface of lignin,
paulownia and willow samples was lignin rich, while the surface of straw sample was cellulose rich.

Key words: Hydrolyzed lignocellulosic materials, X-ray photoelectron spectroscopy

INTRODUCTION

In recent years there is increased interest toward
the use of waste lignocellulosic materials as
adsorbents for water purification from heavy metals
[1-6].

The lignocellulosic biomass could be straw,
grass, corn-stover, reed, wood, agricultural waste,
forestry residues, paper and household waste. The
low cost and absence of competition with food
industry is the main advantage of using such type of
materials. Lignocellulosic biomass contains mainly
cellulose, hemicelluloses, lignin, proteins; lipids
and ash, which together form a complex solid
structure. The ratios of these components in various
lignocellulosic materials depend on the source of
the biomass (softwood or hardwood, grass and
annual plants, energy crops, agricultural waste-
straw, husks, bagasse).

One of the questions that arise when studying
the adsorption properties of such materials concerns
the mechanism of adsorption and the existing
adsorption sites.

In ref. [7] through examination of the EPR and
EXAFS the conclusion is made that Cr(III) ions are
in octahedral position. In ref. [8] it is stated that in
relation to its adsorption ability, the lignin isolated
from the black fluid has affinity toward metal ions
in the following order: Pb(ll) > Cu(ll) > Cd(ll) >
Zn(1l) > Ni(ll). According to the authors, the
adsorption sites are phenol and carboxyl OH-
groups, the phenol ones having higher affinity
towards metal ions.

In our former study we showed that hydrolyzed
waste lignocellulosic materials are effective
adsorbents of heavy metal ions from aqueous
solutions [9].

* To whom all correspondence should be sent:
E-mail: iva@svr.igic.bas.bg

Agricultural by-products are mostly composed
of lignin and cellulose, as well as of other polar
functional group-containing compounds, which
include alcohols, aldehydes, ketones, carboxylates,
phenols and ethers.

These groups are able to bind heavy metals
through replacement of hydrogen ions with metal
ions in solution or by donation of an electron pair
from these groups to form complexes with metal
ions in solution [10]. The use of these materials as
adsorbents requires detailed investigation of their
surface chemical composition.

The biosorption mechanism is difficult to be
determined, due to many mechanisms that can
contribute to the overall process according to the
material used as a biosorbent, environmental
factors, presence or absence of metabolic processes
in case of presence of living organisms.
Biosorbents include various components with a
highly complex structure, whose various building
elements comprise a plurality of different
molecules, which in turn show several binding
sites.

One widely used method for this purpose is IR
spectroscopy. Nevertheless, infrared analysis of
wood surfaces is not considered to be sufficiently
surface-sensitive because the depth of infrared
radiation into the sample is of the order of 100 pum.
Consequently, the changes in infrared features as a
result of changes of surface chemistry are often
masked by spectral features coming from the bulk
[11]. In X-ray photoelectron spectroscopy (XPS)
analysis the electrons are ejected from the core
levels of atoms in the surface and their binding
energies are determined from their kinetic energy
and the energy of the incidence beam.
Simultaneously, the binding energy of a given atom

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 411


mailto:iva@svr.igic.bas.bg

is influenced by its chemical environment and the
sample depth of the XPS is around 5-10 nm.

Therefore, the aim of this work is to demonstrate
the ability of this method in studying waste
lignocellulosic material in case of their further
application as adsorbents or carriers of catalysts. As
a result, the hydrolysis of woody chips (willow and
paulownia) and wheat straw, that are the subject of
this investigation, were studied by X-ray
photoelectron spectroscopy.

EXPERIMENTAL
Sample preparation Procedures

In the present study we used hydrolyzed plant
biomass from willow, paulownia and wheat straw
(denoted as w; p; and s; respectively) as raw
materials.

The sample named LC was produced after high-
temperature hydrolysis with dilute sulphuric acid of
softwood and hardwood chips to sugars under
factory conditions, which were further subjected to
yeast fodder production. The LC was washed and
milled. The 0.1 - 0.3 mm fraction was used.

The samples pLC(w) and pLC(p) were obtained
by steam explosion treatment for hydrolysis
facilitation, followed by enzymatic hydrolysis with
cellulose enzyme complex combined with p-
glycosidase of willow and paulownia, respectively.
The steam explosion was performed in a 2 L
stainless steel laboratory installation at hydromodul
ratio of 1:10; initial temperature 100°C; maximal
temperature 190°C; pressure 12.8 bar; heating time
60 min and time at maximal temperature 10 min.
The cellulosic hydrolysis was carried out in
polyethylene bags in a water bath previously heated
to the desired temperature. Enzymatic treatment
conditions were as follows: temperature 50°C,
reaction time 24 h, lignocellulosic content 10 wt.%,
PHinitial 5.5 - 6.0, pHsina 4.2 - 4.6 and 5 wt.% charge
of the cellulose enzyme complex NS 22086 in
combination with 0.5 wt.% of B-glycosidase NS
22118.

The sample hLC(s) was obtained by
hydrothermal treatment for hydrolysis facilitation,
followed by enzymatic hydrolysis with cellulose
enzyme complex combined with B-glycosidase of
wheat straw. The hydrothermal hydrolysis of the
agricultural lignocellulosic raw materials was
performed in 1000 mL stainless steel laboratory
autoclaves rotated at constant rate under the
following conditions: biomass/water ratio of 1:10;
initial temperature 100°C; max. temperature 190°C;
heating time 60 min, time at maximum temperature
30 min.; Enzymatic treatment conditions were as
follows: temperature 50°C, reaction time 72 h,
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lignocellulosic content 10 wt.%, pHinitia 5.5 - 6.0
and 5 wt.% charge of the cellulose enzyme complex
NS 22086 in combination with 0.5 wt.% of (-
glycosidase NS 22118 of Novozymes AS. All
amounts and experimental conditions were used
according to the Novozymes Application Sheet.

Sample characterization

The cellulose content in the studied
lignocellulosic materials was determined according
to [12]; the lignin content (acid-insoluble lignin in
wood and pulp, TAPPI standard test method T 222
om-11) and ash (ash in wood, pulp, paper and
paperboard: combustion at 525°C, TAPPI standard
T 211 om-02).

An elemental analyzer Eurovector EA 3000 was
used for analysis of C, N, S and H. The oxygen
content of the samples was calculated by the
difference between 100% and the sum of carbon,
hydrogen, nitrogen, sulphur and ash.

Infrared spectra were measured on a Varian 660
IR spectrometer. The spectra were collected in the
mid-infrared region (4000-400 cm™). The samples
were prepared by the standard KBr pellet method.

XPS investigations were carried out by means of
ESCALAB MKII spectrometer with Al Ka
(unmonochromatized) source at 1486.6 eV with a
total instrumental resolution of ~1 eV, under a base
pressure of 10® mbar. The Cils, O1s, Nis,
photoelectron lines were recorded and calibrated to
the C1s line at 285.0 eV. XPSPEAK 4.0 fitting
program was used for deconvolution of the
photoelectron peaks. All data were recorded at 45°
take-off angle.

RESULTS AND DISCUSSION

The used waste hydrolyzed lignocellulosic
materials were obtained after different pre-
treatment methods for hydrolysis facilitation and
enzymatic hydrolysis with cellulose enzyme
complexes with different activity. For these reason,
part of the hardly hydrolyzable polysaccharides was
not hydrolyzed. In Table 1 the data for the chemical
and the elemental composition of the investigated
materials are presented. The data show that the
samples substantially differ as regards the lignin
and cellulose contents. The highest lignin content is
observed in sample LC - 78 %, in the other samples
it is lower and slightly changes from 37.4 (pLC(p))
to 44.1 % (pLC(w)). Concerning the cellulose
content, the lowest amount is observed in LC - 12.8
%, while in the other samples it is higher and
slightly changes from 50.4 in hLC(s) to 58.6 in

pPLC(p).
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Table 1. Chemical and elemental composition data of the investigated hydrolyzed materials

Elemental Composition Chemical Composition

=3 8 S 8 S L = g 23

< - S - > - X . s

9] T o o z %) OX . =33
LC 6.3 58.6 25.3 - 0.7 12.8 78.0 9.1
pLC(p) 6.6 58.7 30.5 0.9 - 58.6 374 3.4
pLC(w) 6.3 54.9 355 0.6 - 52.3 44.1 2.7
hLC(s) 6.2 48.3 38.4 0.6 - 50.4 42.9 6.5
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Figure 1. IR spectra of CL, pCL(p), pCL(w) and hCL(s) samples.
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Figure 2. C1s photoelectron lines for the studied lignocellulosic samples.

The carbon, hydrogen and oxygen contents in all
samples do not substantially differ from each other.
The samples, obtained after hydrolysis of wheat
straw (hLC(s)) contained the highest quantity of
oxygen and the lowest quantity of carbon. Based on
these observations, the structure of hLC(s) is
probably condensed to a lower scale and has
contained a larger number of free groups. Only LC

contains sulphur because of the use of sulphuric
acid as a catalyst of the hydrolysis process, and
does not contain nitrogen. The information
concerning the nature of the functional groups and
ions playing the role of adsorption sites in the
hydrolyzed biomass is obtained by using IR
spectroscopy. The data of the studied materials are
presented on fig. 1.
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It is seen that the FTIR spectra of the hydrolyzed
lignocellulosic materials are identical. The broad
bands in the range of 3500-3100 cm™ are due to
stretching vibrations of the hydrogen bonding
alcohol and phenol hydroxyl groups. The range
1663-1720 cm? is characteristic for the carbonyl
absorption, which is related with ketones and acids.
The bands at 3000-2850 cm? are referred to
symmetrical and asymmetrical stretching vibrations
of the C-H bonds in methyl and methylene groups.
The IR bands that appear at 1600 and 1510 cm™ for
skeleton vibrations of the aromatic rings were
characteristic for all materials which contained
lignin. It is thought that the bands at 1460 cm™ and
at 1424 cm? are related to CH deformation
vibrations in the methyl and methylene groups. The
presence of different functional groups such as -
OH, -COOH, -C-0O-C-, etc., as well as the shapes of
the spectral bands are complex and broad due to the
hydrogen bonds and conformational structure of the
materials. It is obvious that the IR spectroscopy
method provides information about the presence of
functional groups in these materials, but their
guantity on the surface is difficult for evaluation.

A surface-sensitive technique such as XPS is
useful to examine the carbon and oxygen content of
various organic materials in order to determine the
type and relative amount of chemical groups at

their surfaces. In most XPS spectra of organics
materials, we would expect to find four functional
groups and the presence of more than one relative
to another would be evidence of a chemical change
at the surface.

The recorded Cls photoelectron spectra of
wasted wood samples were further subjected to a
fitting procedure for better evaluation of the amount
of different functional groups on their surface (see
figure 2).

Obviously, there are four peaks as a result of the
above mentioned procedure applied. The first one
named C1 and situated at around 285 eV we
associated with C—C and C-H bonds. The second
C2 peak at ~286.5 eV was related to C-OH or C-O-
C bonds. The next C3 peak situated at ~288.0 eV
corresponds to a C=0 bond and the last C4 to a O-
C=0 bond at 289.5 eV. Shake-up peaks (n-n* at
290-292 eV) were not detected. The quantitative
results from the fitting are summarized in Table 2.
The change in the relative amount of those
components as a function of oxygen ratio shows the
change in the surface composition of the studied
lignin and waste wood samples. As a result, only
the change in the presence of C-O/C-OH functional
groups on the surface is remarkable.

Table 2. Evaluated functional groups on the surface of the studied products by X-ray photoelectron spectroscopy.
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On the surface a small quantity of silicon (5.7 at.%) was detected
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A higher amount was evaluated for the lignin
sample. The oxygen photoelectron lines were
subjected to a fitting procedure too (see figure 3).
Two peaks are necessary to fit the O1s
photoelectron spectra. The O1 component situated
at 532 eV is due to the presence of C=0O bond,
while the O2 component at 533.5 eV was
associated to C-O/C-OH groups. The evaluation of
the presence of different oxygen groups on the
wood surfaces s also shown in Table 2.

The calculated O/C ratio is also shown in the
table. The latter clearly indicates if the surface is
lignin- or cellulose-rich [13].

Simultaneously,  the  calculated  surface
concentration of the studied wood waste materials
permits to classify them as lignin or cellulose. The
lignin, paulownia and willow samples have O/C
ratios equal or slightly lower than the theoretically

calculated one (between 0.33-0.36) typical for
lignin. Higher is only the O/C ratio for the sample
from straw, equal to 0.53. This shows that the
surface is lignin-rich for lignin, paulownia and
willow samples, while the surface of the straw
sample is cellulose-rich. The observed difference
between the bulk phase composition and that on the
surface of the studied woods could be due to the
migration of lignin to the surface for paulownia and
willow, while opposite migration of lignin to the
bulk of wood was observed for the straw sample.
The reason for that could be the specific way of
wood treatment. Similar observation was already
reported [14]. On the surface of paulownia, willow
and straw samples small amount of nitrogen was
detected. These observations coincide with the bulk
chemical analysis results.

T T T T
527,56 530,0 532,56 535,0
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T T T T T
6275 530,0 632,56 535,0 637,56
Binding Energy, eV

T T T T
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Binding Energy, eV
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5275 530,0 532,5 535,0 537,5
Binding Energy, eV

Figure 3. O1s photoelectron lines for the studied lignocellulosic samples.

CONCLUSIONS

The results demonstrate the capability of the
XPS method for evaluation of surface
characteristics such as chemical composition and
existing functional groups in lignocellulosic
products. Moreover, obtaining of such data may
help clarify issues of the mechanism of adsorption,
such as adsorption sites and oxidation state and
evaluate the coordination of adsorbed ions. Also,
the way to increase the absorption capacity should
be held in mind, considering that these
lignocellulosic waste materials may be used as
carriers for catalytically active components.
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[ocrpnuna va 15 nexemspu, 2017 r.; kopurupana sa 15 mapt, 2018 .
(Pesrome)

W3cnensana e XuApOJIH3MpaHA pacTUTENHA OHOMaca, MOJydeHa OT BbpOa, MAyJIOBHHS W INIICHHYHA ClaMa C
nomointa Ha POC u MY cnekTpocKONCKH METOAM C I U3SICHSIBaHEe KaKTO Ha TEXHHUS XUMUYEH ChCTaB, Taka U Ha
MpUpoJiaTa Ha MOBBPXHOCTHUTE (HYHKIIMOHAIHHM TPyNH B TAX. [IOBBPXHOCTHATA KOHIICHTPAIIMS, MPUCHCTBUETO HIH
OTCBCTBHETO HAa HAKOW (YHKIHOHAIHH TPYNMH W TIXHOTO KOJIMYECTBO Ha IMOBBPXHOCTTA HAa TE3W MAaTEpHANIH ca
onpenenenu ape3 POC meroma. OtHomenuero O/C mokas3Ba, 4e MOBBPXHOCTTA HAa MPOOUTE OT JIMTHHH, MAYJIOBHUSA U
BBpOa ce oborarsBa Ha JUTHHH, JTOKaTO IIOBBPXHOCTTA Ha podaTa OT ci1aMa € Oorara Ha IeTyio3a.
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The objective of the present paper was to study the effect of soil natural oxidants (Fe/Mn oxides) on the occurrence
of Cr(VI) in soil in order to better understand and predict the fate, mobility and toxicity of chromium in the
environment. Thirty five surface soil samples were examined for Cr(VI) content in their aqueous and alkaline leachates.
The reducible iron and manganese oxides in soils, that could promote the oxidation of Cr(Ill), were extracted using
acidified hydroxylamine hydrochloride solution (BCR procedure). Liquid phase extraction was used for redox
speciation of Cr. The results obtained indicated that the Cr(l11) oxidation in soils occurs via interactions with iron and
manganese oxides. Cr(V1) was the predominant form in aqueous leachates (44—145 pg kg™ Cr). For the main part of the
samples the dissolved alkaline Cr(V1) presented 80 — 89 % of the total soil chromium dissolved in 0.1 mol I'* NaOH.

Key words: Chromium (VI1), Soils, Reducible soil fraction, Chemometrics

INTRODUCTION

Chromium is a common trace element in rocks
and soils, found as amorphous Cr(lll) hydroxides,
eskeolaite (Cr203) and chromite [FeCr(111)204], all
Cr(Ill) forms [1, 2]. They exhibit very low
solubility and of the mobile, toxic and carcinogenic
Cr(VI1) species in the environment is typically
associated with anthropogenic activities [3—7]. But
a significant number of studies in the scientific
literature have reported geogenic origin of
hexavalent chromium in soil and groundwater. The
natural oxidation of Cr(lIl) to Cr(VI) proceeds in
the presence of Mn(llI/IV) hydroxides or oxides
and bacteria [8-12]. Oxides and oxyhydroxides of
iron and manganese constitute an appreciable
fraction of the soils. Under common environmental
conditions Mn-oxides are considered to be the only
environmentally relevant Cr(Ill) oxidant [13, 14].
Manganese oxides and hydroxides can oxidize
Cr(ll) in soils transforming it to more mobile
Cr(V1) species [12, 15-17].

The importance of the high surface reactivity
and redox chemistry of Fe oxides/oxyhydroxides
(Fe-oxide) [18] was evaluated in terms of i)
development of Fe amendment technologies during
treatment of polluted soils and sediments [19-21]
and ii) sorption of the reduced form of Cr on the
Fe-oxide as a sorbent [22, 23]. To the best of our
knowledge, the potential oxidative reactivity of Fe
oxides to generate Cr(V1) in soils is not studied yet.
How the presence of both oxides (Fe/Mn oxides) in
soils would affect the actual potential of
chromium(V1) release in soils is not known. In
order to better understand and predict the fate,

* To whom all correspondence should be sent:
E-mail: VSimeonov@chem.uni-sofia.bg

mobility and toxicity of chromium in the
environment, it is important to elucidate the
oxidation potential of the soil fraction containing
Fe/Mn oxides.

The purpose of the present paper was to
study the effect of soil natural oxidants on the
occurrence of Cr(VI) in soil. The soil oxidation
capacity was investigated using the soil extract
obtained in the second step (leaching of reducible
Fe/Mn-oxides with acidified hydroxylamine
hydrochloride solution) of the modified BCR four-
step sequential extraction procedure [24, 25]. The
following experiments were performed: i)
extraction and separation of the Fe/Mn-oxide
fraction in soils and determination of Fe and Mn
content; ii) determination of chromium in aqueous
and alkaline soil extracts as total chromium [Cr(I1I)
+ Cr(Vl)] and Cr(VI); iii) chemometrical
interpretation of the data.

EXPERIMENTAL
Samples, reagents and instrumentation

Thirty five soil samples were collected in the
surroundings of a former steel mill Kremikovtsi
located about 20 km northeast of the Bulgarian
capital, Sofia. The sampling was performed on
grassland from soils not treated by fertilizers. Soil
types were Luvisols (Chromic) and Fluvisols
(Arenic). The samples were collected from the top
soil layer (0—10 cm) according to I1SO 10381-2002.
The samples were air-dried, then gently crushed,
cleaned from extraneous material, sieved to < 2 mm
and stored at 4 °C. The examined soils had a pH in
the range of 6.8-7.1, equivalent calcium carbonate
content was between 0.1 and 22%, total organic
matter (TOM) — from 5 to 11 %.
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All reagents used were of analytical reagent
grade (Merck). High-purity water (Milli-Q 50,
Millipore) was used throughout. For Cr(l11), Fe(lll)
and Mn(Il) ready for use standard solutions for
AAS (Merck) were used for preparation of
calibration solutions. The stock standard solution
with concentration of 1 g It Cr(VI) was prepared
from (NH4).CrO4 delivered from Sigma-Aldrich.

The applied instrumentation was: inductively
coupled plasma optical emission spectrometer
(Perkin Elmer ICP-OES 6000, MiraMist nebulizer)
for measurement of aqua regia soluble content of
Cr, Fe and Mn in soils; flame (Perkin Elmer,
Aanalyst 400) and electrothermal atomic absorption
spectrometer (ETAAS) (Perkin Elmer Zeeman
3030, HGA-600) for determination of elements (Cr,
Fe, Mn) in the extracts.

Extraction procedures

The procedure for extraction and determination
of Cr(VI) in soils is described in our previous work
[26]. In brief, one gram of soil sample was shaken
with 20 ml of Milli-Q water or 20 ml of 0.1 mol I*
NaOH for 2 h at 150 rpm. After centrifugation the
samples were filtered through 0.45 um syringe filter
for determination of total dissolved chromium
[Cr(1ID+Cr(VI)]. Then an appropriate volume
(from 1.0 to 5.0 ml) of the filtrate was placed into
an extraction tube. After dilution to 10 ml with
Milli-Q water, 2.0 ml of 2% solution of Aliquat 336
in xylene was added and the extraction was
performed by up and down shaking for 8 min. In
the organic phase Cr(VI) was determined by
ETAAS. The certified reference material CRM041-
30G Chromium VI-Soil (Fluka, Sigma-Aldrich)
was used for proving the reliability of the
procedure.

The content of iron and manganese
oxides/oxyhydroxides in soils was evaluated using
the leachate from the second step of the BCR three-
step sequential extraction procedure [24] which
represents the reducible (Fe/Mn associated with
Fe/Mn oxyhydroxides) soil fraction. The soil
residue obtained after the first procedural step was
treated with a mixture of 0.5 mol I NH,OH.HCI
and 0.05 mol It HNOs. The reduction of insoluble
Fe(111)/Mn(IV) oxyhydroxides leads to formation of
soluble Mn(ll) and Fe(ll) species. The
concentration of the dissolved Fe and Mn
corresponds to the reducible Fe/Mn oxyhydroxide
content in the soil. The accuracy of the procedure
was controlled with CRM BCR-701.

Aqua regia soil extracts (ISO 11466) were used
for determination of total element contents. With
each run two CRMs (Stream Sediments STSD-1
and STSD-3) were analyzed in parallel.
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In all cases recoveries in the range of 94-105 %
were classified as satisfactory.

Chemometric methods

Cluster analysis is a widely used chemometric
approach. In order to cluster objects characterized
by a set of variables, one has to determine their
similarity. A preliminary step of data scaling is
necessary (e.g., autoscaling or z — transform) to
avoid dimension impact on the clustering. Then, the
similarity between the objects in the variable space
can be determined wusing, for instance, the
Euclidean distance or squared Euclidean distance.
Typical method for linkage of similar objects into
clusters is the Ward’s method offering a very stable
procedure of clustering. The graphical presentation
of the results of the clustering is normally a treelike
hierarchical scheme called dendrogram. The cluster
significance is determined by the Sneath’s index.

Principal components analysis (PCA) is a
multivariate method, which allows estimating the
data structure. PCA uses the formation of linear
combination of the original columns in the data
matrix - responsible for the description of the input
variables. These linear combinations represent a
type of abstract variables being better descriptors of
the data structure than the original variables.
Usually, the new abstract variables are called latent
factors. Just a few of the latent variables account
for a large part of the data set variation. Thus, the
data structure in a reduced variable space can be
observed and interpreted. The initial PCs represent
the direction in the data, containing the largest
variation. The projections of the data on the plane
of PC 1 and PC 2 can be computed and shown as a
plot (score plot) where similarity groups could be
distinguished. It is important to note that PCA very
often requires scaling of the input raw data to
eliminate dependence on the scale of the original
values. For better representation of the results a
mode called Varimax rotation is applied.

All multivariate statistical calculations were
performed by STATISTICA (data analysis software
system), StatSoft, Inc. (2007) wversion 8.0.
www.statsoft.com.

RESULTS AND DISCUSSION

Iron and manganese species in soils. The aqua
regia soluble content of iron and manganese in
soils (Table 1) varied remarkably between the 35
samples. The concentration of iron ranged from 22
to 301 g kg Fe, and that of manganese from 1.2 to
147 g kg!' Mn. The variation in metal
concentrations could be assigned to geogenic, as
well as to anthropogenic origin. The results for the
reducible part of Fe and Mn are presented in Table
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1. The reducible part of Fe presents 0.28-10.4 % of
the total Fe. The reducible Mn species were found
to be in the range 31-74.4 % of the aqua regia
soluble soil manganeseChromium species in the
soils. The ranges of chromium species content in
soils are shown in Table 2. The total soil chromium
was less than the permissible level of Cr in
agricultural (200 mg kg-1 Cr) and urban (250 mg
kg-1 Cr) soils according to the national regulatory
standard [27]. The studied soil samples could be
considered as not contaminated with Cr.

The aqueous and the alkaline leachates were
analyzed for both total Cr and Cr(VI). The
difference between the two values approximates the
amount of soluble Cr(I11) present in a given sample.
The results show that only a negligible part of total
soil Cr can be dissolved in water or sodium
hydroxide. As expected, the aqueous soluble Cr
was mainly in the form of Cr(VI) species. Cr(VI) in
the soil usually exists in the form of HCrO4 and

CrO4* depending on pH of the surrounding aqueous
environment. At a pH above 7, most of the Cr(VI)
exists in the form of CrO.%*, whereas at lower pH,
Cr(VI) tends to be in the form of HCrO, [7]. The
less negatively charged anions are stronger
adsorbed on the soil surface, because the surface of
the most natural soils is negatively charged. Thus,
CrO4* is weaker adsorbed on the soil compared to
HCrO4 [28].

The presence of Cr(lll) in the aqueous extracts
could be explained with probable desorption of
Cr(OH)2* or Cr(OH)." species from the soil surface
[29] or dissolution of Cr(lll) complexes with soil
fulvic acids dissolved at soil pH. The solubility of
chromium increased in NaOH still remaining in the
ng kg! range (Table 2). The higher Cr
concentrations under alkaline conditions could be
explained with Cr-silicate mineral dissolution
which could lead to higher rates of Cr(VI)
generation [30, 31].

Table 1. Iron and manganese in soils as aqua regia soluble (Fewtal, Mniwta) and as reducible oxides (Feox, Mnox).

SD: standard deviation (n=3)

Unit Min Max Mean SD
Fetotal g kg? 22 301 66.6 58
Feox g kgt 0.06 6.42 2.66 1.40
Feox / Fetota % 0.3 10.4 4.7 1.9
Mniotal g kgt 1.2 14.7 4.9 4.3
Mnox g kgt 0.54 5.42 2.07 1.45
Mnox / Mniotal % 31 74 46.5 10.7

Table 2. Soil chromium species: aqua regia soluble Cr (Crwta), total aqueous soluble Cr (Cr2o), aqueous soluble
Cr(VI) (Cr(Vh20), total alkaline soluble Cr (Crow), alkaline soluble hexavalent Cr (Cr(VI)on). SD: standard deviation

(n=3).
Chromium species Unit Valid N Min Max  Mean SD
Criotal mg kg* 35 24 189 89 38
Crizo ug kgt 35 44 145 88 28
Cr(VDmo ng kgt 35 41 142 85 27
Crom ng kgt 35 57 548 210 111
Cr(V)on ng kgt 35 45 502 174 105
Cr(V1)n20/Crizo 35 1.04 096 0.80 0.05
Cr(Vhon/Cr(1)on 32 1.1 122 32 3.2
Cr(VI)on/Cron 35 052 099 082 0.12
Cr(V1)on/Cr(V1)mzo 35 085 483 199 1.01

The trivalent chromium species in alkaline soil
extracts (evaluated as difference between total and
hexavalent Cr) represented less than 20 % (for 22
samples) of the total alkaline soluble Cr. The
occurrence of Cr(l11l) was most probably connected

with the dissolution of its complexes with soil
humic acids at pH 13 (0.1 mol It NaOH).

In most of the studied sites (22 samples) the
content of Cr(V1) in the alkaline extracts was 1.1 to
2.3 times higher than in aqueous soil leachates. It
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could be explained with the higher solubility of
hexavalent chromium species in alkaline media. For
3 samples the difference between aqueous and
alkaline Cr(VI) was not significant. For two
samples the ratio between Cr(V1) in alkaline and
aqueous extracts was 0.85. This is probably due to
partial reduction of Cr(VI) in presence of soil
organic substances dissolved at pH 13.

For the main part of the samples the dissolved
alkaline Cr(VI) represented 80 — 89 % of the total
chromium dissolved in 0.1 mol I NaOH. In nine
samples the dissolved hexavalent chromium species
were 91 — 99 % of all dissolved chromium species.
For 6 samples Cr(VI) was 70 + 2 % of total alkaline
dissolved Cr.

The equilibrium ratio between Cr(VI) and
Cr(I) in the alkaline extracts ranged from 1.07 to
66 (Table 2). But for the half of the sites (17
samples) this ratio was between 1.1 and 5, for 15
samples — between 5 and 12. For two samples the
Cr(VI)/Cr(l11) ratio was 20 and 30, and for one
single sample — 66. The latter three samples were
not included in the calculation of the average values
and of the standard deviation.

Chemometric analysis

Correlation analysis. In Table 4 the correlation
matrix for the data set is presented. The statistically
significant correlation coefficients are marked. Two
levels of significance are highlighted: strong
correlation indicated by bold and significant

correlation marked by italics. The rest of the
correlation  coefficients are statistically non
significant.

It could be readily seen that Cr(\VI) content in
the alkaline leachates (Cr(VDown) is strongly
correlated with the content of Mn(1V) (r=0.80) and
Fe(lll) (r=0.89) species in the soils. These results
confirm the oxidizing role of Mn oxyhydroxides
reported in previous studies. The present paper
shows for the first time the potential of soil iron
oxides to generate Cr(V1) species. Even Cr(VI) in
aqueous soil extracts is significantly well correlated
(r=0.44) with Fe(lll) species and does not correlate
with Mn(IV).

The correlation between the content of the
hexavalent chromium in both agqueous and alkaline
soil leachates and the total Cr dissolved in these
extracts is extremely strong. It agrees with the
results from the redox speciation analysis for Cr,
presented in Table 2.

This consideration is a solid preliminary
background for searching more detailed
relationships between the variables of interest.

Cluster analysis. As already mentioned above,
the cluster analysis was performed after z-transform
of the raw input data, squared Euclidean distances
as similarity measures and Ward’s method of
linkage. The cluster significance was determined
according to Sneath’s criterion.

Table 3. Correlation matrix [*—strong correlation (p<0.01); **-significant correlation (p<0.05)]

Fe(I1) Mn(1V)

TOM species species Criot Crizo  Cr(VDu2o Cron
Fe(Il)
species -0.10
Mn(1V)
species -0.18 0.60*
Criot -0.11 0.04 -0.15
Crio -0.27 0.40** 0.25 0.24
Cr(VI)mzo -0.29 0.44%* 0.28 0.24 0.98*
Cron -0.16 0.88* 0.80* 0.01 0.50** 0.52**
Cr(V1l)on -0.13 0.89* 0.80* -0.03 0.47** 0.50** 0.97*
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Fig. 2. Biplot PC1 vs. PC2 for factor loadings

In Fig. 1 the hierarchical dendrogram showing
the clustering of the variables is presented.
Two major clusters are formed:

K1 [Mn(1V), Cr(V1)- OH, Cr (OH), Fe(II1)]
K2 [Cr(V1)-H20, Cr(H20), Cr(total)]

TOM is a typical outlier which differs from the
rest of variables.

In K2 Cr(total) also slightly differs from the
other members of the cluster K2. In general, the
results from the hierarchical clustering of variables
confirm those from correlation analysis. Principal
components analysis. In order to confirm the results
from correlation analysis and hierarchical cluster
analysis the input data were subjected to principal
components analysis (PCA). It was found that two
principal components explain over 75 % of the total
variance. It means that two significant factors are
responsible for the data structure. In Fig. 3 the
biplot for the factor loadings PC1 vs. PC2 is
presentedAs in cluster analysis, there is close
relationship between chromium species with water

extraction, on one hand, and between chromium
species after OH-extraction along with Fe(l11) and
Mn(IV) species, on the other. It can be concluded
that the two latent factors determining the data
structure are conditionally “water extraction” and
“alkaline extraction”. Again, total Cr and TOM are
not closely related to the other soil features. It is
obvious that TOM negatively correlated to all other
species.
CONCLUSION

The Cr(lll) oxidation in soils occurs via
interactions with iron and manganese oxides.
Multivariate statistical analysis revealed
information about the probable mechanism for
Cr(Ill) oxidation in soils: the soil fraction
containing Fe(lll) and Mn(IV) species is the phase
that promotes the oxidation of Cr(lll). The BCR
sequential extraction procedure and the isolation of
the soil fraction bound to amorphous Fe/Mn
oxyhydroxides can be a useful tool for evaluating
the oxidation capacity of the soils.

421



Ts. Voyslavov et al.: The effect of iron and manganese oxyhydroxide soil fraction on the occurence of Cr(VI)

Acknowledgements: The authors gratefully Sci. Technol., 51, 2058 (2017). ' '
acknowledge the financial support from the 18. R. M. Cornell, U. Schwertmann, The iron oxides:
Bulgarian National Science Fund (Grant EQ2/7). structure, properties, reactions, occurrences and

uses, John Wiley & Sons, 2006.
REFERENCES 19. A. B. Cundy, L. Hopkinson, R. L. Whitby, Sci. Total
1. K. Shiraki, Resour. Geol., 47, 319 (1997). Environ., 400, 42 (2008). _
2. F. C. Richard, A. M. Bourg, Water Resources, 25, 20. M. Komarek, A. Vangk, V. Ettler, Environ. Pollut.,

807 (1991) 172, 9 (2013).

3. D.S. Becker, E. R. Long, D. M. Proctor, T. C. Ginn 21. J. Kumpiene, A. Lagerkvist, C. Maurice, Waste

Environ. Toxicol. Chem., 25, 2576 (2006). Manag., 28, 215 (2008).

4. W.J. Berry, W. S. Boothman, J. R. Serbst, P. A, 22. E. C. Butler, L. Chen, C. M. Hansel, L. R.

Edwards, Environ. Toxicol. Chem., 23, 2981(2004). Krumholz, “A.  S. E. Madden, Environ. Sci.
5. W. Ding, D. I. Stewart, P. N. Humphreys, S. P. Processes Impacts, 17, 1930 (2015). N

Rout, I. T. Burke, Sci. Total Environ., 541, 1191 23 D. Fandeur, F. Juillot, G. Morin, L. Olivi, A.

(2016). Cognigni, J. P. Ambrosi, F. Guyot, E. Fritsch,
6. J. F. Papp, Mineral Commodity Summaries: American Mineralogist, 94, 710 (2009). _

Chromium, U.S. Department of the Interior, U.S. 24. G. Rauret, J. F. Lopez-Sanchez, A. Sahuquillo, E.

Geological Survey, Washington, DC, 2001. Barohona, M. Lachica, A. M. Ure, C. Davidson, A.
7. C. H. Wang, C. P. Huang, P. F. Sanders, Pract. Gomez, D. Luck, J. Bacon, M. Yli-Halla, H.

Period. Hazard. Toxic Radioact.Waste Manag., 6, 6 Muntau, Ph. Quevauviller, J. Environ. Monit., 2, 228

(2002). (2000). . .

8. S.E. Fendorf, R. J. Zasoski, Environ. Sci. Technol., 25 J. M. Serafimovska, S. Arpadjan, T. Stafilov, K.

26, 79 (1992). Tsekova, J. Soils Sed., 13, 294 (2013). -

9. P.S. Nico, R. I. Zasoski, Environ. Sci. Technol., 34,  26. C. Voyslavov, S. Tsakovski, S. Arpadijan, Turkish J.

3363 (2000). Chem., 40, 944 (2016).

10. C. D. Palmer. P. R. Wittbrodt. Environ. Health 27. Regulation Ne 3 /01/08/2008 on the allowable limits

Persp., 92, 25 &1991). ’ of toxic substances in the soils.
11. L. M. Zhang, F. Liu, W. F. Tan, X. H. Feng, Y. G. www.government.bg/bg/legislation/soil/normipochv

Zhu, J. Z. He, Soil Biol. Biochem. 40, 1364 (2008). Ldoc. .

12. Z. Stepniewska, K. Bucior, R. P. Bennicelli, 28. K. R. Krishna, L. Philip, J. Hazard. Mat., 21, 109

Geoderma, 122, 291(2004). (2005).

13. L. E. Eary, D. Rai, Environ. Sci. Technol., 21, 1187 29 E. I. Hawley, R. A. Deeb, M. C. Kavanaugh, J. R. G.

(1987). Jacobs, Chromium(VI) Handbook. Chapter 8:
14. S. E. Fendorf, Geoderma, 57, 65 (1995). Treatment Technologies for Chromium (VI), CRC
15. B. R. James, J. C. Petura, R. J. Vitale, G. R. Press, Florida, 2004, p. 273. _

Mussoline, J. Soil Contam., 6, 569 (1997). 30. C. Oze, D. K. Bird, S. Fendorf, Proc. Nat. Acad. Sci.
16. C. Yingxu, C. Yiyi, L. Qi, H. Zigiang, H. Hong, W. USA, 104, 6544 (2007).

Jianyang, Pedosphere, 7, 185 (1997). 31. A. U. Rajapaksha, M. Vithanage, Y. S. Ok, C. Oze,
17. M. Debra, D. M. Hausladen, S. Fendorf, Environ. Environ. Sci. Technol., 47, 9722 (2013).

BJIMAHUE HA ITOYBEHATA ®PAKINA, CbABPXKXAILIA XXEJIE3HU 1 MAHI'TAHOBU
OKCUXUAPOKCHUAN, BbPXY HAJIMUUETO HA Cr(VI)

L. Boucnagrog, C. [lakoscku, B. Cumeonos™, C. Apnamkan

Daxynmem no xumus u papmayus, Couiicku ynusepcumem ,, Ce. Kn. Oxpuocku *, 1164 Cogus, 6yn. Joc. bayuep 1,
bwneapus

[Moctenuna Ha 19 mapr, 2018 r.; kopurupana Ha 17 anpui, 2018 T.
(Pesrome)

Llenra Ha HacTosmiaTa paboTa € Ja ce M3Yy4YH BIMSHHUETO Ha MPHPOTHUTE OKUCIHTEIM B mousata (Fe/Mn oxcumm)
Bbpxy Hannuuero Ha Cr(VI) B mousara ¢ orsiesa no-g00poto pazbupaHe u Npeacka3BaHe Ha MPOMEHUTE, MOOMIIHOCTTA U
TOKCHMYHOCTTA Ha XpoMa B OKOJIHAaTa cpeAa. BoaHu W ankaiHu u3BjienH OT 35 oOpa3iu OT MOBBPXHOCTHHS CJIOH Ha
noyBara ca uscyieqBanu 3a cpabpikanueto Ha Cr(VI). Pexynupyemure xene3Hd 1 MAHTaHOBH OKCH/IM B ITOYBATa, KOUTO
Ouxa mormu na mpomotupar okucieHueto Ha Cr(lll), ca excrpaxupaHu ¢ W3MON3BaHE Ha MOAKUCICH Pa3TBOp Ha
xuapokcunamud xuapoxiopug (BCR mpouenypa). TeyHa ekcTpakuus € W3MOJI3BaHa 3a ONpENCsIHE Ha PEIOKC
dopmure Ha Cr. Ycranoseno e, ue okucienuero Ha Cr(l1l) B mouBuTe ce M3BBPINBA TOCPEICTBOM B3aUMOJIEIHCTBHE C
enesHuTe u Manranosute okcuau. Cr(VI) e npeo6nanasamara Gopma BbB BoguuTe M3Binenu (44-145 ug kg Cr). 3a
MO-TOJIIMATa 4acT OT oOpasuurte, pastBopuMmustr B ankaneH pasrBop Cr(VI) mpencrasnssa 80 — 89 % ot toramuust
nouseH xpoM, pazteopen B 0.1 mol It NaOH.
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Transformation from - to f- phase in vinylidene fluoride—hexafluoropropylene
copolymer nanocomposites prepared by co-precipitation method
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Nanocomposite materials on the basis of vinylidene fluoride—hexafluoro-propylene copolymer with Cloisite®15A
were obtained by a co-precipitation method from dimethylsulfoxide solution. The addition of organically modified
nanoclay was found to facilitate the transformation of the polymer crystals from «- to - phase. The amount of - phase
calculated for the materials containing 6.0 mass % of modified nanoclay was more than 95%. At lower Cloisite®15A
content, the - phase also increased compared to that in the initial copolymer and was in the range 47-82%. The
increase of the tensile strength and elongation at break of the nanocomposites was higher at lower content of nanoclay
Cloisite®15A (38-39 MPa and 820-850% at 0.75-1.0 mass %, respectively). The reinforcing effect was lower for the
nanocomposites with higher clay content owing to some clay platelets being partially exfoliated and stacked. This was
confirmed by transmission electron micrographic observations of the nanomaterials obtained.

Keywords: nanoclay, nanocomposites, vinylidene fluoride-hexafluoropropylene copolymer, co-precipitation, phases

INTRODUCTION

Poly(vinylidene  fluoride) (PVDF) and
copolymers on its basis have been some of the most
researched polymers, due to their ferroelectric
properties. These polymers have different unit cells
of varying polarity, because of their different
crystal modifications. At least four different crystal
modifications of PVDF with different molecular
conformations and lattice parameters are known [1—
3]. The most common, easily obtainable phase is
the a- phase. It does not show net lattice
polarization. In the p- phase, the molecules are
configured in all-trans conformation. This imparts
spontaneous lattice polarization to the p- phase
crystals which results in ferroelectricity observed in
PVDF. The y- phase is a combination of alternating
conformational units from the «- and - phases, and
the J- phase is a polar version of the a- phase.

The crystal forms of PVDF are retained in many
copolymers of VDF containing small amounts of
comonomers [4]. The fluorine atoms in the
copolymers produce steric hindrance which
prevents the molecular chains from assuming
conformations similar to the non-electroactive a-
phase of PVVDF. Many of the copolymers directly
crystallize into the polar electroactive S- phase [3]
which is responsible for the ferro-, pyro-, and
piezoelectric behavior in PVDF and its copolymers
[3, 5].

It is well known that films of vinylidene
fluoride—hexafluoropropylene copolymer (VDF-—
HFP) with different HFP contents indicate

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

prominent piezo-, pyro-, and ferroelectricity
comparable to that in PVDF [6-9]. It was also
found that these properties are highly dependent on
the crystal structure and polymer chain orientation
of the VDF-HFP copolymer [10].

Over the past decade, many researchers have
reported a possibility to stabilize the - phase in
PVDF and its copolymers with HFP in the presence
of layered silicates well scattered within the
polymer matrix. The addition of nanoclays is a
prerequisite for the improvement of the mechanical,
piezo-, pyro- and ferroelectric properties [11, 12].

The aim of the present work is to obtain
nanocomposite materials on the basis of vinylidene
fluoride-hexafluoropropylene  copolymer  with
organically modified nanoclay Cloisite®15A by a
co-precipitation method from dimethylsulfoxide
solution and to study some properties of the
nanocomposites obtained.

EXPERIMENTAL

Materials

Vinylidene fluoride—hexafluoropropylene
copolymer referred to as VDF-HFP is a copolymer
(15 mol% of HFP comonomer) with melting
temperature of 117°C and melt index of 6.52 g/10
min (220°C, load 98 N) in the form of powder,
kindly supplied by Arkema, France. Cloisite®15A,
organically modified montmorillonite nanoclay
from Southern Clay Products Inc. was used.
Cloisite®15A is a Na" montmorillonite clay
modified with dimethyl, dehydrogenated tallow,
quaternary ammonium (2M2HT) with doo: spacing
of 31.5 A and density of 1.66 g/cm®. The modifier
concentration of Cloisite®15A was 125 meq/100 g.
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The solvent used for the compositions was
dimethylsulfoxide (DMSO), Sigma Aldrich. All the
materials described above were used directly
without any further modification or treatment.

Sample preparation

The co-precipitation method was used to prepare
VDF-HFP copolymer nanocomposites containing
0.5, 0.75, 1.0, 1.5, 3.0 and 6.0 mass % of nanoclay
Cloisite®15A. To obtain the nanoclay contents in
the VDF-HFP copolymer mentioned, two premixes
were made: one for the nanoclay and the other for
the VDF-HFP, using DMSO as a solvent. The two
premixes were sonicated using a Branson 8510
ultrasonication bath at 30—40°C for approximately
5 min. The final 10% solution was prepared by
adding the contents of the nanoclay premix to the
VDF-HFP copolymer premix and the product was
sonicated again for 20 min. To the mixture
obtained, 150 ml of deionized water were added. A
stringy, white, translucent precipitate formed
immediately. Then, the precipitate was removed
and dried in a vacuum oven until constant weight.
For most physical testings, the precipitated samples
were pressed into films on a laboratory press PHI
(England) between aluminum foils under the
following conditions: sample thickness about 0.3
mm, temperature 200°C, melting period at 200°C —
3 min, pressing pressure — 12 MPa; cooling rate —
40°C/min.

Fourier transform infrared spectroscopy (FT-IR)

Samples prepared as films were analyzed using
a spectrophotometer produced by “Bruker”
(Germany) in the interval 4000400 cm™ with
Tensor 27. To determine the relative quantity of the
- phase, the heights of the series of peaks were
determined by simulation of the spectrum observed.
This was done using OPUS — 65 software which
automatically corrects the baseline. For each
sample, the fraction of the g- crystalline phase

(F;) was calculated by the formula:
Fﬂ'R = A, I(L26A, + Ay), where: A_and Aﬁ are the

heights of the peaks at 764 and 840 cm™,
respectively, and the coefficient 1.26 represents the
ratio of the absorption coefficients at 764 and 840
cm1[13].

Differential scanning calorimetry (DSC)
measurements

The behavior under melting and crystallization
in nitrogen atmosphere of samples with a mass of
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ca. 4 mg was analyzed using a simultaneous
thermal analyzer ,,STA 449F3 Jupiter” (Netzsch,
Germany) under the following conditions: first
heating from 20 to 240°C at a rate of 10°C/min,
isothermal period of 1 min at 240°C (to remove any
traces of crystalline structure) followed by cooling
to 20°C and second heating to 240°C at the same
rate. The degree of crystallinity of the samples was
calculated at AHiw = 104.7 J/g for 100%
crystalline VDF-HFP copolymer [14].

Tensile properties

The tensile strength, elongation at break and the
other characteristics of the initial VDF-HFP
copolymer and the materials based on it were
measured on a dynamometer INSTRON 4203
(England) at a speed of 100 mm/min and room
temperature.

Transmission electron microscopy (TEM)

For the TEM experiments, JEOL JEM 2100
microscope was used. The observations were
performed at 200 kV acceleration voltage. The
samples were prepared by dropping and
evaporating particle suspensions on a standard
copper grid.

RESULTS AND DISCUSSION

Figs 1 A) and B) show DSC thermograms of
heating and cooling of the initial VDF-HFP
copolymer and the nanomaterials on its base with
Cloisite®15A, prepared by the co-precipitation
method in the temperature range from 80 to 160°C,
at a scanning rate of 10°C/min in nitrogen
atmosphere. The large endothermic peak present in
all samples obtained from solution is related to the
melting of a- and/or S- phase crystals (Fig. 1 A)
while the exothermic peak observed at cooling was
attributed to crystallization (Fig. 1 B). Table 1
shows the thermal characteristics, such as the
temperature of melting Tm, the degree of
crystallinity o for both heating processes of the
initial VDF-HFP copolymer  and the
nanocomposites based on it with modified
Cloisite®15A obtained by co-precipitation from
DMSO solution.
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Fig. 1. DSC thermograms at: (A) heating and (B) cooling of the initial VDF-HFP copolymer and nanocomposite
materials on its basis containing Cloisite®15A.

Table 1. DSC- thermogram values of the initial
PVDF-HFP and its nanocomposites

Cff)?;igtlggl Content c:; B- phase,
0
mass %

0 26

0.5 47

0.75 54

1.0 54

15 57

3.0 82

6.0 95

It can be seen that the temperatures of melting
Tm slightly increased during the first and second
melting (by ca. 5°C) with the increase of
organically modified nanoclay Cloisite®15A
content from 0.5 to 6 mass %. For the initial
copolymer, these temperatures were 129.8 and
129.7°C while for the materials with 6 mass %
Cloisite®15A they were 135.6 and 133.2°C,
respectively, during the first and second melting.
The temperature of crystallization Tt also increased
with the content of nano-filler in the compositions
to reach 98.4°C. As it has been reported by Buckley
et al. [15], the increase of the temperatures of
melting and crystallization of the nanomaterials
based on VDF-HFP copolymer is related to the
formation of S- phase. The degree of crystallinity o
of the series of samples based on VDF-HFP
copolymer with nanoclay was found to decrease by
4-5% compared to these of the initial copolymer,
due to the formation of a higher amount of - phase
[16].

The FT-IR spectra of the initial copolymer,
organically modified nanoclay (Cloisite®15A) and
films of VDF-HFP (15 mol%) copolymer co-
precipitated from DMSO solution with different
contents of Cloisite®15A are presented in Figure 2.
The spectrum of the modified montmorillonite-
Cloisite®15A showed the characteristic vibrational
bands at 3633 cm™! attributed to O-H silicate
stretching [17]; 1640 cm™' (related to O-H
bending), 1042 cm™" (owing of stretching vibration
of Si-O-Si in silicate) and 917 cm™' (from Al-OH-
Al deformation of aluminates) [18]. The bands at
2921, 2851 and 1469 cm™!' were assigned to C-H
vibrations of methylene groups (asymmetric
stretching, symmetric stretching and bending,
respectively) belonging to the surfactant chemical
structure. The bands at 465, 521, 626, 722 and 796
cm? were attributed to the Si—-O-Al bending
vibrations [17], 847 ¢cm™ corresponds to Al-O-H
and 1469 cm™ — to the presence of ammonium salts
[19]. The characteristic vibration bands of the
initial VDF-HFP copolymer observed at 410, 489
(-CFz-wagging), 510 (-CF;-bending), 532, 614,
764, 797, 976, 1190 and 1406 cm™ are a strong
evidence for the existence of - phase of VDF
crystals [20]. The peak at 840 cm™ is characteristic
for —CF, symmetric stretching in the all-trans p-
phase. It can be seen from Fig. 2 that the intensity
at 840 cm™ increases with the increase of
Cloisite®15A content in the compositions.
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Fig. 2. IR-spectra of the initial copolymer,
organically modified nanoclay (Cloisite®15A) and
nanocomposite materials on their basis.

Another peak indicating for the change in
conformation was registered at 764 cm™, which is
characteristic of —CF, and C-C-C bending in the
trans-gauche a- phase. Obviously, the intensity of
this peak decreases with the increase of the amount
of Cloisite®15A. Comparing the initial VDF-HFP
copolymer with the materials containing
Cloisite®15A, a new peak was observed at 510 cm™
which confirms the crystal transformation from a-
to f- phase. It should be noted that y- phase was
present in the materials containing 0.5-3 mass % of
nanoclay Cloisite®15A, which indicates the
transformation of the structure to a more polar

Transformation from a- to - phase in vinylidene fluoride—hexafluoropropylene copolymer...

phase. This can be explained with the inclusions of
y- together with /- phase.

The absorption bands at 764 and 796 cm™ are
mainly related to the presence of a- phase.
According to [21], when the absorption bands of
the y- phase at 776 and 812 cm™ are absent, the
band at 840 cm™ can be solely attributed to the
presence of p- phase. Therefore, the relative
fractions of the a- and - crystalline phases can be
calculated using the absorptions at 764 and 840
cmt, respectively.

The initial VDF-HFP copolymer mainly
contains o- phase. With the addition of
Cloisite®15A to the copolymer, the a- phase was
fully transformed into f- phase. Furthermore, the
amount calculated for nanomaterials with 6.0 mass
% maodified nanoclay was higher than 95%. At a
Cloisite®15A content less than 6.0 mass %, the j-
phase also significantly increased compared to that
in the initial copolymer (47-82%) — Table 2. The
tensile strength, elongation at break and Young
modulus of the materials based on VDF-HFP
copolymer with Cloisite®15A are shown in Table 3.
It can be seen that the increase of the values of
tensile strength (to 38.7 MPa) and elongation at
break (to 848%) was higher at lower content of
Cloisite®15A nanoclay (0.75-1.0 %, mass%),
compared to that of initial VDF—HFP copolymer.

The reinforcing effect was lower for the
nanocomposites with higher clay content owing to
some clay platelets being only partially exfoliated
and stacked (Fig. 3 B). The formation of $- phase in
the compositions studied is also beneficial to the
improvements of mechanical properties of the
materials obtained (Table 3 and Fig. 2).

Table 2. Content of - phase in the crystalline phase of initial VDF-HFP copolymer and its nanocomposites with
Cloisite®15A prepared by co-precipitation method

Content of cloisite®15A,mass % First melting Second melting Crystallization
Tm, °C a, % T, °C a, % T, °C o, %

0 129.8 18.6 129.7 17.0 95.1 28.7

0.5 131.6 17.0 130.0 16.9 96.4 28.5

0.75 132.6 16.5 130.5 15.8 96.9 28.3

1.0 133.5 15.9 130.7 15.1 97.0 27.8

15 134.0 154 130.8 14.9 97.3 27.2

3.0 1344 142 132.0 13.6 97.7 26.4

6.0 135.6 13.8 133.2 12.9 98.4 23.4
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Table 3. Tensile parameters of the initial VDF-HFP copolymer and its nanocomposites.

Content f;;ailoc)zite@wp\y Tensile strength, MPa Elongation at break, % Young modulus, MPa

0 27.2 795 125
0.5 34.8 831 143
0.75 37.9 848 170

1.0 38.7 823 215

15 36.2 807 190

3.0 35.2 805 156

6.0 33.6 750 154

Fig. 3. TEM images of the nanocomposite materials based on VDF-HFP copolymer with 1.0 mass % (A) and 6.0

mass % (B) Cloisite®15A
CONCLUSIONS

Polymer nanocomposite materials containing up
to 6.0 mass % of organically modified
montmorillonite  nanoclay Cloisite®15A  were
prepared by the co-precipitation method. The FT-
IR analysis showed that the initial copolymer
mainly contains the non-polar «a- phase. The
intensity of the peak at 840 cm™ characteristic of —
CF, symmetric stretching in the all-trans j- phase,
increases with the Cloisite®15A content in the
compositions. The intensity of the peak at 764 cm™
which is characteristic of —-CF, and C-C-C bending
in the trans-gauche a- phase decreases with the
increase of the nanoclay content. This proved the
transformation of polymer crystals conformation
from a- to - phase. The highest content of - phase
(more than 95%) was calculated to be in the
materials containing 6.0 mass % of Cloisite®15A. It
was found that the values of the tensile strength and
elongation at break of the nanomaterials obtained
were higher at lower nanoclay content (0.75-1.0
mass %) and decreased to 33.6 MPa and 750%,
respectively at 6.0 mass % of Cloisite®15A owing

to poor exfoliation of the clay layers in the
copolymer matrix.
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TPAHCOOPMALIMA HA o- B - ®A3A 11PYU BUHWJIMJIEH®JIY OPU -
XEKCADJIYOPOIIPOITMJIEHOBHU CBITIOJIMMEPHU KOMIIO3UTH, ITOJIYUEHU 110
METOJJA HA CbYTASABAHETO

JI. X. Bopucoga, /1. C. KupsixoBa*, A. H. Atanacos
Kameopa no munepanosuanue, Ynusepcumem ,,Acen 3namapos”, ya. Ilpogh. A. Axumos 1, Bypeac 8010, bvreapus
ITocrbnuna Ha 7 centemspy, 2015 r.; kopurupasa Ha 16 mapt, 2018 1.
(Pestome)

HaHOKOMIO3UTHM MaTepuanyd Ha OCHOBaTa Ha BHHWINACH(IYOPHI-XeKca(IyopOIpOIUICHOB CHIIOIUMED C
Cloisite®15A ca momydeHM MO METO/I@ HA ChYTAABAHETO M3 PA3TBOP HA IUMETHICYN(OKCHI. YCTAHOBEHO €, 4e
J00aBsSHETO Ha OpraHMYHO MOIU(HIIMpaHa HAHOTIIMHA yJeCHsIBa TpaHc(HOpMaLUsITa Ha TIOJIMMEPHUTE KPUCTAIH OT - B
f- daza. KommdectBoTo Ha f- (aza, M34MCICHO 32 MaTepuainTe, chabpxamy 6.0 mac. % mMoaupuIpaHa HAHOTIIMHA €
najg 95%. ITpu mo-Hucko cwhabpixkanue Ha Cloisite®15A, - (asara HapacTBa B CPAaBHEHHE C Tasd B HM3XOJIHUS
CBIONUMED U € B uHTepBana oT 47—-82%. [ToBuiaBaHeTO HA M3OBPKIMBOCTTA HA OMBH M YABIDKCHUETO NPH CUYIIBAHE
Ha HAHOKOMIIO3UTHTE € MO-BUCOKO IIPH MO-HUCKO ChbpkaHue Ha HaHoriuHa Cloisite®15A (croreerno 38-39 MPa u
820-850% mpu 0.75-1.0 mac. %). YcunBamusat epekr e mno-ciaad 3a HAHOKOMIIO3UTH C TO-BHCOKO ChIbPIKaHHUE HA
TJIMHA TIOPAJX YaCTHYHOTO eKC(OIMpaHe U CIeNBaHe Ha HAKOHM OT MIMHECTHTE IUIOYKH, TOKa3aHO Ype3 TPAHCMUCHOHHA
eNIEeKTPOHHA MUKporpadus Ha MOJNyYCHUTEe HAHOMATEePUAIIH.
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This manuscript reports a modified method of preparation of BisTizO1. ceramic powder by a sol-gel approach,
followed by hydrothermal treatment of the obtained gel. Bismuth acetate and titanium isopropoxide were used as
metallic sources to prepare the precursor gel, and it was successfully converted into bismuth-titanium oxide by
hydrothermal treatment at 400 °C and 600 °C for 24 h. Multiple characterizations, namely XRD, FTIR, SEM

measurements were used to validate the structural features.

Keywords: BisTis012; Sol-gel; Hydrothermal; Characterization.

INTRODUCTION

Aurivillius oxides prepared through a soft
chemical route such as hydrothermal or co-
precipitation method attracts much attention. These
methods  constitute an  environment-friendly
medium for syntheses contrary to solid state
methods, which need relatively high processing
temperature (above 1100 °C).

Aurivillius phases have the general formula
(Bi202)?*(An-1BnOsn+1)?, Where n=1-8, A stands for
a divalent cation (e. g. Ca*, Ba*), B for a
tetravalent or pentavalent ion (e. g. Nb%*, Ti**) and
form a perovskite block Ani1BnOsn1 [1]. The
bismuth-titanium oxide BisTisO1> belongs to this
family with A=Sr, B=Ti and n=3. The bismuth
layer-structured  ferroelectric  materials  have
attracted increasing attention for non-volatile
ferroelectric random access memory (FeRAM)
applications [2][3].

BisTisO12, compounds have been prepared by
various methods, which require more or less higher
temperatures to be achieved. Preparation of
powders by conventional processing, i. e. solid state
reaction method (sintering temperature ~1150°C
[4]), often leads to commotional and structural
inhomogeneities in the produced ceramics.
However, a sol-gel technology has been used to
prepare BisTi3012 nanopowders at ~900 °C [5]. A
hydrothermal method has been developed for the
synthesis of BisTizsO12 powder without treatment at
high temperature [6,7].

To our knowledge, practical physical issues such
as the structure-property relationship and the

*To whom all correspondence should be sent:
E-Mail: mohamed.afqir@yahoo.fr

physical nature leading to the change of the
properties for BisTisO12 ceramics are not resolved,
and from the viewpoint of physics there is lack of
novelty. In this regard, this paper describes a novel
method for synthesizing bismuth-titanium oxide.
The effect of heat on sample’ microstructure
morphology was studied by XRD, FTIR and SEM.

EXPERIMENTAL

The details of the sol-gel process used to prepare
the appropriate alkoxide solution of bismuth and
titanate have been published elsewhere [8,9]. A
flowchart of the sol-gel procedure used is shown in
Fig. 1. Stoichiometric amounts of a bismuth (1)
acetate (Alfa, 99%) aqueous solution and a titanium
(IV) isopropoxide (Sigma-Aldrich, 97%) solution
stabilized by acetylacetone to form a titanium
solution were mixed, and then dried to obtain a gel.

For hydrothermal treatment, the gel was kept
under stirring in a solution of KOH (1 M) for 1 h,
and then put into an autoclave (filling ratio above
80%) and heated at 180 °C for 12 h. After filtration
and drying, the sample was thermally treated at 400
°C and 600 °C for 24 h.

The formation and quality of the powder were
verified by X-ray diffraction (Philips X Pert Pro).
IR spectrum of the prepared powder at 600 °C was
recorded on a Bruker, Vertex 70 DTGS FT-IR
instrument  using  KBr  pellet  technique.
Microstructure studies were performed by scanning
electron microscopy with 10 kV of accelerating
voltage at high vacuum.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

429


mailto:mohamed.afqir@yahoo.fr

M. Afqir et al.: Sol-gel hydrothermal preparation of BisTizO12 ceramic

CH,COCH,COCH,
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Fig. 1. Flowchart for preparation of powder by a sol-gel procedure.
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Fig. 2. XRD patterns of BisTizO12 without (a) and with hydrothermal treatment (b).

RESULTS AND DISCUSSION

Fig. 2 shows the X-ray diffraction patterns of
dry gel (a) and ceramic powders obtained by
hydrothermal treatment (b) of BisTisO012. The XRD
peaks were identified as bismuth acetate for the
precursor gel before the hydrothermal treatment,
according to the standard pattern Bi(CH;COO),
(00-048-1075) (Fig. 2a).

The hydrothermally  synthesized ceramic
powders from the precursor gel at 400°C during 12
h were still quite amorphous, as expected. The
XRD peaks became notably narrower with an
annealing temperature of 600 °C for 24 h,
indicating that this sample can be indexed using
JCPDS-ICDD  pattern  number  01-089-7503
corresponding to BisTisO1. tetragonal symmetry
(space group A2:am). As it can be seen from figure
3b, the XRD curves extracted using HighScore
software of the sample annealed at 600 °C are
remarkably similar to those obtained from the
JCPDS-ICDD. However, the mismatch between the
reference and experimental patterns is bigger than
0.05 26. This mismatch in peak positions may be
explained by inaccuracies in the fitting software,
offering inefficient curve fitting.
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The average size for the sample sintered at 600
°C was estimated using Scherrer's formula:

_ 092
" BcosB

@)

where D is the crystallite size, A the CuKa
wavelength (1.5406 A) and P the full width at half
maximum (FWHM) [10], which was found to be 40
nm.

Fig. 3 shows the FTIR spectrum of the ceramic
powder sintered at 600 °C. The bands at 3440 cm™
and 1633 cm? are due to water molecules. The
bands located at 23870 cm™ can be attributed to
CO,. The bands at 2853 cm® and 2929 cm
indicate the presence of residual organics. The band
range 500-820 cm™ and the band at 936 cm™ are
related to the crystallization of the phase BisTizO12
[6-7]. The SEM micrographs of BisTizO1. ceramic
are shown in Fig. 4. The tow images taken at
different locations, consist of plate-like and rod-like
grains with random distribution comparing to plate-
like morphology which is characteristic of the
Aurivillius type [10-13]. The obtained samples are
micro- to nanograined and contain, therefore, very
developed grain boundaries and free surfaces. It has
been recently demonstrated that the physical
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properties of pure and doped fine-grained oxides
strongly depend on the presence of defects like
interphase boundaries and grain boundaries [14,15].

Transmittance (a. u.)

560 1030 15h0 2050 2530 3&00 35b0 4000
Wavenumber (cm™)
Fig. 3. FTIR micrograph of BisTizO1, ceramic
powder.

There is a high degree of inhomogeneity in size
and shape of grains, and the average particle size is
1 um — 0.2 pm. Thus, the hybrid hydrothermal —
co-precipitation process can be used for
manufacturing ultrafine-grained materials,
differently from the solid-state method, which
shows microcrystalline grains of plate-like shape.

The crystallite size (40 nm) estimated from
XRD data does not correlate with the size of the
grains, observed in the SEM image. Though, both
XRD and SEM show nanoscale particle size.
However, up-micro and the boundary of the particle
are not proven so far by XRD [16].

- - A i’
. y
7 & L
.

Mode=SEM

Fig. 4. SEM microras fBi4Ti312 ce

CONCLUSION

The mentioned method was already used for
other oxide powders preparation, but we presented
a new version. After hydrothermal treatment the
powder was still amorphous and supplementary
thermal treatment at 400 and finally at 600 °C was
required. This process seems to afford a means of
environmentally friendly and inexpensive aqueous
synthesis.
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30JI-TEJI XUJPOTEPMAJIHO ITOJIYUYABAHE HA BisTi3012 KEPAMHUKA
M. Adxupt?, A. Tamapun?, JI. ®acken?, M. Enarmann?, X.-C. Kapro?, A. 3ersytu!, M. Jlayn®
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[octpnuna va 28 HoeBMpH, 2017 r.; kopurupana Ha 15 mait, 2018 r.
(Pesrome)

IlpencraBeH ¢ MoamduuupaH 30J7-Tel METOJ 3a monydaBaHe Ha BisTisO12 kepamudeH mpax ¢ mocnieqBarna
XUApOTepMaIHa 00paboTka Ha MOJTydYeHUs rei. bucMyToB anerar M THTaHOB H3OIPOIOKCH] Ca M3IOJI3BAaHU KaTo
M3TOYHUIIM HA METAJIMTE 32 M0JIy4aBaHe Ha MPEKYPCOPHUS Tell, KOWTO YCIEIIHO € IPEeBbPHAT B OUCMYT-TUTAHOB OKCHUJT
4ype3 xumporepmanHa obpadotka mpu 400 °C u 600 °C 3a 24 h. [IpoaykTsT € oxapaktepuzupan mocperactsom XRD,
FTIR, SEM 3a ompenensHe Ha HETOBUTE CBOICTBA M CTPYKTYPHH XapaKTCPUCTUKH.
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A metal-organic framework based on pytpy and Hd4abtc as secondary ligands, namely Coz(pytpy)(abtc), was
solvothermally synthesized and structurally characterized. The supercapacitive behavior of MOFs was determined.
There are reduction and oxidation peaks when cyclic voltammetry is performed at different scan rates, which shows
typical faradic redox characteristics. The specific capacitances slowly decrease along with the increase in scan rates,
which signifies that the material has a good high-rate capability. The results show that the loss of specific capacitance of

Co-MOF is not remarkable and it has an excellent cycle life after 1000 cycles test.

Keywords: Metal-organic framework; Supercapacitive properties; Co(ll)

INTRODUCTION

At present, there are a lot of materials based on
carbon and transition metal oxides which are
mainly used as supercapacitor materials. MOF
material is prospectful to be applied in a
supercapacitor, because its porosity provides a
larger number of active sites, which is beneficial to
the penetration of the electrolyte and the ion
transport [1,2]. Recently, some MOFs of cobalt and
nickel have been reported as supercapacitor
electrode materials [3-8], and there are several
teams which have investigated on this topic in our
country [9-13], but the specific capacitance values
of overall MOF materials as supercapacitor
electrode materials need to be improved. In
addition, due to the low stability and poor electrical
conductivity of MOF materials, direct reports on
using MOF materials in supercapacitor electrode
materials are very limited. In this paper, we used
pytpy and H4abtc ligands to synthesize a new MOF
under solvothermal conditions, and analyzed the
structure of the compound, which determines the
supercapacitor properties of the compound.

EXPERIMENTAL
Materials and Methods

All starting materials were of analytical grade
and were used as received without further
purification. Powder X-ray diffraction (PXRD) data
were recorded on a Rigaku D/M-2200T automated
diffractometer. Electrochemical properties were
determined in a CHI 760D electrochemical
workstation.

* To whom all correspondence should be sent:
E-mail: baihelong2000@126.com

Coz(pytpy)(abtc)z (1): A mixture of HNOs/DMA
was prepared by mixing 2.2 mL of HNO; and 10
mL of DMA in a 20 mL vial, and was
ultrasonicated for 5 min. Compound 1 was prepared
by solvothermal reaction of Co(NOs3)..6H.O (11.6
mg, 0.04 mmol), pytpy (12.4 mg, 0.04 mmol),
Hisabtc (14.3 mg, 0.04 mmol), DMA(0.5 mL),
ethanol (0.5 mL), H20O (0.5 mL), HNOs/DMA (0.2
mL) at 100°C for 3 days. The mixture was sealed
with tin foil paper in a 20 mL vial. After gradually
being cooled to room temperature colorless crystals
of 1 were obtained.

X-ray Crystallography

Single-crystal XRD data for compound 1 were
recorded on a Bruker Apex Il diffractometer with
graphite monochromatized Mo Ko radiation (A =
0.71073 A) at 285(2) K. Absorption corrections
were applied by using multiscan technique. All
structures were solved by the direct method of
SHELXS-97 and refined by the full-matrix
least-squares technique using the SHELXL-97
program within WINGX. No-hydrogen atoms were
refined with anisotropic temperature parameters.
The hydrogen atoms of the organic ligands were
refined as rigid groups. The detailed crystal data
and structure refinement parameters for the
compound 1 are summarized in Table 1.

RESULTS AND DISCUSSION
Structure of [Caz(BTEC)(DMF)(H20)s] (1)

Compound 1 crystallizes in triclinic crystal
system of P-1. In the asymmetric unit there are two
crystallographically unique Co(Il) atoms, two pytpy

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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anions and a Haabtc ligand (Fig. 1). In the
asymmetric unit, the two metal centers Col and
Co2 are not in the same environment. Coordination
mode of Hiabtc ligand is different. Some oxygen
atoms in the carboxyl have monofunctional
coordination. Some oxygen atoms in the carboxyl
have chelated coordination. Some oxygen atoms in
the carboxyl are in the form of O, O. The Col atom
is coordinated by four oxygen atoms from two
Hsabtc ligands, two nitrogen atoms from two
different Hjabtc ligands and two nitrogen atoms
from two different pytpy ligands. The Co2 atom is
the same as the Col atom, but the direction of the
pyridine ring which connects nitrogen atom is
opposite. Both Col and Co2 anions are connected
by Hasabtc ligands in the ab plane extended into a
2D layer structure (Fig. 2). Each 2D layer structure
is connected by a pytpy ligand extended into a 3D
framework (Fig. 3), which shows the 3D framework in
the x plane for 1 (Fig. 4).

PXRD Analysis

Fig. 5 shows the simulated and experimental
PXRD patterns of compound 1. The experimental
peak positions match well to the simulation of the
single crystal data, and the results indicate that the
synthesized compound is of good phase purity.

Table 1. Crystal data and structure refinement for the
compound 1

Compound 1

Empirical formula Cs6H34C02N100s
Formula weight (g/mol) 1092.79
Temperature (K) 296(2) K
Crystal system Triclinic
Space group P-1
a(A) 13.646(3)
b (A) 16.705(3)
c(A) 16.783(3)
a(®) 100.01(3)
B () 103.30(3)
v(®) 108.23(3)
V (A3) 3409.0
Z 2
Calculated density (g/cm?®) 1.065
Absorption coefficient (mm™) 1.408
Theta range for data collection (°) 3.17-27.43
-7<=h<=8
Limiting indices -27<=k<=27
-17<=I<=17
F(000) 1116
Reflections collected 24245
Completeness 99.1%
Data/restraints/parameters 4167/0/266

Goodness-of-fit on F2 1.054

Rla/wR2b [[>20(1)] 0.0768/0.2492
R1/wR2 (all data) 0.1127/0.2829
Largest diff. peak and hole (e-A) 0.796/-0.443
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Fig. 4. View of the 3D framework in the x plane for 1

All  electrochemical  experiments  were
performed according to the standard three-electrode
system at room temperature. The saturated calomel
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electrode was the reference electrode and the
platinum electrode — the auxiliary electrode. For
working electrode, a mixture containing 80% of
active substance, 10% of acetylene black and 10%
of polyvinylidene fluoride was mixed well, and a
suspension made from N-methyl-2-pyrrolidone
(Aldrich) was smeared on the nickel foam current
collector (1 cm x 1 ¢cm), and dried at 100 °C for 10
h. Cyclic voltammetry (CV) and galvanostatic
charge-discharge (GC) were performed on an
electrochemical workstation (CHI 760D).

3500 A
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2500 4
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1500

Intensity (a.u.)
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5 10 15 20 25 30 35 40
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Fig. 5. Simulated and experimental XRPD patterns for 1

Fig. 6 shows the cyclic voltammetry (CV)
curves of the Co-MOF electrode at various scan
rates (5~50 mVs™). As depicted in Fig. 6, it clearly
exhibits a couple of redox peaks at +0.33V
(oxidation) and +0.23V (reduction) at a low scan
rate of 5 mV st indicating that the
pseudocapacitive behavior resulted from the surface
faradic redox reactions. Electrochemical capacitor
properties of Coz(pytpy)(abtc), may be due to
Faraday redox reaction of Co(ll) ion in the
framework (Co?'/Co®*), and OH- of alkaline
electrolyte may be mediated. Similar to most of the
capacitor electrode materials, the symmetry of the
scan curve of the cyclic voltammetry is good
between positive and negative, which indicates that
the electrode material has reversibility and good
capacitance characteristics. With the increase in
scan rate, the potential of the anodic peak gradually
increases and the cathodic peak gradually decreases,
which shows that the electrode material has good
rate capability. The galvanostatic charge-discharge
curves at different current density are shown in Fig.
7. As can be seen, the curve shape of charge and
discharge is very similar, and there are potential
platforms. It shows the typical pseudocapacitor
characteristic, which is consistent with the cyclic
voltammetry curve. According to Fig. 7 we can
calculate the specific capacitance at different
current densities. The specific capacitance of the
activated crystalline electrode is 101.65, 94.19,
88.19, 79.52, 74.55 and 72.06 F g! when the

current density is 0.5, 1, 2, 4, 6 and 8 A g%,
respectively.
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Fig. 6. Cyclic voltammetry curves at different scan rates
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We obtained the curve of the specific
capacitance of electrode as a function of the change
in current density (Fig. 8). It can be seen from the
figure that the specific capacitance slowly descends
with current density decrease, the electrode
materials have good rate capability. In addition, its
value is similar to some typical supercapacitors of
cobalt oxide, such as CoMoO, nanorods (62.8 F
g1 A g1), MnMoOy nanorods (9.7 F g%/1 A g?)
[11], but not as good as the supercapacitor of
NiO@ CoMoOs nanomaterials [12] and the
electrode of CoMo00s-3D graphene hybrid
(NSCGH) [13]. It is the key factor that cycle life of
supercapacitor applies to practice. It was found that
the capacitance retention was kept at 78% of its
highest value after 1000 cycles, indicating that this
kind of Co-based MOF material not only has large
specific capacitance and good rate capability but
also has excellent cycling stability (Fig. 9). This
might be attributed to the fact that the charge
transfer resistance slightly increased after long
cycles. The results showed that the compound 1 has
a good application prospect as a supercapacitor
electrode material.
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120 capacitance (Co-MOF) is not remarkable and the
sample has excellent cycle life after 1000 cycles
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We used pytpy and Hiabtc ligand to synthesize a
new MOF under solvothermal conditions. The
structure and supercapacitive behavior were
characterized.

Reduction and oxidation peaks are observed
when cyclic voltammetry is performed at different
scan rates, which show typical faradic redox 13
characteristics. The specific capacitance slowly
decreases along with the increase in scan rate,
which means that the material has a good high-rate
capability. The results show that the loss of specific

METAJI-OPTAHUYHA MPEXA HA Co(ll): CUHTE3 1 CYIIEPKAITIAIIUTUBHA
CBOUCTBA

X. JI. Baii'3, ®. JI. Menr?, M. ®au®, I1. Kaurs"

! Koneaic no xumus, Yanzuyncku ynusepcumem, Yanzuyn, 130032, Jorcunun, H. P. Kumaii
2Uncmumym no cmandapmu 3a Kauecmeo Ha cenckoCmonancka npooyKyus u mexHono2uu 3a nposepka, Jjicununcka
akademust no ceickocmonancku nayku, Yaneuyn, 130033, Jocunun, H. P. Kumat
[Toctenmna Ha 11 HoemBpu, 2017 r.; npuera Ha 7 mapt, 2018 .

(Pesrome)

Meran-oprannyna mpexa Coz(pytpy)(abtc), ocHoBaBama ce Ha pytpy m H4abtc, karo BTOpWYHHM NUTaHIH, ©
CHHTE3MpaHa COJBOTEPMUYHO, OXapaKTEepU3HPaHa € CTPYKTYPHO U ca ONpPEACNICHU CyNepKanalUuTHBHUTE CBOICTBa Ha
MOF. Tlpy UuKIMYHA BOJTAMIEPOMETPHS C pa3lMYHHA CKOPOCTH Ha CKaHHpaHE ce HaOoiaBa PEAyKLHOHEH H
OKHCITUTENICH IHMK, KOMTO ca C TUIOHYHH (apaneeBu peqoKC XapakTepUcTHKH. CrenupUYHHAT KamaiuTeT OaBHO
HaMallsiBa ¢ HApPACTBAHETO HAa CKOPOCTTA Ha CKAHMPaHE, KOeTO CBHICTEJICTBA 3a JOOPUTE OTHACSHHS Ha MarepHasa IpH
BHCOKH CKOPOCTH. YCTaHOBEHO €, ue 3arybata Ha crneruduyer kanamurer Ha CO-MOF He e chbliecTBeHa U MAaTepHATbT
HMa OTIWYHH ITokaszaTesn cien 1000 nukbia.
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Effect of gold loading (within the range of 4 mass % - 16 mass %) on the behavior of the catalyst (Co/y-Al,O3) for
CH4 oxidation is studied. Gold promoted CoOy/y-Al,O3 catalysts were prepared via deposition precipitation method and
calcined at 550°C. A significant improvement in activity was observed (T100%=380 °C) toward CH, oxidation with
increase in gold loading, though a plateau was reached at ca. 13.45 wt. % Au content. The catalytic activity is studied
on a fixed catalyst weight (500 mg) in an air flow containing 1 % of CH4 introduced to the reactor at a total feed rate of
150 mL/min. The catalyst characterization is done using XRD, TGA/DSC and SEM. The best catalysts according to the
catalytic activity obtained are as follows: Au (13.45>10.44>16.27>07.21>04.06>0 wt. %)-CoOy/y-Al,Os. It is found
that the catalyst containing 13.45 wt. % of Au loaded on 18 wt. % Co/y-Al;O3 is the most active catalyst as it decreases
the temperature (T100%=380 °C) by 110°C required for methane oxidation in comparison to the catalyst that does not

contain gold, i.e., 18wt.%Co/y-Al>03 (T100%=490 °C).

Keywords: Methane, Oxidation, Catalysts, Gold, Cobalt, Alumina

INTRODUCTION

With the exponential growth of vehicles on
road, fossil fuels have led to an alarming level of
exploitation. Thus the need arises for substitution of
both, the vehicles and the fuel in pursuit of green
and clean environment. In comparison to gasoline
and diesel, compressed natural gas (CNG) as a fuel
is an attractive choice with significant
environmental advantages as it is available in
abundance, is cheaper and highly efficient.

According to Jahirul et al. [1] it suitably mixes
with air and burns effectively, due to its high octane
number, engine operates smoothly without
knocking, the formation of non-methane
hydrocarbons and other air pollutants in CNG
fueled engines is one-tenth of that in gasoline
engines. The formation of CO and NOx is by 80%
lower than in gasoline engines because of the
simple chemical structure of compressed natural
gas (primarily CH,), it contains single carbon in
comparison to diesel (CisHs2) and gasoline (CgHas).
In terms of economy CNG fueled engines are by
20% more economical than gasoline and diesel
engines [2].

However, the inevitable methane emission from
vehicles using CNG as the fuel has a very harmful
effect on the environment, as methane is a potent
greenhouse gas and its global warming potential is
21 times that of CO, at equivalent emissions [3,

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

27].

Further, compared to low-emitting diesel, the CNG
exhaust has higher levels of six toxic air
contaminants (TAC) listed by the California Air
Resources Board (ARB), namely: acetaldehyde,
acrolein, benzene, formaldehyde, methyl ethyl
ketone, and propionaldehyde. Formaldehyde
emission is very high with CNG vehicles. It is also
classified as a toxic air contaminant and is known
as carcinogenic [4].

Therefore, the challenge before the researchers
around the globe is to abate harmful chemicals
from CNG exhaust, especially methane emission.
This task can be achieved with the help of a
catalytic convertor [5] fitted before the exhaust of
vehicle. The convertor has the properties of
reducing harmful chemicals to less harmful
chemicals (CO;, H,0). The oxidation and reduction
reactions take place due to the catalyst present on
the interior of the surface of convertor. Catalyst
present in the interior oxidizes the unburnt methane
from vehicular exhaust and converts it into less
harmful products (Eg. 1).

CH,[g] + 20,[g] - CO,[g] +
2H,0[g] + (890 kJ/mol) )

Gold based catalysts have been studied by
numerous researchers for oxidation of methane.
Numerous PhD degrees have been awarded [6],
various patents have been granted [7-8], a number
of research [9-16] and review [17-19] articles has
been published on gold based catalysts for methane
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oxidation/combustion reactions.

Table 1 depicts some of the advances made on
gold based catalysts and is strictly devoted to gold
based catalysts. A number of conclusions can be
drawn from this table such as preparation methods
of the catalyst, type of the reactor used, amount of
catalyst used for reaction, flow conditions and at
last but not least the Tiow wWhich denotes the
temperature required for 100% conversion of
methane. It is interesting to note that from all the
reported work, the minimum temperature for 100%
conversion of CH, is 350 °C [12] and the maximum
hovers around 680 °C [20]. However, all the other
works report an average temperature of 500 °C.
Keeping in view the literature accumulated it was
observed that the combination of gold, cobalt and y-
alumina has not been investigated over the whole
composition range. Hence, the present work is
devoted to the promotional effect of gold on

EXPERIMENTAL
Catalyst preparation

The Au-Co/y-Al,O3 mixed oxide catalysts were
prepared by a deposition precipitation method [5].
All chemicals used were of analytical grade (AR).
Stoichiometric amount of gold (HAuCl,4) and cobalt
(Co(NOs)2.6H,0) salts were first dissolved in
doubly distilled water followed by addition of y-
alumina powder. The formed suspension was
stirred vigorously at 70°C. Sodium carbonate
solution was added dropwise to this suspension
maintaining pH of 7, hence the formation of
precipitates takes place. The precipitate was washed
several times with deionized water. The formed
solid was heated overnight in an oven at 110 °C.
Further it was pressed (mortar and pestle) and
finally the fine powder was calcined at 550 °C for 4
h.

alumina supported cobalt based catalyst.

Table 1. Parameters in some publications related to gold based catalysts

Catalyst, Prepn. Method Exp. Operating Parameters Remark Reference
Au/C030,—Ce0O> 50 mg, U-shaped quartz, 0.3 AuCo0304 [11]
Co-precipitation, Vol.%CHy, 2.4 vol.%0; in He. T100%=550°C.

Calc. temp. 600 °C. WHSV=60,000 mL/ gh.
Au/CoOx, Au/MnOx 50 mg, fixed-bed S. S. tubular Au/CoOx [12]
Co-precipitation, flow, 50 mL/min, GHSV = 15,000 h" T1o00%= 350 °C.
Calc. temp. 400 °C !, alkane/air ( molar ratio) of 0.5/99.5
Au/MgO, 200 mg, microreactor of quartz Enhanced activity [21]
Impregnation, glass, CH4 (46%, O, 8%, He 46%. when gold was
Calc. temp. 850 °C. GHSV=750 h. employed
Au-Pt/C030, 0.10 g, fixed-bed microreactor, 1 Activity of [22]
Co-precipitation technique vol.% CHys, 5 vol.% O3, and rest N, Au/Co30.4 enhanced
Calc. temp. 400 °C. space velocity of 10,000 h! when Pt, e.g. 0.2 wt.%
was added, and conv.
temp. decreased by
50°C.
AU/MOX/AI;03 Lab-scale fixed-bed, 0.8 vol.% AU/Al;O3 [23]
where M is Cr, Mn, Fe, Co, Ni, CHs and 3.2 vol.% Oz in He, 30 T100%= 655°C
Cu, and Zn, Homogeneous mL/min.
deposition precipitation,
Calc. temp. 400 °C
AU/TiO, Au/SiO,, Au/CeOy, Quartz tubular fixed bed, 50 AU/TIO, [10]
Au/ZrO,, Au/Al,Os3, mL/min. (20% CH. and 5% O, rest Tsow= 400°C,
Deposition precipitation, is He). AU/Al>,O3
Calc. temp. 400 °C T20%=400°C.
Au/Fe;03 0.1 g, fixed-bed quartz, Au/Fe;03 prep. by [24]
Deposition precipitation 1 vol.% CHyg in air, flow rate=100 HDP
mL/min, GHSV = 51,000 h*%. Ts00:=375°C,
Tloo%=500°C.
AUOXx/Cep6Zr03Y0.102 0.12 mg, quartz fixed-bed Catalyst with 6% AuOy [20]

Co-precipitation,
Calc. temp. 700 °C

microreactor,
5% CHa4/95% He (v/v, 40
mL/min) + Oz (8 mL/min) + He (52
mL/min), SV= 50,000 h'%,

Tso%:590°C
T100%2680°C
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Table 2. Composition of gold on different catalysts with catalyst ID.

Catalyst ID G50 Gb51 G53 G54 G55
Gold (wt.%) 00.00 04.06 07.21 10.44 13.45 16.27
Co:Au 5:0 5:1 5:3 5:4 5:5

Au-CoOy/y-Al,03; samples contained {00.00,
04.06, 07.21, 10.44, 13.45, 16.27 wt. % Au} and
{18 wt.% Co}. The compositions of gold and cobalt
are expressed in weight percent throughout the
paper and are also presented in Table 2, each
catalyst having a unique ID. The resulting powder
was finally stored in air-tight triplex vials for
further experiments and characterization.

Catalytic Activity Measurement

The catalytic activities of all prepared catalysts
(Table 2) towards methane oxidation were tested in
a compact scale fixed-bed, down-flow tubular
reactor [5]. The reactor was placed vertically in a
split open furnace. 500 mg of the catalyst was
diluted with 1 ml of alumina and placed in the
reactor. The reactant gas mixture consisted of 1%
CH, in air maintaining a total flow rate of 150
mL/min, corresponding to a WHSV about 36000
mLhgl. The reaction was carried out in
temperature range of ambient to a temperature at
which 100% CHs conversion was attained. It was
also ensured that the gas does not contain any
moisture or CO, by passing it through CaO and
KOH pellet drying towers. Digital flow meters
were used for measuring the flow rate of both
methane and air. The catalytic experiments were
carried out under steady-state conditions. The
steady-state temperature was controlled with the
help of a microprocessor-based temperature
controller with precision of +0.5°C. The products
and reactants were analyzed by means of an online
gas chromatograph (Nucon 5765) using a Porapak
Q-column, methaniser and FID detector for the
concentrations of CHs and CO.. The fractional
conversion of methane was calculated on the basis
of the values of concentration of CH, in the product
stream using Eg. (2). Only one chromatogram
peaks corresponding to CH4 was recorded for inlet,
whereas the chromatogram of reactor outlet gases
contains an additional peak of CO, with unreacted
CHa.

XCH4 = {|CCH4|L'n - |CCH4|Out}i/|CCH4|in (2)

where the change in concentration of CH4 due to
oxidation at any instant {lCCH4|in - |CCH4|out}i is
proportional to the decrease in the area of the
chromatogram of CH, at that instant. Experimental

data were collected at every measurement point
after stabilizing for 20 min.
Catalyst Characterization

Characterization of the catalysts was done by
XRD (X-Ray Diffraction), TGA/DSC (thermo
gravimetric analysis) and SEM (scanning electron
microscopy). XRD pattern was recorded in an
X’PERT PRO diffractometer using CuKa radiation
source. Operating current and operation voltage
were 40mA and 45KV, respectively. The scanning
range 20 was 5.00 - 99.98° with a divergence slit of
0.8709°. The continuous scanning was done with a
step size of 0.0170° and with scan step time of
30.36 s. The TGA/DSC analysis was carried out in
air on a thermo gravimetric analyzer. The
temperature of the cycle was programmed from 40
to 700°C increasing at the rate of 10°C per minute.
In order to observe the microstructure of the
prepared catalysts, SEM micrographs were
obtained using a JEOL JSM-6700F instrument.

RESULTS & DISCUSSION
Effect of gold addition to CoOy/y-Al>Os3

In Figure 1, the methane conversion is plotted as
a function of the operating temperature for each
catalyst. It was observed that the methane
conversion increases by increasing temperature.
This evidence can be explained by considering that
with increase in temperature, the activation energy
required for the reaction is attained in that
temperature region. It can be seen that with increase
in gold content, the activity of the catalyst
increases. The plot (figure 1) can be divided into
two branches: methane conversion below 50% and
methane conversion above 50%. It can be seen that
below 50% the ignition temperature for methane
oxidation is almost the same for each of the
catalysts. But with increase in temperature each
curve proceeds via different oxidation route.

Reaching 50% methane conversion, each curve
differs by 25-30 °C, as far as methane conversion
above 50% is concerned. The difference of
conversion temperature is minimised with increase
in temperature. Each catalyst has the ability for
100% methane conversion. Further, it can be seen
that almost each catalyst has traced an S-type curve.
It is observed that the catalyst having 13.45% Au
loaded on 18 wt.% CoOx/y-Al.0s; exhibits the
highest activity among all prepared catalysts. The
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catalyst without gold has the worst activity among
all catalysts.
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Figure 1. Temperature dependence of methane
conversion over different amounts of gold loaded on
18wt.% Co/y-Al;0s.

A significant influence of the gold loading on
the activity of different catalysts is evident. It is
interesting to note that the catalyst (G50) without
gold shows high activity than the catalyst (G52)
between the span of 260-340°C temperature. It is
very clear from figure 2 that with increase in gold
content the activity of catalyst increases up to
13.45%, however, on further increase in gold
content the activity decreases. This can be
attributed to the bulk dispersion or aggregated
particles of gold with further increase in gold
content. The activity of the highly active catalyst
(G54) can be attributed to the uniform dispersion of
gold and cobalt on y-alumina.

X-Ray diffractograms (XRD)

The XRD patterns of Au-CoOx/y-Al20s, as well
as of CoOy/y-Al>Os are shown in figure 3 and figure
4, respectively. The formation of crystalline phase
can be seen from the patterns of powders calcined
at 550°C. The peaks at 20=45. 65° and 67.18
(JCPDS 04-0783) are attributed to alumina in all
catalysts [25,6].

The intense peaks further correspond to
38.2° the (111) lattice planes of metallic cobalt
phase [26]. Narrow peaks indicate large
particles and broad peaks correspond to small
particles.

Characterization of the pure Co304/y-Al203
catalysts in comparison with catalyst having Au

440

loadings by powder X-ray diffraction showed that
Au phases could be observed, although the Au
loading in the catalyst (G55) was 16.27 wt.%, and
only CosO4/y-Al;Os was determined, indicating that
Au was amorphous or highly dispersed.

CH, Conversion (%) at 380 °C

G51 G52 G53 G54

Catalysts with diffrent Gold Loadings

Figure 2. Methane conversion at 380°C for all
catalysts.

Thermo Gravimetric Analysis (TGA/DSC)

The result of the TGA/DSC analysis of G53
catalyst is shown in figure 5. There is approx.
12wt.% reduction in weight of the catalyst. It can
be seen that weight loss occurs in three intervals,
i.e. 40-270; 270-550; 550-690 °C.

From 40-270 °C the weight loss is significant
and may be attributed to the loss of water present
with the precursor with an endothermic peak at
270°C. With further increase in the temperature
there is a tremendous decrease in weight loss in the
temperature range of 270-550 °C. This is due to the
decomposition of nitrates and chlorides present in
the precursor on contact with oxygen. However, the
weight loss between 550-690 °C is negligible which
means that anhydrous salts are completely
decomposed. Figure 6 represents the thermograms
of G54 catalyst. The weight loss is around 12 wt%,
a little more than G53. This may be due to the high
concentration of gold. The weight loss trend is
similar to G53 catalyst. However, much of the
weight loss is in the range of 40-270 °C with the
endothermic peak again at 270°C. After 550 °C the
loss in weight is negligible.



M. Kumar et al.: Promotional effect of Au on y-Al,03 supported cobalt based catalyst for total oxidation of methane

ilies
3000
2000
1000H e _— L K, b
o e
ae — Ly b I A
1000+t erereabiarel™
Ry e
200H '
1000+ A j - A
|t S
':|-:GI_\52
2000+ .L_
0 | - .
100H et
1500
1000
500
10 20 k| 40 50 &0 i &0 20
20
Figure 3. XRD patterns of catalysts having different gold loadings.
il —
[ro e -
o —]
: T T T T 3 T T
28
Figure 4. XRD pattern of 18wt.% Co/y-Al;03
20 \\ v—\\
£ \\ 2 |
5 = N g
%: \—‘“\ 120§
= \ 16

Figure 5. Graphical representation of TGA/DSC thermograms of the precursors of 10.44wt.% Au supported on
18wt.%Co/y-Al,03
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Figure 9. SEM micrographs of G53 catalyst.
SEM analysis

The SEM micrographs of all catalysts are shown
in figures 7-11. Figure 7 shows the G51 catalyst,
the flakes and spheres of cobalt are dispersed on
alumina; separate cobalt oxide particles are also
present. It can be seen that the gold particles are
also dispersed on cobalt oxide, as well as on
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100m

of the precursors of 13.45wt.% Au supported on
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alumina. Figure 8 represents the SEM micrographs
of catalyst G52 at various resolutions. It can be
seen that the density of the gold particles is very
high in comparison to G51, which is due to the high
concentration of gold in comparison to G51. Larger
spheres of gold are dispersed on cobalt and
alumina.
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Figure 11. SEM micrographs of G55 catalyst.

Figure 9 represents the SEM images of G53
catalysts. Huge blocks or particles of both gold and
cobalt are dispersed on alumina which is in good
agreement with the catalytic activity of the catalyst.
The SEM micrographs of the highly active catalyst
G54 are presented in figure 10. It can be seen that
the gold particles are dispersed on cobalt species
which are further embedded in alumina particles
and this reflects the reason behind the high activity
of the catalyst. This morphology helps in oxidation/
combustion of methane and also provides very high
surface area per gm of the catalyst. However, figure
11 shows that agglomeration of gold particles takes
place due to their high concentration.

CONCLUSIONS

Six catalyst samples having different gold
composition and a constant amount of cobalt and
alumina were prepared by a deposition/
precipitation method and tested for methane
oxidation. Table 3 represents the temperature
required for {100, 50 and 10}% conversion of
methane for each catalyst. The catalytic
performance for the said reaction (1) and the
morphology of the catalysts strongly depend upon
the gold content in the catalyst. The activation
energy required for reaction is different for each
catalyst and is also a function of gold content. The
catalyst having 13.45% gold shows the best
catalytic performance, this is ascribed to the
uniform dispersion of gold species in the catalyst.
The catalyst sample having 4.06 wt.% gold exhibits
poor activity. The catalyst without gold shows the

worst activity among all catalysts. Figure 12 shows
the promotional effect of gold. It is clearly seen that
light off temperature is tremendously increased
with addition of gold. The catalytic activity of the
tested samples is as follows: Au
(13.45>10.44>16.27>07.21>04.06>0 wt. %) -
CoOy/y-AlL0;. All six catalysts are active for CHa4
oxidation and do not show deactivation of catalytic
activity for 50 h of continuous run at 380 °C at
different levels of methane conversions.

CH, Conversion (%)

—=— 00.00%)|
—o— 13.45%)

T T
250 300

Temperature °C

Figure 12. Promotional effect of gold (catalyst with 0,
13.45% Au) on methane conversion.

Table 3. Promotional effect of Au loading on light
off temperatures of different catalysts prepared by a
deposition precipitation method

Catalyst Gold Co:Au  Temperature (°C)
ID (Wt.%) Tiow  Tsow  Tioow
G50 00.00 5:0 260 350 490
G51 04.06 5:1 245 325 460
G52 07.21 5:2 270 345 450
G53 10.44 5:3 195 240 400
G54 13.45 5:4 180 215 380
G55 16.27 5:5 220 280 415
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IMPOMOILIMOHAJIEH E®EKT HA Au BBPXYV v -Al,0s HAHECEH KATAJIM3ATOP HA
BA3ATA HA KOBAJIT 3A ITBJIHO OKUCJIEHME HA METAH

M. Kymap'?*, T, Paran?, P. Ilpacan®

YUncmumym no unocenepna xumus u mexnonozaus ,,Jj-p C. C. Bxamuazap “, Ilanoxcabeku ynusepcumem,
Yanoueap 160014, Unous
2 Jlenapmamenm no undxcenepra xumus, Ynueepcumem na Yanoueap, Moxanu, Ilanosicab, Unous
3ﬂenapmameﬁm no unodicenepra xumus, |1IT-BHU, Bapanacu, Y.I1., Hnous

Iocrprmna wa 13 HoemBpw, 2017 r.; kopurupana Ha 16 dhespyapu, 2018 .

(Pesrome)

W3y4yeHo e BIMSHUETO Ha ChIbPKAHMUETO Ha 3JIaTO B MHTepBana oT 4 mac. % - 16 mac. % BbpXy OTHAacsHHATA Ha
katanuzaropa Co/y-Al,Os mpu oxucnennero Ha CH4. IIpomortupann cbe 3mato CoOx/y-Al,Os katanmsatopu ca
MOJYYeHH 4Ype3 YTauTeJIHO HaHacsHe W KanuuHupane npu 550°C. IIpu moBuIiiaBaHe Ha ChIBbPKAHUETO HA 3J1aTO Ce
HaOJF01aBa 3HAYMTEITHO MOBHUINaBaHe Ha akTHBHOCTTA (T1009%=380 °C) mpu okucinsiBare Ha CHa, kaTo mpu okono 13.45
ters. % AU ce moctura g0 1wato. KaramnTHaHaTa akTHBHOCT € M3ydeHa TPH MTOCTOSIHHO Terso Ha karamuszatopa (500
M) B TIOTOK OT BB3AYX, chabpxkamt 1 % CHa, BHacsH B peakropa cbe ckopoct oT 150 mL/min. Karamusatopure ca
oxapaktepuszupanu upe3 XRD, TGA/DSC u SEM. KaranutuyHata akTHBHOCT Ha KaTalu3aTopure € B pera: Al
(13.45>10.44>16.27>07.21>04.06>00.00 terin. %)-CoOx/y-Al,03. YcTaHOBEHO €, Y€ KaTalu3aTtopsT, chabpxkany 13.45
ters. % Au, HaHeceHO BBpXY 18 wt. % Co/y-Al,O3 e Hait-akTuBeH u moHmxaea temmepatypara (T100%=380 °C) nHa
penykuus Ha MetaH c¢b¢ 110°C B cpaBHEHHE ¢ KaTalIu3aTop HEChIBPIXKAII 371aT0, T.¢., 18 Tern.% Co/y-Al203 (T10006=490

oc)A
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In this study, new piperazine derivatives were synthesized by the reactions of S-substituted-3-nitro-1,3-butadienes
with some piperazine derivatives: (1-(2-furoyl)-, 1-(4-fluorobenzyl)-, 1-(3-fluorophenyl)- and 1-(1-tetrahydro-2-
furyl)piperazine) in CHCI3s at room temperature. The structures of the new compounds were characterized by micro
analysis, FT-IR, MS spectrometry, *H- and 3C-NMR. The crystal structure analysis was performed on the synthesized
compound 5d by using the X-ray diffraction method. The compound 5d crystallizes in the monoclinic space group
P2i/c with a = 12.5503(2) A, b = 11.2039(2) A, ¢ = 14.1007(4) A, Z = 4. The structure was solved by direct methods

(SIR92) and refined to the residual index R; = 0.031.

Keywords: Piperazine derivatives; X-ray study; Organic synthesis; Vinylic substitution

INTRODUCTION

Polyhalo-substituted-1,3-butadienes possess a
broad spectrum of useful properties: they are
employed as monomers for the preparation of
valuable polymers and copolymers resistant to heat,
light and chemical corrosion, and exhibit algicidal,
bactericidal and fungicidal activities [1]. Moreover,
the precursor perchloronitrobutadiene 1 proved to
be active against cancer cells [2].

Piperazine analogues have drawn great interest
for their biological activities in a number of
different therapeutic areas [3]. These include
anticancer,  antifungal  [4,5], antibacterial,
antimalarial and antipsychotic agents [6], as well as
HIV protease inhibitors and antidepressants. Also,
the N-carbonyl piperazine moieties exhibit cardio-
vascular properties [7].

EXPERIMENTAL
General

Melting points were measured on a Biichi B-540
melting point apparatus. FTIR spectra (cm™) were
recorded as KBr pellets in nujol mulls on a
Shimadzu IR Prestige 21 model Diamond
spectrometer (ATR method). *H and *C NMR
spectra were recorded on a Varian Unity Inova
spectrometer at 499.83 MHz for 'H and 125.48
MHz for *3C using CDCl; as a solvent and TMS as
an internal standard. Mass spectra were obtained on
a hybrid triple quadrupole linear ion trap mass
spectrometer (4000 QTRAP, ABSciex). The 4000
QTRAP was operated in the triple quadruple mass
spectrometer mode by use of -electrospray
ionization (ESI) source. The crystal structure of
compound 5d was determined on Rikagu R-Axis

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

Rapid-S X-Ray Single Crystal diffractometer.
Micro analyses (C, H, N, S) were conducted using
the Thermo Finnigan Flash EA 1112 elemental
analyzer. Products were isolated by column
chromatography on silica gel (Fluka Silica gel 60,
particle size 63—-200 pum). Kieselgel 60 F-254 plates
(Merck) were used for thin layer chromatography
(TLC). All chemicals were of reagent grade and
were used without further purification. Moisture
was excluded from the glass apparatus with CaCl;
drying tubes.

General Method 1 for the synthesis of S-
substituted-3-nitrobutadiene Compounds (3a-d)

4-(Hexadecylsulfanyl)-1,1,2,4-tetrachloro-3-
nitro-1,3-butadiene (3a) [8], 4-(cyclo-
pentylsulfanyl)-1,1,2 4-tetrachloro-3-nitro-1,3-
butadiene (3b) [9], 4-(octadecyl-sulfanyl)-1,1,2,4-
tetrachloro-3-nitro-1,3-butadiene (3c) [8] and 4-
(ethylsulfanyl)-1,1,2,4-tetrachloro-3-nitro-1,3-
butadiene (3d) [10] were synthesized by the
reactions of 1 with 2a-d according to the literature
[8-10].

General method 2 for the synthesis of piperazine
derivatives

The S-substituted-3-nitro-1,3-butadienes 3a-d
and equimolar amounts of the piperazine
derivatives were stirred in chloroform (25 mL) for
8 h. Chloroform (30 mL) was added to the reaction
mixture. The organic layer was washed with water
(4x30 mL), and dried with Na,SO.. After the
solvent was evaporated the residue was purified by
column chromatography on silica gel.

[4-(1-(2-Furoyl)piperazin-1-yl]-4-(4-hexadecyl-
sulfanyl)-1,1,2-trichloro-3-nitro-1,3-butadiene
(5a): Compound 5a was synthesized by the reaction

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 445
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of 3a (0.1 g, 0.2 mmol) with 1-(2-furoyl)piperazine
4 (0.036 g, 0.2 mmol) according to general method
2.

Yellow oil, yield: 0.062 g, 49% . Rs 0.64
[PET:EtAc (2:1)]. FT-IR (KBr, cm?): v= 2952,
2853 (C-H), 1649 (C=Oamic), 1570 (C=C), 1529,
1487, 1274 (NO,). 'H NMR (CDCls, ppm): & =
0.86-0.92 (t, 3H, CHs), 1.24-1.32 (m, 24H, CH,),
1.37-1.43 (m, 2H, CH), 1.65-1.72 ( m, 2H, CH>),
2.97-3.10 (s, 2H, S-CH), 3.40-3.85 (shr, 4H,
CHoapiper.), 4.05-4.32 (s, 4H, CHapiper), 6.53-6.57 (m,
1H, Harom), 7.15-7.17 (d, 1H, Hawom), 7.52-7.55 (s,
1H, Haom). ¥C NMR (CDClz, ppm): 6= 14.14
(CHg), 23.71, 28.73, 29.04, 29.37, 29.39, 29.53,
29.62, 29.67, 29,70, 29.75 (CHy), 31.94 (S-CH,),
35.66, 52.91 (Cpiper), 111.79, 118.00, 118.83 ,
125.04, 126.53, 144.31 (Coutad, Carom), 147.28
(Churoyr), 169.30 (C=0). MS [+ESI]: m/z (%) 638
(100) [M+H]*. Micro analysis: C29Ha4CisN304S,
(Ma =637.1 g/mol ). Calculated: C, 54.67; H, 6.96;
N, 6.60; S, 5.03%; Found: C, 54.69; H, 7.00; N,
6.62; S, 5.02%.

[4-(1-(2-Furoyl)piperazin-1-yl]-4-(4-octadecyl-
sulfanyl)-1,1,2-trichloro-3-nitro-1,3-butadiene
(5¢): Compound 5c¢ was synthesized by the reaction
of 3c (0.1g, 0.2 mmol) with 1-(2-furoyl)piperazine
4 (0.035 g, 0.2 mmol) according to general method
2. Yellow oil, yield: 0.053 g, 42% . Ry 0.30
[PET:EtAc (2:1)]. FT-IR (KBr, cm?): v=2952,
2853 (C-H), 1649 (C=Oami¢), 1570(C=C), 1529,
1487, 1274 (NOy). *H NMR (CDCls, ppm): & =
0.87-0.90 (t, 3H, CHs), 1.25-1.32 (m, 28H, CH>),
1.39-1.42 (m, 2H, CH), 1.67-1.70 (m,2H,CH>),
2.97-3.00 (d, 2H, S-CHz), 3.99 (Sbr, 8H, CHZpiper.),
6.53-6.54 (s, 1H, Hawom), 7.13-7.14 (s, 1H, Hawom),
7.51-7.52 (s, 1H, Harom).2*C NMR (CDCls, ppm ):
o= 14.12 (CHs), 22.69, 28.72, 29.02, 29.36, 29.38,
29.52, 29.61, 29.66 , 29.70, 29.74 (CHy), 31.92 (S-
CHy), 35.63, 52.89 (Chpiper), 111.75, 117.94, 118.86
, 125.00, 126.54, 144.28, 158.99 (Chutad.,Carom.),
147.27 (Cruroyl), 169.63 (C=0). MS [+ESI]: m/z (%)
688 (100) [M+Na]*. Micro analysis:
C31H48C|3N304S, (MA =665.15 g/mol ) Calculated:
C, 55.98; H, 7.27; N, 6.32; S, 4.82%; Found: C,
55.99; H, 7.29; N, 6.35; S, 4.86%.

[4-(1-(2-Furoyl)piperazin-1-yl)]-4-(ethyl-
sulfanyl)-1,1,2-trichloro-3-nitro-1,3-butadiene (5d)
[11]: Compound 5d was synthesized by the
reaction of 3d (0.1g, 0.34 mmol) with 1-(2-
furoyl)piperazine 4 (0.057 g, 0.32 mmol)
according to general method 2. Yellow solid, yield:
0.057 g, 46%. M.p.: 135.8-136.0°C.

[4-(1-(4-Fluorobenzyl)piperazin-1-yl]-4-(4-
hexadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (7a): Compound 7a was synthesized by
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the reaction of 3a (0.1g, 0.2 mmol) with 1-(4-
fluorobenzyl)piperazine 6 (0.039 g, 0.2 mmol)
according to general method 2. Yellow solid, yield:
0.042 g, 32%. Rt 0.63 [PET:EtAc (2:1)]. M.p.:
75°C. FT-IR (KBr, cm?): v= 2924, 2853 (C-H),
1620, 1510 (C=C), 1530, 1279 (NO). *H NMR (
CDCls, ppm): 6 = 0.86-0.92 (t, 3H, CH3), 1.24-1.32
(m, 24H, CHy), 1.37-1.43 (m, 2H, CH,), 1.65-1.72
(m, 2H, CHy), 2.55-2.75 (sbr, 2H, Ph-CHy,), 2.97-
3.10 (s, 2H, S-CHy), 3.50-3.80 (s, 4H, CHoapiper),
3.90-4.12 (sbr, 4H, CHoapiper), 7.05-7.07 (t, 2H,
Harom), 7.32-7.35 (S, 2H, Harom). *C NMR (CDCls,
ppm): 6= 14.14 (CHs), 23.71, 28.73, 29.04, 29.37,
29.39, 29.53, 29.62, 29.67, 29.70, 29.75, 31.94
(CHy), 35.66 (S-CHy), 52.40, 61.50 (Cpiper), 115.36,
115.53, 126.83 (Chutad., Carom.). MS [+ESI]: m/z (%)
652 (100) [M+H]". Micro analysis:
C31H47C|3FN3028, (MA = 651.15 g/mol)
Calculated: C, 57.18; H, 7.28; N, 6.45; S, 4.92%;
Found: C, 57.20; H, 7.26; N, 6.46; S, 4.90%.

[4-(1-(4-Fluorobenzyl)piperazin-1-yl]-4-(4-
cyclopentyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (7b): Compound 7b was synthesized by
the reaction of 3b (0.1g, 0.3 mmol) with 1-(4-
fluorobenzyl)piperazine 6 (0.058 g, 0.3 mmol)
according to general method 2. Orange solid, yield:
0.074 g, 51%. Rf: 0.41 [PET:EtAc (2:1)]. M.p.:
124°C. FT-IR (KBr, cm?): v= 3052, 2961, 2871,
2805, 2768 (C-H), 1602 (C=C), 1529, 1278 (NOy).
'H NMR (CDCls, ppm): 6= 1.52-1.76 (m, 4H,
CHacyeo), 1.65-1.73 (s, 4H, CHacyel0), 2.55 (sbr,
3H, S-CHcyclo. and Ph-CHy), 3.45 (s, 4H, CHapiper),
3.50-3.91 (sbr, 4H, CHoapiper), 6.90-7.00 (t, 2H,
CHaom), 7.19-7.21 (m, 2H, CHaom). 3C NMR
(CDCls, ppm): 8= 24.61, 48.26 (Ceyeo), 52.52,
53.35 (Cpiper), 115.26, 115.43, 118.12, 124.6,
126.88, 130.7, 130.53, 132.82, 161.26 (Cbutad.,
Carom.), 163.21 (Crarom). MS [+ESI]: m/z (%) 494
(100) [M]*. Micro analysis: CzoH23CIlsFN3O,S, (Ma
= 494.84 g/mol). Calculated: C, 48.54; H, 4.68; N,
8.49; S, 6.48%; Found: C, 48.59; H, 4.69; N, 8.51;
S, 6.47%.

[4-(1-(4-Fluorobenzyl)piperazin-1-yl]-4-(4-
octadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (7c): Compound 7c was synthesized by
the reaction of 3c (0.1g, 0.19 mmol) with 1-(4-
fluorobenzyl)piperazine 6 (0.037 g, 0.19 mmol)
according to general method 2. Oil, yield: 0.055 g,
43%. Rs: 0.59 [PET:EtAc (2:1)]. FT-IR (KBr ,cm
D). v=2924, 2853 (C-H), 1610 (C=C), 1529, 1278
(NO2). *H NMR (CDCls, ppm): &= 0.78-0.82 (t,
3H, CHa), 1.15-1.25 (m, 28H, CH,), 1.28-1.35 (m,
2H, CH,), 1.50-1.60 (m, 2H, CH, ), 2.55-2.75 (sbr,
2H, Ph-CH,), 2.85-2.93 (t, 2H, S-CH>), 3.45-3.58
(s, 4H, CHoapiper), 3.62-3.83 (sbr, 4H, CHoapiper),
6.96-6.99 (t, 2H, CHaom), 7.23-7.29 (sbr, 2H,
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CHarom). *C NMR (CDCls, ppm): 6=14.15 (CHs),
22.71, 28.69, 29.0, 29.38, 29.52, 29.62, 29.68,
29.71, 29.76, 31.94 (CH), 35.51 (S-CH), 61.48
(Ph-CH,), 115.58, 128.02, 130.50, (Coutad., Carom.).
MS [+ESI]: m/z (%) 680 (100) [M+H]*. Micro
analysis: Cs3Hs1CIsFN3O2S, (Ma = 679.2 g/mol).
Calculated: C, 58.36; H, 7.57; N, 6.19; S, 4.72%j;
Found: C, 58.38; H, 7.58; N, 6.20; S, 4.75%.

[4-(1-(3-Fluorophenyl)piperazin-1-yl]-4-(4-
hexadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (9a): Compound 9a was synthesized by
the reaction of 3a (0.1g, 0.2 mmol) with 1-(3-
fluorophenyl)piperazine 8 (0.037 g, 0.2 mmol)
according to general method 2. Orange solid, yield:
0.036 g, 28%. Rs: 0.33 [PET:EtAc (9:1)]. M.p.: 82-
83°C. FT-IR (KBr, cm?) : v= 2919, 2850 (C-H),
1615, 1518 (C=C), 1533, 1277 (NO2). H NMR (
CDCls, ppm): 6= 0.88-0.92 (t, 3H, CHj3), 1.23-1.33
(s, 24H, CHy), 1.38-1.44 (m, 2H, CH), 1.67-1.73
(s, 2H, CHz ), 2.97-3.10 (s, 2H, S-CHy), 3.35-3.45
(s, 4H, CHoapiper), 3.65-4.05 (sbr, 4H, CHoapiper),
6.66-6.72 (m, 3H, Harom), 7.22-7.29 (t, 1H, Harom).
3C NMR (CDCls, ppm): 6=14.15 (CHs), 22.71,
28.55, 28.71, 29.04, 29.26, 29.38, 29.53, 29.62,
29.67, 29.71, 31.94, 35.63 (CH.), 39.23, 48.79
(Coiper.), 107.3, 111.65 (Chutad., Carom). MS [+ESI]:
m/z (%) 638 (100) [M+H]". Micro analysis:
C30H45C|3FN3028, (MA = 637.12 g/mol )
Calculated: C, 56.55; H, 7.12; N, 6.60; S, 5.03%;
Found: C, 756.54; H, 7.13; N, 6.63; S, 5.07%.

[4-(1-(3-Fluorophenyl)piperazin-1-yl]-4-(4-
cyclopentyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (9b): Compound 9b was synthesized by
the reaction of 3b (0.1g, 0.3 mmol) with 1-(3-
fluorophenyl)piperazine 8 (0.053 g, 0.3 mmol)
according to general method 2. Orange solid, yield:
0.049 g, 35%. Rs 0.53 [PET:EtAc (2:1)]. M.p.:
128.5°C. FT-IR (KBr, cm™): v= 2962, 2868, 2826
(C-H), 1613 (C=C), 1529, 1273 (NO,). 'HNMR
(CDCls, ppm): 6= 1.48-1.52 (s, 2H, CHacycro)), 1.57-
1.64 (s, 2H, CHaeyero), 1.67-1.78 (s, 2H, CHacyelo),
2.00-2.10 (m, 2H, CHacycro.), 3.20-3.30 (s, 1H, S-
CHcyeio), 3.50-4.00 (m, 8H, CHoapiper), 6.49-6.52
(m, 2H, CHarom), 6.67-6.64 (d, 1H, CHaom), 7.13-
7.20 (t,1H, CHaom). ®C NMR (CDCls, ppm): 6=
24.64, 48.36 (Ccycio), 48.75, 52.72 (Cpiper.), 103.26,
103.46, 107.27, 107.44, 111.64, 111,66, 124.94,
126.69, 130.50, 130.58 (Coutad., Carom.), 151.60 (N-
Cohenyl) , 162.82, 164.76 (C-Farom). MS [+ESI]: m/z
(%) 480 (100) [M]*. Micro analysis:
C19H21CI3FN30,S, (MA = 480.81 g/ mol).
Calculated: C, 47.46; H, 4.40; N, 8.74; S, 6.67%;
Found: C, 747.50; H, 4.43; N, 8.70; S, 6.69%.

[4-(1-(3-Fluorophenyl)piperazin-1-yl]-4-(4-
octadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (9c): Compound 9c was synthesized by
the reaction of 3c (0.1g, 0.3 mmol) with 1-(3-
fluorophenyl)piperazine 8 (0.034 g, 0.3 mmol)
according to general method 2. Orange solid, yield:
31%. Rs 0.52 [PET:EtAc (4:1)]. M.p.: 96-97°C.
FT-IR (KBr, cm?): v= 2926, 2854 (C-H), 1615
(C=C), 1528, 1265 (NO2). 'H NMR (CDCls, ppm):
&= 0.77-0.84 (t, 3H, CHa), 1.18-1.24 (d, 30H,
CH>), 1.50 (s, 2H, CHy), 2.90 (s, 2H, S-CH), 3.30
(S, 4H, CHzpiper,), 3.65-4.10 (Sbl’, 4H, CHzpiper,),
6.50-6.64 (m, 2H, Haom), 7.14-7.20 (m, 2H,
Harom). *C NMR (CDCls, ppm): &= 14.15 (CHs),
22.71, 28.71, 29.04, 29.36, 29.53, 29.63, 29.68,
29.71, 29.80, 31.94, 35.63 (CH.), 48.79 (Cpiper),
103.29, 103.48, 107.47, 111.65, 130.53 (Coutad.,
Caom.). MS [+ESI]: m/z (%) 688 (100 ) [M+Na]*.
Micro analysis: Cs2HaoCIsFN3O,S, (Ma = 665.17
g/mol). Calculated: C, 57.78; H, 7.42; N, 6.32; S,
4.82%; Found: C, 57.80; H, 7.44; N, 6.35; S,
4.83%.

[4-(1-(Tetrahydro-2-furyl)piperazin-1-yl]-4-(4-
hexadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (11a): Compound 1la was synthesized
from the reaction of 3a (0.1g, 0.19 mmol ) with 1-
(1-tetrahydro-2-furyl)piperazine 10 (0.037 g, 0.19
mmol) according to general method 2. Yellow oil,
yield: 0.043 g, 34%. Ry. 0.67 [PET:EtAc (1:1)]. FT-
IR (KBr, cm™): v= 2952, 2853 (C-H), 1659 (C=0),
1529, 1273 (NO,). H NMR (CDClIs, ppm): 6=0.88-
1.03 (t, 3H, CHj3), 1.22-1.26 (m, 28H, CH), 1.30-
1.48 (m, 2H, CH,), 1.58-1.65 (m, 2H, CHoafumy),
2.95-2.98 (s, 2H, S-CH,;), 3.60-3.82 (m, 2H,
CHoturyt), 3.84-3.97 (m, 8H, CHapiper.), 4.57-4.59 (t,
1H, CHyury). BC NMR (CDCls, ppm): &= 14.12
(CH3), 22.69, 25.58, 25.79, 27.90, 28.70 , 29.02,
29.35, 29.51, 29.60, 29.65, 29.67, 29.71, 29.70,
29.75, 31.92 (CH,), 35.61 (S-CHy), 41.75, 44.73
47.51 (Cruyr), 51.77, 53.49 (Cpiper), 69.18 (Crury),
118.77, 124.97, 126.56 (Coutad.), 169.88 (C=0 ). MS
[+ESI]: m/z (%) 664 (100) [M+Na]". Micro
analysis: C29H48C|3N304S, (MA= 641.13 g/mol)
Calculated: C, 54.33; H, 7.55; N, 6.55; S, 5.00%;
Found: C, 54.37; H, 7.56; N, 6.58; S, 5.02%.

[4-(1-(Tetrahydro-2-furyl)piperazin-1-yl]-4-(4-
octadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (11c): Compound 11c was synthesized
by the reaction of 3c (0.1g, 0.19 mmol) with 1-(1-
tetrahydro-2-furyl)piperazine 10 (0.353 g, 0.19
mmol) according to general method 2. Yellow
solid, yield: 0.065 g, 51%. Rs 0.42 [PET:EtAc
(1:1)]. M.p.: 120°C. FT-IR (KBr, cm?): v= 2952,
2853 (C-H), 1659 (C=0), 1613 (C=C), 1529, 1273
(NO). *H NMR (CDCls, ppm): &= 0.79-0.83 (t, 3H,

447



Z. Gokmen et al.: Synthesis and spectral properties of new piperazine derivatives and a structural study

CHa), 1.15-1.25 (m, 28H, CH,), 1.28-1.35 (m, 2H,
CHy), 1.57-1.63 (m, 2H, CHy), 1.84-2.00 (m, 4H,
CHofuryr), 2.85-2.97 (s, 2H, S-CH>), 3.40-3.70 (sbr,
4H, CHoapiper.), 3.75-3.81 (m, 2H, CHasury1), 3.83-3.98
(m, 4H, CHopiper), 4.47-4.57 (t, 1H, CHtuy). BC
NMR (CDCls, ppm): 6=14.14 (CHs), 22.71, 25.79,
27.88, 28.70, 29.04, 29.37, 29.39, 29.53, 29.62,
29.67, 29.71, 29.76, 31.94 (CHy), 35.61 (S-CHy),
41.75, 44.74 (Crury), 52.63, 53.51 (Cpiper), 69.21
(Cruryr), 118.73, 124.98, 126.57 (Cpuwd.), 169.84
(C=0 ). MS [+ESI]: m/z (%) 692 (100) [M+Na]".
Micro analysis: CsiHsCIsN3O4S, (Ma= 669.19
g/mol). Calculated: C, 55.64; H, 7.83; N, 6.28; S,
4.79%; Found: C, 55.69; H, 7.86; N, 6.32; S,
4.84%.

[4-(1-(3,4-Dichlorophenyl)piperazin-1-yl]-4-(4-
cyclopentyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (13b): Compound 13b was synthesized
by the reaction of 3b (0.1g, 0.3 mmol) with 1-(3,4-
dichlorophenyl)piperazine 12 (0.069 g, 0.3 mmol)
according to general method 2. Orange solid, yield:
0.064 g, 41%. Rs 0.53 [PET:EtAc (2:1)]. M.p.:
172-173°C. FT-IR (KBr, cm?): v= 3054, 2986,
1610 (C=C), 1526, 1265 (NO,). *HNMR (CDCls,
ppm): 6=1.50-1.53 (s, 2H, CHacycio), 1.55-1.64 (s,
2H, CHacyclo), 1.67-1.77 (s, 2H, CHacyclo.), 2.00-2.10
(m, 2H, CHchclo_), 320 (S, 1H, S'CHcyCIO.), 345'
4.20 (m, 8H, CHapiger), 6.67-6.71 (d, 1H, CHarom),
6.89 (d, 1H, CHaom. ), 7.24-7.28 (d, 1H, CHarom).
13C NMR ( CDCls, ppm): 6= 24.63, 48.36 (Ceycio.),
48.82, 52.57 (Cpiper), 115.96, 117.90, 123.91,
126.61, 130.80, 131.17, 143.37 (Chutad., Carom.). MS
[+ESI]: m/z (%) 532 (100) [M]*. Micro analysis:
C19H20ClsN303S, (Ma = 531.71 g/mol ). Calculated:
C, 42.92; H, 3.79; N, 7.90; S, 6.03%; Found: C,
42.93; H, 3.81; N, 7.92; S, 6.04%.

[4-(1-(3,4-Dichlorophenyl)piperazin-1-yl]-4-(4-
octadecyl-sulfanyl)-1,1,2-trichloro-3-nitro-1,3-
butadiene (13c): Compound 13c was synthesized
frbyom the reaction of 3c (0.1g, 0.3 mmol) with 1-
(3,4-dichlorophenyl)piperazine 12 (0.044 g, 0.3
mmol) according to general method 2. Orange
solid, yield: 0.035 g, 26%. Rs 0.48 [PET:EtAc
(5:1)]. M.p.: 75-76°C. FT-IR (KBr,cm™): v= 2921,
2852 (C-H), 1593 (C=C), 1528, 1272 (NO,).
'HNMR (CDCls, ppm): 6= 0.77-0.84 (t, 3H, CHa),
1.15-1.25 (m, 26H, CH), 1.28-1.35 (m, 2H, CHy),
1.47-1.53 (s, 2H, CHy), 1.55-1.67 (m, 2H, CH,),
2.87-2.97 ( s, 2H, S-CHy), 3.20-3.30 (s, 4H,
CHZpiper.), 3.50-4.00 (Sbr, 4H, CHZpiper.), 6.65-6.70
(d, 1H, Haom), 6.90 (d, 1H, Haom), 7.25-7.30 (d,
1H, Haom). B®C NMR (CDCls, ppm): &= 14.15
(CHs), 22.71, 28.71, 29.04, 29.36, 29.53, 29.63,
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29.68, 29.71, 29.80, 31.94, 35.63 (CH), 48.79
(Cpiper.), 103.29, 103.48, 107.47, 111.65, 130.53
(Coutad., Carom). MS [+ESI]: m/z (%) 738 (100)
[M+Na]*. Micro analysis: Cs:HasClsNzO2S, (Ma =
716.07 g/mol ). Calculated: C, 53.67; H, 6.76; N,
5.87; S, 4.48%; Found: C, 53.72; H, 6.79; N, 5.88;
S, 5.89%.

X-Ray Crystallography

Yellow crystals of compound 5d suitable for X-
ray diffraction analysis were obtained by slow
evaporation of an ethanol/chloroform (10:1)
solution at room temperature. The compound 5d,
CisH16CIsN304S1, having approximate dimensions
of 0.60 x 0.30 x 0.20 mm, was mounted on a glass
fiber. All measurements were made on a Rigaku R-
Axis Rapid-S imaging plate area detector with
graphite monochromated Mo-Ka radiation (A =
0.71073 A). The crystal structures were solved by
SIR 92 [12] and refined with CRYSTALS [13]. The
non-hydrogen atoms were refined anisotropically.
H atoms were located in geometrically idealized
positions C-H = 0.95(6) A and treated as riding and
Uiso(H) = 1.2Ue(C). Drawing was performed with
the program ORTEP-1I1 [14] with 50% probability
displacement ellipsoid.  Crystallographic data
(excluding structure factors) for the structures
reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as
supplementary  publication numbers. CCDC-
1544558 for compound 5d [15].

RESULTS AND DISCUSSION

The aim of this study was to synthesize new
piperazine derivatives 5a, 5c-d, 7a-c, 9a-c, 1la,
11c and 13b-c and to determine the exact structures
of the new compounds by using spectroscopic
techniques (*H NMR, *C NMR, FTIR, MS) and X-
ray diffraction method. In this work, the S-
substituted-3-nitro-1,3-butadienes were obtained by
direct reactions of pentachloro-3-nitrobutadiene
with  some  S-nucleophiles  [hexadecylthiol-,
cyclopentylthiol, octadecylthiol and ethylthiol] [8-
10].

The novel piperazine derivatives 5a, 5c, 5d [11],
Ta-c, 9a-c, 11a, 11c and 13b-c were synthesized by
the reaction of the S-substituted-3-nitro-1,3-
butadienes ( 3a [8], 3b [9], 3c [8] and 3d [10] )
with (1-(2-furoyl)piperazine 4, 1-(4-fluorobenzyl)
piperazine 6, 1-(3-fluorophenyl) piperazine 8, 1-(1-
tetrahydro-2-furyl) piperazine 10, and 1-(3,4-
dichlorophenyl)  piperazine 12 in CHCI;s,
respectively, as shown in Scheme 1.
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Scheme 1. Synthesis of piperazine derivatives.

The FT-IR spectra of compounds 5a and 5c, 11a
and 11c showed the absorption bonds of the amide
carbonyl group at 1649 and 1659 cm™?, respectively.
The proton NMR data of compounds 5a, 5¢, 7a-c,
9a-c and 13b-c showed the aromatic protons within
the range 6.42-7.55 ppm. In the *C NMR spectra of
all compounds signals were observed at 49-62 ppm
for the methylene carbon atom of the piperazine
ring. Due to the aromatic ring of furoyl, in the
carbon NMR spectra of compounds 5a and 5c
signals were observed at 6 = 147 ppm for the furoyl
(C-O) carbons. The (C-O) signals of the
tetrahydrofuroyl units were observed at 69 ppm in
the carbon NMR spectra of 11a and 11c. The
carbon NMR shift of the carbonyl groups of
compounds 5a, 5¢, 11a and 11c appeared around ¢
=169-170 ppm. The (+ESI) mode mass spectra of
5c revealed at m/z (%) 688 (100) [M+23]* which
corresponds to the addition of one sodium ion. The
(+ESI) mass spectrum of 5c¢ is shown in Fig. 1.

X-ray study

The crystals used in the X-ray diffraction study
were obtained by recrystallization of compound 5d
from a solution of ethanol-chloroform (10:1). The
crystal structure of compound 5d is shown in Fig.
2.
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Fig. 1. MS[+ESI] spectrum of compound 5¢

449



Z. Gokmen et al.: Synthesis and spectral properties of new piperazine derivatives and a structural study

The butadiene unit is not planar as would be if
the two double bonds were fully conjugated. Non-
coplanar structures of the butadiene fragments of
these molecules and the clear C2-C3 single bonds
indicate the lack of delocalization of z-electron
density in the butadiene chains, which is apparently
one of the major reasons for the inertness of

polychlorobutadienes  and  their  functional
derivatives with non-planar molecular structure
relative to 1,4-addition. Crystal data and refinement
parameters are summarized in Table 1 and the
selected bond distances, bond and torsion angles
are listed in Table 2 for compound 5d.

Fig. 2. Molecular structure of compound 5d. Displacement ellipsoids are plotted at the 40% probability level
(symmetry transformations used to generate equivalent atoms: (i)—x, -y, —2).

Table 1. Main crystallographic parameters of compound 5d

Empirical formula

C15H15C|3N304Sl

Crystal colour, habit

Yellow, chunk

Crystal size (mm)

0.60 x 0.30 x 0.20

Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P21/c

Cell dimensions

a = 12.5503(2)A b = 11.2039(2)A ¢ = 14.1007(4)A

Cell volume (A®) 1924.60(7)

Cell formula units (Z) 4

Density (g.cm™3) 1.521

uem™] 0.610

Fooo 904.00

h,k,I . ranges -17<h<17, -15<k<15, -20<I<17
Reflections collected 112600
Independent reflections 5845 [Rint = 0.086]
Data/restraints/parameters 4293/0/251
Goodness of fit indicator 1.115

Final R indices [1>26(1)]

R: =0.081 wR2 = 0.031

Largest diff. peak and hole

0.035 and —0.035 e.A™3

CCDC deposition number

1544558

Table 2. Selected bond distances (A), bond and torsion angles (°) for compound 5d

Bond distances Bond angles Torsion angles
C1-C2 1.330(4) C1-C2-C3 124.4(3) C1-C2-C3-C4 -60.2(5)
C2-C3 1.459(4) C2-C3-C4 124.0(3) N2-C8-C9-N3 52.4(3)
C3-C4 1.398(4) 01-N1-02 122.3(3) N2-C7-C10-N3 -56.4(3)
C4-s1 1.734(3) C7-N2-C8 112.1(2) C2-C3-C4-S1 -38.2(3)
C4-N2 1.338(4) C9-N3-C10 112.5(3) C2-C3-C4-N2 140.2(3)

C11-03 1.204(4) Cl1-C1-CI2 113.5(2) C1-C2-C3-N1 118.1(4)

The nitro group is nearly coplanar with the
butadiene unit to which it is attached, with torsion
angles of (O1-N1-C3-C2) and (O1-N1-C3-C4) -
11.3(4)° and 167.0(3)°, respectively. The four

450

carbon atoms of the piperazine ring (C7-C8-C9-
C10) are planar with a maximum deviation of
0.0102(1)A and they adopt a chair conformation;
the perpendicular distances of the two chair atoms
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2015).
CONCLUSIONS 6. g’ Chgudhary, R. Kumar, A. K. Verma, D. Singh, V.
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CUHTE3 U CITIEKTPAJIHUA CBOMCTBA HA HOBU ITUITEPA3MHOBH ITPOU3BOIHU 1
CTPYKTYPEH AHAJIN3

3. l'okmen™, H. I'. Jlenus, M. E. Onan, 1I. Caun

Hcemanbyacku ynusepcumem Llepaxnawa, Hnscenepen paxynmem, Jenapmamenm no xumusa, Omoen no opeaHuuna
xumust, 34320 Aguunap, Ucmanbyn, Typyus

IToctenuia Ha 15 mait, 2017 r. ; npuera Ha 18 anpun, 2018 1.
(Pesrome)

CHHTe3MpaHu ca HOBU NMPOM3BOJIHH HA MHUIIEpa3HHa Ype3 Peakluy Ha S-3aMecTeHU-3-HUTPO-1,3-0yTanueHu ¢ HAKOH
npousBoaHu Ha nunepasuHa: (1-(2-¢ypomn)-, 1-(4-dayopobensmn)-, 1-(3-dnyopodenmn)- u 1-(1-terpaxumpo-2-
¢bypun) nunepasun) B CHCI; npu craiina temnepatypa. CTpyKTypHTe Ha HOBHTE ChEAWHEHHS Ca OXapaKTepHU3HpaHH
upe3 mukpoananus, FT-IR, maccmektpomerpus, H- u ®C-NMR. KpucramHara cTpykTypa Ha CHHTE3MPAHOTO
cbenuHeHne 5d e ompeneneHa mo MeroAa Ha peHTreHoBata aubpakumsa. CwheauHenuero 50 kpucranuzupa B
MOHOKIMHHATA MpOCTpaHcTBeHa Tpyma P2i/C ¢ a = 12.5503(2) A, b = 11.2039(2) A, ¢ = 14.1007(4) A, Z = 4.
Crpykrypara e onpejenena upes qupekred Meton (SIR92) u e npenusupana crpsimo ocrarbunus uHaeke R; = 0.031.
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Molecular modeling of galanthamine derivatives comprising peptide moiety:
methods, targets and accuracy of results
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Using parametrical and semi-empirical quantum-chemical methods, three important descriptors of a series of
peptides, linked to the molecule of galanthamine, were calculated. Studied compounds are planned as drugs for the
prevention and treatment of Alzheimer’s disease. The descriptors: polarizability, hydration energy and log P,
undoubtedly have a bearing on the ability of the compounds to form strong enzyme-inhibitory complexes. Optimal
geometries of the investigated peptides, as well as the intramolecular hydrogen bonds that define their structure were

found. The most reliable structures defined on the basis of calculated descriptors are suggested.

Keywords: Alzheimer’s disease, Galanthamine, Nicotinic acid, Isonicotinic acid, Cholinesterase inhibitor

INTRODUCTION

The Alzheimer’s disease (AD) is a
neurodegenerative illness which, due to brain
disturbances, affects millions of people worldwide.
In 1991, it was suggested that f-amyloid protein
plays as a key factor in the development of AD
[1,2]. Galanthamine (Gal) (Fig. 1) is one of the
most useful in medicinal practice inhibitors of the
B-amyloid aggregation and the toxicity of the B-
amyloid peptide [3]. It is an inhibitor with moderate
acetylcholinesterase (AcChE) and low butyryl-
cholinesterase (BuChE) inhibition activity.

Nicotinic acid is a B-secretase inhibitor, it also
increases the levels of good cholesterol (HDL
cholesterol) and improves the penetration through
blood brain barrier (BBB) [4,5].
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Fig. 1. (-) Galanthamine structure

Galanthamine derivatives containing either in
position 6 or in position 11 di-and tripeptides
modified with N-(3,4-dichlorophenyl)-D,L-Ala or
shortened analogues of B-secretase inhibitor OM
99-2 were synthesized and investigated in our
previous study [6-8].

The aim of this study is the modeling of
unsynthesized hybrid molecules composed by the
galanthamine, a peptide fragment,

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

Boc-group or nicotinic/isonicotinic acid moiety
in position P4 or P5. Thus, we can suggest the
creation of new molecules possessing more than
one important part for the AD treatment.

Peptides are not agreeable subjects for quantum-
chemical investigation. The reasons are several.
Firstly, the peptides have many single bonds around
which rotation happens, which leads to the
existence of many local minima in the hyper-
surface of the potential energy of the molecule,
evoking high probability to miss the global one and
not to find the most likely spatial structure. On the
other hand, optimization procedures taking into
account the influence of the environment, typical
for the living organisms, should be performed. This
further complicates the task, although the solvent
influence (most commonly water) through only one
additional term in the Hamiltonian of the system,
rather than by explicit methods, could be expressed.
Last but not least, peptides usually contain many
atoms, making it impossible to use more precise
quantum-chemical methods.

Therefore, the use of purely parametric and
semi-empirical quantum-chemical methods is
imperative in most of the cases.

In order to optimize the synthetic jobs of new
peptide inhibitors of acetylcholinesterase (AChE)
and butyrylcholinesterase (BCH), we decided to
perform some preliminary quantum chemistry
studies and calculate a series of molecular
descriptors for these peptides.

The main question arising here is which
descriptors should be calculated so to receive an
appropriate information for the peptides possessing
the mentioned above inhibitory activity.
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Inhibitory activity of the compounds primarily
depends on the spatial and functional congruence
with enzymes and, as a consequence, from the
forces of attraction inside the enzyme-inhibitory
complexes. Since the intermolecular interactions
primarily depend on the polarizability of the
molecules, it was the first descriptor chosen to be
computed [9].

The new drugs design is a process of
optimization of both the interaction between ligand
and receptor and the ability of the drug to reach its
receptor. This makes lipophilicity an important
descriptor that correlates well with the biological
activity of different substances [10]. Obviously, the
next important descriptor worthy to be computed is
log P. The calculation of log P of a compound is
much easier, quicker and cheaper than determining
it by conventional experimental "shakeflask"
[11,12] or chromatographic methods [12-14]. There
are different approaches to its theoretical
calculation [15]. The most common among them is
classified as a “fragment constant” method in which
the structure of a molecule is divided into
fragments (atoms or groups), and the contribution
of each group is summed up (sometimes a factor of
structural correction is added) [16]. The routine
application of these approaches, however, requires
careful wverification of their validity through
comparisons with other experimental or theoretical
data. The many QSARs found are proof of the
significance of this descriptor. Though recent
attempts have been made to calculate log P by
using a series of quantum chemical molecular
descriptors [17] the parametric computational
methods are without a serious alternative.

Another descriptor we decided to calculate was
the “hydration energy” that is related to the stability
of the found conformations of the investigated
peptides. The implemented in Hyperchem 8.0
hydration energy calculation method was created
for peptides and proteins [18]. The calculations are
based on the "solvent-accessible surface energy" of
the molecules, calculated by the approximate
method of Still and co-workers [19,20].

The only data for the inhibitory activity of
peptides resembling ours are given in [8]. Four
peptides show a marked inhibitory activity against
BuChE. The biological activity, as well as the
calculated polarizability, hydration energy and log
P values of these compounds are shown in Table 1.
Ultimately, the above descriptors were firstly
calculated for peptides already tested for inhibitory
activity. Comparison of the descriptors values of
the active peptides with the values of those to be
synthesized can provide valuable information as to

which of them could be promising enzyme
inhibitors.

25 hybrid compounds were investigated in this
study. By the proximity of their descriptors and
spatial structure with those of the active peptides
studied earlier, we will judge whether a compound
is promising.

EXPERIMENTAL

All calculations in this work were done using
the program package Hyperchem 8.0 Professional
edition [21]. This package was chosen because of
convenience: it provides an easy creation of the
input geometries, amino acid data base and the
QSAR module for the calculation of important
molecular descriptors. AMI1 Hamiltonian is
implemented [22] in HyperChem 8.0. We chose a
gradient norm limit of 0.01kcal/A for the geometry
optimization.

The polarizability was calculated using the
semi-empirical quantum-chemical method AMI.
Calculation of log P and hydration energy were
carried out using atomic parameters derived by
Ghose, Pritchett and Crippen [23,24].

RESULTS AND DISCUSSION

Descriptors given in Table 1 were calculated for
the already tested compounds that have shown good
inhibition activities towards BuChE. They are our
lead compounds, because all other investigated
structures (from Table 2 and 3) were compared
with them.

It was not possible to present here all the spatial
structures found. That is why we will describe here
the most important intramolecular interactions in
each of them.

The first peptide is (I) 6-O-[Boc-Val-Asn-Leu-
Ala-Gly]-Galantamine (Table 2.) The spatial
structure found for this peptide is characterized by
three hydrogen bonds: the first is between the
hydrogen from the amino group of Gly and the
oxygen from Leu (2.222 A), the second is between
the oxygen from Ala and the hydrogen from the
amino group of Val (2.191A), and the third is
between N-H of the a-amino group of Asn and the
oxygen from Val (2318 A). The mean
polarizability of the peptide is 383.855 au, less than
that of the lead compounds. It is significantly more
hydrophilic (log P = —3.53) than the most active
peptides. Only the hydration energy is close to that
of the most active peptide (—9.54 kcal/mol).

In the next peptide Val is added between Ala
and Gly in the first peptide: (II) 6-O-[Boc-Val-Asn-
Leu-Ala-Val-Gly]-Galantamine. Here the
molecular shape is almost linear until to the Leu.
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Table 1. Calculated descriptors of compounds reported earlier [8] possesing good inhibition activities towards

BuChE
No Compounds Polarizability Hydration energy  Log P IC50
au kcal/mol uM
(A)  6-O-[Boc-Asn-Leu-Ala-Gly]-Galanthamine 383.204 -10.19 -2.57 17.87
@) 0-O-[Boc-Val-Asn-Leu-B-Ala-Val-Gly]- 433.162 871 260 670
Galanthamine
11-N-demethyl-11-N-N[Boc-Asp(Asn-Leu-
© Ala-Val-NH-Bzl]-Galanthamine S13.172 1621 —2.29 396
D) 11-N-demethyl-11-N-N-[Boc-Asp(Val-Asn- 549,590 1935 578 931

Leu-B-Ala-Val-NH-Bzl]-Galanthamine

The B-amide group of the Asn is turned to the
Val and forms two relatively strong hydrogen
bonds that determine the found spatial structure, as
it is shown on Figure 2.

Inclusion of Val is a reason for the increase of
the mean polarizability (441.683 au) and the
lipophilicity (-3.20). The addition of Val changes
these two descriptors in the appropriate direction,
but the hydration energy is still high (-15.12
kcal/mol).

~NH

H ﬁ'"'
N
H N

2.174 / /
/ /2.093

Fig. 2. Hydrogen bonds in 6-O-[Boc-Val-Asn-
Leu-Ala-Val-Gly]-Galantamine.

(III)  11-N-Demethyl-11-N-N-[Boc-Asp(Asn-
Leu-B-Ala-Val-NH-Bzl)]-Galanthamine. Its spatial
structure is more compact than the foregoing. The
reason is most probably related to the increased
number of groups which can participate in
hydrogen bonds: the urethane group of Boc-
protection groups, the B-amide group of Asn, and
the Val-NHBzl group at the last position. It is also
significant that the peptide bond between Boc-Asp
and Asn is formed through the B--carboxyl group of
the first amino acid. This leads to the initial right
turn of a chain followed by another turm to the left.
More significant hydrogen bonds: between C=0O
from urethane protecting group and H-N from

amino group of Asn (2.07 A), C=0 from a-peptide
group of Asn and H-N from B-Ala (2.24 A), and
C=0 from benzyl amide and H-N from B-amid
group of Asn (2.15 A). Mean polarizability is
520.103 au, log P is —2.28 and hydration energy is
—13.67 kcal/mol. Here, the calculated descriptors
are very close to those of the lead compounds. High
polarizability, significantly lower hydrophilicity
and approximately the same hydration energy as the
previous peptide. The primary structures of the
peptides in the next group of compounds are
obtained by some changes in the primery structure
of the previous peptides. In all of them, the N-
terminal amino group of the amino acid Asp is
linked to nicotinic or isonicotinic acid through an
amide link.

Q) 11-N-Demethyl-11-N-N-[nicotinoyl-Asp
(Val-Asn-Leu-Ala-Val-NH-Bzl)]-Galanthamine.
This peptide has an interesting -turn structure with
hearpin at Val and Asn. There are relatively weak
hydrogen bonds between carbonyl oxygen from the
ester function between Asn and NorGal, and the H-
atom from the Leu. The mean polarizability is
571.270 au, log P is —3.62, and hydration energyis
—19.35 kcal/mol. This peptide has appropriate
polarizability, hydration energy, but it is too
hydrophilic.

?2) 11-N-Demethyl-11-N-N-[nicotinoyl-Asp
(Val-Asn-Leu-$-Ala-Val-NH-Bzl)]-Galanthamine.
In this peptide Ala in peptide 1 is replaced by -B-
Ala. Several intramolecular hydrogen bonds define
the spatial structure of this peptide, the most
significant of which is between oxygen of Leu and
hydrogen from the amino group of the C-

Table 2. Calculated descriptors of new analogues of compounds reported earlier [8]

. Polarizability Hydration energy Log P
Ne Compounds Au keal/mol
D) 6-0O-[Boc-Val-Asn-Leu-Ala-Gly]-Galantamine 383.855 -9.54 -3.53
an 6-O—[B0c—.Val—Asn—Leu—Ala—Val—Gly]— 441.683 15.12 390
Galantamine
(111 11-N-Demethyl-11-N-N-[Boc-Asp(Asn-Leu- 520. 103 1367 508

-Ala-Val-NH-Bzl)]-Galanthamine

454



Zh. Velkov et al.: Molecular modeling of galanthamine derivatives comprising peptide moiety ...

terminal Val. Mean polarizability 575.2 au, log P
-3.97, hydration energy —20. 49 kcal/mol.

(12) 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp-(Val-Asn-Leu-Ala-Val-NH-Bzl)]-
Galanthamine. Here isonicotinic acid moiety
instead of nicotinic acid was included. Its mean
polarizability (570.953 au), log P (-3.74), and the
hydration energy (—19.46 kcal/mol) are almost the
same as in (1) 11-N-Demethyl-11-N-N-[nicotinoyl-
Asp(Val-Asn-Leu-Ala-Val-NH-Bzl)]-
Galanthamine (Table 3) peptide. Here again the
lipophilicity is very low, and the hydration energy
is slightly larger. Replacing nicotinic acid by
isonicotinic acid does not lead to dramatic changes
in the chosen descriptors and in the spatial
structure.

a13) 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Val-Asn-Leu-f-Ala-Val-NH-Bzl)]-
Galanthamine. Polarizability: 573.581 au; log P:
—3.59; hydration energy: —19.73 kcal/mol.

3 11-N-Demethyl-11-N-N-[nicotinoyl-
Asp(NVal-Asn-Leu-p-Ala-Val-NH-Bzl)]-
Galanthamine. In this peptide Val in peptide 2 is
replaced by NVal in position P;. No strong
hydrogen bonds. Polarizability is 571.23 au, log P
is —3.98 and hydration energy is —20.18 kcal/mol.

) 11-N-Demethyl-11-N-N-[nicotinoyl-
Asp(NVal-Asn-Leu-p-Ala-NVal-NH-Bzl)]-
Galanthamine. In peptide 3 Val in position P, was
replaced by NVal. The mean polarizability is
almost the same (571.785 au), log P is —3.98,
slightly reduced comparing to the previous, but the
hydration energy (—20.10 kcal/mol) is slightly
increased compared to the previous one.

)] 11-N-Demethyl-11-N-N-[nicotinoyl-
Asp(NVal-Asn-Leu-Ala-NVal-NH-Bzl)]-
Galanthamine. Here B-Ala in peptide 4 is replaced
by Ala. The structure is similar to that of the
previous peptides. There is a hearpin at NVal and
Asn and two important H-bonds at the same atoms
as in previous peptides. Mean polarizability:
579.048 au, log P: —3.12, hydration energy: —18.97
kcal/mol. The polarizability and hydration energy
are appropriate but the peptide is too hydrophilic.

(14) 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(NVal-Asn-Leu-f-Ala-NVal-NH-Bzl)]-
Galanthamine. Here nicotinic acid in peptide 4 was
replaced by isonicotinic acid. There is one more
significant hydrogen bond between the urethane
carbonyl oxygen and the Ala N-H and at least two
weaker ones. Mean polarizability is higher relative
to the previous peptide (571.201 au) as well as log
P (-3.75) and the hydration energy is slightly
decreased (—19.42 kcal/mol).

6) 11-N-Demethyl-11-N-N-[nicotinoyl-Asp
(Tle-Asn-Leu-B-Ala-Val-NH-Bzl)]-Galanthamine.

In this peptide Val in peptide 2 is replaced by Tle in
position P3. The only stronger hydrogen bond (2.25
A) in this peptide is between the oxygen of the Leu
and hydrogen from the C-terminal benzylamide.
Polarizability is (578.35 au), log P is (-3.47) and
hydration energy is —19.56 kcal/mol.

@) 11-N-Demethyl-11-N-N-[nicotinoyl-Asp
(Tle-Asn-Leu-Ala-Val-NH-Bzl)]-Galanthamine.
Polarizability here is 575.535 au; log P is —3.11,
and the hydration energy is —18.77 kcal/mol.

as) 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Tle-Asn-Leu-B-Ala-Val-NH-Bzl)]-
Galanthamine. Polarizability of this peptide is
577.463 au; log P is —3.47; and the hydration
energy is —19.57 kcal/mol.

(16) 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Tle-Asn-Leu-Ala-Val-NH-Bzl)]-
Galanthamine. Its polarizability is 575.913 au, log
P is -3.23, and hydration energy is —18.86
kcal/mol.

Several optimized structures were considered for
each of the last peptides by variation of the input
geometry. The only descriptor for which different
values were obtained is the polarizability. The
difference between them does not exceed 7 au,
which is about 1%. In this case the average values
of polarizability are shown in tables 3 and 4.

In the next group of compounds the Val residue
in position P; was removed.

3 11-N-Demethyl-11-N-N-[nicotinoyl-Asp
(Asn-Leu-Ala-Val-NH-Bzl)]-Galanthamine. As a
result of this change, the average polarizability
decreased to 520.479 au, the hydration energy to
—18.12 kcal/mol and log P increased in hydrophilic
direction —4.07. Compared with the previous
compounds, this peptide is too hydrophilic.

Replacement of Ala with B-Ala gives the next
peptide.

(&) 11-N-Demethyl-11-N-N-[nicotinoyl-Asp
(Asn-Leu-B-Ala-Val-NH-Bzl)]-Galanthamine. The
spatial structure of the p-Ala analogue is
interesting. After initial rotation to the right at Leu,
the direction of rotation changes to the left. The
structure is fixed by the presence of three relatively
strong hydrogen bonds. First is between the oxygen
of the amide group of nicotinic acid and the
hydrogen from the B-amide group between Asp and
Asn; the second is between the oxygen of the
peptide bond between Asn and Leu, and the third is
between the hydrogen from the Asn -amide group
and the oxygen from the benzylamide group at the
end of the peptide. The values of the descriptors do
not differ significantly from those of peptide 11-N-
Demethyl-11-N-N-[nicotinoyl-Asp(Asn-Leu-Ala-
Val-NH-Bzl)]-Galanthamine. This peptide has a
mean polarizability 519.703 au, log P —4.43 and
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hydration energy —18.31 kcal/mol. The peptide is
slightly more hydrophilic than (8) 11-N-Demethyl-
11-N-N-[nicotinoyl-Asp(Asn-Leu-Ala-Val-NH-
Bzl)]-Galanthamine.

a7 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Asn-Leu-Ala-Val-NH-Bzl)]-Galanthamine.
Mean polarizability is 519.682 au, log P is —4.07,
and hydration energy is —18.06 kcal/mol. The
peptide is too hydrophilic.

(18) 11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Asn-Leu-B-Ala-Val-NH-Bzl)]-Galanthamine.
Mean polarizability is 518.606 au, log P is —4.43,
and hydration energy is —18.63 kcal/mol.

Replacement of Asn with Asp gives the next
peptides:

(10) 11-N-Demethyl-11-N-N-[nicotinoyl-
Asp(Asp-Leu-Ala-Val-NH-Bzl)]-Galanthamine.

Surprisingly, the optimal geometry we obtained
for this peptide significantly differs from that of the
previous peptides. Three strong hydrogen bonds are
identified for it: between the oxygen of the
nicotinic acid and the hydrogen from the amide
group between Asp and Asp (2.09 A), the oxygen
from the peptide bond between Asp and Leu (2.15
A) and the carboxyl hydrogen of Asp and the
oxygen from the benzamide group. The mean
polarizability is 518.322 au, log P is —3.21, and the
hydration energy is —19.38 kcal/mol. The only

desired change here concerns log P toward lower
hydrophilicity.

The optimized structure of the next peptide (11)
11-N-Demethyl-11-N-N-[nicotinoyl-Asp (Asp-Leu-
B-Ala-Val-NH-Bzl)]-Galanthamine is similar to the
structure of the previous peptide, but hydrogen
bonds are stronger. Its average polarizability is
517.134 au, log P is —3.56, and its hydration energy
is —20.14 kcal/mol.

The following two peptides are analogues of the
previous two in which nicotinic acid is replaced by
isonicotinic acid. This change does not lead to
noticeable differences in spatial structures
compared to the previous peptides, or to noticeable
differences in the calculated descriptors. It has only
to be said that the substitution of B-amide group by
the carboxyl group significantly reduces the value
of log P of the corresponding peptide.

(19)  11-N-Demethyl-11-N-N-[Iso-nicotinoyl-
Asp(Asp-Leu-p-Ala-Val-NH-Bzl)]-Galanthamine.
Mean polarizability: 516.246 au, log P: —3.56, and
hydration energy: —20.50 kcal/mol.

The last peptides are too hydrophilic compared
to the previous ones.

(20) 11-N-Demethyl-11-N-N-[Iso-nicotinoyl-
Asp(Asp-Leu-Ala-Val-NH-Bzl)]-Galanthamine.
Mean polarizability: 517.364 au, log P: —3.21, and
hydration energy: —19.76 kcal/mol.

Table 3. Calculated descriptors of galanthamine derivatives containing peptide fragment and nicotinic acid.

No Compounds PolarZSbility Hydralt(i((:);/zrllz{gy Log P
B A T A ST
D Lo AN B Galihomine 752 049 37
O Moo p AMNANI Galtbane 120 s
@ AaLowpAlNVAN B Calonthamine. 57173 2010 398
O AsmLow Al NVAINHB ) Galamhamine | SOME 187
O Lew A VN B Glanbamine TS s
o DL o e
O L g AR VAN B Calamamine 9703 RS
a DXL e by e
(11 11-N-Demethyl-11-N-N-[nicotinoyl-Asp(Asp- 517134 5014 356

Leu--Ala-Val-NH-Bzl)]-Galanthamine
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Table 4. Calculated descriptors of galanthamine derivatives containing peptide fragment and isonicotinic acid.

Polarizability Hydration energy Log P

Ne Compounds

au kcal/mol

11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Val-Asn-Leu-Ala-Val-NH-Bzl)]-
Galanthamine
11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Val-Asn-Leu-p-Ala-Val-NH-Bzl)]-
Galanthamine
11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(NVal-Asn-Leu-p-Ala-NVal-NH-
Bzl)]-Galanthamine
11-N-Demethyl-11-N-N-[Iso-
nicotinoyl-Asp(Tle-Asn-Leu-b-Ala-
Val-NH-Bzl)]-Galanthamine
11-N-Demethyl-11-N-N-[Iso-
nicotinoyl-Asp(Tle-Asn-Leu-Ala-Val-
NH-Bzl)]-Galanthamine
11-N-Demethyl-11-N-N-[Iso-
nicotinoyl-Asp(Asn-Leu-Ala-Val-NH-
Bzl)]-Galanthamine
11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Asn-Leu-B-Ala-Val-NH-Bzl)]-
Galanthamine
11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Asp-Leu-B-Ala-Val-NH-Bzl)]-
Galanthamine
11-N-Demethyl-11-N-N-[isonicotinoyl-
Asp(Asp-Leu-Ala-Val-NH-Bzl)]-
Galanthamine

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

570.953 -19.46 -3.74

573.581 -19.73 -3.59

571.201 -19.42 -3.75

577.463 -19.57 -3.47

575913 -18.86 -3.23

519.682 —-18.06 —4.07

518.606 —-18.63 —4.43

516.246 —20.50 -3.56

517.364 -19.76 -3.21

CONCLUSIONS

We have chosen three important descriptors,
characterising the primary and spatial structure
of investigated compounds. These descriptors
were calculated for the so called ,1lead
compounds®, compounds possessing inhibitory
activity toward BuChE and the values obtained
were used for comparison to the planned for
synthesis compounds. High polarizability
(between 500 and 515 au), hydration energy of
about —16 + —17 kcal/mol and log P lower than
—3.53 were calculated as important data.

The closest lipophilicity to the lead
compounds possess peptides 5, 7, 10, 16 and
20. The rest of the peptides are too hydrophilic
(log P higher than —3.23).

Several peptides have close polarizability
(lower than 520 au): 9, 10, 11 and 17, 18, 19
and 20. The remaining peptides are of too
polarizable.

All planed peptides have higher hydration
energy than the lead compounds (higher than
18 kcal/mol).

Assuming that the slightlly higher
polarizability is not necessarily undesirable

feature, and comparing by the log P it becomes
clear that peptides 10 (11-N-Demethyl-11-N-
N-[nicotinoyl-Asp(Asp-Leu-Ala-Val-NH-
Bzl)]-Galanthamine) and 20 (11-N-Demethyl-
11-N-N-[Iso-nicotinoyl-Asp(Asp-Leu-Ala-Val-
NH-Bzl)]-Galanthamine) are the most suitable
for synthesis.
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MOJIEKYJIHO MOJEJIMPAHE HA ITPOM3BO/JHU HA TAJIAHTAMUIH, CbABPXAIIIN
IEINTUIHA YACT: METOAU, HEJIM U TOYHOCT HA PE3VYJITATUTE

XK. Benkos'*, JI. Ilexosa?, B. Kapamkosa?, JI. Bezenkos?

! FOz03anaden ynusepcumem ,, Heogpum Puncxu , 2700 Brazoesepad, bvicapus
2 Xumuxomexuono2uuen u memarnypauder ynusepcumem, 1756 Cogpus, Bvreapus

IMoctrenuna Ha 21 maii, 2018 r.; kopurupana Ha 6 onu, 2018 r.
(Pesrome)

C u3noJsi3BaHe Ha YHUCTO MapaMETPUYHHU U IOJyEMIIMPUYHN KBAHTOBO-XMMHYHHM METOJH Ca W3UHCIICHU TPH Ba)KHHU
JIECKPUNITOpPA Ha cepus OT MENTHAU, CBBP3aHU C MOJIEKyJaTa Ha TajaHTaMHHA. lI3cienBaHuUTEe ChEJUHEHUS ca
IUIAHMPAHU KaTo JIEKapcTBa 3a NPEBEHLMs W JieueHHe Ha OoiyecTra Ha Asuxaiimep. [leckpunTopuTe MOJISPU3YeMOcCT,
eHeprust Ha xuaparaius u log P HeCbMHEHO MMaT OTHOIIEHHE KbM CIIOCOOHOCTTa Ha ChEAMHEHUsTa Jla o0pasyBar
3/IpaBM €H3UM-UHXHOUpAIY KOMIIEKCH. Y CTAHOBEHH Ca ONTUMAJIHUTE T€OMETPUH Ha M3CIICBAHNTE MENTUIN, KAKTO U
BBTPEMOJICKYJIHUTE BOJOPOIHU BPB3KH, KOHTO OMPEACNIAT CTPyKTyparta uM. lIpeuioskeHnm ca Hal-IOCTOBEPHUTE
CTPYKTYpH, Ie(UHUPAHN HA OCHOBATa HA M3UUCICHUTE AECKPUITOPH.
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Butyric acid is a valuable chemical with wide application in various industries. The interest in its biotechnological
production is revived in view to the application in the production of alternative fuels from biomass feedstocks.
Microorganisms of genus Clostridium are well known as producers of butyric acid. Clostridium species was found to
dominate the system in the spontaneous chickpea fermentation. In the present study a Clostridium sp. strain 4al from
chickpea beans fermentation was selected as a good producer of butyric acid. Some process parameters as initial pH of
the medium (7.5), temperature (37 °C), medium composition and glucose concentration (20 g/l) were determined. The
strain was identified as Clostridium beijerinskii (97% similarity) on the basis of classical and modern polyphasic

taxonomy methods.

Keywords: Butyric acid, Chickpea beans, Fermentation, Clostridium, Polyphasic taxonomy.

INTRODUCTION

Butyric acid (C4HsO2, IUPAC name butanoic
acid) is a chemical with wide application in several
industries like food, pharmaceutical, chemical
industry, etc. Among the main applications of
butyric acid is the production of plastics for textile
fibers, of butyrate esters as food and perfume
additives, and of biodegradable biopolymers.
Because of its ability to neutralize the activity of
food carcinogens [1], to lower cholesterol levels [2]
and to inhibit tumor cells [3] butyric acid is subject
to increased research interest. Derivatives of butyric
acid are used for the production of anti-thyroid
drugs and vasopressors [4], as well as of
antioxidants. In the recent years, butyric acid is
used in the production of biobutanol, not only as an
intermediate in acetone-butanol-ethanol (ABE)
fermentation, but as a co-fermenting substrate,
leading to significant enhancement of butanol yield
[5, 6].

Butyric acid can be produced via chemical or
biotechnological routes. Bacteria involved in the
production of butyric acid are divided into two
groups — producing acid as a final product and
producing mostly butanol. The ABE fermentation is
one of the oldest industrial fermentations and in the
first half of the twentieth century it has become one
of the largest biotechnological processes [7]. Later
on, the fermentative production of butyric acid
could not compete to the low price of acid produced

* To whom all correspondence should be sent:
E-mail: lyubomirayocheva@abv.bg;
stdanova@yahoo.com

via petrochemical route and nowadays butyric acid
is mainly produced via oxidation of butyraldehyde
derived from propylene by an oxo process. The
annual production of butyric acid is estimated to be
around 50,000 t [8].

In the last 20 years, the interest towards the
fermentative production of butyric acid has revived.
This is due to the increasing demand for butyric
acid from microbial fermentation, on one hand
because of strong demand for bio-based products
and decreasing resources of crude oil and
environmental issues on the other hand. The
development of in-situ separation processes,
helping to overcome low final product
concentration and product inhibition problems, as
well as the possibility of using agricultural and
industrial byproducts and wastes as substrates also
play an important role.

According to Zhang et al. [7] there are more
than 10 butyrate-producing bacteria species from at
least seven genera with butyric acid-producing
capacity being investigated for potential industrial
application. The microorganisms belong to the
genera Clostridium, Butyrvibrio, Butyribacterium,
Eubacterium, Fusobacterium, Megasphera, and
Sarcina and all of them are anaerobic [9]. In view
of industrial application, the strains of Clostridium
(Cl.  butyricum, CI. tyrobutiricum and CI.
thermobutiricum) have been largely studied for the
production of butyric acid. However, because acetic
acid is also produced as a byproduct, genetic
engineering and process development have been
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attempted to increase butyric acid yield and
selectivity [10].

Chickpea (Cicer arietinum L.) is one of the most
important legumes in the world. It is known from
ancient times and now is grown in many countries —
in the Balkans, Mediterranean, Middle East, Indian
subcontinent, and Americas. There are two distinct
types of cultivated chickpea, Desi, and Kabuli —
they differ by size and color [11]. Chickpea is
utilized either in whole or paste form as a main or
side dish after cooking or as a snhack food after
roasting. In some Mediterranean countries,
fermented chickpea is being used as a leavening
agent to make traditional bread and rusks [12]. By
the addition of fermented chickpea beans in the
wheat flour, besides the enhancement of the
nutritional quality, the product’s shelf life is also
expanded [13]. In the most of the Mediterranean
countries, fermented chickpea is used as a
leavening agent to make baked products [14].
Bread prepared with chickpea yeast (“simmits™) is a
very popular product in Bulgaria, some of the
Balkans countries and the Near East [15].

The data for the microbial community in
fermented chickpea are very limited in the scientific
literature. There are only a few published research
results. According to Tangiiler [16] in studies done
in Turkey, lactic acid bacteria such as Lb.
plantarum, Lb. pentosus, Lb. bifermantans,
Str.thermophilus, Lc. ssp. lactis, Lb. brevis, Lb.
plantarum, Lb. pentosus, coccobacillus Weissella
confusa and yeasts such as S. cerevisiae were
identified. Katsaboxakis and K. Mallidis [17]
studied the microflora of soak water during natural
fermentation of coarsely ground chickpea seed at
different ~ temperatures. A gas-producing
Clostridium species was found to dominate this
fermentation  system, particularly at higher
temperatures. Gram-negative bacteria and yeasts
were not found. Bacillus species, as well as
Lactobacillus, Corynebacterium, Micrococcus and
Pediococcus spp. were isolated. Kyyaly et al. [18]
investigated the major bacteria genera in the soaked
fermented chickpea and isolated the following
species:  Clostridium  sartagoforme, Bacillus
thuringiensis and Enterococcus faecium. Only
Clostridium sp. produced gas from sugar and
hydrolysed gluten during dough fermentation. In a
study of changes in numbers and kinds of bacteria
during a chickpea submerged fermentation used as
a leavening agent for bread production Hatzikamari
et al. [12, 19] isolated only representatives of
bacilli (B. cereus, B. thuringiensis and B.
licheniformis) and clostridia (CI. perfringens and
Cl. beijerinckii). B. cereus and C. perfringens
predominantly growing during fermentation do not
462

seem to form any toxins. Antonova-Nikolova et al.
[15] studied the dynamics of the development of
chickpeas fermentation microflora. They found
only representatives of the genera Bacillus and
Clostridium and suggested additional studies to
prove the possible participation of lactic acid
bacteria. On the basis of phenotypic characteristics
and numerical taxonomy clostridial strains were
related in 3 clusters of Cl. aceticum, Cl. acidurici
and Cl. polysaccharolyticum and bacilli in 8 groups
of B. lentus, B. pumilus, B. subtilis, B. coagulans,
B. sphaericus, B. alvei, B. polymyxa and B. cereus
[20].

Fermentation of chickpea beans (Cicer
arietinum L.), as it was shown in previous
investigations [15, 20, 21], was caused by members
of the genus Clostridium. Therefore, it could be
used as a source for isolation of desirable clostridial
strains. With this aim 14 new strains were isolated
from four samples of chickpea crops harvested
from different geographical regions of North and
South Bulgaria during 1996 and 1997. Initial
characterization of the metabolic activity of these
14 pure cultures isolated from chickpea beans
fermentation showed the strain 4al as a promising
isolate [22].

In the present study, the Clostridium sp. strain
4al from chickpea beans was characterized as a
good butyric producing strain and was identified
according to the modern polyphasic taxonomy.

MATERIALS AND METHODS
Chickpea beans fermentation

Coarsely ground chickpea beans were put in a
bottle with a narrow long neck and washed twice
with boiled and slightly salted water. They were
poured on to the bottle neck and kept at about 40° C
until thick foam was rising and started to overflow,
and the fermentation liquid clarified [23]. The
duration of fermentation varied between 8 and 18 h.

Microorganisms, media and culture conditions

A protocol for Clostridium sp. isolation from
different samples with fermented chickpea beans
was designed including steps of initial enrichment
followed by cultivation and pure cultures isolation
[23]. The isolation of pure cultures and their
maintenance were carried out on nutrient agar with
3% (w/v) glucose. A chickpea infusion medium
was used as enrichment medium and for
determination of gas and butyric acid formation. It
was prepared as 1 part of coarsely ground
chickpeas was poured with 5 parts of tap water.
After autoclaving (1 atm/30 min) the mixture was
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filtered through cheesecloth and the filtrate was
centrifuged at 4000 rpm for 30 min. The separated
supernatant was adjusted to pH 7.5 with 1IN NaOH
and sterilized again at 0.8 atm for 20 min. All
isolates were sub-cultured on blood agar (BulBio,
Bulgaria) and the hemolysis was monitored.

Disinfectants examinations were performed
using PY (peptone — yeast extract) broth, PYG
(peptone — yeast extract — glucose) broth, PYG
broth with 1% fructose or 20% bile, yolk agar,
nutrient agar with 6.5 % NacCl, gelatin, starch agar
by procedures described in Bergey’s manual [24]
using Winogradsky’s N-free selective medium for
anaerobic nitrogen fixation.

The isolates were lyophilized in protective
medium (10% skimmed milk, 1.5% gelatin and
10% sucrose) and stored at 4°C until tests [25].

The  morphological,  physiological  and
biochemical characterizations of the isolated strains
were carried out under anaerobic conditions in an
anaerobic jar (Anaerocult, Merck) at 40 °C
according to [24].

Phenotypic characterization

The presumptive colonies of Clostridium spp.
were described macroscopically on blood agar and
characterized microscopically by using Gram's
staining. Starch inclusions and spore-formation
were confirmed by staining [26]. Motility of the
strains was examined by the classical hanging drop
method. Bacterial growth at different temperatures
was determined after 3 days at 40 °C and 55 °C,
after 5 days at 22 °C, and after 21 days at 4 °C in
nutrient agar with 1% glucose. The growth in
nutrient agar with 6.5% sodium chloride was
recorded on the 5" day. Nitrogen fixation was
observed after 24-48 h, as a positive reaction was
gas formation.

Biochemical characterization

Several biochemical tests such as carbohydrate
fermentation test, methyl red and VVoges—Proskauer
(MR-VP) tests, indole reaction, starch, gelatin and
esculin hydrolysis, enzyme activity (catalase,
lecithinase, lipase, urease, reductase), bile
susceptibility, H,S and butyric acid production,
hemolysis were performed according
to the procedures described in [26].

Numerical taxonomy

Using the K-mean method, a program was set up
for clustering of isolated clostridial strains on the
basis of similarity to the type of clostridial cultures.

Molecular identification

A butyrate producing strain was identified to the
species level, according to the modern polyphasic
taxonomy. Isolation of genomic DNA from a pure
exponential culture of the selected Clostridium
strain was performed according to the method of
Delley et al. [27] in modification. The obtained
DNA sample was analyzed by 1% v/v agarose gel
electrophoresis and the concentration and purity
were checked. The DNA, stored at -20°C, was used
as a target in the PCR assay and following
sequencing analysis. Amplification of 16S rDNA
gene was carried out with the following pairs of
primers: forward primer fD1 (5 -AGA GTT TGA
TCC TGG CTC AG-3’) and reverse primer rD1
(5-AAG GAG GTG ATC CAG CC-3)
Amplification reactions were performed with
2xPCR TagMuixture kit (HiMedia, India), primers
rD1 and fD1 (0.6 uM each) and 1 ng of DNA/ul.
They were conducted on the above-mentioned
apparatus under the following amplification
conditions: initial denaturation at 94 °C for 3 min,
40 °C for 5 min, 72 °C for 5 min, 32 cycles of
denaturation at 94 °C for 5 min, followed by 35
cycles of denaturation at 94 °C for 1 min, annealing
at 56.5 °C for 75 s, elongation at 72 °C for 75 s, and
a final synthesis at 72 °C for 5 min. The amplified
products of approximately 1550 bp were purified
and sequenced using a 3730xI DNA analyzer
(Thermo Fisher Scientific, USA) by Macrogen Inc.
(Belgium). The obtained sequences were analyzed
with Chromas 2.3 programme (Technelysium Pty
Ltd., Australia) and species identification of the
strain was performed by BLASTN analysis.

Butyric acid production

In view to investigate the influence of different
parameters on butyric acid production nutrient
medium CM with composition (g/l): yeast extract -
5; K:HPOs - 1; KH2PO4 - 1; CaCl,.2H,0 — 0.01;
(NH4).SOs - 0.1; FeSO47H.0 — 0.005;
MgS0O4.7H.0 — 0.1 was used. The medium was
sterilized for 20 min at 121°C. Glucose (20 g/l) was
used as a substrate and the fermentations were
carried out without pH control (initial pH was 7.5).

Analytical methods

The concentrations of glucose and butyric acid
were determined by HPLC. Samples were analyzed
on a chromatographic system consisting of a pump
Smartline S-100, Knauer, RI detector - Perkin -
Elmer LC- 25RI, column Aminex HPX- 87H,
Biorad, 300x7.8 mm and specialized software
EuroChom, Knauer. 0.01 N H,SOs was used as
mobile phase at a flow rate of 0.6 ml/min.
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RESULTS AND DISCUSSION

Clostridia and its role in the fermentation of
various non-milk substrates are relatively poorly
studied. At the same time, the interest in the so-
called "functional foods” with beneficial properties
increases. The use of butyrate-producing
microorganisms for food production is also among
the weakly studied issues. Therefore, a key part of
the study of spontaneous chickpea fermentation
was the characterization of the
species involved.

Butyric acid production by newly isolated
bacteria from chickpea beans

In the present work a newly isolated strain from
spontaneous fermented chickpea beans was
characterized as a butyrate producer and was
identified. This strain is a part of a group of 21
newly isolated bacteria from laboratory made
spontaneous fermentations of chickpea beans in
water. A pre-selection between isolates was made
on the base of classical microbiological
characteristics. Thus, 14 strains were characterized
as belonging to the genus Clostridium and were
estimated as butyrate producers. The strain 4al
showed the highest butyric acid production. In
addition, optimization of some process parameters
was carried out.

Optimization of some process parameters - pH of
the medium and temperature

The influence of pH on the growth and butyric
acid production was investigated in the interval 4.5
-10.0. As it can be seen on Fig.1 the maximum
production of butyric acid (~6 g/l) was observed at
initial pH=7.5.

The temperature influence was studied at four
levels — 4, 22, 37 and 55 °C. The best growth and
maximal production was observed at 37 °C (Fig. 2).

5

14
4 5 6 7

Initial PH of the broth
Fig. 1. Influence of the initial pH on the butyric
acid production by 4al strain.

Butyric acid, g/l

8 9 10 1

6

54

44

Butyric acid, g/l

0 10 20 30 40 50
Temperature, °C
Fig. 2. Influence of temperature on butyric acid
production by 4al strain.

Effect of medium composition

Seven medium compositions with different
amounts of various nitrogen sources and
microelements were tested (Table 1). The
composition CM7 was found as optimal for
maximal butyric acid production.

Identification of pre-selected butyric acid
producing strain 4al

All strains with industrial potential and
especially for food-associated application have to
be identified to the species level, according to the

Table 1. Media compaosition for butyric acid production by 4al strain

GlucosePeptone g( ?:ét Ehftfgzt KH2PO4 K2HPO4 'ZI?g'_S'zOO“ ><Cza|-i Ié 5;332004 NaCl
CM1 5 10 3 10 - - - - - 5
CM2 5 - 1 - 0.5 0.5 0.21 0.001 - -

CM3 5 2 5 - 1 1 0.1 0.01  0.005 -

GlucosePeptone g( i?:ét Triptone KH2PO4 K2HPO4 ll/l7g|_8|§)(4) X%?_ilé E(;SH?(S )':/Alfrl]_'ig )%0:':2 Ié szzlﬂggh
CM4 5 2 5 2 1 1 0.025 0.015 0.01 0002 0.025 0.025
CM5 10 2 6 2 1.2 5.5 0.025 0.015 0.01 0002 0025 0.025
CM6 15 5 6.5 2 1.2 3.5 0.025 0.015 0.01 0.002 0.025 0.025
CM7 20 2 6 2 2 5.5 0.025 0.015 0.01 0.002 0.025 0.025
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modern polyphasic taxonomy. Initial taxonomic
characterization was carried out according to
Bergey’s Manual of systematic bacteriology [24].
The strain Aal was initially identified as
Clostridium sp. on the base of morphological
characteristics, as Gram-positive staining, catalase-
negative and spore-forming, motile, rod-shaped
bacteria, with polymorphism of cells (Fig. 3a).
Subterminal spores are oval and swell vegetative
cells. The strain 4al forms round, large, white,
glossy non-hemolytic colonies, convex, with
regular edge and uniform consistency after
anaerobic growth for 72 h on blood agar (BulBio,
Bulgaria) (Fig.3b).

Several biochemical tests, usually applied for
Gram-positive bacteria from the genus Clostridium
were carried out and the results are summarized in
Table 2.

The investigated strain does not grow under
aerobic conditions. The most abundant growth is
observed at 37 °C, showing that the strain belongs
to mesophilic clostridia.

A B
Fig. 3. Cell-morphology (A) and colony appearance
on Blood agar (B) of the Clostridium strain 4al
*Light microscopy Boecko microscope, magnitude
1000x

The strain 4al is susceptible to high
concentration of bile but can grow weakly at 6.5%
NaCl. It ferments glucose with acid production but
does not hydrolyze gelatin and casein. In the
opposite, it can hydrolyze polysaccharides as
esculin and starch. The strain 4al can fix molecular
nitrogen when is grown in Winogradski’s No-free
liquid medium. It does not produce indole, acetoin
and H,S, as well as the enzymes lecithinase, lipase
and urease. A weak carbolytic activity had to be
pointed when the fermentation of 19 carbohydrates
by isolated pure culture was examined.

Table 2. Physiological and biochemical characterization of the investigated strain 4al

Characteristics Results Characteristics Results
Aerobic growth - Acid from glucose +
Hemolysis - Gelatin hydrolysis
Catalase - Nitrogen fixation +

4°C + — Indole -
g | _22°C + 2 [ HS -
< 37°C 4+ 2 Lecithinase -
g 55 °C + S [ Lipase -
o 6.5% NaCl +/- g Urease -
20% bile -
Nitrate reduction - Voges-Proskauer reaction -
Methyl red test Neutral red reduction
Hydrolysis of Esculin + Hydrolysis of Starch +
Arabinose - Mannitol
% Galactose - % Manose -
= Sucrose +/- = Starch -
2 Inositol - = Rhamnose +
S Inulin - S Raffinose -
© © -
% Xylose - g Ribose +
- Lactose +/- = Sorbitol
g Melibiose - 2 Fructose -
Maltose - Cellobiose -
Milk coagulation +/- Casein hydrolysis -
Milk reaction-methylene blue reduction +

Legend:

(+) — weak growth; positive biochemical activity

(+/-) — doubtful growth; doubtful biochemical activity

(+++) — abundant growth

(-) — absence of growth; negative biochemical activity
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The strain ferments glucose, rhamnose and
ribose and weakly or no utilizes sucrose and
lactose. On the basis of two characteristics (acid
formation from glucose and gelatin hydrolysis), the
clostridia are grouped into four groups: 1) non-
carbolytic and non-proteolytic; 2) carbolytic and
non-proteolytic; 3) non-carbolytic and proteolytic,
and 4) carbolytic and proteolytic [24]. Using the
methods of numerical taxonomy, the strain 4al was
related to the group of carbolytic and non-
proteolytic clostridia with type strain ClI.
Saccharolyticum (at similarity of 50%), together
with  Cl.  butyricum, CI. tyrobutiricum, CI.
beijerinckii (Fig. 4). As it was mentioned above,

these clostridial species are good producers of
butyric acid. Some differences were established
when the phenotypic characteristics of the
investigated strain 4al and the type strains were
compared. The differences between strain 4al and
Cl. butyricum and CI. beijerinckii were mainly
found in the utilization of sugars, whereas
differences  between strain 4al and CI.
saccharolyticum and CI. tyrobutiricum were in
nitrate reduction, indole production, nitrogen-
fixation and absence of motility. Ttherefore, it was
not possible to make a definitive identification on
the basis of phenotypic features alone.

0.000 relative distance 0.500

c1. saccharol

Cl. coccoides

Cl. oroticum

cl. clostridia

cl. baratii

Cl. spiroform

]

cl. durum

cl. col

Ccl. rectum

cl. nexile

Cl. thermacet

cl. carnis

cl. thermauto

C1. scatologue

Cl. tyrobutir

cl. fallax————

Ccl.sartagofo

paL)

cl. coccleatu

Cl. celatum
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c1. sphenoide

cl. cellobiop
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4a - 3
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Fig. 4. Dendrogram for location of the Clostridium strain 4al depending on the relative distance in the group of
clostridia, producing acid of glucose (0) and non-hydrolyzing gelatin (1).
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The Clostridium has long been recognized as a
phenotypically heterogeneous genus. Therefore,
molecular — based methods have to be applied for
species identification. One of the main stages in the
study of newly isolated strains is to determine their
species by a sequence analysis of parts of the
ribosomal operon. This approach was successfully
applied for the genus Clostridium [28-30].

In order to identify to the species level selected
strain 4al, additionally, molecular — genetic
approach was applied. A total DNA from
exponential Clostridium culture was extracted by
the modified method of Delley et al. [27] and
subjected to PCR amplification with universal
primers for 16S rRNA gene of ribosomal operon
(fD1 u rD1), according to Weisburg et al., [31].
The amplified PCR product (~ 1550 bp) was
sequenced in Macrogen (The Netherlands) using
ABIPRISM®310 DNA Genetic Analyzer, (PE
Applied Biosystems). The golden 16S rDNA
sequence analysis was applied. Obtained sequences
were edited by Chromas. The comparative analysis
of the obtained partial 16S rDNA sequence for
unidentified strain 4al, with the extensive GenBank
database was used to assign the isolate to the
species. The strain was identified as CI. beijerinckii
with 97% similarity. The sequence was deposited to
the NCBI - GenBank - JN244676 and a
phylogenetic tree was constructed (Fig. 5).

Clostridium beijerinckii species are ubiquitous
in nature and routinely isolated from soil samples.
It was reported as a species during a chickpea
submerged fermentation by M. Hatzikamari et al.
[19].

Qunknown strain 4a1
Clostridium roseum
Clostridium saccharoperbutylacetonicum

Clostridium puniceum

Clostridium beijerinckii

| 0.01 l Clostridium diolis

Clostridium beijerinckii

Fig. 5. A phylogenetic tree showing the
interrelationships within a cluster formed by the newly
identified Clostridium beijerinskii strain 4al and other
Clostridium species. Tree was constructed on the base of
16S rDNA sequences, using BLAST pairwise
alignments (NCBI), by Newburgh Joining tree method at
max. sequences distances 0.75. (Tree Viewer 1.17.0
(October 24, 2017).

CONCLUSION

A newly isolated strain 4al from chickpea
beans fermentation was identified as Clostridium
beijerinskii according to modern polyphasic
taxonomy, combining classical phenotypic and
molecular-genetic methods. It is capable to produce
butyric acid from glucose in a relatively broad
temperature interval (from 4°C to 55°C). The
optimum initial pH (7.5), temperature (37 °C) and
optimized fermentation medium for butyric
production with good yield were determined.
However, further optimization of the process
parameters is necessary and is still in progress.
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HOBOOXAPAKTEPU3MPAH HIAM CLOSTRIDIUM SP. 4A1, U3OJINPAH OT 3bPHA
HAXYT (CICER ARIETINUM L.), MPOU3BEXJIALL BYTUPAT

C. I1. Xpucrockosa', JI. JI. louesa?*, J1. C. SIukos!, C. T. Jlanoa>*

Y Unemumym no unocenepna xumus, Bvneapcka axademus na naykume, yi. Axao. I'. Bonues 103, 1113 Cogus,
bwaeapus
2 Kameopa no buonoaus, MeOUYUHCKa 2enemuxa u mukpobuonozus, Meduyuncku gaxynimem, Coguiicku ynusepcumemn
,,Ce. K. Oxpuocku, oya. Lap Oceobooumen 15, 1504 Coghus, bBvacapus
3 Uncmumym no muxpobuonozus ,, Cmegan Anzenos*, Bvieapcka axademus na naykume, ya. Axao. I'. Bonuee 26, 1113
Cogus, Boreapus

[ocreruna Ha 1 dpeBpyapu, 2018 r.; kopurupana Ha 15 pespyapu, 2018 r.
(Pesrome)

BytupoBara KucejlnHa € IEHHO ChEIMHEHHE C IIMPOKO TPHIOKECHHE B PAa3IMYHH KIOHOBE HA HWHIYCTPHSITA.
WHTepechT KbM HEHHOTO OMOXMMHUYHO MPOU3BOJICTBO CE BB3PaKaa C OTJIE] Ha MPUIOKEHHETO i 3a MOoJydaBaHe Ha
aNTepHATHBHU ropuBa oT 6uomaca. Mukpooprauuszmute ot Buma Clostridium ca mo6pe n3BecTHH KaTo MPOU3BOIUTEIH
Ha OyTHpOBa KHCEJIHWHA. YCTaHOBEHO €, Ye Te JOMHUHHpPAT MPH CIHOHTaHHATa ()epMEHTalus Ha 3bPHA OT HaxyT. B
Hacrosimoro m3cnensane mambr Clostridium sp. 4al or ¢epmenTanmsta Ha 3bpHA OT HAaxyT € H30paH KaTo
NpOM3BOAUTEN Ha OyTHpoBa KucenuHa. ONpeneneHH ca HIKOW MapaMeTpu Ha Impoleca Kato mbpBoHavanHo pH Ha
cpenmara (7.5), Temneparypa (37 °C), cbcTaB Ha cpejaTa M KOHIeEHTpauus Ha riaokozara (20 g/l). C momomra Ha
KJIaCMYEeCKH W CBHBPEMEHHH MOJH(pa3HH TAaKCOHOMHUYHM METOAM INaMbT e wuieHTuduuupan karo Clostridium
beijerinskii ¢ 97% nomo6ue.
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Determination of the drying characteristics of cherry laurel (Laurocerasus
officinalis Roem.) puree in a freeze-dryer
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This study aims at the determination of the effect of thickness on the freeze drying behavior of cherry laurel
(Laurocerasus officinalis Roem.) puree, together with the determination of the physical, chemical, and powder
properties of the obtained powders and the calculation of the energy efficiency of the drying process. The samples were
dried at 3, 5, and 7 mm thicknesses. Among the twelve thin-layer drying models used, the Page (3 and 5 mm) and
Logarithmic models (7 mm) were found to satisfactorily describe the drying behavior. The drying times were 8, 10, and
11 h with increasing the moisture extraction rate (MER) and specific moisture extraction rate (SMER), and decreasing
specific energy consumption (SEC) values for the increasing thicknesses. The effective moisture diffusivity (De)
values were between 4.70-7.78E-08 m?/s. The average total phenolic compounds and the vitamin C content values were
710 mg GAE/100g (db) and 23 mg/100g (db)), respectively. The bulk density values were between 99.75 and 113.88
kg/m?, and the flowability and cohesiveness values were at fair-bad, and intermediate-high levels, respectively.

Keywords: Cherry laurel puree, Freeze drying, Thin layer modeling, Effective moisture diffusivity, Energy

consumption, Powder properties.
INTRODUCTION

Cherry laurel (Laurocerasus officinalis Roem.)
which belongs to the Rosaceae family is generally
grown in the Black Sea Region in Turkey [1].
Cherry laurel contains high amounts of minerals (K
(7938.7 ppm), Mg (1242.2 ppm), Ca (1158.9 ppm)
etc.), vitamin C (3.7-6.8 mg/100 g wb), phenolic
(3129.2 mg GAE/100 g db) and antioxidant
compounds (2575 pmol Trolox/g wb) [2-4].
Besides being consumed fresh and in dried form, it
is also used for making jams, molasses, marmalade,
fruit juice, and pickle.

The consumption of cherry laurel is quite
limited due to the short harvest time and the high
perishability of the fruits. Considering the high
nutritional properties of this fruit, freezing and
drying might be suitable techniques for prolonging
the consumption period, increasing the areas of
utilization and increasing the post-harvest stability.
Among these techniques drying constitutes an
alternative way to increase the shelf life and
consumption of cherry laurel. Freeze drying is a
method in which drying takes place at very low
temperatures and by this way a high quality product
is provided. The water in the product (in solid
phase) is removed by vacuum protecting the shape
and texture and the volume loss of the product is
prevented. In addition, the loss of minerals,
vitamins, flavor, and aroma compounds of food is
minimized [5].

Freeze drying has been used for several kinds of

* To whom all correspondence should be sent:
E-mail: meryem_talih07@hotmail.com

fruits such as strawberry [6], guava [7], pumpkin
[8], mango [9], kiwi [10], watermelon [11], etc.

The aim of this study covers the determination
of the effect of different thicknesses of cherry laurel
puree on the freeze drying behavior, the
determination of the physical, chemical, and
powder properties of the obtained products and the
calculation of the energy efficiency of the drying
process.

MATERIAL AND METHOD
Material

Fully matured fresh fruits were obtained from a
local supermarket in Kocaeli, Turkey. They were
washed and grinded with a home-type blender
(Tefal Smart, MB450141, Turkey) after the
removal of the stones.

Drying Experiments

The experiments were performed in a pilot scale
freeze dryer (Armfield, FT 33 vacuum freeze drier,
England) at three thicknesses of 3, 5, and 7 mm in a
vacuum (13.33 Pa absolute pressure), at a —48°C
condenser temperature. The temperature of the
heating plate was set to 10°C.

The weight of the samples was determined at 1 h
intervals by using a digital balance with 0.01
precision (Ohaus AR2140, USA) until the weight
of the sequent samples reached a constant value.
The dried material was grinded for one minute in a
home-type blender (Tefal Smart, MB450141,
Turkey), then, the powders were stored in
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aluminum-laminated
packaging materials.

polyethylene (ALPE)

Physical and Chemical Analyses

The moisture content of the samples was
determined according to AOAC [12]. The soluble
solid contents (TSS), water activity, pH and color
values of the samples were measured by using
ATAGO 1T (England), Testo-AG 400 (Germany),
Inolab WTW pH 720 (Germany), and Minolta CR-
400 Colorimeter (Japan), respectively.

Total color changes (AE) of the powders with
respect to cherry laurel puree were calculated by
using Eq. (1) [13]:

AE = VAL + Aa*2+Ab*? (1)

In addition, Chroma value was calculated by
using Eq. 2 [13]:

Chroma= (a*? + b*%)%/2 (2)

For the determination of the chemical properties
of the samples; extracts were obtained according to
the methods of Cemeroglu [14]. The obtained
extracts were stored at -24°C in the dark until
analysis.

The total phenolic content (TPC) of the samples
was determined according to Franke et al. [15] and
the results were given as gallic acid equivalents per
100 grams of dry sample.

The total antioxidant activities of the samples
were determined using the method based on the
principle of the activity of DPPH radicals. The %
inhibition of samples was calculated by using Eq.
(3):

% inhibition = %* 100 (3)
DPPH

The total antioxidant activity was expressed as
umol Trolox equivalent per g sample (db) [14].
The vitamin C content of the samples was
determined according to Hisil [16] as mg vitamin
C/100 g sample (db).

Mathematical Modeling of Drying Data

The moisture ratio (MR) values of the samples
were calculated throughout the freeze drying
operation by using Eq. (4):
M¢—M,

My—M,

MR= (4)

where, Mo, M; and M. represent the initial, any
time and equilibrium moisture contents (kg
water/kg dry matter), respectively.

Twelve thin layer drying models (Lewis, Page,
Modified Page, Henderson and Pabis, Logarithmic,
Midilli, Two Term, Two Term Exponential,
Approximation of Diffusion, Wang and Singh,
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Verma, and Logistic), commonly used in drying
processes, were employed [17,18].

The coefficient of determination (R?), root mean
square error (RMSE) and the reduced chi-square
(x?) values were determined according to Ergun et
al. [10]. The higher values of the coefficient of
determination (R?) and the lower values of root
mean square error (RMSE), and reduced chi-square
(x?) were chosen for assessing the goodness of fit.

For the determination of the effective moisture
diffusivity (Defr) values of the cherry laurel, Fick’s
diffusion model as given in Eq. (5) was used:

8 1 . D
MR =~ expl — (2i —1)272 — ¢ | (5)
@i 1) p{ @-0 }

where, t is the time (s), Der is the effective
moisture diffusivity (m?s) and L (m) is the
thickness of sample. For long drying times
(MR<0.6) [19], a limiting case of Eq. (5) was
obtained, and expressed in logarithmic form as
given in Eq. (6):

2D,
InMR =In (%) — ( ff) t (6)
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The effective diffusivity is typically calculated
by plotting the experimental moisture ratio versus
the drying time. From Eg. (6), a plot of In MR
versus the drying time gives a straight line with the
slope given in Eq. (7):

_ ™ Desy
Slope ="z (7)
Determination of Energy Efficiency of Freeze
Drying Operation

The total energy consumption of the freeze-
drying process was measured by a power
measurement device (Makel M310.2218, Turkey).
In order to determine the effectiveness of freeze
drying, the moisture extraction rate (MER), specific
energy consumption (SEC), and specific moisture
extraction rate (SMER) values were calculated by
the following equations (Egs. 8-10) [20, 21]:

Amount of water removed during drying (k;
MER = emov g drying (kg) 8)
Drying time (h)
Total energy supplied in drying process (M
SEC = gy supp Y ‘gp a M]) (9)
Amount of water removed during drying (kg)
Amount of water removed during drying (k
SMER = sdving e (10)

Energy consumption (kWh)

Determination of the Powder Properties

The bulk and tapped density values, flowability
(Carr Index) and cohesiveness (Hausner Ratio), the
average wettability  times, dispersibility,
hygroscopicity (%) and caking degree of the
powders were determined by using the methods of
Chegini and Ghobadian [22], Jinapong et al. [23],
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Gong et al. [24], Pisecky [25], and Jaya and Das
[26], respectively.

Determination of the Morphological Properties
by Scanning Electron Microscopy (SEM)

The powder samples were placed on aluminum
stubs using a double-sided adhesive tape. The
samples were then coated with gold and were
examined with a scanning electron microscope
(Carl Zeiss 300 VP, Germany) operating at 3 kV
accelerating voltage.

Determination of the Glass Transition
temperature by Differential Scanning Calorimeter
(DSC)

The glass transition temperature of the powder
was determined by a differential scanning
calorimeter (TA DSC Q2000, New Castle, DE
USA) equipped with a thermal analysis station
between -30°C to 100°C at 10°C/min for formation
of glassy state in the powder and equilibrated for 10
min. DSC thermograms presenting the heat flow
(W/g) and temperature relationship were used to
analyze the thermal transitions in samples during
heating and cooling. TA Instruments Universal
analyses software was used to analyze the onset,
mid and end points of the glass transition. The glass
transition temperature (Tg) was calculated as the
average of the onset and end point values [27].

Statistical Analyses

The data were analyzed using statistical
software SPSS 16.0 (SPSS Inc., USA). The data

Table 1. Physical properties of the powders.

were also subjected to analysis of variance
(ANOVA) and Duncan’s multiple range test
(0=0.05) to determine the difference between
means. The drying experiments were replicated
twice and all the analyses were triplicated.

RESULTS AND DISCUSSION

The experimental results showed that freeze-
drying technique was effectively used in the drying
of cherry laurel puree, as supported by the
acceptable values for the analyzed properties. The
efficiency of the process was calculated based on
the solid content of puree (98.44-98.68%) and only
slight losses due to handling were observed.

Some of the physical properties of cherry laurel
powders are given in Table 1. Moisture content is
the critical quality parameter for the powder
products. The total soluble solid content (TSS)
(°Bx) of cherry laurel puree was measured as
14.1°Bx, with a moisture content value of
81.15+0.28% (wb) which is similar to the value
presented by Kolayl et al. [2] (80.00+4.10% for
cherry laurel). The moisture content values must be
below 10% for the protection of the properties of
powder products [28, 29] and suitable values of
moisture content of the powders were obtained in
this study. The final moisture content of the
powders ranged between 7.05 and 9.42% (wb) and
they could be classified as microbiologically safe
for long-term storage. It was observed that the
moisture content of the dried powders was affected
by the drying thicknesses (P<0.05).

Cherry Laurel Powders Dried at Different Thicknesses

Properties
3mm 5mm 7 mm

Moisture Content (%whb) 7.70+0.86 2 7.05+0.192 9.42+0.17°
Water activity 0.248+0.0112 0.261+0.0082 0.270+0.0392
pH 4.527+0.02282 4.509+0.02282 4.499+0.0228

Color

L* 45.09+0.35°¢ 40.20+1.67° 37.95+0.652

a* 20.54+0.66° 23.14+0.96° 24.27+0.53°

b* 3.16+£0.652 3.95+0.862 3.88+0.782

AE 17.77£0.11° 14.71+£0.48 2 13.69+0.74 2
Chroma 20.79+0.75% 23.74+0.79° 24.58+0.43°

&< Differences in the statistical evaluation are shown with different letters in the same row (P<0.05)
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The water activity values of cherry laurel
powders reached the range of 0.248 to 0.270 at the
end of drying as in the acceptable limits for the safe
storage of the powders. The measured water
activity values were in the same range with freeze
dried kiwi, pumpkin, quince and persimmon puree
powders (between 0.225 and 0.273) [30, 31].
According to Table 1, it can be stated that the water
activity values of the powders increased with the
increasing drying thicknesses although no statistical
difference was observed (P>0.05).

The pH value of the cherry laurel puree was
measured as 4.424+0.001, similar to the pH values
of 4.500+0.500 reported by Kolayl et al. [2]. The
pH values of the reconstituted powders (4.499-
4.527) were found to be slightly higher compared to
the puree and at 3 mm thickness it was observed to
be the highest one. Considering the results in Table
1, the change in the drying thicknesses caused no
significant effect on pH values (P>0.05). The
increase in the pH values might be due to the loss
of some acidic compounds in the structure during
the drying process. In addition, since the powders
were diluted to the initial moisture content before
the measurements, the pH values might be affected
by differences in the moisture content of the
powders, hence, by the amount of water added.

The color values of the powders are given in
Table 1 and it can be seen that significant
differences were registered for L* and a* values
between the powders (P<0.05) dried at different
thicknesses. The color values (L*, a*, and b*) of
the cherry laurel puree were measured as
28.38+0.17, 14.63+0.23, and 2.44+0.08,
respectively. Kasim et al. [32] reported the color
values of cherry laurel as 21.14-24.21, 5.63-17.72,
and 0.22-3.97 for L*, a*, and b*, respectively, for
12 natural genotypes. These differences in the color
values can be due to differences in the maturation
degree and harvesting time. The color values were
affected by the freeze drying process and higher
values were observed for the powder products. The
lightness values of the powders decreased
depending on increasing drying thicknesses
(P<0.05), which can be explained with the long
drying times. The greenness/redness value of the
sample dried at 3 mm thickness was statistically
different from the other sample thicknesses
(P<0.05) and there was no statistical difference in
blueness/yellowness values of the powders
depending on the increase of the drying thicknesses
(P>0.05). The calculated values of AE for the
powders with respect to the cherry laurel puree
were significantly affected by the change of the
drying thicknesses (P<0.05). The Chroma value of
the cherry laurel puree was calculated as 14.83+
470

0.24. This value is similar to that reported by Kasim
et al. [32] and Halilova and Ercisli [33] (5.35-18.15
and 8.39-19.07, respectively). The Chroma values
of the powders significantly increased depending
on the increasing drying thicknesses (P<0.05).

The results obtained from the chemical analysis
of the powders are given in Table 2. According to
Table 2 the total phenolic content values of cherry
laurel puree and its powders were determined as
1083.11 and between 697.27 and 719.81 mg
GAE/100g (db), respectively. The values of
phenolic content of cherry laurel reported in the
literature [4, 33, 34] ranged between 2436 and 7527
mg GAE/100 g (db) showing a large variation
between the samples. No significant differences
were observed in the phenolic content values of the
powders for the change of the drying thicknesses
(P>0.05). Dirim and Caliskan [8] reported a
decrease of 3% (db) in total phenolic content of
pumpkin puree in freeze drying. In another study,
Chinese ginger was dried by five different drying
methods (hot air, freeze, infrared, microwave, and
intermittent microwave-convective drying). The
phenolic content of fresh and dried Chinese ginger
was found as 11.97, 9.69, 13.83, 11.35, 8.41, and
11.28 mg GAE/g (db), respectively. According to
these values, the freeze drying method better
preserved the phenolic content than the other
methods [35].

The antioxidant activity of the cherry laurel
puree and its powders was determined as 186.20
and 46.54-83.68 umol Trolox/g (db), respectively.
According to results, the antioxidant activity of the
powders was affected by the change in drying
thickness (P<0.05). The phenolic content affects the
amount of antioxidant substances in foods, but
color pigments are also a major parameter for the
amount of antioxidant in foods. The values of the
antioxidant activity of cherry laurel reported in the
literature [36, 37] ranged between 21.20 and 35.9
umol Trolox/g (wb). The degree of maturation,
genotypes, and conditions of the growth area can be
the reason for the different chemical properties of
cherry laurel. In a study by Valadez-Carmona et al.
[38], cacao pod husk was dried by convective,
microwave, and freeze drying methods and the
antioxidant activity of powders was found to be
35.8, 59.3, and 70.8 pumol Trolox/g (db),
respectively, indicating better antioxidant activity
preservation with freeze drying.

The vitamin C content of the cherry laurel puree
was determined as 177.44 mg/100 g (db) and values
ranging between 2.96 and 204.00 mg/100g (wb) for
cherry laurel were reported in the literature [2, 37].
According to the results, the vitamin C values of
the freeze dried cherry laurel powders decreased
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depending on increasing drying thickness (P<0.05).
The vitamin C losses can be due not only to the
freeze drying process, but to the operations before
freeze drying such as handling, storage conditions,
and mashing of cherry laurel. In general, vitamin C
loss in freeze drying is lower when compared to
other drying methods, since the process is
performed at low temperatures with application of
vacuum [39]. In their studies, Dirim and Caliskan
[8] and Marques et al. [40] reported losses of
vitamin C as 18% (db) for pumpkin and 13.0-
69.3% (db) for acerola, respectively. However, in
our study a considerable loss was observed.

The drying characteristics of the samples during
the freeze drying process were determined from the
mass loss in the samples of the known initial
moisture content (81.15+0.28%, wb). The drying
process was carried out by following the weight of
the samples at one-hour intervals until constant
weight. Most of the moisture in the samples was
removed at the beginning of the drying process and
at a slower rate until the end of the drying process.
Moisture ratio with respect to drying time was

Table 2. Chemical properties of the powders.

calculated by using the moisture content data and
fitted into the thin layer drying models. As a result
of calculation of model parameters, five of the most
suitable model equations and the statistical
evaluations are given in Tables 3-5 for 3, 5 and 7
mm thicknesses, respectively.

The R? values of the different thin layer model
equations were found to be above 0.9 for the three
drying thicknesses (Tables 3-5). The experimental
data and the model equations for the three most
suitable drying curves of drying cherry laurel puree
are given in Fig. 1.

The highest R? values were obtained for Page,
Midilli and Two-Term Exponential model; Page,
Midilli and Logistic model; and Logarithmic,
Midilli, and Approximation of Diffusion model for
3, 5, and 7 mm, respectively. According to Tables
3-5, when RMSE and y? values were examined,
Page (3 and 5 mm thicknesses) and Logarithmic (7
mm thickness) models were chosen as the most
suitable models for determining freeze drying
characteristics of the samples.

Properties 3mm

Cherry Laurel Powders Dried at Different Thicknesses

5mm mm

Total Phenolic Content
(mg GAE/ 100g db)

Antioxidant Activity
(umol Trolox/g db)

Vitamin C (mg /100 g db)

715.30+14.242

63.31£1.00°

28.26+1.240

697.27+£19.372 719.81+£8.722

83.68+1.25°¢ 46.54+0.802

22.84+1.45¢% 20.01+1.552

a¢Differences in the statistical evaluation are shown with different letters in the same row (P< 0.05).

Table 3. Model equations and statistical results for the samples of 3 mm thickness (R?, RMSE, and %?).

Models Equations R? RMSE v
Page MR= ~-0471t%333 0.997  0.0183 0.0004
Midilli MR= 0.999¢~0470t™**° 1 0 001t 0.997 0.0183  0.0006
Two-Term Exponential MR= 1.908e70876t 4 (1 — 1.908)e~1208(0876)t 0.997  0.0197 0.0004
Approximation of MR= 29.885¢ 0371t 4 (1 —29.885)e~03710984t 0992 00289  0.0125
Diffusion

Logistic MR= 1.542/(1 + 0.543¢1000t) 0.997 06064  0.5516

Table 4. Model equations and statistical results for the samples of 5 mm thickness (R?, RMSE, and ¥?).

Models Equations R? RMSE 1
Page MR= ¢~0-308%% 0.987 0.0390  0.0019
Midilli MR= 0.989¢-0304t*?7° _ (. 002t 0.987 0.0374 0.0022
£pproximation of 2/'53:1; S e Tt 0.985 00399  0.0022
Verma MR= 26.767e0240t 4 (1 — 26.767)e~0-235¢ 0.985 0.4054  0.2260
Logistic MR= 1.516/(1 + 0.537¢%701t) 0.987 05882  0.4758
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Table 5. Model equations and statistical results for the samples of 7 mm thickness (R2, RMSE, and y?).

Models

RZ 2

Equations RMSE X
Logarithmic MR= 1.066e~%%%3 — 0.071 0.986 0.0368 0.0018
Midilli MR= 0.986¢~9291t""* _ 0,004t 0.986 0.0374 0.0021
Approximation of MR= —56.567¢~%536t + (1 +
Diffusion 56.567)e0-536(0-991)¢ 0.985 0.0406  0.0022
Verma MR= 0.141e~17605t 4 (1 — 0.141)e 0423t 0.984 0.3433 0.1620
Logistic MR= 1.934/(1 + 0.984¢%485¢) 0.984 1.1675 1.8170
1 Page
z N
so84 N\  eee-- Midilli
; \ Two T
S 06 - — = =Two Term
E \ Exponential
Q04 - \ ¢ Experimental
2o Ne.
20, N
o Y \(
= ~—~—
0 T T T r.\#*-"—'_‘
0 1 2 3 4 5 6 7 8
Time (h)
(a)
1«  eee-. Page
= N ’
S08+4 N o Midilli
o )
'4;-; 0,6 - \ -- —Appro?(imation of
(-4 ; Diffusion
204 - N ¢ Experimental
&
2 N
20,2 - ~
o 0, -
E 0 T T T T %—H
0 1 2 3 4 5 6 7 8 9 10
Time (h)
(b)
14
. N =eeee Logarithmic
S 08 - \;\ ----- Midiili
2 06 - . — = = Approximation of
T X Diffusion
-4 ~ ¢ Experimental
€04 - AN
3 N 'S
- NN
2 S
Eo 0,2 - ~ ::s.‘\\
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Time (h)
(c)

Fig. 1. Experimental data and computed moisture ratio values obtained by the selected models for different drying

thicknesses: (a) 3 mm, (b) 5 mm, and (c) 7 mm.

Oztekin et al. [41] studied the drying of cherry
laurel (250 g) using microwave and hot air and
mathematical modeling of the drying behavior and
found that Midilli and Verma models are the best
models in describing the microwave (180-900W)
and hot air (60-70°C) drying, respectively.
472

Although there is no study in the literature about
freeze drying of cherry laurel puree, there are lots
of mathematical modeling studies for freeze drying
of foods, e.g., Ergun et al. [10], Souza et al. [42],
and Caliskan et al. [43] who reported the drying
models as Two-term Exponential model for Kiwi
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(Actinidia deliciosa) slices, Page model for avocado
(Persea americana Mill.) pulp, and Logarithmic
model for kiwi (Actinidia deliciosa) puree as the
best representative model, respectively. The
moisture transfer during drying was modeled by
using the Fick’s law of diffusion model. Plots of
natural logarithm of MR (InMR) against drying
time (s) for different drying thicknesses (3, 5, and 7
mm) vyielded straight lines with relatively high
correlation coefficients (0.983, 0.985, and 0.988,
respectively) indicating goodness of fit (data and
plots are not given here). The effective moisture
diffusivity (Des) of the cherry laurel was calculated
by using the equations 6 and 7 by taking into
consideration that the MR values are lower than 0.6
for 80% of the total drying operation. The
calculated values were 7.06E-08, 7.78E-08, and
4.70E-08 m?/s, respectively for 3, 5, and 7 mm
thicknesses. Kaya and Aydin [44] reported the
effective diffusivity values of hot air-dried cherry
laurel (35, 45, 55, and 65°C, 0.2-20.0 m/s air
velocity and 10-95% relative humidity) as varying
between 1.896E-10 and 3.252E-10 m?/s indicating
both higher Des results for freeze drying and
difference in the genotypes. Caliskan and Dirim
[31] reported the effective diffusivity value of
persimmon puree as 7.302E—-10m?%s at freeze
drying. Erbay and Icier [17] observed that the
efficiency of moisture diffusivity in the drying of
food materials was in the range of 10E-12 to 10E-
06 m?/s according to the literature. Also, 75% of the
diffusivity values accumulated in the range of
10E—10 to 10E—08 m?/s and the results of our study
are in a good agreement with this fact.

The MER, SEC, and SMER values were used to
determine the efficiency of the dryers and the
results are given in Fig. 2 for different drying
thicknesses.

As can be seen from Fig. 2 the MER and SMER
values of the samples increased and SEC values of
the samples decreased depending on increasing
drying thickness related with amount. Oztekin et al.
[41] reported that the energy consumption for
drying of laurel berry samples was 0.92-1.44
kWh/kg sample for microwave dryer (0.2-1.1 h)
and 6.12-9.26 kWh/kg sample for hot air dryer
(12.0-28.0 h). In our study, the total energy
consumptions of the equipment for drying were
measured as 351.18- 457.67 kWh/kg sample for
different dying thicknesses and these values were
found to be higher than the values given by Oztekin
et al. [47] due to the long operation time of freeze
drying. Baysal et al. [45] studied the drying of
apple slices (2 mm) at tray, heat pump and
microwave freeze drying. In freeze drying, the
researchers found lower SMER and MER, and

higher SEC values than other drying methods.
SMER, MER, and SEC values in freeze drying of
apple slices were measured as 0.01 kg/kwh, 0.02
kg/h, and 259.2 MJ/Kkg, respectively. In cherry
laurel puree drying, MER and SEC values were
lower and SMER were higher than those given by
Baysal et al. [45]. The energy consumption for
drying foods depends on the used type of drying
equipment, raw material, initial moisture content
and thickness of the product.

0,012 +
0,01 -
0,008 -
0,006 -

MER (kg/ h)

0,004 -
0,002 -

0 .
Drying Thicknesses

@)

SEC (MJ/kg)

Drying Thicknesses
(b)

0,02 - I
0,016 -

0,012 -

H3mm

0,008 - M 5mm

H7mm

SMER (kg/ kWh)

0,004 -

Drying Thicknesses
(©)

Fig. 2. Calculated values of MER (a), SEC (b), and
SMER (c) for the different drying thicknesses.

The powder properties are very important for the
storage, transportation and for industrial
applications as dosing for powders. Some of the
determined powder properties are given in Table 6.
The bulk density is an important criterion for the
transport and packaging of powdered foods which
is influenced by the moisture content of the
product, particle shape and particle size [46]. The
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bulk and tapped density values of the powders
ranged between 99.75-113.88 kg/m?® and, 136.20-
182.40 kg/m?3, respectively, as given in Table 6. The
change in the drying thickness caused significant
effect on the bulk and tapped density values

The flowability and cohesiveness of the powders
in terms of the Carr Index and Hausner ratio were
evaluated. The classification of the powder
flowability and cohesiveness based on the Carr
index (CI) and Hausner ratio (HR) are very good
(<15), good (15-20), fair (20-35), bad (35-45), and
very bad (>45), and low (<1.2), intermediate (1.2—
1.4), and high (>1.4), respectively [23]. The Cl and
HR values of the powders ranged between 26.75-
39.24, and 1.37-1.65, respectively. Drying
thickness was found to affect the Cl and HR values
of the powders (P<0.05). It may be due to high
moisture content value of the powders. Depending
on these results it can be stated that the powders
showed fair and bad flowability and intermediate
and high cohesiveness. As indicated by Koc et al.
[48], flowability problems may occur in powder
products which have high cohesiveness values.

Wettability is the ability for absorption of water
on the surface of the powder particles which is
affected by several properties of the products, as
surface area, density, size, and surface activities of
particle and hygroscopic material content of
product [49]. The average wettability times of the
powders are given in Table 6 as ranging between
2.37-3.25 s. The results showed that average
wettability times of the powders significantly
affected from the drying thicknesses (P<0.05).
Freuding et al. [50] reported that low tapped density
products have high wettability values. Dirim et al.
[30], reported the wettability time and tapped
density of freeze dried samples (pumpkin, quince
and kiwi) as 77.33, 107.50, and 186.0s, and 250,
340 and 420 kg/m?, respectively. However, in our
study the wettability time values showed an inverse
relationship with tapped density of the powder
products.

Dispersibility is defined as the ability for the
powder products to getting wet and dispersing
without formation of dry lumps in water [49]. The
average dispersibility values of the freeze dried
powders were found to be 82.82, 75.71, and
62.52% for 3, 5, and 7mm, respectively (Table 6)
and according to these results it can be stated that
the average dispersibility values of the samples
decreases depending on increasing drying
thicknesses (P<0.05). The porous structure of the
powder particles can affect the dispersibility
property positively and the decrease of the pores
with the increase in drying thicknesses supports this
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(P<0.05), mainly due to the differences in the
moisture content values. Since bulk density, flow
behavior, wettability and other properties are
referred to as powder properties; they are
influenced by moisture content of the powders [47].
fact. Erguney et al. [51] reported the dispersibility
values of freeze dried cherry laurel powder (without
carrier agent) as 81% and Jaya and Das [52]
reported the dispersibility values of foods (instant
coffee, tomato soup powder, mango powder etc.)
are in the range of 68.19 to 99.98%. The results of
our study are consistent with the reported values.

Hygroscopicity depends on the composition
(low molecular weight sugar, organic acid, and
moisture content, etc.) of the product [53]. As given
in Table 6, the hygroscopicity values of the
powders were affected by the change of drying
thicknesses (P<0.05). The results are similar to the
values reported in the literature as 7.68% for grugru
palm [54], 7.20% for mango powder [52] and
between 4.21-6.64% for tomato soup powder [52].
Erguney et al. [51] determined the hygroscopicity
value of cherry laurel powder as 9.2% which can be
explained by the lower moisture content (2.43%) of
the powder product.

The values of caking degree for the powders are
given in Table 6 as ranging between 42.04-49.95%.
Depending on the changes in the drying
thicknesses, significant differences were observed
in the caking degree of the powders (P<0.05). The
caking degree values of the powders are affected by
the moisture content of the products and by
differences in composition and product structure.

The selected images from the SEM
microstructure analysis of the freeze-dried powders
are given in Fig. 3 for different drying thicknesses.

The SEM images show that the appearance of
the powder particles is in the form of a flake is
similar to the SEM images of freeze-dried powders
in the literature [45, 49]. Considering the SEM
images of the powders at 100x magnification
(pictures not given here) it was observed that
particle sizes of the powders dried at 3 mm are
higher than the others explaining the reason for
high bulk and tapped densities of the powders dried
at 5 and 7 mm thicknesses.

The results obtained from DSC analysis giving
the glass transition temperature of the samples of
the cherry laurel puree dried at the thickness of 5
mm are shown in Fig. 4.

According to the result of the DSC analysis,
there are two transitions in the thermal flow
thermogram. The glass transition temperature of the
powder was calculated using the onset, mid and end
points of the glass transition.
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Table 6. Powder properties of the powders.

Cherry Laurel Powders Dried at Different Thicknesses

Properties
3mm 5mm

7mm

Bulk Density (kg/m?) 99.75+ 0.79° 110.83+0.62°

Tapped Density (kg/m?®)

136.20+ 1.032 182.40+1.32°¢

Flowability

26.75+1.13% 39.244+0.57¢
(Fair) (Bad)
Cohesiveness 1.37+0.022 1.65+0.02°¢
(Intermediate) (High)
Wettability time (S) 3.25+0.25¢ 283:&013b
Dispersibility (%) 82.824+0.71¢ 75.5140.69°
Hygroscopicity (%) 7.18+0.06° 6.3620.522
Degree of Caking (%) 47140230 42.04+0.85°

113.88+1.53¢
166.35+0.97°

31.53+1.31°
(Fair)

1.46+0.03°

(Intermediate)

2.374£0.04 2
62.52+0.972
6.78+0.122
49.95+0.68°¢

&< Different letters in the same row indicate significant difference between the drying thickness at P<0.05.

s < F BN

() (b)

Fig. 3. Scanning electron micrographs of cherry laurel powders for the three drying thicknesses: (a) 3 mm, (b) 5mm,

and (c) 7mm at 5000x magnification.
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Fig. 4. Thermal flow thermogram of freeze-dried cherry laurel puree at 5 mm drying thickness
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The first transition was measured as 28.18° and
the second transition was at 62.19°C. To our
knowledge, no study exists in the literature for the
glass transition temperature measurement of cherry
laurel powder. But Can-Karaca et al. [27] reported
the glass transition of spray-dried sour cherry
powders (a very similar fruit to cherry laurel) as
between 7.7 £1.0°C and 70.6+1.0°C with the
addition of different amounts of carrier agents,
carrier types and different inlet temperatures.
Considering the glass transition temperature of
28.18°C it should be advised that the powders
should be kept at temperatures lower than this
value.

CONCLUSION

In this study, we observed that freeze drying can
satisfactorily be applied for drying of cherry laurel
puree to produce a powder and to provide
prolonged consumption period. The present work
describes the changes in some physicochemical and
powder properties of powders dried at different
thicknesses. Page and Logarithmic model which
had the highest R? and lowest y?and RMSE for all
drying experiments were found to satisfactorily
describe the drying behavior of cherry laurel puree.
The calculated values of Dex ranged between
4.700E-08 and 7.784E-08 m?s. The energy
consumption was measured and it was observed
that MER values and SMER of samples increased,
and SEC values of samples decreased with
increasing drying thickness. Moisture contents of
the powders were found between 7.05 and 9.42%
(wb). The measured water activity values of the
powders are in acceptable limits for the safe storage
of the products. The lightness value of cherry laurel
puree was affected by the freeze-drying process and
its value increased between 33.72% and 58.88%.
AE values of the powders changed between
17.77£0.11, 14.71£0.48, and 13.694+0.74 for drying
thickness of 3, 5, and 7 mm, respectively. The bulk
density and tapped density values of the powders
ranged between 99.75 and 113.88 kg/m3 and
136.20-182.40 kg/m?, respectively. Determination
of flowability and cohesiveness in terms of Carr
Index and Hausner ratio were evaluated as fair and
bad, and intermediate and high levels, respectively.
The determined average wettability times were less
than 10 s. Caking degree of powders ranged
between 42.04-49.95%. The results showed that
average bulk and tapped density, wettability times,
and caking degree of the powders significantly
were affected by the drying thicknesses (P<0.05).
Two transitions at 28.18°C and 62.19°C were
observed with DSC analysis. The changes in tapped
density, flowability, cohesiveness, hygroscopicity
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and caking degree followed the same tendency with
moisture content values.
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OIIPEJEJIIHE HA XAPAKTEPUCTUKUTE HA CYUIEHE HA ITIOPE OT JIJABPOBA
YEPEWIA (LAUROCERASUS OFFICINALIS ROEM.) B CYILIUJIHA-OPU3EP

M. Tanux*, C. H. {upum

Jenapmamenm no xpanumenno unscenepcmeo, Eze ynusepcumem, 35100 boprosa, Hzmup, Typyus

IToctenuna Ha 6 nekemBpu, 2017 r.;kopurupana Ha 18 suyapu, 2018 .
(Pe3tome)

B crarusita ce u3ciienBa BIMSHHETO Ha Je0eiMHATa Ha CJIOS BbPXY OTHACSHETO Ha IIOpPE OT JIaBpoBa uepelia
(Laurocerasus officinalis Roem.) mpu cymene upe3 3ampassiBaHe W ca ONpEAECHH (U3MYHUTE, XUMHYHHUTE H
MPaxoBHUTE CBOMCTBAa Ha IOJy4eHHTE MpaxoBe. V3uucieHa e eHepruiiHata e()eKTHMBHOCT Ha Mpolleca Ha CYIICHE.
IIpobure ca cyiieHu mpu aeOearnHn Ha 105 oT 3, 5 u 7 mm. Mexay ABaHalceTTe MOJEa Ha CYIIEHE HA ThHKHU CIIOEBE,
MmozensT Ha Page (3 u 5 mm) u norapurmudHusT Monen (7 MM) OMUCBAT 3aJ0BOJIUTEITHO OTHACSHETO NPU CYLICHE.
BpemeTo Ha cynieHe ¢ noBHIIaBaHe Ha crerneHTa Ha u3cymasane € 8, 10 u 11 4. CneunduuHUAT pa3xo] HA eHEprus
HaMalsiBa ¢ yBennuyaBaHe Ha aeOenunata. CroiiHOocTHTe Ha cneuuduyHata nudysuBHocT Ha Biarata (Defr) ca 4.70-
7.78E-08 m?/s. ChabpxkaHueTo Ha ToTanHu (GeHoHn cheauuenus u BurtamMun C ca choteeTHO 710 mg GAE/100g (db)
u 23 mg/100g (db)). O6emuara mrsTHOCT € Mexy 99.75 u 113.88 kg/m?, a TeunmBOCTTa U CLEMIIEHHUETO Ca CHOTBETHO
Ha HUBO CPEHO-JIOLIO U MEKIUHHO-BHCOKO.
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Edge harmonic index He(G) of the (chemical) graph G is based on the end-vertex degrees of edges of the line graph
L(G). In this paper, the generalized formula and an algorithm (pseudocode) are given for edge harmonic index. The aim
of this paper is to develop edge harmonic index for generalized carbon nanocones.

Keywords: Carbon nanocones, Edge harmonic index, Generalized formula, Graph theory.

INTRODUCTION

Graph theory has variety-applied fields, one of
which is carbon nanostructure field. Carbon
nanocones, which were firstly introduced by Ge and
Sattler in 1994 [1], are well-founded devices in the
nanostructures.

These are constructed from a graphene sheet by
removing a 60° wedge and joining the edges to
produce a cone with a single pentagonal defect at the
apex [2]. A carbon nanocone is made up of one-
polygonal and its center is surrounded by the layers
of the polygonal. So, the carbon nanocones denoted
by CNCn[n] consist of m-th polygonal and nth layer.

Fig. 1 illustrates the graph of one pentagonal
carbon nanocone CNCs[6]. In recent years, several
useful research articles based on the topological
indices have been studied on these structures [12-
22].

A topological index is the numerical quantity
attributed to a (chemical) graph G. The oldest
topological index is the Wiener index, which was
presented by the chemist Wiener [3]. It is defined as
follows:

W(G)=

Z d(u,v),

{u.vlev(G)

where d(u,v) is the distance between atoms u and v
in the chemical graph G. The topological indices
are graph invariants and are used to calculate
guantitative structure-activity relationships (QSAR)
and quantitative structure-property relationships
(QSPR) [9,10]. For the QSAR and QSPR studies,
the experimental numerical results have been
shown in [11]. Yang and Hua [19] have established
the explicit formula and mathematical properties of
the harmonic index for general connected graphs

* To whom all correspondence should be sent:
E-mail: : omurkivanc@outlook.com
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and so they gained important results for QSAR and
QSPR studies. In addition, the reader can refer to
[12-22] for more information about topological
indices and QSAR and QSPR.

Let us now give basic definitions. Let G be a
chemical graph and its edge and vertex sets are
represented by E(G) and V(G), respectively. In a
chemical graph, the vertices of a graph are
attributed to the atoms of the molecule and the
edges represent the chemical bonds.

(b)

Fig. 1. (a), (b) The graph of one-pentagonal carbon
nanocone CNCs [6] (top and side view) (color figure
available online).

In 1987, the harmonic index H(G) was presented
by Fajtlowicz [4]. It is formulated as follows:

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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PN TORION

where d(u) (or d(v)) represents the degree of the
vertex u (or v) in G. Recently, the edge harmonic
index has been introduced by Nazir et al. [5]. It is
associated with the end-vertex degrees of the edges
of their line graphs. It is formulated as follows:

2
efEE(ZL(G))d (e)+d ( f) ’

H(G)=

H, (G) =

where d(e) and d(f ) are the end-vertex degrees of
vertices e and f in a line graph of G.

In graph theory, a line graph is obtained by
using and converting the vertices and edges of any
connected graph. In order to obtain a line graph
from a graph G, the vertices of G are converted to
edges; the edges of G are converted to vertices.
However, the neighborhoods remain the same as in
G. For example, in Fig. 2, the orange-colored
vertices of nanocone (a) are converted to the
orange-colored edges of the line graph (b) of the
nanocone and the blue-colored edges of nanocone
(a) are converted to the blue-colored vertices of the
line graph (b) of the nanocone (similarly as in Figs
3 and 4).

/‘\ )

2N

(b)
Fig. 2. The graph of carbon nanocone (a) Cs[1] and
its line graph (b) L(Cs[1]).

In this paper, we aim at developing the edge
harmonic index for generalized carbon nanocones.
Subsequently, we want to obtain a generalized
formula for this index.

RESULTS AND DISCUSSION

Let CNCu[n]=Cn[n]. Our notation is standard
and mainly taken from standard books of graph
theory [6-8]. Now, we give the required theorems
and propositions to perform our aim.

Theorem 1. Consider the graph of carbon
nanocone Cz[n]. Then we get

12 12n 9n?
He(c3[n])=g+(2n—l)+7+7 .

Proof. Let us consider the graph Cs[n] and
L(Cs[n]). L(Cs[n]) has (9n*+12n+3) edges and
(9n%+15n)/2+3 vertices for the first n=1,2,3...
layers. On the other hand, there are 6 edges of type
(d(e)=2, d(f)=3), (6n-3) edges of type (d(e)=3,
d(f)=3), (6n) edges of type (d(e)=3, d(f )=4) and
(9n?) edges of type (d(e)=4, d(f)=4). For Cs[n]
(n>1), we get

12 12n 9n?
HE(C3[n])=E+(2n—1)+7+T .

Theorem 2. Consider the graph of carbon
nanocone Cx[n]. Then we get

16 8n-4 16n
et

He(CA[n]):E 3n?.

Proof. Let us consider the graph Cin] and
L(C4[n]). L(C4[n]) has (12n*+16n+4) edges and
(6n*+10n+4) vertices for the first n=1,2,3... layers.
On the other hand, there are 8 edges of type
(d(e)=2, d(f)=3), (8n-4) edges of type (d(e)=3,
d(f)=3), (8n) edges of type (d(e)=3, d(f )=4) and
(12n?) edges of type (d(e)=4, d(f )=4). For C4[n]
(n>1), we get
16 8n-4 16n

He(C4[n]):E+ +7+3n2.

Proposition 3. Consider the graph of carbon
nanocone Cs[1]. Then we have

H, (C3 [l]) = %+1+%+Z :
Proof. The graph Cs[1] and its line graph L(Cs[1])
are illustrated in Fig. 2. The graph L(Cs[1]) has 24
edges and 15 vertices. If e and f be endpoints on
any edge then there exist,

6 edges (Ezs) of type d (e)=2 and d(f)=3,
3 edges (Ess) of type d (e)=d (f)=3,
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6 edges (Eas) of type d (e)=3 and d (f)=4,
9 edges (Eu) of type d (e) =d ( f)=4. Hence,

2 2

H, (C,[1]) = = 6x
(C.[t]) efeE(Lz(ca[ll))d(e)m(f) 2+3
+3x 2 +6x 2 +9x 2 =E+1 12+g

3+3 3+4 4+4 5 7 4
Proposition 4. Consider the graph of carbon
nanocone Cs[2]. Then we have

He(cg[z])=%+3+%+9.

Proof. The graph Cs[2] and its line graph L(Cs[2])
are illustrated in Fig. 3. The graph L(Cs[2]) has 63
edges and 36 vertices. We have:

6 edges (Ezs) of type d (e)=2 and d(f)=3,

9 edges (Ess) of type d (e)=d(f)=3

12 edges (Eas) of type d (e)=3 and d ( )=4,

36 edges (Ea) of type d (e)=d (f)=4. Hence,

2
HE(C3[2])=6x +3+9xm

+36x—— 2 E+3+%+9.

+12 % 2
3+4 4+

\/1\/
SN, |

| ¥
N

(b)

Fig. 3. The graph of carbon nanocone (a) Cs[2] and
its line graph (b) L(Cs[2]).

Proposition 5. Consider the graph of carbon
nanocone C4[1]. Then we have
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H, (C,[1]) = €+—+7+3.

Proof. The graph C4[1] and its line graph L(Ca4[1])
are illustrated in Fig. 4. The graph L(C4[1]) has 32
edges and 20 vertices. We get

8 edges (Ezs) of type d(e)=2 and d(f)=3,
4 edges (Eas) of type d (e)=d(f)=3
8 edges (Eas) of type d (e)=3 and d ( f ) ,

12 edges (E4) of type d (e) =d ( f ) =4. Hence,

H, (C,[1]) =8x 2 iax-2 y8x 2
243 3+3 3+4
+12xi=E+f+E+3.

4+4 5 3 7

/ N
\_L/\

(b)

Fig. 4. The graph of carbon nanocone (a) C4[1] and
its line graph (b) L(C4[1]).

Proposition 6. Consider the graph of carbon
nanocone C4[2]. Then we have

H, (C [2])=—+4+3—72+12
Proof. The graph L(C4[2]) has 84 edges and 48
vertices. Accordingly,



8 edges of type d (e)=2 and d ( f)=3,
12 edges of type d (e)=d (f)=3,
16 edges of type d (e)=3 and d (f)=4,
48 edges of type d (e)=d (f)=4. Hence,
He(C4[2]):8><2J2r3+1 3_i3
+16><;24+48><?24=E+4+g+12.

We infer the following generalized formula
from the above propositions and theorems.

Theorem 7. Let m>3 and n>1 be positive
integers. Then, the generalized formula is of the
form

H, (C, [n]) =2mx 2i3+(2mn—m)x

3+3
+3mn? x
3+4 4+4
4m m(2n-1) 4mn 3mn?
=— + + .

5 3 7 4
Proof. Let Es, Ess, Ess and Es orange-colored
edges are subsets of E(L(Cn[n])). Then, for every
E;j = ef €E(L(G)), (S(E23), S(Ess), S(Eas) and s(Eas)
are the number of Ejzs, Ess, Ess and Eas oOrange-
colored edges)

+2mn x

Table 1. The values of He index for some Cz[n] and Cs[n]

d(e)=d(f)=3}, s(Ey)=m(2n-1),
e)=3,d(f)=4}, s(E,)=2mn,

m
S
=
Il
—_—~—— ™~
o
—~
D
~
I

d(f)=4}, s(E,)=3mn"

(G, )41, ME=Y) 4
5 3 7 4
The proof is completed.

Yang and Hua [19] have introduced the
generalized formula of harmonic index as the
following theorem.

Theorem 8. [19] The formula of the harmonic
index for the generalized carbon nanocones is

17nm  mn?
.
30 2

H(Cm[n])=%+

In Tables 1 and 2, the numbers of edges of type
(d(e)=2, d(f)=3), (d(e)=3, d(f)=3), (d(e)=3, d(f)=4)
and (d(e)=4, d(f)=4) have been illustrated,
respectively. The values of H. index have been
calculated for some Cs[n], Ca[n], Cs[n] and C7[n].
In addition, we make comparison between the edge
harmonic and harmonic indices in Table 3.

Number of edges | Number of edges | Number of edges Number of edges

Types of of type d(e)=2, of type d(e)=3, of type d(e)=3, of type d(e)=4, H. index

nanocones d(f)=3 d(f)=3 d(f)=4 d(f)=4 values
Cs[1] 6 3 6 9 7.37
Cs[2] 6 9 12 36 17.83
Cs[3] 6 15 18 81 32.79
Cs[4] 6 21 24 144 52.26
Cq[1] 8 4 8 12 9.82
C4[2] 8 12 16 48 23.77
C4[3] 8 20 24 108 43.72
Ca[4] 8 28 32 192 69.68
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Table 2. The values of He index for some Cs[n] and C7[n]

Number of edges Number of Number of Number of
Types of of type d(e)=2, edges of type edges of type edges of type He index
nanocones d(f)=3 d(e)=3, d(f )=3 d(e)=3, d(f )=4 d(e)=4, d(f )=4 values
Cs[1] 10 5 10 15 12.27
Cs[2] 10 15 20 60 29.72
Cs[3] 10 25 30 135 54.66
Cs[4] 10 35 40 240 87.10
C1[1] 14 7 14 21 17.18
C1[2] 14 21 28 84 41.60
C7[3] 14 35 42 189 76.52
Table 3. A comparison between He and H for some Cs[n], Cs[n] and C-[n]
Nanocones Ca[l] | Ca[2] | Ca[3] | Cal4] | Cs[1] | Cs[2] | Cs[3] | Ci[a] | Ci[2] | Ci[4]
He index 737 | 17.83 | 32.79 | 69.68 | 12.27 | 29.72 | 54.66 | 17.18 | 41.60 | 121.93
H index [19] 4.7 10.9 20.1 43.07 7.83 18.17 335 10.97 | 25.43 75.37

AN ALGORITHM FOR He INDEX

In this section, an algorithm (pseudocode) is
given.
m is the number of edges of the line graph,

h,h,,....h, (h=ef) are edges of the line graph,
Sum is the sum of H. index for each edge.

Step 0. Start.

Step 1. Take Sum=0, i=0.

Step 2. i=i+1.

Step 3. Determine the degrees of d(e) and d(f)
for hi.

Step 4. Sum=Sum +2/(d(e)+d(f)).

Step 5. If i<m then, return to Step 2.

Step 6. Else, write the Sum.

Step 7. Stop.

CONCLUSIONS

Many topological indices have been established
in  the physco-chemical, pharmaceutical,
toxicologic, biological models and other structure
analyzing.

In this paper, we have obtained a generalized
formula of edge harmonic index of carbon
nanocones by using propositions and theorems.

The numerical results in Table 3 can be easily
used and evaluated for QSAR and QSPR studies in
[11]. For further studies, it would be interesting to
use the line graphs of carbon nanocones in the
investigation of their mathematical properties,
QSAR, QSPR studies and other topological indices.
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In addition, Theorem 7 can be easily applied to

the other carbon nanocones.
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PBbBOB XAPMOHMWYEH MHJIEKC HA BBI'JIEPOJIHU HAHOKOHYCHU U AJITOPUTHM
E. Acnant, 1. K. Kropkuro?*

Y Henapmamenm no cogpmyepno unoicenepcmeo, Ynusepcumem na Manuca Llenan Basp, Manuca, Typyus
2 [lenapmamenm no mamemamuxa, HUzmupcku uxonomusecku ynusepcumem, Hamup, Typyus

Ilocrbnuna Ha 16 suyapu, 2017 r.; xopurupana Ha 8 mapt, 2018 r.
(Pe3tome)

Pw6oBusaT xapmonuueH unaeke He(G) Ha (xumuunata) rpada G ce ocHOBaBa Ha KpallHHTE CTEIEHH Ha PHOOBETE HA
nuneiinata rpada L(G). B HacTosiaTa cratust ce mpeasara o6o6mieHa hopMyia i anroputbM (MCEBIOKO) 38 pPHOOBHs
xapMoHmI4eH unzaekc. Llenra Ha cratusita e 1a ce pa3paboTu prOOB XapMOHHYEH HHAEKC 33 BBIJIEPOAHH HAHOKOHYCH.
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The paper presents a comparison of the effect that the chemical nature and structural specifics of the modifying oxide
phase has upon dielectric and magnetic properties of natural rubber based composites. The fillers used have been prepared
by impregnation of conductive carbon black with modifying oxides, SiO, and FesO.. The applicability of the composites
as substrates in small flexible wearable antennas was investigated. It has been found that the chemical and crystallographic
nature of the oxide modifying phase are the crucial factors determining the real parts of permittivity and permeability and
loss angle tangents of the composites comprising the hybrid fillers. All composites developed meet the requirements of
the rubber substrate antenna material. When better antenna characteristics are required, it is preferable the antenna
substrate to be of a composite comprising hybrid filler with a silica phase. When focusing on the miniaturization of the
antenna, it is preferable to use a hybrid filler with a magnetite modifying phase.

Keywords — dielectric properties; magnetic properties; natural rubber based composites; hybrid fillers; oxide modifying

phase; flexible wearable antenna
INTRODUCTION

Recently, the markets for equipment for high-
frequency wireless LAN, RFID (radio frequency
identification), UWB, GPS, terrestrial digital
broadcasting, home network, etc. have been
dramatically expanding. In this context, a diversity
of dielectric antennas are currently used.
Conventional antennas often consist of a ceramic
material whose relative dielectric constant cannot be
arbitrarily selected. Consequently, the degree of
freedom in designing antenna is low. Furthermore,
these conventional antenna materials are hard and
brittle, lack flexibility and are vulnerable to impact
[1]. Therefore, the elastomer based composites are
an alternative to conventional antenna materials used
as substrates.

The requirements and typical features of the
rubber substrate antenna material may be
summarized as follows [1,2]:

- Relative dielectric constant can be selected
arbitrarily (4-20). According to other authors, the
dielectric constant of the various flexible substrates
is in the range of 2.2-12.0 [3]. The lower dielectric

* To whom all correspondence should be sent:
dishov@uctm.edu

constant declines the surface wave losses which are
related to the guided wave broadcast within the
substrate [4].

- Low dielectric loss tangent (0.01 or lower)

Loss Tangent (tand) is also identified as a
dissipation factor. It describes the amount of power
turned into heat in the substrate material. The loss
tangent in the following relation is defined as the
ratio of the imaginary part to real part of the relative
permittivity. The higher values of loss tangent
results in additional losses in the dielectric substrate
and higher losses outcomes in reduced radiation
efficiency [5].

- Magnetic permeability, especially the tangent of
the magnetic losses angle directly, is related to
miniaturization of the antenna and its other
important parameters like the geometric ones [6]. In
literature [6,7] the values for these parameters,
which depending on the frequency domain of the
antenna, may vary between 1 and 6.5 for the real part
of magnetic permeability between 0.003 and 0.5 for
the tangent of magnetic losses angle.

As known, each environment is
characterized by wave impedance [8] which is
affected by the real and imaginary part of the

484 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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dielectric and magnetic permeability. Our working
hypothesis is that by appropriate choice of the
dielectric permittivity and magnetic permeability of
the elastomer based composites used as substrates in
small flexible wearable antennas one can achieve
the best their performance. The last includes a
minimal absorption of electromagnetic power in the
human body and most of power in the free space
around it. In accordance with the further
development of our hypothesis, the dielectric
permittivity and magnetic permeability of the tested
composites can easily and accurately be adjusted
using optimal quantities of hybrid fillers, whose
characteristics can be controlled by introducing an
inorganic modifying oxide phase into a highly
conductive carbon phase. The conductive aggregates
and agglomerates could be insulated by introduction
of a second less conductive phase to fill the space
between the aggregate and agglomerates. The
second phase would have its own contribution to the
formation of the dielectric and magnetic losses of the
composite. For the purpose we have chosen two
oxide phases differing completely in their chemical,
crystallochemical and crystallographic properties,
namely SiO, (silica) and Fe3Os4 (magnetite) as a
modifying phase.

Taking into consideration the specific features of
the impregnation technologies [9] we have found
them to be the most appropriate for synthesizing
hybrid dual-phase fillers, containing different
modifying phase.

In accordance with the working hypothesis, the
paper presents a comparative study on the effect that
the chemical nature and structural specifics of the
modifying oxide phase has upon dielectric and
magnetic properties of natural rubber based
composites filled with hybrid fillers based on
conductive carbon black. The applicability of these
composites as substrates in small flexible wearable
antennas is also investigated. The fillers have been
prepared by an impregnation technology at
equivalent amounts of the oxide phases.

EXPERIMENTAL
Materials

Natural rubber SVR 10 supplied by Hong Thanh
Rubber Pty. Ltd. was used as a polymer matrix. The
other ingredients such as zinc oxide (ZnO), stearic
acid,  N-tert-butyl-2-benzothiazole  sulfenamide
(TBBS) and sulfur (S) were commercial grades and
used without further purification.

Electroconductive carbon black (CCB) Printex
XE-2B (produced by Orion Engineered Carbons
GmbH) was used as a substrate of the hybrid fillers.

Hybrid fillers preparation

Preparation of the conductive carbon black-
magnetite (CCB/M) hybrid fillers. Conductive
carbon black (90 g) and 10 g of magnetite
(containing 95-100% of Fe304 and 0-5% of silica,
purchased from Inoxia, UK) were loaded into a ball
mill, 1500 ml of ethyl alcohol were poured and the
carbon black was impregnated for 2 h. Ethyl alcohol
was used to avoid eventual oxidation of magnetite.
The suspension thus obtained was dried at 50°C for
2 h. Then the temperature was raised to 150°C and
the drying continued for 2 more hours till the product
was completely dry. The yield was ground again in
a ball mill for 2 h. After that the grind was loaded
into the reactor and heated under 102 mm Hg
vacuum at 440°C for 2 h. If necessary, the product
was ground once more in a ball mill.

Preparation of conductive carbon black-silica
(CCBI/S) hybrid fillers. Conductive carbon black (90
g) and 32.5 ml of silicasol (containing 40% of SiOa,
pH — 9 and density 1.3 g/cm®) comprising 10 g of
silica, were loaded into a ball mill and 1600 ml of
distilled water were poured. The carbon black was
impregnated for 2 h and the product was dried at 150
°C till the complete evaporation of water. The dried
product was ground again in a ball mill for 2 h. After
that the grind was loaded into the reactor and heated
under 102 mm Hg vacuum at 440°C for 2 h. Being
removed from the reactor, the sample was ground
once more in a ball mill and was ready for further
experiments.

Preparation of rubber composites. The rubber
compounds studied were prepared on a two-roll
laboratory mill (rolls Length/Diameter 320x160
mm). Table 1 presents the compositions of the
rubber compounds studied.

Table 1: Compositions of the investigated natural rubber
based composites (phr)

CCB CCB CccB/
[silica magnetite

Natural Rubber — 100.0
SVR 10 100.0 100.0
Zinc Oxide 3.0 3.0 3.0
Stearic Acid 2.0 2.0 2.0
CCB 70.0 - -
CCB/S(90:10) - 70.0 -
CCB/M (90:10) - - 70.0
TBBS 15 15 15
Sulfur 2.0 2.0 2.0

The wvulcanization of the natural rubber
based compounds was carried out on an electrically
heated hydraulic press using a special homemade
steel mold at 150°C and 10 MPa. The optimum
vulcanization time was determined by the
vulcanization isotherms in accordance with 1SO
3417:2002. The specimens needed for the
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measurements cut from the obtained vulcanizates
were 200x200x2 mm in size.

Measurements

Characterization of the studied fillers. The
texture characteristics of the studied fillers were
determined by low-temperature (77.4 K) nitrogen
adsorption on a Quantachrome Instruments NOVA
1200e (USA) apparatus. The nitrogen adsorption—
desorption isotherms were analyzed to evaluate the
following parameters: specific surface area (Sger)
determined on the basis of the BET equation and
total pore volume (\Vt) estimated in accordance with
the Gurvich rule [10]. The average diameter of the
mesopores and their size distribution were
determined by the method of Barett-Joyner-Halenda
(BJH) [11]. The volume of the micropores (Vwmi) and
the their specific surface area (Swmi), as well as the
external specific surface area (Sexr) were evaluated
according to V-t-method [12]. Additionally, the
pore-size distributions were calculated by the
density functional theory (DFT) method using
NLDFT equilibrium model [13]. All samples were
outgassed for 16 hours in vacuum at 120°C before
the measurements. The iodine adsorption number
(IA) was determined in accordance with ISO
1304:2006; oil absorption number (OAN) — in
accordance with 1SO 4656:2012.

The hybrid fillers were also investigated by TEM
to ascertain the distribution of carbon, silica and
magnetite. The TEM investigations were performed
on a TEM JEOL 2100 instrument at accelerating
voltage of 200 kV. The specimens were prepared by
grinding and ultrasonic dispersion in ethanol for 6
minutes. The suspension was dripped on standard
holey carbon/Cu grids. The measurements of lattice-
fringe spacing recorded in HRTEM micrographs
were made using digital image analysis of reciprocal
space parameters. The analysis was carried out by
the Digital Micrograph software. TEM JEOL 2100;
XEDS: Oxford Instruments, X-MAXN 80T; CCD
camera Orius 1000, 11 Mp, GATAN.

Characterization of the studied composites

Permittivity and permeability measurement. The
electromagnetic parameters of the composite
materials were measured by the resonant
perturbation method [14]. For the rectangular cavity,
the TEin modes were used for the complex
permittivity and permeability measurements. The
sample was placed at the position of maximum
intensity of electric field, where n=odd was always
adopted, because the sample position could be
located easily as the geometric center of the cavity is
one of the maximum positions [15]. The formulas for
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the real and imaginary parts of the relative
permittivity areas are the following [16]:

AEHE o
(@) e

where f; and Q. are resonance frequency and quality
factor of the cavity without an inserted sample, fs and
Qs - are with an inserted sample, respectively; V. is
the volume of the cavity; Vs is the volume of the
sample.

For permeability measurements the sample was
placed at the position of maximum magnetic field,
where n=even was always adopted.

The formulas for the real and imaginary parts of the
relative permeability areas are the following [17]:

EEEDS o
= () G- () @

where A = 2d/L, is the guided wavelength and
L=1,2,3,...; d is cavity length and a is cavity width.
The measurements were performed at room
temperature varying from 19°C to 24°C within the
frequency range of 3.0 GHz to 9.5 GHz, at incident
power < 5mW.
The loss tangents were calculated by the equations:
tan 6.= £"/¢' 5)
tan o= pn"/p' (6)
RESULTS AND DISCUSSION

Characterization of the studied fillers

Table 2 summarizes the main characteristics of
the substrate carbon black and of the hybrid fillers
with different modifying phase obtained.

The oil absorption number (OAN) or
dibutylphthalate absorption (DBPA) of the fillers
gives an idea of their ability to form different
secondary structures — aggregates and agglomerates.
Therefore OAN is a crucial parameter for most of the
fillers used in rubber industry [18, 19]. As Table 2
shows, OAN of virgin Printex XE-2B carbon black
is 420 ml/100g. The conductive carbon black/silica
(CCBI/S) filler obtained by impregnation has an
OAN value of 505 ml/100g. That indicates the
prepared hybrid filler to be more capable of forming
different secondary structures than the non-modified
carbon black. That is because the former filler
comprises silica. As known, silica is hydrophilic —
there are hydroxyl (silanol) groups interacting with
each other via hydrogen bonds over its surface.
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Table 2. Main properties of the studied fillers

Sample OAN, 1A, Swmi, SexT, Vi, Vi, Dav,
ml/100g  mg/g m?/g m?/g cm®/g cm®/g nm
Printex XE-2B 420 1125 - - - - -
Printex XE-2B/SiO, 505 770 74 817 1.67 0.025 7.6
Printex XE-2B/Fe;0. 410 695 66 794 0.03 1.450 6.7

Hence, silica is more apt to agglomerate than
carbon black. The hybrid filler comprising magnetite
has an OAN value lower than that of the substrate
carbon black because of the functional groups over
its surface what favors the filler-filler interactions.

The iodine adsorption (1A) of fillers reveals their
adsorption  activity, towards the elastomer
macromolecules, inclusive.  Obviously, the
adsorption ability of silica is greater than that of
magnetite owing first of all to the adsorption centers
and to polar functional groups available on the
surface of its particles what determines its higher
iodine number.

As seen from Table 2, the specific surface area
(BET) of virgin carbon black (Printex XE-2B) is
about 1000 m?/g. The introduction of a second phase
lowers the specific surface area, as the specific
surface area of the oxide phase, and particularly of
magnetite, is lower.

Obviously, the difference in the properties of
SiO; and Fe3O4 used for the modification is quite

(@) (b)

(b)

significant and leads to differences in the adsorption-
texture parameters of the hybrid fillers obtained.
Some of those parameters (specific surface area of
the micropores, external specific surface area, the
average pore diameter) have close values but two of
their texture characteristics differ significantly: the
total pore volume of silica (1.67 cm®/g) is much
higher than that of magnetite (0.03 cm®g), while in
the case of micropores volume it is on the contrary —
that of magnetite (1.450 cm®/g) is higher than the one
of silica. The differences are a consequence of the
crystallographic and crystallochemical differences
between amorphous SiO; and crystalline Fe3O4. As
seen, the micropores dominate in Fe;Os volume
while mesopores are predominant in SiO».

The distribution of carbon, magnetite and silica
phases within the hybrid filler obtained was
investigated by scanning transmission electron
microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDS).

(© (d)

(©) (d)

Fig. 2. a) Bright field STEM image of CCB/M hybrid filler; b) carbon map; ¢) iron map;
d) oxygen map

Fig. 1 and Fig. 2 present the bright field STEM
images and the compositional maps of the hybrid
fillers investigated.

First of all figures 1 - 2 confirm the successful
modification of conductive carbon black with the
different oxide phases which yielded hybrid fillers of
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a different type. The compositional maps of the
fillers obtained demonstrate the silica phase to be
distributed in the carbon one more homogeneously
than the magnetite phase. Oxide phases are
distributed mainly over the surface of carbon
aggregates, though there are cases of greater
aggregation when the oxide phase, especially
magnetite, interpenetrates the aggregates. STEM is
in agreement with the texture characteristics of the
studied hybrid fillers and supports the data from the
composition maps, confirming the fact that the oxide
phases in both fillers hinder to a certain extent the
contacts between carbon black aggregates and

(a)
Fig. 3. High resolution TEM images of a filler comprising: 0 wt % magnetite; b) 10 wt % magnetite; ¢) 10 wt
% silica

Obviously, the oxide phase having a resistance
higher than that of conductive carbon black hinders
the formation of electro conductive pathways. The
process is more pronounced when silica is used as
modifying phase.

Complex permittivity and permeability

Composites and their applicability as substrates
for small flexible wearable antennas are
characterized by their relative permittivity (e*) and
permeability (w*). These properties are reported in
terms of relative complex numbers: e*=g/'-je" and
wF=u'-ju”. They both express the interactions
between composite materials and electromagnetic
fields [20, 21]. The permittivity is a measure of the
effect that a material has on the electric field in the
electromagnetic wave and the permeability is a
measure of the effect that a material has on the
magnetic component of the wave. Figures 4-5
present the frequency dependences of the real part of
the permittivity and the tangent of dielectric loss
angle of the composites containing hybrid fillers
with different oxide phase.

As seen from Fig. 4, the values of the real part of
the relative permittivity for the composite
comprising a hybrid filler with a silica phase are
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(b

agglomerates. That phenomenon could be a tool for
tailoring the permittivity and permeability of
elastomer composites by regulating the oxide phase
amount and its chemical nature in the hybrid fillers
used to reinforce the composites. TEM high
resolution micrographs (x 400 000) are a good
illustration of that effect (Fig. 3). The oxide phase
distributed amongst (and probably inside) carbon
black aggregates and insulating them, occurs on the
image as darker and ordered structures. The effect is
better pronounced for silica (Fig. 3c).

expectedly higher than those of the composite
comprising a hybrid filler with a magnetite phase.
The values recorded in the 4-8 GHz range are in the
4-20 scale, i.e. those composites meet the
requirements for materials with potential application
as substrates for small wearable flexible antennas.
The difference might be related to the difference in
chemical and crystallographic nature of the two
oxides.

Therefore the latter have a very different effect
upon the factors determining the real part of the
relative permittivity. It can be seen from Figure 5
that the tangent of the dielectric loss angle of the
composite with the magnetite modifying phase is in
the range of 0.7-3.5 while those for the composite
comprising silica are in the 0.01-0.4 range (Fig. 5).
It is obvious that composites with hybrid fillers
containing silica as second modifying phase meet in
higher extent the requirements to the rubber
substrate antenna material [1, 2]. Figures 6-7 present
the frequency dependences of the real part of the
relative permeability as well as the frequency
dependence of the of magnetic loss angle of the
composites containing hybrid fillers with different
oxide phase.
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Fig. 4. Frequency dependence of the real part of the relative permittivity of composites containing hybrid fillers with
different oxide phase
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Fig. 7. Frequency dependence of the tangent of magnetic loss angle of composites containing hybrid fillers with a
different oxide phase.

As seen from Figure 6, the real parts of the
relative permeability for the two composites are
quite close (around 1.1-1.3), while the values of the
tangent of magnetic loss angle (Figure 7) for the
composite with a hybrid filler comprising magnetite
are higher (0.25-0.45) that the composites
comprising silica (0.20-0.35) but in both cases they
meet the requirements for substrates of wearable
flexible antennas.

The properties of both dielectric matrix and
conductive filler, as well as the morphology and
structure of the composite affect the changes in the
real and imaginary part of dielectric permittivity
[14]. It is obvious that, the applicability of thus
reinforced composites for wearable flexible antennas
is affected by the modifying oxide phase in the
hybrid fillers studied. It impacts mainly the
imaginary part of the relative permittivity and
permeability and the merit that each of the latter has
to the dielectric and magnetic loss tangent. We
suppose the introduction of magnetite into Printex
XE2-B carbon black, which initially contains
vanadium, nickel and iron, leads to the formation of
different dipoles. These different dipoles have
different relaxation time, giving rise to different
relaxation frequencies. The different relaxation
frequencies of the various dipoles formed in the
composites, hopping of electrons (between Fe*® and
Fe*?) and the relaxation due to interfacial
polarization are altogether responsible for the
resonant behavior of &' and &". The effects of the
oxide phases are definitely related to the difference
in their crystallochemical and crystallographic
structure. The differences could be summarized as
follows:
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Magnetite, a high magnetic losses material,
belongs to the spinel class and may be characterized
by its low toxicity and great stability at high
temperature [22]. On the other hand, magnetite
crystal structure follows an inverse spinel pattern
with alternating octahedral and tetrahedral-
octahedral layers. The oxygen ions form a close-
packed cubic lattice with the iron ions located at
interstices between the oxygen ions. There are two
different interstices that the metal ions can take:
tetrahedral (A) sites and octahedral (B) sites — Fig. 8
[23]. It is known, that the octahedral sites in the
magnetite structure contain ferrous and ferric
species. The electrons coordinated with these iron
species are thermally delocalized and migrate within
the magnetite structure causing high conductivity
exchange constants: ranging from -28 J-K to 3 J-'K
between tetrahedral/octahedral sites and
octahedral/octahedral sites, respectively [23].
Resultant conductivities range from 104-10° Q*m,
Magnetite’s Curie temperature is observed at 850 K.
Below the Curie temperature, the magnetic moments
on tetrahedral sites, occupied by ferric species, are
ferromagnetically aligned while the magnetic
moments on octahedralsites, occupied by ferrous and
ferric species, are antiferromagnetic and cancel each
other; such a combined behavior is termed
ferrimagnetic [23]. Amorphous silica (SiO2) is an
inorganic material commonly used in semiconductor
circuits to isolate different conducting regions. Due
to its mechanical resistance, high dielectric strength,
and selectivity for chemical modification,
amorphous silica has also become a key material in
microelectronics. The spatial structure of amorphous
silicon dioxide is presented in Fig. 9 [24].
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Fig. 8. Crystal structure of magnetite [23]

Comparing Fig. 8 and Fig. 9 one sees the great
difference in the chemical, crystallochemical (the
dependence of the crystals properties on their atom
structure and type of bonds between the atoms) and
crystallographic nature of the two oxide phases. That
explains the different impact upon the hybrid fillers
comprising them, as well as on the permittivity and
permeability of the composites reinforced with the
hybrid fillers. The crystallochemical factor is of
particular importance in the case of magnetite. The
comparison of FeO, Fe;0; and Fe;O4 reveals that,
the three compounds could be described as the
densest packing of oxygen ions. However, in the
case of the first oxide ferric ions occupy all the
octahedral sites, in the case of the second one — 2/3
of the octahedral sites and in the case of magnetite —
half of all existing octahedral and 1/8 of the
tetrahedral sites. Meanwhile magnetite properties
are much different from those of the other two ferric
oxides and naturally are most favorable for
applications in the manufacture of small flexible
wearable antennas due to the existing magnetic
losses. The magnetic losses for magnetic materials
originate mainly from domain wall resonance,
hysteresis loss, eddy current loss, and natural
resonance [25]. The domain wall resonance
normally happens at a frequency lower than 100
MHz, hence it can be neglected in the microwave
range. The hysteresis loss is produced in a very
strong external magnetic field, and there is no
hysteresis loss in the weak magnetic field derived
from microwaves. In this study the relative
permeabilities were measured at a low microwave
power (< 5 mW) and over a frequency range of 3.6
GHz to 9.3 GHz, so neither hysteresis loss nor
domain wall resonance is the main contributor to
magnetic loss. Therefore, the magnetic loss in the
composites results from complex phenomena like
eddy current loss and natural resonance. In our case,

|

Fig. 9. Spatial structure of amorphous silicon dioxide
[24]

the effect that magnetite has is doubtless. In fact, that
is the major difference between magnetite and silica
phases - the latter cannot produce such an effect. It
is also important to note that the hybrid fillers and
the changes in them due to the different oxide phase
included influence on the interphase region between
the rubber matrix and the filler.

Possible applications of the composites comprising
hybrid fillers with different oxide phases for
enhancing antenna performance

It is seen from the results obtained that both types
of composites developed containing hybrid fillers
with different modifying oxide phase meet the
requirements to the materials which may be used as
substrates in flexible antennas. Substrates containing
a hybrid filler with one of the two oxide phases can
be implemented when particular objectives and
requirements should be met. When good
characteristics are required, it is preferable the
antenna substrate to be of a composite comprising
hybrid filler with a silica phase. When focusing on
the miniaturization of the antenna, it is preferable to
use a hybrid filler with a magnetite phase. In certain
cases, two-layered or three-layer substrates made of
composite materials containing fillers with both
phases - magnetite and silica - can also be used.
Choosing one or another modifying oxide phase one
can control the properties of the hybrid fillers,
respectively the dielectric and magnetic properties of
the composites containing them. However, the
results from our further experiments have shown that
composites with hybrid fillers containing silica as
modifying phase are more suitable as flexible
antenna substrates than composites containing
hybrid fillers with magnetite. A conductive
composite loaded with carbon black-silica hybrid
filler described above was proposed to reduce human
(head or body) effects on antenna performance and
SAR values. The investigation was based on a half
dipole antenna. The results show a sensible
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dependence of the antenna performance and SAR
reduction on the size of the composite sample and on
the distance between composite sample and
reference dipole. We have shown that an appropriate
placement of the conductive composite loaded with
carbon-silica hybrid filler next to the reference
dipole can effectively reduce SAR (up to70 %),
increasing the radiation efficiency (up to 67 %) and
the bandwidth (up to 110 %) of the antenna.
Consequently, using this technique and such type of
composite, SAR, efficiency and bandwidth of the
antenna can be improved simultaneously. Other
advantages of the techniques that use a conductive
composite loaded with a carbon-silica hybrid filler to
reduce SAR and human effects on antenna
performance are the low cost of the material itself
and easy implementation. The results from this work
can provide useful information in designing of
antennas for wireless devices and are described in
details elsewhere [26].

The composites comprising hybrid fillers with
different oxide phases with parameters close to those
required have been used also as a substrate for
manufacturing a small flexible wearable antenna in
the 2.22-2.50 GHz band, with dimensions of only
58x40x4.1 mm. The fabricated prototype has good
impedance matching (VSWR<1.4) over the targeted
frequency band, an operating bandwidth of 11.68%
at 2.44 GHz and efficiency of around 19%.

CONCLUSIONS

The impregnation method allows preparing
hybrid fillers with modifying oxide phases as well as
tailoring the properties of the fillers via control over
the oxide phase concentration and chemical nature.
The effect that the modifying oxide phase in hybrid
fillers based on conductive carbon black has upon
the properties of natural rubber composites has been
studied. It has been established that the chemical,
crystallochemical and crystallographic nature of the
oxide phase are the crucial factors determining the
permittivity and permeability of the composites
comprising the hybrid fillers. Natural rubber based
composites containing hybrid fillers with silica as a
modifying phase as a whole are more suitable as
substrates in small flexible wearable antennas in
comparison to composites containing hybrid fillers
with magnetite. An appropriate placement of the
conductive composite loaded with carbon-silica
hybrid filler next to the reference dipole can
effectively reduce SAR (up to70 %), increasing the
radiation efficiency (up to 67 % ) and the bandwidth
(up to 110 %) of the antenna. Consequently, using
this technique and such type of composite, SAR,
efficiency and bandwidth of the antenna can be
improved simultaneously.

492

ACKNOWLEDGEMENTS. The authors would like
to acknowledge the support of King Khalid
University for this research through a grant
RCAMS/KKU/003-16 under the Research Center for
Advanced Materials Science at King Khalid
University, Saudi Arabia and the University of

Chemical Technology and Metallurgy, Sofia,
Bulgaria.

REFERENCES
1. K. Oohira, NTN Technical Review 76, 58, (2008).

N

. M. Raees, S. H. Dar, J. Ahmed, Int J Adv Comput Sci
App, 7,190, (2016).

3. C.A. Blannis, Antenna Theory: Analysis and Design,
Third edition, Willey, 2005.

4. J. Bauer , M.D. Janezic, D.C. De Groot, High
Frequency Dielectric Measurements, IEEE Instru
Meas Mag, vol. 13, (2010).

5. B. Gupta, S. Sankarlinngam, S. Dhar, In: Proceeding of
Mediterranean Microwave Symposium, Turkey,
2010, p. 251.

6. L. Martin, D. Staiculescu, H. Li, S. Ooi, C. Wong and
M. Tentzeris, Investigation of the impact of magnetic
permeability and loss of magnetic composite
materials on RFID and RF Passives Miniaturization,
IEEE 2007 Workshop on  Computational
Electromagnetics in Time-Domain, 15-17 Oct. 2007,
1-4.

7. K. Borah, N. Bhattacharyya, Compos Part B-Eng, 43,
1309, (2012).

8. Y. Wang, E. Edwards, I. Hopper, N. Clow, P. Grant J
Appl Phys A, 120, 609, (2015).

9.. H. Marsh, E. Heintz, F. Rodrigues-Reinoso, (eds.)
Introduction to Carbon Technologies, University of
Alicante, Alicante, 1997.

10. L.J. Gurvich, Zh Russ Fiz-Khim Obshchestva Chem,
47, 805, (1915).

11. E.P. Barrett, L.G. Joyner, P.P. Halenda, J Am Chem
Soc, 73, 373, (1951).

12. S. Lowell, J. E. Shields, M. A. Thomas, M.
Thommes, Particle Technology Series, 16, 129,
(2004).

13. R.G Parr, W. Yang, Density-Functional Theory of
Atoms and Molecules, Oxford University Press, New
York, 1989.

14. L. F. Chen, C. K. Ong, C. P. Neo, V. V. Varadan,
Vijay K. Varadan, Microwave electronics:
Measurement and materials characterization. First
ed., Chichester: John Wiley & Sons, Ltd., 2004.

15. J. Sheen, Elsevier Measurement, 42, 57, (2009).

16. A. Verna, D. C. Dube, IEEE Trans on Industrial
Measurement, 54, 2120, (2005).

17. M. Lin, Y. Wang, M. N. Afsar, 30" Intl. Conf. on
Infrared and Millimeter Waves & 13th Intl. Conf. on
Terahertz Electronics, 2005, p. 62.

18. Donnet, J.-B. and E. Custodero, in: The Science and

Technology of Rubber, J.E. Mark, B. Erman, C.M.

Roland, (eds.), Academic Press: Boston. 2013, p. 383.


http://link.springer.com/search?facet-creator=%22S.+Lowell%22
http://link.springer.com/search?facet-creator=%22Joan+E.+Shields%22
http://link.springer.com/search?facet-creator=%22Martin+A.+Thomas%22
http://link.springer.com/search?facet-creator=%22Matthias+Thommes%22
http://link.springer.com/search?facet-creator=%22Matthias+Thommes%22
http://link.springer.com/bookseries/6433

A.G. Al-Sehemi et al.: Comparison of properties of natural rubber composites with hybrid fillers...
19. B. Rodgers, W. Waddell, in: The Science and 24. RW. Collins, A. S. Ferlauto, G. M. Ferreira, Chi

Technology of Rubber, J.E. Mark, B. Erman, C.M. Chen, J. Koh, R. J. Koval, Solar Energy Materials

Roland, (eds.), Academic Press: Boston., 2013, p. and Solar Cells, 78, 143, (2003).

417, 25. N.N. Song, H.T. Yang, H. L. Liu, X. Ren, H. F. Ding,
20. D. Sirdeshmukh, L. Sirdeshmukh, K.G. Subhadra, X. Q. Zhang, A. H. Cheng, Sci Rep-UK, 3, 3161,

C.S. Sunandana, Electrical, Electronic and (2013).

Magnetic Properties of Solids, Springer, 2014. 26. A. A. Al-Ghamdi, O. A. Al-Hartomy, F. R. Al-
21. A. Kaynak, A. Polat, U. Yilmazer, Mater Res Bull, 31, Solamy, N.T. Dishovsky, N. T. Atanasov, G. L.

1195, (1996). Atanasova, Int J Electron Communications , 72, 184,
22. R.M. Cornell, U. Schwertmann, The iron oxides. VCH (2017).

Press,Weinheim, Germany, 1996.
23. L. Blaney, The Lihigh Review 15-2007, Paper 5,
(2007).

CPABHEHME HA CBOMCTBATA HA KOMITO3UTU HA FA3ATA HA ECTECTBEH
KAYUYK C XUbPUJIHU ITBJIHUTEJIN CB/IBbPXAIIN PA3JIMYHA MOJUDOULIMPALTIA
OA3A U TAXHATA ITPUIIOKMMOCT B I'bBKABU AHTEHU
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4llenapmamenm no norumepno unsicenepcmeo, Xumuko-mexnonozuven u memanypauuen ynueepcumem, 1756 Coqpus,
bvreapus
S Tenapmamenm no menexomynuxayuu, Paxyimem no menexomMyHuxayuu u ynpasienue, Bucwe yuuiuwe no
menexomunuxayuu u nowu, 1700 Cogpus, bvreapus
8 Jenapmamenm no KOMyHUKGYUY U KOMIIOIMBPHO UHXCeHepcmeo, Hnoicenepen gpaxynmem, FOz0-3anaden
yrusepcumem “Heogpum Puncku ™, 2400 bnacoesepad, bvreapus

IMoctenmna Ha 19 oktomBpH, 2017 r.; kopurupana Ha 4 anpwt, 2018 .

(Pesrome)

Crarusta TpejacTaBs cpaBHeHHE Ha e(ekra, KOHTO XMMHUYHATA MPHUPOJAa M CTPYKTYPHHUTE OCOOCHOCTH Ha
Moaudumpamara okcuaHa ¢aza uMaT BbPXY JIUENCKTPUYHUTE W MArHUTHU CBOWCTBAa Ha KOMIIO3UTH Ha 0a3aTa Ha
€CTeCTBEH KayuyK. V31oJ3BaHUTE BJIHUTENN Ca MOJIYYeHH YpEe3 UMIIPErHUPAHE HA MPOBOJASIIM BbIJIEPOJHU CAXIU C
moudurmpanure okeuau, SiO; u FesOs. M3cneBana e npuaokuMOCTTa HA KOMITO3UTUTE KATO TOJIOKKH 38 MAIIKU
I'bBKaBH HOCHMH aHTCHH. Y CTAaHOBEHO €, Ye XMMHYHATA W KpUcTaiorpadcka mpupoda Ha MoAu(UIMpaIaTa OKCHIHA
¢da3a ca pemraBammuTe (PaKTOpH, OMPEHCIANIN PEATHUTE YaCTH Ha JUCIEKTPHYHATA W MAarHUTHA MPOHHUIAEMOCT M
TaHTEHCAa OT BI'bJIa Ha 3aryONTE Ha KOMIIO3UTHTE, ChIBPKAIIN XUOPUIHHU ITBITHATENN. BCHUKU pa3paboTeHH KOMITO3UTH
OTTOBapAT HA M3MCKBAHMATA KbM MaTepHANIUTE 32 KaydyKOBHU IMOJUIOKKH Ha aHTeHH. Korato ce M3MCKBAT MO-100pH
XapaKTepUCTHKH Ha aHTCHATA, 3a MPEIIOYUTAHE € MOUT0KKATa HA aHTEHATa Jia ObJIe OT KOMITO3UT, ChABPIKAIIl XUOPHICH
ITBJIHATEN ¢ MoguduIMpania gasza ot cuinunueB Auokcu 1. Korato hokychT € BbpXy MUHUTIOApHU3AIUATA HA aHTEHATA, 32
MIPEANOYUTAHE € JIa Ce M3T03Ba XHOPHICH IBJIHUTEN ¢ MarHeTUTHA MoaudHITHpaiia ¢asa.
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Preparation of Fe;O4/TiO, composite and its application in photocatalysis of organic
pollutants

Y.M. Li, W.M. Ni*, M.Q. Chen, Z. Zhou, Y. Q. Yang
College of Science and Technology, Zhejiang International Studies University, Hangzhou 310023, China
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Titanium iron ore is used as a raw material to prepare titanium dioxide and ferrous chloride by hydrochloric acid
leaching method, and the titanium dioxide is coated on the magnetic Fe3O4 to form FezO4/TiO, composite. Through the
design of a single variable test (temperature, added dose of Fe3O4 colloidal solution), eight FesO4/TiO, composites were
prepared under different conditions. The different photocatalytic performances of the prepared Fes04/TiO, composites
were investigated, and the effect of phosphotungstic acid addition on the performance of Fe3O4/TiO, composite was
also examined. X-ray diffraction (XRD), X-ray energy dispersive spectrometry (EDX), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR) and titration were used for characterization of the composites.
In addition, recycling of the catalyst was explored. The results showed that the optimal conditions for preparation of
Fes04/TiO, composite were: temperature below 80 ‘C, addition of 4 mL Fe3O4 colloidal solution. The prepared
Fes0.4/TiO, composite had the highest removal efficiency of RhB. The photocatalysis under ultraviolet (UV) light is
better than under sun light, with the highest removal rate of 98.3% and apparent rate constant k of 1.1 h, TiO, was
successfully coated on the FezO4 surface, as confirmed by EDX, SEM and FT-IR, and the Fe3O4/TiO, composite was of
high purity. The addition of phosphotungstic acid did not improve the performance of the Fe3O4/TiO, composite, further
study is needed.

Keywords: IImenite, Fe3sO4/TiO, composite, Photocatalysis

INTRODUCTION

Research on nano-magnetic particles is being
developed for over 30 years, owing to their
advantages such as small size, strong surface
plasticity and magnetism at room temperature [1-3].
The use of nano-magnetic particles coated on
inorganic materials with photo-catalytic activity,
such as titanium dioxide, etc., has become the focus
in recent research [4-6]. Photocatalyst TiO; is
nontoxic, harmless, less corrosive to the equipment,
but the recycling process is difficult to conduct, so
that preparation of FesO4/TiO, composite
photocatalyst easy for recycling is important for the
treatment of sewage [7-9]. However, there are
several factors that may affect the catalytic ability
of the nano-magnetic particles [10-12]. In order to
degrade methyl orange, Yoon et al. [13] utilized
TiO,  which  was  surface-modified by
phosphotungstic acid (HsPW1204, HPW) aqueous
solution. It was found that the catalytic activity of
the system was significantly improved and the
improvement was attributed to the results of HPW
and TiO, composite photoexcitation. Otherwise,
Ozer et al. [14] reported that the HPW-modified
TiO, has a very high degradation activity for
dichlorobenzene and they attributed the increase in
activity to the synergistic effect between
polyoxometalates (POM) and TiOs.

* To whom all correspondence should be sent:
nwm1225@gmail.com

limenite (FeTiOs;) is widely distributed in large
amounts in China, and is mainly used for the
production of titanium dioxide and artificial rutile,
iron has not been well used. Thus, developing a
new technology to make comprehensive utilization
of the various elements in minerals has become an
inevitable trend of mineral use.

In order to improve the utilization rate of
ilmenite, FesO, was prepared by the extraction of
FeCl, and TiO, from ilmenite, and TiO, was coated
on the magnetic FesO, particles under the optimal
conditions to prepare Fes304/TiO, composite
photocatalyst. The effect of FesO4/TiO, composite
photocatalyst on the degradation of rhodamine was
studied. The photocatalytic activity of Fes04/TiO;
composite modified by phosphotungstic acid was
investigated and compared with that of the not
modified composite; the recovery of the catalyst
was also investigated.

EXPERIMENTAL DETAILS
Experimental apparatus and reagents

X-ray powder diffractometer (XRD, Bruker, D8-
ADVANCE, Germany), scanning electron
microscope (SEM, Quanta FEG 250, USA), X-ray
energy dispersive spectrometer (EDX, Quanta FEG
250, USA), ultraviolet  spectrophotometer
(Shimadzu UV-2550PC,  Japan), infrared
spectrometer (Thermo Nicolet 1S10, USA)
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llmenite  (provided by Zhejiang Normal
University, the chemical composition is shown in
Table 1), Rhodamine B (analytical grade, Shanghai
San Aisi Reagent Co., Ltd.)

Table 1. Chemical composition of the ilmenite (mass

ratio %)

Material . ) _
composition Tio; FeTiOs Al203 SiO,
Content 10.76 76.25 314 9.85

Preparation of catalyst

Extraction of FeCl, from ilmenite. Add 30 g of
ilmenite and pour 90 g of concentrated hydrochloric
acid (1:3 (m/m) of ilmenite and concentrated
hydrochloric acid) into a 250 mL three-necked
flask. The mixture was stirred in an oil bath at 80°C
for 4 h to obtain a brown substance. The resulting
ilmenite acid solution (filtrate) was filtered while
hot and allowed to stay at room temperature for a
period of time and then cooled in an ice-salt bath at
-18°C for 12 h. FeCl, «4H,O crystals would
precipitate. FeCl, «4H,0 crystals and filtrate were
separated by filtration. The main reaction equation
is as follows:

FeT103+4HCl=FeCl,+T10Cly+2H-0

Extraction of TiO, from ilmenite. The filtrate
obtained as described above was stirred at 105°C
for 5 h, poured into a beaker, cooled at room
temperature for a period of time, then filtered to
obtain white solid metatitanic acid. 3.0M
hydrochloric acid was added to the metatitanic acid,
and incubated in a water bath at 60°C for 2 h. The
mixture was suction-filtered, washed with 1.0M
sodium hydroxide solution, then twice with 1.0M
hydrochloric acid, and finally washed three times
with distilled water. The washed metatitanic acid
was put into a muffle furnace at 500°C for 3 h to
remove water, then TiO solid was obtained. The
main reaction equations are as follows:

ThOCI+2H,0=T10{0H),+=2HC]

high temperature

TiO(OH)» TiO»+H>0
Preparation of Fe3O4 Add 30 mL of distilled
water to a mixture of 5.96 g of FeCl, «4H,O and
16.22 g of FeCls «6H.0O (n(Fe?*)/n(Fe**)=1:2), heat
in a water bath at 50°C, and stir to dissolve it. Then
drop ammonia, quickly at first, and slowly at the
end, adjust the pH of the reaction solution to 11,
allow aging after the reaction, and finally wash,
centrifugate the resulting product several times, and
separate to get pure FesO4 colloidal solution.

Preparation and optimization of Fe3O4/TiO,. A
10% TiO- solution was prepared and an appropriate
amount of FesO4 colloidal solution was added to the
solution. The reaction mixture was stirred for 2 h at
a certain temperature in an oil bath. After
completion of the reaction, the solid was filtered
and washed with ethanol and distilled water and
dried in a vacuum oven at 50°C for 3 h [11].

Four temperatures (40 °C, 60 °C, 80 °C and 100
°C) and different amounts of FesOs colloidal
solution (4 mL, 6 mL and 8 mL), modified or not
by phosphotungstic acid, were selected to explore
the optimal preparation conditions of the
composite. Fes04/TiO, composites were labeled as
catalysts No. 1-8 according to the different
preparation conditions (see Table 2).

Table 2. Preparation of Fe3O4/TiO, composite under
different conditions

Reaction Amount of Fes0,
No. temperature colloidal solution
(°C) (mL)
1# 60 4
2# 40 4
3t 80 4
4# 100 4
5# 80 4
6# 80 6
T# 80 8
8# (+HPW) 80 4

Characterization of Fe;04/TiO, composite

X-ray diffraction (XRD) analysis. The
experimental conditions for XRD were: copper
target, tube voltage 40 kV, tube current 40 mA,
scanning step size 0.02 degrees, scanning angle 10-
80°.

Fourier transform infrared spectroscopy (FT-IR).
In this experiment, the sample preparation method
for FT-IR was: mix the sample evenly with KBr of
spectral purity in a ratio of 1: 100 before test.

Scanning electron microscopy (SEM) analysis.
The conditions for this experiment were as follows:
measured voltage of 15 kV, the sample should be
tested after drying treatment.

X-ray energy dispersive spectrometry (EDX)
analysis. Each element has its own X-ray
characteristic wavelength, the magnitude of the
characteristic wavelength depends on the energy
released during the energy level transition energy
AE. In this experiment, EDX was combined with
SEM foranalysis of the surface composition of the
sample.

Photocatalytic properties of Fes04/TiO, composite

Photocatalytic properties. Add 50 mL of the
1x10°M rhodamine B solution (shown in Figure 1)
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to 50, 100, 150 and 200 mg of the prepared catalyst,
respectively, use ultrasound dispersion, allow
adsorption equilibrium to be reached in a dark room
for 30 min, exposed to ultraviolet light or solar light,
respectively. The samples were taken every half
hour and the supernanant was analysed after
centrifugation. The absorbance was measured at
554 nm by an ultraviolet-visible spectrophotometer,
and the changes in RhB concentration were
observed. The photodegradation rate (Y) was
calculated by the following formula:

Y:AO A><100%=C° ¢
0 0

where Cp is the initial concentration of RhB, C
is the concentration of RhB at a certain point in the
course of catalytic reaction, Ay is the absorbance of
RhB with concentration of Co, and A is the
absorbance of RhB of concentration C.

Dynamics of the photocatalytic degradation of
rhodamine by FesO4/TiO. composite was studied
and the photocatalytic activity of the catalyst was
evaluated by the apparent rate constant k.
According to the results, the effect of catalyst
dosage on the degradation of rhodamine B was
compared, the optimal dosage was selected and the
effects of ultraviolet light (254 nm) and sunlight on
photocatalytic degradation of rhodamine were
compared.

x 100%

ARRARTANS

catalyst+RhB

)

Fig. 1. Schematic diagram of photocatalytic reaction

Catalyst recovery application

The Fe304/TiO, composite in the rhodamine B
solution was allowed to settle down by a permanent
magnet base, and the upper layer solution was
removed. The remaining Fe;04/TiO, composite was
washed with acetone and deionized water and
vacuum-dried for recovery.

RESULTS AND DISCUSSION

Preparation and characterization of FezO4/TiO.
composite photocatalyst

In this paper, the preparation of Fes304/TiO;
composite was based on the extraction of FeCl, and
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TiO, from ilmenite. XRD, FT-IR, SEM and EXD
were used to characterize the structure, surface
functional groups, composition and morphology of
the photocatalyst.

The 1# and 3# Fes04/TiO, composites displayed
better photocatalytic properties. The XRD spectrum
is shown in Figure 2.

[16B00450-A% rd]

21-1272> Anatase, syn - TI02
7000 85-1436> Magnetite - Fe304

001 ‘ 1 l ’ (
. Il | | |
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[16B00450-B4 rd]
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\
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I \\ ‘l |
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Fig. 2. XRD spectrum of 1# (a) and 3# (b) of
Fes04/TiO, composite

Several main diffraction peaks marked by red
lines correspond to (101), (004), (200), (105),
(211), (116) crystal surfaces of TiO.. The
characteristic peak values agree well with the data
of the standard card (JCPDS) NO.21-1272. Strong
diffraction of TiO, corresponding to (101), (004)
and (200) appeared, which confirmed that the of 1#
and 3# catalysts include anatase-TiO,. There are
several diffractive peaks at 26=30.3°, 35.7°, 53.8°,
57.2°and 62.9° corresponding to the characteristics
of FCC (face centered-cubic) FesOs crystal (220),
(311), (400), (422), (511) and (400). It means that
both 1# and 3# catalysts contain FesO, particles
belonging to cubic crystal. There is no other
impurity peak in the picture, which shows that the
product is pure. There are several sharp diffractive
peaks at 20=27.4°, 36.2°, 41.4° and 54.3°. They
correspond to (101), (004), (200), (105), (211),
(116) crystal surfaces of TiO,. The characteristic
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peak values agree well with the data of the standard
card (JCPDS) NO.75-1755., which confirmed that
the 1# and 3# catalysts both include rutile-TiO2.The
results showed that the 1# and 3# catalysts are
composed of face-centered cubic Fes;0s, rutile-TiO-
and anatase-TiO».

The infrared spectrum of FesO4/TiO, composite
is shown in Figure 3. The position of the
characteristic  absorption peak is basically
consistent with the report [15,16]. The absorption
peak at 3416 cm™ corresponds to the stretching
vibration peak of a hydroxyl group on the surface
of the Fe;O; particles. The peak at 1637 cm™ is the
bending vibration between the H-O-H bonds. This
was attributed to the absorption of water molecules
on the surface of Fe;04/TiO, magnetic composite,
which was related to the small amount of adsorbed
water in the composite. The absorption peak near
638 cm™ is caused by the stretching vibration of
crystal TiO; and the Ti-O bond on the surface.

(@)

B o (b)
Fig. 3. FT-IR spectra of 1# (a) and 3# (b) of
Fe;04/TiO, composite

Figure 4 shows the SEM spectra of Fe;04/TiO;
composite at different magnifications. The SEM
spectrum of 1# of Fes04/TiO, composite is
presented in Figs. 4(a)-(d). The conditions for
preparation of 1# were: 60°C with addition of 4 mL
of FesO4 colloidal solution and reaction time 2 h. In
Figs. 4(e)-(h) the SEM spectrum of 3# of
Fes04/TiO, composite is shown. The conditions for
preparation of 3# were: 80°C with addition of 4 mL
of FesO4 colloidal solution and reaction time 2 h.
Figure 4 shows that the prepared 1# and 3# of
Fes04/TiO, composite have cluster structure. The
magnetic properties of FesO4 make the FesO4/TiO>
composite agglomerate together. The particle

diameters of the composite are about 50-120 nm.
There are small particles on the surface, which
should be of TiO, coated on the surface of Fe3O..
The particle diameters of FesO4 are about 25-40
nm, and of the TiO, nanoparticles - about 5 nm.
Judging from the particle size, there are 1-3 layers
of nano-TiO; coated on the surface of the magnetic
Fes04[1]. The surface composition of the sample

was“ahatyzed-by-both-EDX(Figtire-5)-and-SEM——
39: Element At%
aict . CK 10.68
OK 66.49
TiK 22.64
cps/eV (éj
iiﬁ Element At%
CK 10.98
i | oK 69.46
E TIK 1892
FeK 0.64

gl | \

LI L L B B R B
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L L R N
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Fig. 5. EDX spectrum of 1# (a) and 3# (b) of
Fes04/TiO, composite
Figure 5 shows the composition of both 1#(a)
and 3#(b) catalysts. The major components of the
surface of both catalysts are O, Ti and Fe. Among
them, C is graphite during sample analysis and the
content of Ti atoms is much higher than of Fe,
which indicated that TiO; in 1# and 3# is situated
on the Fe3O4 surface.

Effect of Fe;04/TiO addition on removal efficiency
of RhB

Samples of 50, 100, 150 and 200 mg of the
prepared catalyst were added to 50 mL of RhB
solution of initial concentration of 1x10°M and
were subjected to photocatalytic experiments under
sunlight. The results are shown in Figure 6.
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Fig. 6. Effect of Fes04/TiO, composite addition on
removal efficiency of RhB.
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Fig. 4. SEM spectrum of 1# (a-d) and 3# (e-h) of Fes04/TiO, composite
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The best addition of catalyst is 150 mg. After 3
h of photocatalytic reaction, the removal efficiency
of RhB was 98.1% by adding 150 mg of catalyst.
The removal efficiency of RhB was 75.9% and
85.6% with 200 mg and 50 mg of catalyst,
respectively.

Effect of preparation temperature for Fe;O4/TiO2
on removal efficiency of RhB

The effects of different preparation temperatures
(40°C, 60°C, 80°C and 100 °C) of the FesO4/TiO;
catalysts on the removal efficiency of RhB were
investigated under UV and sunlight. The results are
shown in Figure 7. The results showed that the
highest degradation efficiency of Fe;O4/TiO;
catalyst prepared at 80 °C is 92.2% and 89.0%,
under UV light and sunlight, respectively. The
degradation efficiency of Fes04/TiO, catalyst
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prepared at 100 °C was 75.9% and 72.8%,
respectively.

Effect of FesO4 addition for Fes04/TiO, composite
on removal efficiency of RhB

The effect of FesO4 colloidal solution (4 mL, 6
mL and 8 mL) for Fes;04/TiO, catalyst on the
removal efficiency of RhB was also investigated
under UV and sunlight. The results are shown in
Figure 8. The highest degradation efficiency of
RhB by the FesO4/TiO, catalyst was achieved by
adding 4 mL of FesO4 colloidal solution, with
98.1% and 98.3%, respectively, under UV light and
sunlight. The degradation efficiency of the
Fes04/TiO, catalyst prepared by adding 8 mL of
Fes04 colloidal solution was 80.8% and 76.9%,
respectively. Therefore, addition of 4 mL of Fe3O4
colloidal solution was considered as optimal.
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Fig. 7. Effects of preparation temperature of Fe3O4/TiO, composite on removal efficiency of RhB under (a) UV

light and (b) sunlight
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Fig. 8. Effects of FesO4addition for Fes04/TiO, composite on removal efficiency of RhB under (a) UV light and

(b) sunlight

Effect of light source for Fes04/TiO, composite on
removal efficiency of RhB

The effects of ultraviolet light and sunlight for
Fes04/TiO, catalyst on the removal efficiency of
RhB were compared. Fes304/TiO, catalyst was

prepared by the optimal conditions. The average of
the degradation efficiency is shown in Figure 9.
The photocatalysis under ultraviolet (UV) is better
than under sun light, 95.1% and 93.7%,
respectively, with the highest removal rate of
98.1% and 98.3%, respectively.
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Effect of phosphotungstic acid addition on removal
efficiency of RhB

The effect of HPW-modified catalyst on the
removal efficiency of RhB was investigated by
using HPW impregnation method to improve
FesO4/TiO, composite photocatalyst. The results
are shown in Figure 10. The degradation efficiency
of Fe304/TiO, catalyst prepared by adding HPW
did not improve the performance of the Fe30./TiO>
composite, which was 26.5% and 23.8%,
respectively, much lower than those under the
optimal conditions. Further study is needed to
reveal the mechanism.
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Fig. 9. Effects of light source on removal efficiency

of RhB by Fe;04/TiO, composite under UV light and
sun light

Photocatalytic degradation of RhB by Fe304/TiO-

Ozer et al. [16] reported that for the POM
composite  photocatalyst, the  photocatalytic
oxidation reaction follows the Langmuir-
Hinshelwood (L-H) kinetic equation:

dC  k.K,C
dt  1+K,C,

L

& sunlight

4 UV(HPW)
100 v sunlight(HPW)
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r=—

Removal efficiency/%
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-
-

Fig. 10. Effects of phosphotungstic acid addition to
Fes0.4/TiO, composite on removal efficiency of RhB
under UV light and sunlight

In the equation, r is the initial apparent reaction
rate (mg-L-h?), C; is the concentration of reactants
at time t (mg-L?), Co is the initial concentration of
the reactants (mg-L?), Ka is the L-H equilibrium
adsorption constant (L-mg?), K, is the reaction rate
500

constant (mg-L™*-h?). The degradation reaction was
of first order and when KCo<<1, the Kkinetic
equation can be simplified as follows:

Co
In—2 = kyKqt = kt

In the equation, K (h?) is the apparent first-order
reaction rate constant.

In this experiment, 150 mg  addition of
Fes04/TiO, catalyst was used to study the reaction
Kinetics as a function of reactant concentration. The
activity difference of the catalyst prepared under
different conditions was compared by calculating
the apparent rate constant k. The results are shown
in Table 3. Six different concentrations of RhB
standard solution were prepared. The standard
curve was as shown in Figure 11, the correlation
coefficient was 0.9982.

The data in Table 3 show that the apparent rate
constants of the 3 # catalyst on the
photodegradation process of RhB are the largest
ones, 1.0646 and 1.0851 h, respectively, whether
under ultraviolet light or sunlight. 3 # catalyst was
prepared at 80 °C, by adding 4mL of Fes;O4
colloidal solution, consistent with the best
conditions.

Table 3. Comparison of apparent rate constants (K) for
Fe30./TiO, composite under different light source

1# 24 3t 43#
UV light 0.5369  0.5019 1.0646  0.3900
Sunlight 0.3036 0.4344 1.0851 0.3026
5# 6# T# 8#
UV light 0.7256  0.5908 0.4373 0.0710
Sunlight 0.6619 0.5448 0.4081  0.3053
05 4
" roume oo
0.3 -
-
02 4
0.1 -
0 T T T T - |
0 200 400 600 800 1000 1200
RhB (10-3mol/L)

Fig. 11. Standard curve for RhB

Table 4. Effects of Fe3O4/TiO, composite recycling on
removal efficiency of RhB

First Second Third

recycling recycling recycling
Removal = g4, 81% 75%
efficiency

Recovery of Fes04/TiO, composite catalyst

The effect of Fes04/TiO, composite recycling on
removal efficiency was also investigated. It was
found that the removal efficiency decreased from
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98% to 75% after 3 cycles of recovery (Table 4).
The best recycling strategy should include 2 cycles.

CONCLUSIONS

The average efficiency of degradation of RhB
by Fes0./TiO, composite prepared from ilmenite
under UV light is better than under sunlight, and
the apparent rate constant k of 1.1 h*t. The amount
of catalyst, the preparation temperature of the
catalyst and the amount of Fe3O4 colloidal solution
for the preparation of the catalyst, all have effects
on the photodegradability. The optimal conditions
for preparation of FesO4/TiO, composite are: 80°C,
with addition of 4 mL of FeszO4 colloidal solution.
The addition of phosphotungstic acid did not
improve the performance of the Fe;O4/TiO:
composite.

TiO, was successfully coated on the FesOs
surface as confirmed by EDX, SEM and FT-IR, and
the Fe;O4/TiO, composite was of high purity. It is
easy to use the magnetic property to recycle, the
best recycling strategy should be 2 cycles, with
degradation efficiency up to 81%.
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[TonyuaBane Ha Fe304/TiO, KOMITO3UT M MPUIIOKEHUETO MYy 3a (DOTOKATAIU3 Ha
OpPTaHHYHU 3aMbPCUTEIH

UM. JIn, Y.M. Hu*, M K. Yen, 3. Xoy, UK. Sdur

Koneoic no nayka u mexnonoeus, Yuusepcumem 3a mexcoynapoouu uscieosanus na XKesane, Xaneancoy, 310023, Kumaii
IMocTpnuna wa 10 mait, 2017 r.; npuera Ha 2 mapT, 2018 1.
(Pestome)

TuTaHOBO-KeIsI3HA Pyl € U3MOI3BaHA KaTO CYPOBHHA 3a MOJydYaBaHe Ha THTaHOB muokcua u kenesed (I1) oxcun
4Ype3 M3JTY)KBaHE ChC COJHA KHUCENWHA. THUTAaHOBUST JMOKCUJ € HaHeceH BbpXy MaruuTHusi FesOs ¢ oOpasyBane Ha
Fes04/TiO2 xommo3ut. Ocem Fes04/TiO, koMmosura ca MONYyYSHH MPHU Pa3indHa TEMIEpaTypa W KOIMIESCTBO HA
KoslouiHus pa3TBop Ha Fes0s. M3cnenBanu ca (HOTOKaTAMMTUUHUTE CBOMCTBA HA KOMIIO3UTUTE, KAKTO U BIIMSHUETO HA
nobaBka oT pochodondpamona kucennHa. Kommnosuture ca oxapakrepusupanu upe3 penrrenona audpaxims (XRD),
eHepruitHo aucnepcuBHa peHTreHoBa criektpomerpus (EDX), ckanupama enekrponHa mukpockonus (SEM), Fourier
TpaHchopmupaiia uHpadepBeHa cnektpockonus (FT-IR) u TturpyBane. M3cnenBaHn ca BB3MOKHOCTHTE 3a
peuuKIrpaHe Ha KaTaju3aropa. OnTHMaJIHUTEe YCIOBHSA 3a nonydaBane Ha Fes04/TiO, xoMmo3uT ca: Temneparypa noj
80°C wu mobaska or 4 mL Fe3O4 xomomaen pastBop. Taka moaydeHusr FesOs/TiO; kommo3ur mMa Hai-BHCOKa
e(eKTUBHOCT 3a OTCTpaHsBaHe Ha pogamuH B. dortokatanmzbsT € mo-epekrtuBeH mnpu obmbuBane ¢ UV ceernuHa,
OTKOJIKOTO CBC CI'bHYEBA CBETIMHA. MakcuManHata crerneH Ha us3Biaudane e 98.3%, a mpuBuaHaTa CKOpPOCTHA
xoHctanTa K ¢ 1.1 h't, TiO, e HaneceH ycnemHo Ha noBbpxHocTTa Ha Fes04, KoeTo e noTespaeHo upes EDX, SEM u
FT-IR, xaro Fes04/TiO2 KOMIO3UTHT € ¢ BUCOKA yrcTOoTa. JloOGaBsHeTo Ha (ochodoidpamMoBa KUCEIMHA HE BOAU JI0
1oJI00psIBaHe Ha HErOBHUTE CBOWCTBA.
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Strawberries with their aroma and sweet taste are the most popular fruit in the world. There are more than 600
sorts of strawberries that differ in taste, size and texture. An analysis of pH, total phenols, antioxidant activity (radical
trapping activity) total anthocyanin of wild growing and cultivated varieties of strawberries with origin North Greece
and South Bulgaria. A methodology has been developed for determining of common phenols, antioxidant activity,
common anthocyanins. The average value of pH index ranges from 3.26 for strawberry samples from northern Greece
to 3.34 and 3.55 for strawberry samples from southern Bulgaria. Total phenols: 4.58+0.02 mg GAE/g fresh weight for
Wild Strawberries; 1,34+0,02 mg GAE/g fresh weight for strawberry sample from Northern Greece; 1.36+0.03 mg
GAE/g fresh weight and 1.41+£0.01 mg GAE/g fresh weight strawberry sample from southern Bulgaria. Total
anthocyanins: 0.34+0.01 mg/g fresh weight for strawberry sample from Northern Greece; 0,21+0,01 mg/g fresh weight
and 0,22+0,01 mg/g fresh weight for strawberry sample from southern Bulgaria. Antioxidant activity: Wild strawberries
- 41,38+0,20 m.mol TE/g fresh weight; 7,35+0,30 m.mol TE/g fresh weight for strawberry sample from Northern
Greece; 8,99+0,20 m. mol TE/g fresh weight and 10,20+£0,20 m.mol TE/g fresh weight for strawberries from southern
Bulgaria. There is a direct correlation between antioxidant activity and total phenols. There is an inverse relationship

between antioxidant activity / phenols and anthocyanins.

Keywords: strawberries; antioxidant; phenols; anthocyanins.

INTRODUCTION
The strawberry is a genus of plants of the
Rosaceae family.

Strawberries with their aroma and sweet flavor
are the most popular fruit in the world. There are
more than 600 varieties of strawberries that differ
in taste, size and texture [1-5]. Strawberries are rich
in both mineral substances and vitamin C, carotene,
vitamin E and vitamins of group B. Vitamin C is
predominant with 58,80 mg. per 100 grams of
strawberries - the recommended daily dose [1, 4-8].
About 90% of mature strawberry is water but
contains sugars, about 80% of which are glucose
and fructose.

The color of strawberries is due to anthocyanins,
mainly to peargonidin-3-glucoside. Anthocyanins
are water-soluble pigments found in plant cells. In
addition, anthocyanins can be used as pH
indicators- they are pink in acidic, purple in neutral
and yellow in alkaline solutions [9].

According to a study published in Journal of
Nutritional Biochemistry, strawberries help lower
total cholesterol (by 8,78%), bad cholesterol
(13,72%), and triglycerides (by 20,8% .).

Studies  suggest that  consumption  of

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

strawberries, may have beneficial effects against
oxidative stress mediated diseases such as cancer.
Berries contain multiple phenolic compounds,
which are thought to contribute to their biological
properties [10].

Flavonoids in strawberries have excellent
antioxidant and anti-cancer properties [1, 11].

Important phenolic acids in strawberries are the
ellagitannins and ellagic acid glucosides, which
break down to pure ellagic acid, also present in the
fruit [12].

Ellagic acid is valuable to human health because
it is antimutagenic and has anticarcinogenic activity
against chemical-induced cancers [13].

Ellagitannins in strawberries are primarily
located in the achenes [14].

Scope: Determination and analysis of pH, total
phenols, antioxidant activity (radical trapping
activity) total anthocyanin of wild growing and
cultivated varieties of strawberries.

MATERIAL AND METHODS

Object of the study was the antioxidant
characteristics of wild growing and cultivated
varieties of strawberries grown at different
altitudes:

Wild strawberries (Velingrad, Bulgaria) - 755m.
altitude.
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Caparoso variety, (Northern Greece) - 115m
altitude.

Zeenger variety (Belomorski-Plovdiv, Bulgaria)
- 164m altitude.

Asia variety (Byaga village, Bulgaria) - 374m
altitude.

Temptation variety (Gotse Delchev, Bulgaria) -
540m altitude.

Albion variety (Sofia, Bulgaria) - 598m altitude.

The study was conducted from May to
September 2017 in laboratories

of the University of Food Technologies Plovdiv
and Laboratory of Pharmaceutical Analysis of the
Medical University of Plovdiv.

The following research methods were used for
the study:

- Systematic approach and critical analysis of
the available scientific periodicals;

- Spectrophotometric method for
determination of adsorption and standard Gallic
acid;

- DPPH method for determining the
antioxidant activity (radical trapping activity).

The study was carried out using the following
apparatus:

1. Analytical scale KERN ABJ 220-4M;

2. Spectrophotometer Camspec M107, UK;
pH-determiner;

3. Standardized pH determiner with pH 4,0
and 7,0 standard buffer solutions (WTW inoLab pH
7110, Germany);

4. Standardized pH meter with pH 4,0 and 7,0
standard buffer solutions, pH  meter Denver
Instrument Ultra Basic.

For the purposes of the study, the following
reagents and solutions were used.

- To determine common phenols:

7,5% Na,COs (weighing 7,5 g Na,CO; and
dissolving in 100 ml dH,O) and Folin-Ciocalteus
phenol reagent (Sigma) - a 5 times diluted reagent
is used (1 ml + 4 ml dH.0)

- To determine antioxidant activity by DPPH
method:

0,1 M DPPH reagent: 10 mg.DPPH (2,2—
Diphenyl-1-picrylhydrazil) dilutes in 250 ml
methanol

- To determine common anthocyanins:

Buffer with pH 1.0 (potassium chloride, 0,025
M)

Buffer with pH 4.5 (sodium acetate, 0,4 M)

HCI (to adjust pH )

All reagents and solutions are of analytical
purity.

Samples of fresh strawberries were cut into
pieces and then homogenized with a blender to a
homogeneous mass. Weighed 8 grams (analytical
scale KERN ABJ 220-4M) from the sample and
quantitatively transfer it into a 50 ml volumetric
flask with ethanol and volume is brought to the
mark. The sample was homogenized and stored at
room temperature for 15 minutes.

Analysis path to determine common phenols

We placed 0,2 ml of sample solution in a cuvette
then we placed 1,0 ml of Folin-Ciocalteus phenol
reagent (diluted 5 times) and 0,8 ml 7,5% solution
of Na,COs, For control sample, the same reagents
were prepared, but instead of 0,2 ml sample there
were placed 0,2 ml solvent. The samples thus
prepared were allowed to stand for 20 minutes at
room temperature [15-18]. Adsorption of the
sample was measured spectrophotometrically
against a control with wavelength 2=765 nm
(Camspec M107, UK). The amount of common
phenols was reported according to a pre-set
standard gallon acid right: Y=12,557x - 0.0871.

COOH
HO OH
OH
Fig. 1. Gallic acid
Calculations:
mg GAE/gfs=(VxC)/M @
where:

GAE — gallic acid equivalent

f.s — fresh substance, g

V — volume of the extract, ml

C - concentration of phenols in the extract read
by standard straight, mg/mi

M - weight of extracted plant material, g

Path of the method for determining the
antioxidant activity (radical trapping activity)
using DPPH method [19-22].

We placed in a cuvette 2,85 ml of 0,1 M DPPH
after that we placed 0,15 ml of sample. For the
control, the same reagents were prepared but a
solvent was placed instead of sample. Thus,
prepared samples are kept 15 min at 37°C.
Adsorption of the sample was measured
spectrophotometrically against a control (solvent
methanol) at a wavelength of A=517 nm (Camspec
M107, UK). Antioxidant activity was reported
according to a pre - established standard straight
Trolox ® (Sigma).
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Calculation:
1, % = A control sample1—Asﬂmple *100 (2)
A zample
C, m.mol TE/ml = 102.06. 1% + 0,7954 (3)
m.mol TE/g. fresh weight=(V xC)/ M (@))
where: Diluted test samples were scored against a blank
- C- concentration, mM TE-TROLOX sample filled with distilled water [22-26].

equivalents
- | —percentage inhibition
- A — Absorption
- M - Weight of the sample, g
-V —Volume of the sample, (100 ml)

Path of the analysis to determine common
anthocyanins

Buffer with pH 1.0 (potassium chloride, 0,025
M). — was weighed 1,86 g KCI in a cup and add
distilled water around 980 ml. We measured pH
and corrected pH to 1.0 (= 0,05) with HCI
(approximately 6,3 ml). We transferred to a 1 liter
volumetric flask and dilute to the mark with
distilled water;

Buffer with pH 4.5 (sodium acetate, 0.4 M). —
was weighed 54.43 g CHs;CO2Na x 3H20 in a cup
and add distilled water up to 960 ml. We measured
pH and corrected pH to 4.5 (= 0,05) with HCI
(approximately 20 ml). We transferred to a 1 liter
volumetric flask.

Determine the absorbance of the sample diluted
with pH 1.0 (6 times) with buffer, (A) and buffer
(B) pH 4,5, as well with 520 nm, as with 700 nm.

Calculation of the concentration of anthocyanin
pigments is expressed as cyanidin-3-glucosidic
equivalents as follows:

Anthocyanin pigments (mg/L) = A x MW x DF x

10%e (5)
where:
- A =(A520 nm - A700 nm) pH 1.0 - (A520nm -
A700nm) pH 4.5;

- MW (molecular weight) = 449,2 r/mol for
cyanidin-3-glucosidic;

- DF =dilution factor

- & = 26900 molar extinction coefficient in JI x
mol* and cm™?

- 10% = conversion factor from g in mg [27-31].

RESULTS AND DISCUSSION

The results presented are the arithmetic mean
of at least three parallel studies.

Important phenolic acids in strawberries are
the ellagitannins and ellagic acid glucosides, which
break down to pure ellagic acid, also present in the
fruit [11].

Information on the content of the total phenols
in the samples tested is given in Table 1. The values
of the total phenols ranged from 4,58 to 1,34.

Tablel: Common phenols of wild growing and cultivated varieties of strawberries with origin Northern Greece and
South Bulgaria.

Variety Common phenols(mg GAE/g fresh weight)
Wild Strawberries, (Velingrad, Bulgaria) 4,58 0,02
Caparoso variety, (Northern Greece) 1,34 +£ 0,02
Zeenger variety, (Belomorski, Plovdiv, Bulgaria) 1,36 0,03
Asia variety, (Byaga village, Bulgaria) 1,41 £0,01
Albion variety, (Sofia, Bulgaria) 1,71 +£0,01
Temptation variety (Gotse Delchev, Bulgaria) 2,16+ 0,02
The highest content of common phenols is predominant anthocyanins in cultivated strawberry

observed in wild strawberries 4,58 mg GAE/g fresh
weight, followed by a variety of Temptation — 2,16
mg GAE/g fresh weight, Albion variety — 1,.71 mg
GAE/qg fresh weight, Asia variety — 1,41 mg GAE/g
fresh weight, Zhenger variety — 1,36 mg GAE/g
fresh weight and Caparoso variety — 1,34 mg
GAE/g fresh weight.

The anthocyanins are a group of flavonoids with
exceptionally  good  scavenging  activities.
Pelargonidin-based  anthocyanins ~ such  as
pelargonidin 3-glucoside, pelargonidin 3-rutinoside,
and pelargonidin 3-glucoside—succinate are the
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fruit [29].

The common anthocyanins of the samples we
studied are within the range from 0,35 to 0,19 mg/g
of fresh weight are presented in Table 2.

The conducted study of anthocyanins gives us
reason to arrange the varieties we examine as
follows: Temptation variety, 0,35 mg/g fresh
weight, Caparoso variety 0,34 mg/g fresh weight,
Albion variety 0,25 mg/g fresh weight, Asia variety
0,22 mg/g fresh weight, Zeenger variety 0,21 mg/g
fresh weight.
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Table 2: Common anthocyanins of wild growing and cultivated varieties of strawberries with origin Northern Greece
and South Bulgaria.

Variety

Common anthocyanins
(mg/g fresh weight)

Wild Strawberries, (Velingrad, Bulgaria)
Caparoso variety, (Northern Greece)
Zeenger variety, (Belomorski, Plovdiv, Bulgaria)
Asia variety, (Byaga village, Bulgaria)

Albion variety, (Sofia, Bulgaria)

Temptation variety, (Gotse Delchev, Bulgaria)

0,19+ 0,01
0,34 +0,01
0,21+0,01
0,22 £0,01
0,25+ 0,01
0,35+0,01

The DPPH method for determining the
antioxidant activity of strawberries is also used by
and the results obtained are highly accurate [30].

The results for the antioxidant activity of our
samples, determined by the DPPH method is shown
in Table 3.

Table 3. Antioxidant activity of wild growing and cultivated varieties of strawberries with origin Northern Greece and
South Bulgaria.

Variety

Antioxidant activity
(m mol TE/g fresh weight)

Wild strawberries, (Velingrad, Bulgaria)
Caparoso variety, (Northern Greece)
Zeenger variety, (Belomorski, Plovdiv, Bulgaria)
Asia variety, (Byaga village, Bulgaria)

Albion variety, (Sofia, Bulgaria)

Temptation variety, (Gotse Delchev, Bulgaria)

41,38 £0,20
7,35+ 0,30
8,99 + 0,20
10,20 + 0,20
19,32 + 0,20
22,48 + 0,20

Antioxidant activity ranges from 41,38 to 7,35
m mols TE/g fresh weight.
It is greatest with Wild Strawberries next in place
we could put Temptation variety with 22,48 m mols
TE/g fresh weight and Albion variety with 19,32 m
mols TE/g fresh weight.

Grouped based on the antioxidant activity
indicator, we can place Azia variety, sort Zeenger

and sort Caparoso, respectively, with 10,20; 8,99;
7,35 m mols TE/g fresh weight.

www.truehealth.ru for the ph indicator, of
different strawberry varieties gives values in the
range of 3 to 3.9. The results obtained by us for ph
of the varieties under consideration are presented in
Table 4.

Table 4. pH of wild growing and cultivated varieties of strawberries with origin North Greece and South Bulgaria.

Variety Ph

Wild strawberries, (Velingrad, Bulgaria) 3,55
Caparoso variety, (Northern Greece) 3,32
Zeenger variety, (Belomorski, Plovdiv, Bulgaria) 3,34
Asia variety, (Byaga village, Bulgaria) 3,55
Albion variety, (Sofia, Bulgaria) 3,74
Temptation variety, (Gotse Delchev, Bulgaria) 3,85

As can be seen from Table 4, the values we
obtained for ph are in the range of 3.32 to 3.85,
which confirms the objectivity of the methodology
used by us.

CONCLUSIONS

1. An absolute favorite in the varieties studied
by us on the indicator common phenols are Wild
Strawberries followed by Temptation variety.
Approximately the same indicator is for Zeenger
variety and Caparoso variety.

2. The highest anthocyanin value is seen in
Temptation variety and Caparoso variety.

In wild strawberries, the lowest anthocyanin
value is observed. This can be explained by
approximately the same soil composition.

3. The antioxidant activity of Wild
Strawberries is approximately twice as high as that
of the Temptation variety and Albion variety strains

and three times bigger than that of Asia variety and
Zeenger variety and six times greater than that of
Caparoso variety.

4. There is a direct correlation between
antioxidant activity and total phenols.

5. There is an inverse relationship between
antioxidant activity/phenols and anthocyanin.
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AHAJIMTUYHU XAPAKTEPUCTUKU HA TNBU U KYJITUBUPAHU AT'OAU (JIATHA U
ECEHHA PEKOJITA) B IOXXHA BBJITAPUS 1 CEBEPHA I'bPLISA

Cr.U. ITenanos'™, Ex.I'. Ietkosa?, K.B. MBanos!, Cr./I. Banosa®, B.B. I'pynesa®

Meouyuncru ynusepcumem 6 Ilnosous, @axynmem no papmayus, 4000 Ilnoedus, Bvreapus
2 Meouyuncku ynueepcumem 6 Ilnoeous, Meouyuncku xonexc, 4004 ITnoeous, Bvazapus
SBoanuya ,, Cs. Examepuna“, 1431 Cogpus, Bvneapus

[ocrermna va 16 deBpyapu, 2018 r.; kopurupana Ha 18 anpu, 2018 T.
(Pesrome)

SroguTe cbe CBOS apaMar W CIaIbK BKYC ca HaW-NOMYJSIPHUAT Iuiod Ha cBera. CeluecTByBar mosede ot 600
Pa3HOBHIHOCTH ATOJM, KOUTO CE€ pasiMyaBar Imo BKYyC, pa3Mep M Tekcrypa. llenra Ha mpoydBaHeTo € aHanmu3 Ha pH,
o0 (eHoNM, aHTHOKCUIAaHTHA aKTHBHOCT (paJHKaj yIaBsAIla aKTHBHOCT) W OOIIM aHTOIMAHW HA JUBOPACTAIIN U
KyJITUBUpaHU copToBe siromu ¢ mpousxoy CeeepHa I'spuus m FOkHa Benrapus. Paspaborena e metomonorust 3a
onpeseNsiHe Ha o0y (eHONH, aHTHOKCUIaHTHA aKTHBHOCT M O0OIIM aHTOIMaHWHU.CpeHaTa CTOHHOCT Ha MOKa3aTels
ph e B rpanunuTe ot 3,26 3a npoba siroqu ot Ceepna I'sprmst 1o 3,34 u 3,55 3a npoba siroqu ot FOxxHa bwarapus.
O6mu dpenonu: 4,58 £ 0,02 mr GAE/r cBexo Terno npu JuBopactsmm sroau; 1,34+ - 0,02 mr GAE/r cBexo Terio 3a
mpo6a siroau ot CeepHa ['eprmst; 1,36+ 0,03 mr GAE/cBexo terno u 1,41+ 0,01mMr GAE/r cBexo Terio mpoba siroau
ot lOxna bearapua.O6umwm antonmann:0,34+ 0,01 mr /T cBexo Teriio 3a npoba siroau ot Cesepra ['spuus; 0,21+ 0,01
Mmr /t ceexxo Terio u 0,22+ 0,01mr/r cBexo Terio 3a mpoba sroau ot FOkHa bearapusa. AHTHOKCHIaHTHA aKTUBHOCT:
Jusopactsimm sironu — 41,38+ 0,20 m mon TE/r cBexo terno; 7,35 + 0,30 M most TE/T cBexo Terio 3a mpobda Aroau ot
Cesepna ['eprmst; 8,99+ 0,20 m mon TE/r ceexo Termo u 10,20 + 0,20 m monr TE/r cBexxo Terio 3a mpba siroau oT
IOxHa benrapus. HabnronaBa ce mpaBonponopIiMOHAHA 3aBHCUMOCT MKy aHTHOKCUIAHTHATA aKTHBHOCT U OOIIHUTE
(heHONMH U 0OPATHOTIPOTIOPITHOHAITHA 3aBHCHMOCT MEKAY aHTHOKCHAHTHA aKTUBHOCT/ ()eHONIN ¥ aHTOI[UAHH.
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General remarks: Manuscripts are submitted in English by e-mail The text must be typed on A4
format paper using Times New Roman font size 11, normal character spacing. The manuscript should not
exceed 15 pages (about 3500 words), including photographs, tables, drawings, formulae, etc. Authors are
requested to use margins of 2 cm on all sides

Manuscripts should be subdivided into labelled sections, e.g. Introduction, Experimental, Results
and Discussion, etc. The title page comprises headline, author’s names and affiliations, abstract and key
words. Attention is drawn to the following:

a) The title of the manuscript should reflect concisely the purpose and findings of the work.
Abbreviations, symbols, chemical formulas, references and footnotes should be avoided. If indispensable,
abbreviations and formulas should be givenin parentheses immediately after the respective full form.

b) The author’s first and middle name initials and family name in full should be given, followedby
the address (or addresses) of the contributing laboratory (laboratories). The affiliation of the author(s) should
be listed in detail by numers (no abbreviations!). The author to whom correspondence and/or inquiries should
be sent should be indicated by asterisk (*) with e-mail address.

The abstract should be self-explanatory and intelligible without any references to the text
andcontaining not more than 250 words. It should be followed by key words (not more than six).

References should be numbered sequentially in the order, in which they are cited in the text. The
numbers in the text should be enclosed in brackets [2], [5, 6], [9-12], etc., set on the text line. References are
to be listed in numerical order on a separate sheet. All references are to be given in Latin letters. The names
of the authors are given without inversion. Titles of journals must be abbreviated according to Chemical
Abstracts and given in italics, the volume is typed in bold, the initial page is given and the year in parentheses.
Attention is drawn to the following conventions:a) The names of all authors of a certainpublications should
be given. The use of “et al.” inthe list of references is not acceptable.b) Only the initials of the first and middle
names should be given. In the manuscripts, the reference to author(s) of cited works should be made without
giving initials, e.g. “Bush and Smith [7] pioneered...”. If the reference carries the names of three or more
authors it should be quoted as “Bush et al. [7]”, if Bush is the first author, or as “Bush and co-workers [7]”,
if Bush is the senior author.

Footnotes should be reduced to a minimum. Each footnote should be typed double-spaced at
thebottom of the page, on which its subject is first mentioned. Tables are numbered with Arabic numerals on
the left-hand top. Each table should be referred to inthe text. Column headings should be as short as possible
but they must define units unambiguously.The units are to be separated from the preceding symbols by a
comma or brackets. Note: The following format should be used when figures, equations, etc. are referred to
the text (followed by the respective numbers): Fig., Eqns., Table, Scheme.

Schemes and figures. Each manuscript should contain or be accompanied by the respective
illustrative material as well as by the respective figure captions in a separate file (sheet).As far as presentation
of units is concerned, Sl units are to be used. However, some non-SI units are also acceptable, such as °C,
ml, I, etc.The author(s) name(s), the title of the manuscript, the number of drawings, photographs, diagrams,
etc., should be written in black pencil on the back of the illustrative material (hard copies) inaccordance with
the list enclosed. Avoid using more than 6 (12 for reviews, respectively) figures in the manuscript. Since most
of the illustrative materials are to be presented as 8-cm wide pictures, attention should be paid that all axis
titles, numerals, legend(s) and texts are legible.

The authors are required to submit the text with a list of three individuals and their e-mail
addresses that can be considered by the Editors as potential reviewers. Please, note that the
reviewers should be outside the authors’ own institution or organization. The Editorial Board of the
journal is not obliged to accept these proposals.

The authors are asked to submit the final text (after the manuscript has been accepted for publication) in
electronic form by e-mail. The main text, list of references, tables and figure captions should be saved in
separate files (as *.rtf or *.doc) with clearly identifiable file names. It is essential that the name and version
of the word-processing program and the format of the text files is clearly indicated. It is recommended that
the pictures are presented in *.tif, *.jpg, *.cdr or *.bmp format.
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The equations are written using “Equation Editor” and chemical reaction schemes are written using ISIS
Draw or ChemDraw programme.
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