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This article presents the synthesis and a combined experimental and computational DFT study of 4-(2-
morpholinoethanoylamino)-benzenesulfonamide. The crystal structure of the title compound was determined by single
crystal X-ray diffractometry (XRD), which reveals inversion dimers linked by pairs of intermolecular N—H---O
hydrogen bonds. The molecular geometry was also optimized by using density functional theory (DFT/B3LYP)
methods with the 6-31G and 6-31+G (d) basis sets in ground state and compared with the experimental XRD data. The
degree of conformity of the obtained structural parameters between the XRD experiment and DFT calculations was
given by two statistical formulas, namely R? (squared correlation coefficient) and RMSD (root mean square deviation).
Further rise in conformity of the bond lengths was achieved by introducing a bigger, 6-31++G (3df, 3pd) extra basis set
on the sulfur atom. The obtained results clearly showed that the size of the used basis set influences the conformity of
the structural parameters. DFT optimized structure is in good agreement with the XRD crystal structure of the title

compound.
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INTRODUCTION

Sulfonamides are organic sulfur compounds that
contain an -SO;NH; group and act as antimicrobial
agents by inhibiting bacterial growth and activity.
They are called sulfa drug derivatives or variation
of sulfanilamides [1]. They are used in the
prevention and treatment of bacterial infections,
hypertension, and gout. The discovery of
sulfonamides is a significant milestone event in
human chemotherapeutic history [2]. Since 1935
many thousands of molecules containing
sulfanilamide structures have been synthesized and
their discovery yielded improved formulations with
greater  effectiveness and lower toxicity.
Sulfonamides are still widely used pharmacological
agents for the treatment or prevention of a variety
of diseases, such as antimicrobial drugs, antithyroid
agents, antitumor agents, antibiotics and inhibitors
of carbonic anhydrase as antiglaucoma agents [3-9].
These compounds have also been tested for the
inhibition of the major cytosolic isozymes | and Il
[10]. Due to the wide variety of their biological and
biochemical importance, the study of the crystal
structure of sulfonamides, along with other
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physical, chemical and biochemical studies has
become an interesting field of research for a long
time [11].

Nowadays, quantum chemical methods are
widely used for the investigation of large
molecules. Ab initio and DFT methods provide
powerful tools for studying molecular geometry,
vibrational and some molecular properties. The
results obtained using X-ray diffraction technique
and quantum chemical calculations provide lots of
information about the structure [12-14].

The title compound, found as an inhibitor of
three carbonic anhydrase (CA, EC 4.2.1.1)
isozymes, the cytosolic isozymes CA | and Il, the
catalytic domain of the transmembrane, tumor-
associated isozyme CA 1X [9] and QSAR study
was synthesized and the crystal structure of the title
compound was investigated using XRD technique.
Using Density Functional Theory (DFT)
calculations the bond lengths, bond angles and
torsional angles of the title compound were also
calculated employing DFT/B3LYP methods using
the basis sets 6-31D and 6-31+G(d) and compared
them with the X-ray results. It was observed that
structural parameters of the title compound
obtained using DFT calculations are perfectly
consistent with those obtained using XRD
technique.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 5


mailto:mustafadurgun@harran.edu.tr

M. Durgun et al.: Structural study of 4-(2-morpholinoethanoylamino)-benzenesulfonamide by X-ray diffraction...

EXPERIMENTAL AND THEORETICAL
METHODS

Materials and measurements

All chemicals were obtained from commercial
suppliers (Sigma-Aldrich, Merck) and used without
further purification. Elemental analysis was carried
out on a LECO CHNS model 932 elemental
analyzer. *H and *C-NMR spectra were recorded
on a Bruker-Avance 300 MHz spectrometer for
spectroscopic characterization. FT-IR spectra were
recorded on a Perkin Elmer Spectrum RXI FT-IR
spectrometer in KBr pellets over the wavenumber
range of 4000-400 cm™. Melting points were
measured in open capillary tubes with an Electro
thermal 9100 melting point apparatus and were
uncorrected. Mass spectra were recorded on an
Agilent GC/MS spectrometer. TLC (on Merck
silica gel 60 Fzss sheets) was used to follow the
course of the reaction and assess product purity.
The title compound (1) was synthesized according
to the procedure previously described by Turkmen
etal. [9].

Synthesis of the 4-(2-morpholinoethanoylamino)-
benzenesulfonamide

The synthesis of the title molecule (Fig. 1) is
outlined in Scheme 1. The starting material, 4-(2-
chloroethanoylamino)-benzenesulfonamide,  was
prepared by the reaction of sulfanilamide with 2-
chloroethanoylchloride. The title compound, 4-(2-
morpholinoethanoylamino)-benzene  sulfonamide,
was prepared by the reaction of 4-(2-
chloroethanoylamino)-benzenesulfonamide  with
morpholine. To a stirred solution containing an
excess of morpholine (1.04 g, 12.00 mmol) and
triethylamine, TEA, (1.84 g, 8.00 mmol) in
tetrahydrofuran  solvent (30 mL)  4-(2-
chloroethanoylamino)-benzenesulfonamide (1.00 g,
4.00 mmol) in tetrahydrofuran (30 mL) was added
at 0 °C in the course of 30 min. After completion of
the addition, the reaction mixture was allowed to
warm at room temperature and stirred at 40 °C for
48 h. Excess morpholine and TEA was removed
under reduced pressure and the product was also
crystallized using ether to remove the excess. After
crystallization from ethanol/water (9/1), a pale
yellow crystalline product was obtained. Then the
compound was dissolved in various organic
solvents, namely methanol, chloroform,
dichloromethane (4/3/3 v/v) and single crystals
suitable for X-ray diffraction studies were grown by
the slow evaporation method. The chemical
analysis gave the following results: Yield: 70%, mp
208-210 °C; Anal. Calculated for Ci2Hi7N304S
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(299.36 g/mol) (%): C, 48.15; H, 5.72; N, 14.04; S,
10.71. Found (%): C, 48.21; H, 5.80; N, 13.80; S,
10.21; ; FT-IR (KBr pellets, cm™): 3335, 3305
(NH,), 3235 (Amid-N-H), 3080 (Ar-C-H), 2990-
2810 (Aliph-C-H), 1695 (Amid-C=0), 1325
(asymmetric), 1183 (symmetric) (S=0); H-NMR
(DMSO-ds, TMS, 300 MHz, 6 ppm): 10.07 (1H, s, -
CONH), 7.72-7.78 (4H, m, -Ar-H), 7.26 (2H, s,
SO:NHy), 3.56 (4H, t, J 5 Hz, CH,OCH,), 2.52
(2H, s, J 7 Hz, CH,CO), 250 (4H, t, J 4 Hz,
CH:NCH,); BC-NMR (TMS, 75 MHz, & ppm):
170.63 (C=0), 14324 (CNH-) 140,22 (C-
SO,NHp), 128.24 (2xC-2 Aryl), 120.63 (2xC-3
Aryl), 67.33 (CH,OCH,), 63.23 (CH.CO), 54.31
(CH2NCH_2); m/z EI* 299 [M]*.
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Scheme 1. The reaction for the synthesis of the title
compound.

Crystallographic study

The needle shaped pale yellow single crystals of
the title compound of size 0.12 x 0.15 x 0.24 mm
were used for intensity data collection using
graphite-monochromatic MoKo radiation in a
Rigaku/MSC, 2005 [15] diffractometer at
temperature 294 K using CrystalClear software.
The structure was solved by direct methods using
SIR97 software programme [16]. SHELXL-97 [17]
Program was used to refine structure. Molecular
graphics were drawn using ORTEP-3 for Windows
[18]. WinGX [19] and PLATON [20] softwares
were used to prepare the material for publication.
The crystallographic data and refinement
parameters for the title compound are listed in
Table 1, whereas selected bond lengths, bond
angles, and torsion angles are shown in Table 2.
Full crystallographic data are available as
supplementary material.

X-ray powder diffraction data of the title
molecule were recorded with a Rigaku D max 2000
X- ray powder diffractometer at 40kV/30mA using
Cu Ko radiation (A, = 1.5406 A) . The diffraction
pattern was scanned with a step size of 0.02 and an
angular range of 5.0-90°.
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Table 1. Crystallographic data of the title compound.

Crystal data

C12H17N304S V =672.48 (4) A3
M, = 299.36 Z=2
Triclinic, P'1 Dy =1.478 Mg m’3

a=8.1101 (1) A
b =9.6309 (1) A

Mo Ka radiation
Cell parameters from 3426

reflections
c=9.7079 (1) A 0 =2.2-30.6°
a = 73.676 (1)° n=0.26 mm?
B = 68.060 (9)° T=294(2)K

y =79.532 (1)° Needle, pale yellow

Data collection

Rigaku R-AXIS RAPID-S Omax = 30.7°
diffractomer

dtprofit.ref scan h=-11-511
Absorption correction: multi-scan  k =-13 — 13
(based on symmetry-related

measurements)

Trmin = 0.954, Tmax = 0.969 |=-13 - 13

20355 measured reflections
4097 independent reflections
2589 reflections with | > 25(1)
Rint = 0.090

Refinement

Mixture of independent
and constrained H-atom
refinement

Calculated weights w =
1/[c%(Fo?) + (0.0441P)?
+ 0.507P] where P =
(Fo? + 2F3)/3

(Alo)max < 0.0001
Apmax = 0.33 e At
Apmin = -0.47 e A
Extinction correction:
shelxl|

Refinement on F2

R[F? > 25(F?)] = 0.069

wR(F?) = 0.163
S=1.04

4097 reflections
191 parameters

Quantum chemical calculations

All calculations were conducted using Density
functional theory (DFT) as implemented in the
GAUSSIAN 03, Revision B, 05 suite of Ab initio
quantum chemistry programs [21]. Geometry
optimization was started from the X-Ray
Diffraction (XRD) experimental atomic position.
Initial calculations were performed using the
restricted B3LYP exchange and correlation
functional and the 6-31G basis set for all atoms.
Default SCF and geometry convergence criteria
were used and no symmetry constraints were
imposed. The harmonic frequency analysis based
on analytical second derivatives was used to
characterize the optimized geometry as global
minimum on the potential energy surface of the title
molecule. After initial calculation with the medium
size basis set, in order to improve calculated

structural parameters, a bigger basis set, namely 6-
31+G (d) which takes into account polarized d and
diffuse functions on heavy atoms, was used. In the
final calculation, due to the involvement of a sulfur
atom in the title compound, the extra basis set 6-
31++G (3df, 3pd) was employed to improve the
structural parameters. These additional extra basis
functions have been shown to significantly improve
the description of molecules containing second row
elements [22].

RESULTS AND DISCUSSION

Structural analysis of the 4-(2-morpholino-
ethanoylamino)-benzenesulfonamide

Characterization of the title molecule was
achieved using elemental analysis, FT-IR, *H and
13C NMR, and Mass spectroscopy.

The title compound crystallizes in the triclinic
system with the space group P'1 with a = 8.1101
(1) A, b =19.6309 (1) A, ¢ =9.7079 (1) A, a =
73.676 (1)°, B = 68.060 (9)°, y = 79.532 (1)°, V =
672.48 (4) A3, Z = 2. In the crystal structure, the
morpholine ring (N2/04/C9-C12) of the title
compound (II), (Figs. 1 and 2), adopts a chair
conformation, with puckering parameters (Cremer
& Pople, 1975) Qr, 6 and ¢ of 0.579(3) A,
176.7(3)° and 263(5)°. The C4—N3—C7—O03,
C4—N3—C7—C8 and N3—C7—C8—N2 torsion
angles are 3.2(5), -179.5(3) and 24.7(3),
respectively.

The powder diffraction pattern was auto-indexed
with the program Jade 7 (Materials Data Inc., CA).
X-ray powder diffraction patterns of title compound
are shown in Fig. 4. The best solution fm 33 and fn
56 indicated a triclinic unit cell with a =9.622 A, b
=8.106 A, c=9515 A, a=72.4° B =80.0°,y =
97.2° and V = 683.8 A3,

The experimental details of the title compound
are given in Table 1. The selected bond lengths,
bond angles, and torsion angles listed in Table 2 are
within the normal range and are comparable with
those reported for similar structures [23-25].

It can be expected that the carbon - oxygen
double bond length (C7=03 = 1.222 (4) A) of the
amide group is shorter than the other carbon -
oxygen single bonds length (C11-04 = 1.425 (4) A
and 04-C10 = 1.421 (4) A) of the morpholine
group. These distances are also compatible to
literature data [26]. The C7=03 double bond length
[1.222 (4)A] is also within the values observed for
a C=0 double bond.

The molecular structure of the title compound
(I is stabilized by C—H:--O and N—H---N
hydrogen bonds forming S(6) and S(5) ring motifs,
respectively (Table 3) [27].
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Fig.1. The chemical structure of 4-(2-
morpholinoethanoylamino)-benzenesulfonamide.

'\\Sl,/“"\,j

Fig. 2. The ORTEP view of the title molecule with
the atom numbering scheme. Displacement ellipsoids for
non-H atoms are drawn at the 30% probability level.

In the crystal, both molecules form inversion
dimers linked by pairs of intermolecular N—H---O
hydrogen bonds (Table 3, Fig. 3), generating
RZ(8) ring motifs along [010]. The rest of the
intermolecular N—H---O hydrogen bonds connects
these dimers to another molecule forming two-
dimensional layers lying parallel to bc plane. The
N1 with the amine hydrogen H2 forms a bifurcated
intermolecular short contact with 03" acceptors
[N1-H,---O3" (Table 3 and Fig. 3). The molecular
structure is further strengthened by C—H---n
interactions forming two-dimensional layers and
helping in stabilizing the supramolecular structure.
The details of the hydrogen bonds are summarized
in Table 3. The packing diagram of the title
compound is also shown in Fig. 3.

Fig. 3. A partial view of the dimers formed by N—
H...O hydrogen bonds of the title compound along the a
axis. H atoms not involved in hydrogen bondings are
omitted for clarity.
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Refinement

The H atoms on the NH and NH: groups were
located from a difference Fourier map and refined
with distance restraints of N—H = 0.88(2) A, with
Uiso(H) = 1.2Ueq(N). The other H atoms were
positioned geometrically, with C—H = 0.93 and
0.97 A, and refined as riding with Uis(H) =
1.2U¢y(C).
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Fig. 4. X-ray powder diffraction pattern of the title
compound.

Geometrical structure analysis

The optimized structure parameters of the
title compound were calculated by DFT-B3LYP
levels with two different basis sets, 6-31G and 6-
31+G (d). Additionally, calculation was run by
employing an extra basis 6-31++G (3df, 3pd) on
the sulfur atom together with the 6-31+G (d) for all
other atoms in the molecule. The selected bond
lengths, bond angles and torsion angles are
compared with the experimental data of the title
compound (Table 4). Conformity of the obtained
structural parameters between the XRD experiment
and the DFT calculations were measured by two
statistical formulas, namely R? (squared correlation
coefficienty and RMSD (root mean square
deviation).

A perusal of Table 4 shows that the conformity
of the obtained structural parameters between the
XRD experiment and the DFT calculation was
increased by adding polarized and diffuse functions
to the 6-31G basis set. This resulted in the dramatic
increment of the conformity of the bond lengths
and angles as is evidenced from the increment of
the R? value from 0.781 to 0.906 and the reduction
of the RMSD value from 0.116 to 0.053. Further
rise in conformity of the bond lengths was achieved
by introducing a bigger, 6-31++G (3df, 3pd) extra
basis set on sulfur atom. This resulted in notable
changes of the bond lengths of the S1-O1 and S1-
02 from 1.464 to 1.442 A, the S1-N1 from 1.689 to
1.664 A and the S1-C1 from 1.797 to 1.781 A. The
maximum bond length difference and bond angle
difference between the XRD result and the DFT
calculations are 0.061 A for the bond S-N, 2.21° for
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the angle N1-S1-C1 and 13° for the torsion angle agreement with the XRD crystal structure of the
N1-S1-C1-C6 in the title compound. As seen from title compound.
these results, DFT optimized structure is in good

Table 2. Geometric parameters (bond lengths (A), bond angles (°), torsion angles (°)).

Bond lengths (A)

S1—-01 1.431 (2) 04—C11 1.425 (4)
S1—02 1.436 (2) N2—C8 1.466 (4)
S1—N1 1.603 (3) N2—C9 1.467 (3)
S1—C1 1.758 (3) N2—C12 1.475 (3)
03—C7 1.222 (4) N3—C4 1.396 (4)
04—C10 1.421 (4) N3—C7 1.356 (4)
Bond angles (°)
01—S1—02 118.65 (14) S1—Cl1—C2 119.0 (3)
01—S1—N1 107.01 (16) N3—C4—C3 116.9 (3)
01—s1—C1 107.87 (14) N3—C4—C5 124.1 (3)
02—S1—N1 106.48 (14) 03—C7—N3 124.7 (3)
02—Ss1—C1 107.10 (15) N3—C7—C8 114.4 (2)
N1—S1—C1 109.53 (15) 03—C7—C8 120.9 (3)
Cl10—04—C11 109.4 (3) N2—C8—C7 113.9 (2)
C8—N2—C9 110.9 (2) N2—C9—C10 109.7 (2)
C8—N2—C12 109.9 (2) 04—C10—C9 110.4 (3)
C9—N2—C12 108.7 (2) 04—C11—C12 112.0 (3)
C4—N3—C7 129.7 (2) N2—C12—C11 110.7 (2)
S1—C1—C6 121.4 (2)
Torsion Angles (°)

01—S1—C1—C2 -10.1 (3) C4—N3—C7—C8 -179.5 (3)
02—Ss1—C1—C2 -138.9 (2) C7—N3—C4—C3 -177.9 (3)
N1—S1—C1—C2 106.0 (3) C2—C1—C6—C5H 1.6 (4)
01—S1—C1—C6 170.0 (2) S1—C1—C2—C3 178.2 (2)
02—S1—C1—C6 41.2 (3) S1—C1—C6—C5 -178.5 (2)
N1—S1—C1—C6 -73.9 (3) C6—C1—C2—C3 -1.9 (4)
C10—04—C11—C12 -58.3 (4) Cl—C2—C3—C4 0.3(4)
C11—04—C10—C9 60.9 (3) C2—C3—C4—Ch 1.6 (4)
C9—N2—C8—C7 79.0 (3) C2—C3—C4—N3 -177.3 (3)
Cl2—N2—C8—C7 -160.8 (2) C3—C4—C5—C6 -1.9 (4)
Cl2—N2—C9—C10 57.7 (3) N3—C4—C5—C6 177.0 (3)
C8—N2—C9—C10 178.6 (3) C4—C5—C6—C1 0.3(4)
C9—N2—C12—C11 -54.9 (3) 03—C7—C8—N2 -157.9 (3)
C8—N2—C12—C11 -176.4 (3) N3—C7—C8—N2 24.7 (3)
C4—N3—C7—03 3.2(5) N2—C9—C10—04 -61.8 (3)
C7—N3—C4—C5 3.3(5) 04—C11—C12—N2 56.0 (4)

Table 3. Hydrogen-bond parameters (A, °)

D—H H-A DA D—H-A
N1—HIN---02' 0.88 (3) 2.15 (3) 3.006 (4) 167 (2)
N1—H2N---03il 0.87 (3) 2.22 (3) 3.053 (4) 163 (3)
C8—H8B---Cg2"v 0.97 2.73 3.608 (3) 151

Symmetry codes: (i) -X, -1-y, 1-z; (ii) -1+X, y, z; (iii) -1+x, -1+y, z; (iv) 1-X, -y, -z.
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Table 4. Comparison of selected structural parameters between the XRD results of the title compound and the DFT

optimized geometry in vacuo.

DFT/B3LYP
6-31+G(d)
Parameter XRD Results . 6-31+G(d) 6-3|’El++G (3df.3pd)
xtra basis set
for S atom
Bond Lengths
S1-01 1.431 (2) 1.639 1.464 1.442
S1-02 1.436 (2) 1.638 1.464 1.442
S1-N1 1.603 (3) 1.824 1.689 1.664
S1-C1 1.758 (3) 1.856 1.797 1.781
03-C7 1.222 (4) 1.248 1.224 1.224
04-C10 1.421 (4) 1.458 1.423 1.423
04-Cl11 1.425 (4) 1.458 1.423 1.423
N2- C8 1.466 (4) 1.471 1.461 1.461
N2-C9 1.467 (3) 1.483 1.470 1.470
N2-C12 1.475 (3) 1.485 1.472 1.472
N3-C4 1.396 (4) 1.404 1.403 1.403
N3-C7 1.356 (4) 1.373 1.472 1.372
R%RMSD 0.799/0.110 0.929/0.045 0.988/0.019
Bond Angles
N1-S1-ClI 109.53 104.67 107.69 107.32
01-S1-02 118.65 122.40 123.03 122.85
01-S1-Cl 107.87 108.20 107.42 107.45
C4-N3-C7 129.71 129.02 129.46 129.48
03-C7-C8 120.90 121.03 121.08 121.06
C7-C8-N2 113.94 113.04 114.12 114.13
C12-N2-C9 108.71 111.49 109.97 109.96
C12-C11-04 110.40 110.71 111.30 111.29
04-C10-C9 111.95 110.58 111.37 111.37
R%RMSD 0.902/2.328 0.950/1.687 0.949/1.688
Torsion Angles
N1-S1-C1-C6 -73.90 -89.78 -87.24 -86.90
01-S1-C1-C6 169.96 157.31 159.98 160.17
C3-C4-N3-C7 -177.88 -179.64 -177.97 -178.18
03-C7-C8-N2 -157.88 -161.97 -160.01 -159.86
N2-C9-C10-04 -61.78 -56.24 -56.88 -56.90
C12-C11-04-C10 -58.31 -58.37 -57.97 -57.96
R?RMSD 0.972/8.781 0.982/7.144 0.982/6.985
two-dimensional layers stabilize the supramolecular
CONCLUSION structure. Using the atomic co-ordinates from XRD

In the present study, the crystal structure of the
4-(2-morpholinoethanoylamino)-benzene  sulfon-
amide was investigated by single crystal XRD
technique. Also, the structure was supported by FT-
IR and H nad **C spectroscopy. According to the
XRD results, the molecular conformation of the
title compound is stabilized by the C—H---O and
N—H---N hydrogen bonds. In the crystal structure,
pairs of molecules are linked as inversion dimers by
N—H---O  hydrogen  bonds. The  other
intermolecular N—H---O hydrogen bonds connect
these dimers to other molecules forming two-
dimensional layers lying parallel to bc plane.
Furthermore C—H---wt interactions between the
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results as an input to DFT calculations, a stable
conformation of the title compound is theoretically
determined. Furthermore, the effect of the used
basis set on the conformity of the structure was
investigated. The basis set with the polarized and
diffuse functions, namely 6-31+G (d) outperformed
the 6-31G basis set. The results obtained for the
best conformity were achieved by introducing a 6-
31++G (3df, 3pd) extra basis set on the sulfur atom
while the rest of the molecule was accounted for
with the 6-31+G(d). As is seen from these results,
DFT optimized structure is in good agreement with
the XRD crystal structure of the title compound.
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Supplementary data

Crystallographic data for the structure reported
in this article are deposited in the Cambridge
Crystallographic Data Centre as supplementary
publication number CCDC 933007. Copies of the
data can be obtained free of charge on application
to CCDC 12 Union Road, Cambridge CB21 EZ,
UK. (Fax: (+44) 1223 336-033; e-mail:
data_request@ccdc.cam. ac.uk).
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CTPYKTYPHO U3CJIEJIBAHE HA 4-(2-MOP®OJIMHOETAHOMJIAMUWHO)-
BEH3EHCVYJI®OHAMMW /I YPE3 PEHTTEHOBA JIU®PAKIINA N DFT-U3UYMCIIEHUA

M. HQypryu*, III. I1. SInuwn?, X. Tropkmen?, M. Akkypt®, E. Epoony*

Ylenapmamenm no xumus, @axyimem 3a uskycmea u nayka, Ynusepcumem Xapan, Illanmopeha, Typyus
2flenapmamenm no ¢usuxa, axynmem 3a usKycmea u nayka, Ynusepcumem Xapan, lllanmopcha u Llenmpanna
uscnedosameincka rabopamopus, Yuusepcumem Xapan, Kamnyc Ocmanbeit, Llannopga, Typyus
flenapmamenm no usuxa, @axynmem no nayxka, Ynusepcumem, Kaiizepu, Typyus
4llenapmamenm no ocnoeno obpasosanue, Obpasosamenen gaxyrmem, Yuusepcumem Axoenus, Aumanus, Typyus

Toctenmna Ha 27 ssHyapn,2014 r.; xopurupana Ha 6 HoemBpH, 2015 T.
(Pesrome)

Tasu craTWsl TpeACTaBs ChUYETAHHE OT eKcrnepuMeHTanHo u DFT-msumcnurendHo wuscnensaHe Ha 4-(2-
MOP(OIMHOCTAHOMIAMHUHO)-0eH3eHCynporamun. KpucranHata CTpykTypa Ha CBHEAWHEHHETO € OIpeAelcHa 4pe3
penTreHo-cTpykTyper ananns (XRD) Ha equHWYIEH KPUCTAN, KOWTO pasKprBa 0OpaTUMK JUMEPH CBbP3aHH C JBOWKH OT
mexaymonekyisipapn N—H...O Bonopoanu Bpb3kd. MosiekyiiHaTa TeoOMeTpHs € ONTHMU3UpaHa ¢ MOMOLITa Ha MeTo/ia
(DFT/B3LYP) ¢ 6asucHata mpexa 6-31G u 6-31+G (d) B OCHOBHO CHCTOSIHHE U € CpaBHEHA C ONHMTHUTE JAaHHH OT
PEHTICHOCTPYKTYPHUS aHAJIU3. CreneHTa Ha CHOTBETCTBHE HA TMOJIYUYCHUTC MapaMETPU OT CKCIICPUMECHTA U TCOpUATaA CC
JlaBa OT JIBE cTaTHCTHYeCKH GopMyinu, T.e. R? (koeuuueHT Ha KBaapaTHuHa kKopenauus) 1 RMSD (kopeH oT cpeaHo-
KBaJApaTUIYHOTO OTKJ'IOHCHI/Ie). CJ'IeILBaHIOTO CBHOTBETCTBHUC C€ OTHACA O AbJDKMHATA Ha BPB3KUTE U € IOCTUTHATO 4YPE3
BBBEXKIAHETO Ha MMO-TojsiMa OasmcHa Mmpexa, 6-31++G (3df, 3pd) 3a cepums atom. IlonmydeHute pe3ynraTu sSCHO
MOKa3BaT, 4¢ pa3MepbT HA HM3MOJI3BaHaTa OaslCHAa Mpexa BIMAC HA CHOTBETCTBHETO Ha CTPYKTYpPHHUTE NapaMeTpH.
DFT-ontuMu3upanara CTpyKTypa € B 100po chIilacHe ¢ peHTreHorpad)ckata CTpyKTypa Ha H3CIIeIBAHOTO CheJHHCHHE.
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O-Methylphenyl thiourea (OMPT) coordinates with tellurium(lV) as a 1:1 (tellurium(IV)-OMPT) complex in
hydrochloric acid medium (7.0 mol L). The novelty of the proposed method is the instant complex formation at room
temperature with no need of heating or standing. Method is applicable over a wide Beer’s range (up to 70 ug ml?). A
low reagent concentration is required (2 ml, 0.018 mol L in methanol). The complex exhibits maximum absorption at a
wavelength of 280 nm. The molar absorptivity is 1.98x10* L mol? cm?, Sandell’s sensitivity is 0.00641 pg of
tellurium(1V) cm2. The proposed method was successfully applied for analysis of a real sample.

Keywords: Tellurium(IV); UV-spectrophotometry; Analysis, Real sample.

INTRODUCTION

Abundance of tellurium in the earth’s crust is
0.001 ppm. Its compounds are used in metallurgy,
mostly in making steel and non-ferrous alloys [1]. It
is used as a semiconductor material. Tellurium and
its compounds are widely used in thin films,
rechargeable batteries and charge transfer systems.
Compounds like hydrogen telluride are highly toxic
in nature. Tellurium exposure results into garlic-
like breath. Tellurium aerosol irritates the eyes and
the respiratory track. Tellurium compounds may
affect liver and central nervous system. It causes
abdominal pain, constipation and vomiting. It is a
potential toxic environmental pollutant [2].
Addition of tellurium to lead prevents corrosion [3].
Cadmium telluride photovoltaic modules have
become the lowest-cost producer of solar electricity
[4]. Trace abundance, application in metallurgy,
solar and semiconductors, environmental toxicity
and health hazards support the necessity and
demand for the development of a simple, sensitive
method for determination of tellurium and
monitoring trace tellurium concentrations in various
sample matrices.

Many analytical techniques have been studied
and methods for determination of tellurium have
been reported such as voltammetry [5], stripping
voltammetry [6,7], inductively coupled plasma
atomic emission spectroscopy (ICP-AES) [8,9],
inductively coupled plasma mass spectrometry

* To whom all correspondence should be sent:
E-mail: shashil7@gmail.com

(ICP-MS) [10-12], atomic absorption spectrometry
(AAS) [13,14] and hydride generation atomic
fluorescence spectrometry [15]. These methods,
based on different instrumental techniques, have
positive merits like determination at trace level, low
limit of detection, minimum interferences, analysis
of various sample matrices and fast determination.
However, practical application of these techniques
has serious drawbacks and it requires sophisticated
instrumentation.  Spectrophotometric  molecular
absorption methods involve less expensive
instrumentation, and are simple to operate with
high sensitivity.

Recently, very few reagents and a limited
number of methods are reported for
spectrophotometric determination of tellurium.
According to the review of literature for
spectrophotometric determination of tellurium, the
methods are based on catalytic Kinetic
determination [16-19], synergic extraction [20],
direct spectrophotometric determination [21-25],
solvent extraction spectrophotometric
determination  [26-31], determination  after
extraction using molten naphthalene [32-34] and
determination by ion-association  complex
formation [35]. These methods are sensitive, but
have the drawback that catalytic kinetic methods
need controlled conditions. Most  direct
determination methods suffer from interferences
from associated metal ions and extraction
spectrophotometric determination methods require
costly and environmentally hazardous organic
solvents.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 13
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In our laboratory, work has been carried on for
extraction spectrophotometric determination of
platinum group metals using OMPT [36-41],
ruthenium & osmium [42], selenium [43],
palladium [44] and cerium(1V) [45] using OMePT.
In extension of this work, solvent-free direct
spectrophotometric determination of tellurium with
the sensitive chromogenic chelating ligand o-
methylphenyl thiourea (OMPT) was developed in
this work.

EXPERIMENTAL
Apparatus

Elico digital spectrophotometer model SL-159
with 1 cm quartz cells and Contech electronic
balance model CA -123 were used for absorption
measurements and weighing. Glassware was
cleaned by soaking in acidified solution of
potassium dichromate followed by washing with
soap water and rinsing twice with distilled water.

Standard tellurium(1V) solution

A stock solution of tellurium was prepared by
dissolving 0.250 g solid tellurium metal in a
nitrating mixture, HCI:HNO;3 (1:3) and diluting up
to the mark in a 250 mL standard volumetric flask.
A working standard solution (25 pg mL™) was
prepared by diluting an aliquot of the stock solution
with distilled water.

0-Methylphenyl thiourea solution

O-Methylphenyl  thiourea  (OMPT)  was
synthesized as reported by Frank and Smith [42].
!H NMR spectrum of o-methylphenyl thiourea is
given in Fig 1. A 0.01 mol L* methanolic solution
was prepared by dissolving 0.149 g of OMPT in 20
mL of methanol and diluted up to the mark with
methanol in a 50 mL calibrated volumetric flask.

Solutions of foreign ions

Standard solutions of different metal ions used
to study the effect of foreign ions were prepared by
dissolving weighed quantities of their salts in water
or dilute hydrochloric acid in a calibrated
volumetric flask. Solutions of anions were prepared
after dissolving their respective alkali metal salts in
water in a calibrated volumetric flask. Distilled
water was used throughout the study.

Recommended procedure

An aliquot of a solution containing 25 pg of
tellurium(1V), hydrochloric acid (6.2 mL) and 2 mL
of 0.018 mol L! OMPT in methanol was
transferred to a 10 mL volumetric flask and diluted
up to the mark with water. The absorbance of the
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tellurium-OMPT complex was measured in the
ultraviolet region at 280 nm against reagent blank
prepared in a similar manner.

,'/
f
o/
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R

Fig. 1. 'H NMR spectrum of o-methylphenyl
thiourea (OMPT).
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RESULTS AND DISCUSSION
Spectral characteristics

Tellurium(lV) formed 1:1 (tellurium:OMPT)
complex in 7.0 mol L hydrochloric acid medium.
The complex showed maximum absorption at 280
nm. The optimum conditions for determination of
tellurium were established by studying the
hydrochloric acid concentration, OMPT
concentration and interferences by various foreign
ions. The proposed method, when compared with
other extraction spectrophotometric methods,
(Table 1) offers advantages such as reliability, easy
reproducibility, and simple operation for
determination of tellurium (IV). The spectral and
physico-chemical characteristics along with the
precision data are reported in Table 2.

Absorption spectra

The absorption spectrum of the tellurium-OMPT
complex showed maximum absorbance in the
ultraviolet region at 280 nm. Thus, all further
spectral measurements of the complex were made
at a wavelength of 280 nm (Fig.2).

Effect of hydrochloric acid concentration

Tellurium(IV)-OMPT complex formation was
studied in hydrochloric acid, nitric acid, sulphuric
acid and perchloric acid. Amongst the acids
studied, the tellurium(IV)-OMPT  complex
formation took place in presence of hydrochloric
acid but not in any other acid studied. Maximum
absorbance was registered in 7.0 mol L*
hydrochloric acid. Hence, all further measurements
were performed in 7.0 mol L* hydrochloric acid
(Fig. 3).

Effect of reagent and extraction solvent

The reagents studied were methanol,
dimethylsulphoxide (DMSQ), dimethylformamide
(DMF) and 1,4-dioxan. There was no complex
formation in the presence of DMSO. Complete
complexation with maximum absorbance was
achieved in methanol. Hence, methanol was chosen
for further study. Various extraction solvents were
studied, viz., chloroform, benzene, toluene, xylene,
isoamyl alcohol and butanol, but none of them was
effective for the extraction of the Te-OMPT
complex.

Effect of OMPT concentration

The concentration of OMPT in methanol (2.0
mL) was varied in the range of 0.005 - 0.02 mol L™
It was observed that 2 mL of 0.018 mol L* reagent

was sufficient to ensure complete complexation,
(Fig. 4). The excess reagent has no adverse effect
on the determination of tellurium(IV).

033

031 -

Absorbance
=3
@

Fig. 3. Effect of hydrochloric acid concentration.
Te(1V) 25 pg; OMPT 2.0 ml, 0.01 mol L%, Amax 280
nm
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Fig. 4. Effect of o-methylphenyl thiourea (OMPT)
concentration. Te(1V) 25 pg; HCI 7.0 mol L'%; Amax 280
nm.
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Table 1. Comparison of the present method with spectrophotometric determination methods of tellurium.

Reagents D Condition Beer’s Law Salvent Ilalar Retratl Ref
[istia)] validity range, Ahsorptivity,
-1 1
{pgmL’) (Lol cmi)
Crallocyaire 618 pHfSD 2.0-200 wrater HE Tt erfer ingiors reed rertovala fer passin g fhoogh 16
acetate baffer ngm cation e achange resin
Cety] trimether] srmrordurmbromide 600 pHi40 0.a=500 wrater HE 30 min standivg 4t 35 Chefore indtisionoeation 17
acetate o ffer ngml
Lo meethorlere Gree 650 pHIZD 02-25 wrater 49 x10° Trterfirence stady of S Bi, Ponot sndied 13
acetate affer [T=giv
Tohaidire bhae 630 pH!T2 0.01 -ong wrater HE Cortroled 25 'C esseptialfor conp letion of 19
phuophate torffer pz reaction. Lengfhoyr analesk tire 100 sec.
PHGS 425 30 MHHNO 10 twldn 12 dichrosthae 167 x10* 100 howr centrifngation and 10 win standing to a0
dirrethyli oxmmolylamop ey lamo caliz(4 ke [TE=4:5 separite phases
21
Hileble 580 GOMHEE0, 0.004 -0 006 vriter 333 x10 10 pin stan divg before pdding reagent and 5 min
pg ctanding ot er addivg reagert
4-troerophiereel Tordramie 550 40 MHa0H 1.0-25 wrater 10=x10 50 min standing et wobure restricted to 1 0nd a2
=371
Chropre ammol 5 525 pHIZ1 Upto 20 wrater 253 %107 MEthod is ek to order of addition of ]
pz ml Teagerts 5 rmi stand gty catd ons Dberfere
ALRA-difacetonrathy Tid ocarbooranid 542 40 -550 0.04-150 Tonalerwe A3toll2 Hg(TI) irderfires , Mo applicatione cidied il
H.30, gl x10°
Hexbrowi de-d iadipyre rethare 336 PR HE chlorofimn 1822 x10 Starding 15 n to enamre complexation, a7
H.50, lenzfhey pro cedr & vwrith more romsh er of
cherricg 1s e quired
1-(27 37-dichbrophuryd)-4 # f-trivethyl-(1H, 430 H( 2.5-125 chlorofomm. 756 %10 Ho real sarples analymed 28
4 Hpreriri dine- 2-thiol [I=g.5
1-(4-Ercezophe vyl 4 4 §-mvether - 1.4 - 440 HC1 1.0 -150 chlorofimn .1xl0 Ho real samples analy zed 29
dibydropyrimid ne-2 -fhinl g
Meorphoolie-4-cabodifticode 415 pH/ZS-TD 0.5-125 chlorofomm 107 x107 Heating &t 60°'C conplexstable onfor 34 hoon 32
[T=g% chilarofonm
o Mithyp huvgyl thionres (OBP Ty 280 7OMHEL 05-125 wratar 199 %10 Mirdmrre agent requine d. Ho nee d of organic T
pE soluat . Highermolar she orptivity. Wide beer’s

Tahge

NR : Not reported, PM : Present method.

Table 2. Spectral and physico-chemical
characteristics along with precision data of the tellurium-
OMPT complex.

Spectral characteristics and

precision
Hydrochloric acid concentration 7.0 mol I

Parameters

Reagent solvent methanol

Reagent concentration 2 ml, 0.018 mol I
Amax 280 nm

Molar absorptivity 1.99 x 10*Lmol*cm*
Sandell’s sensitivity 0.00641pug cm™

up to 70.0 pg ml?
13.0 to 70.0pug ml?

Beer’s law range
Ringbom’s optimum range

Limit of detection 0.77ug ml?
Relative standard deviation 0.004%
Stoichiometry of the complex  1:1 (Te:OMPT)
Stability of complex 1.0h
Correlation coefficient 0.99

Stability of the complex

The stability of the complex was studied by
measuring the absorbance at intervals of 10 min
each. Absorbance of the complex was stable for a
period of 1.0 h.
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Beer’s law and sensitivity

Beer’s law was obeyed over the concentration
range up to 70 pg mL? (Fig. 5). Ringbom’s plot
was of sigmoid shape with a linear segment at
intermediate absorbance values of 13.0 to 70.0 ug
mL* and with a slope value of 0.576 (Fig. 6). The
ratio between the relative error in the concentration
and the photometric error was found to be 3.99. The
sensitivity of the method as defined by Sandell was
0.00641 pg cm? and the molar absorptivity was
1.98 x 10*L mol™* cm™. The correlation coefficient
value of the tellurium-OMPT complex with
concentration in pg mL* as independent variable
and absorbance as dependent variable was found to
be 0.99. The standard deviation calculated from 10
determinations of a solution containing 25 ug
tellurium was 0.004.

Stoichiometry of the complex

The composition of the tellurium(IV):OMPT
complex was ascertained using the slope ratio
method by plotting the graph of log D¢t against
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log Comery at 1.0 mol L? and 3.0 mol L*
hydrochloric acid concentration. These graphs were
linear with slope values of 0.89 and 0.98,
respectively (Fig. 7). Hence, the probable
composition of the extracted species was calculated
to be 1:1 (tellurium(IV):OMPT). The composition
of the complex was also confirmed by the mole
ratio method (Fig. 8) which supported the
stoichiometry as 1:1 (tellurium:OMPT). OMPT acts

as a multidentate ligand, sulphur from the thio
group (-C = S) and nitrogen from the amine group
(-NH2) coordinating with tellurium to form a 1:1
(tellurium:OMPT) complex. Based on this
investigation the probable structure recommended
for the complex is given in Fig. 9.
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Fig. 7. Stoichiometry by the slope ratio method -
log D¢re) against log Ciompr)
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Fig. 8. Mole ratio method.
Te(lV) 25 ug; HCI 1.0 mol L%, 3.0 mol Lt and 7.0
mol L't; OMPT 2.0 ml (0.001 mol L to 0.01 mol LY);

Amax 280 nm.
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Table 3. Effect of foreign ions. Te (IV) 25 ug; HCI 7.0 mol L ; OMPT 2.0 ml, 0.01 mol L% Amax 280 nm.

Foreign Added as Tolerance  Foreignion  Added as Tolerance
ion limit (mg) limit (mg)

Mn(11) MnCl,.6H,0 0.25 Ca(ll) CaCl,.2H20 0.50
Ce(lV)  Ce(S04)2.4H,0 1.00 TI(11) TI,0; 0.02
Co(ll) CoCl,.6H,0 1.00 In(111) InCl3.4H,0 0.50
Bi(11) BiCls 0.25 Os(V111) 050, 0.13
Ni(I1) NiCl.6H,0 1.00 Ba(ll) BaCl..6H.0 10.0
Se(11) Se0, 0.10 Ir(11) IrCls 0.25
Al(111) AICl3.6H,0 0.80 0s(1V) 0s04 0.13
La(l11) LaCls.7H,0 3.00 Zr(1V) ZrOCl,.8H,0 0.10
Li(1) Licl 0.10 As (I11) As;03 0.50
Ti(l) (Ti2S04) 3 0.25 W(VI) Na,W0,4.2H,0 0.10
Mg(11) MgCl,.6H,0 1.00 Zn(11) ZnS04.7H,0 50.0
sn(ll) SnCl,.2H,0 0.10 Be(ll) BeS04.2H,0 0.10
Ga(lll)  GaCls 1.00 sr(llN) Sr(NO3), 2.50
Au(lln) HAUCIO4.H.0 1.10 Sulphate K2SO4 0.50
Mo(VI)  (NH)sMO7024.2H,0  0.25 Succinate (CH;COONa),.6H.0  0.25
Sb(111) Sb,03 1.00 Citrate CeHsO7.H20 0.50
V(V) V,0s 0.25 Malonate CH2(COONa); 1.00
Ce(1V) Ce(S04)2.4H,0 0.25 Acetate CHsCOONa.3H,0  10.0
UVl UO,(CH3C00),.2H,0  0.25 ED.T.A Na,EDTA 0.75

S washings was evaporated to moist dryness and

// T Te cooled. The residue was dissolved in water and

__C_ made up to the mark in a 10 ml volumetric flask.

CHs
Fig. 9. Probable structure of the tellurium-OMPT
(2:1) complex.

Effect of foreign ions

Various foreign ions were tested to determine
their tolerance limits in the determination of
tellurium(lV) (Table 3). The tolerance limit was
defined as the amount of the ion, which does not
cause deviations more than + 2 % in the absorbance
of the tellurium-OMPT complex. A large number
of foreign ions do not interfere in the method
except chromium(VI), lead(ll), rhodium(lIl),
copper(I), cadmium(I1) and mercury(ll).

APPLICATIONS
Analysis of a solar glass plate

The method developed was applied for
determination of the tellurium content of solar glass
plates present in solar calculators. Known weight of
a solar plate containing a thin layer of tellurium
below the transparent glass was treated with aqua
regia to dissolve the tellurium. It was washed with
water and the washings were collected in the same
container. The clean glass plate was dried and
weighed to get the weight of the tellurium coating.
The solution containing tellurium, aqua regia and
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1.0 ml of this mixture was used for determination
of tellurium by the recommended procedure. The
results obtained are in good agreement with those
obtained using a standard method (Table 4).

Table 4. Determination of tellurium from a solar
glass plate. HCI 7.0 mol Lt, OMPT 2.0 ml, 0.01 mol L
L Amax 280 nm.

Weight of Tellurium
. Tellurium  content by the %
tellurium - .
" present recommended  Tellurium*
coating method
0.0035¢g 0.1155 0.1153 99.82

*Six determinations
CONCLUSIONS

O-methylphenyl thiourea (OMPT) is a highly
sensitive reagent for determination of tellurium
when compared with other spectrophotometric
determination methods (Table 1). It was
successfully applied to the determination of
tellurium in a real sample.

Salient features of the proposed novel method
are:

1. Low reagent concentration required for
spectrophotometric determination of tellurium.

2. Method is free from interferences from a
large number of foreign ions associated with
tellurium in its natural occurrence.

3. The method is applicable for analysis of
real samples.
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4. The proposed method is simple, rapid and
reproducible with quantitative recovery of tellurium
at a trace level.
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BBP30 OIIPEAEJISIHE HA TEJIYP(IV) UPE3 YJITPABUOJIETOBA CIIEKTPOCKOITUS C
[TOMOILTA HA o-METWJI®OEHWMITUOKAPBAMN/I KATO HOB XPOMOI'EHEH JIMT'AH/|

C.P. Kyuexap™*, U.C. lllenap?, C.J. ITynare?, C. X. Xan®

Ylabopamopus no ananumuuna xumus, Jenapmamenm no xumus, Konexc I1.B.I1., Ilpasapanazap, Am/Io, Jlonu, Tan
Paxama, Axmeonazap, MC, Hnous
2Koneac U. T. H., Campan, Hnous
$/labopamopus 3a neopzanuunu nanomamepuany, enapmamenm no xumus. Yuusepcumem Xan HAn, Ceyn, FOxcna
Kopes

IMoctrenmna ma 8 1o, 2015 ., xopurupana Ha 28 cenremsp, 2015 r.
(Pesrome)

o-Metundpenunrnokapbamunst (OMPT) o6pasysa ¢ tenyp (IV) kxommiekc B MomapHo chTHomenue 1:1
(tellurium(IV)-OMPT) B comuo-kucena cpena (7.0 mol L), HoBocTra Ha mHpeajioxeHHs METO[ € He3abaBHOTO
o0pa3yBaHe Ha KOMIUIEKCa IPH CTaliHa TemiiepaTypa 0e3 HyKaa OT HarpsBaHe WK IPEecTOH. MeTOmbT € IPHIOKUM 3a
IIMPOK 00XBaT Ha 3akoHa Ha Beer (no 70 pg mlY). Msucksar ce HuCKHM KOHLeHTpaluu Ha pearenta (2 ml, 0.018 mol L
B MetaHon). KoMiekcbT nma MakcumanHa abcopOuus mpu qbmkuHa Ha BbiaHata 280 nm. Monaprata aGeopOrms e
1.98x10* L mol* cm, a uyscrsutennocrra no Sandell e 0.00641 pg 3a tenyp (IV) cm™. IlpennoxeHusT MeTos 6e
YCIIENITHO TPUIIOKEH 38 aHAJIN3a HA PEaHH IPOOH.
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Although the demand for clean drinking water has increased with growing world population, groundwater is
declining due to global warming and pollution. Water wells which provide drinking/domestic water have various
features and differ in terms of water quality. While they include dissolved material at different ratios, some features
(especially nutrient contents such as nitrite, nitrate, phosphate and sulphate from agricultural areas or animal/human
wastes) can be set as a limit for their usage.

Turkish Thrace includes Meric-Ergene River Basin within three provinces (Edirne, Tekirdag, Kirklareli) and a lot of
industrial and agricultural activities related to water are performed in the basin. Therefore, domestic water wells are also
used for different aims in the area. In this study, some nutrients (SO4, 0-PO4, NO2-N, NO3-N) and physicochemical
properties (depth and water level, temperature, pH, conductivity, salinity, dissolved oxygen, and total hardness) of well
waters in Edirne province which is located in Meric (Maritsa) River Basin were investigated to determine the utilization
suitability of the waters used by humans for drinking, irrigation, livestock and poultry watering or other purposes. It was
found that nitrate contents of the waters exceed 50 mg/L in 65% of the wells, and nitrite values exceed the acceptable
levels for usage in 50% of the wells. Furthermore, it was observed that 44% of the investigated wells display very hard
water characteristics. Consequently, these features limit the well waters usage as sources for drinking, irrigation and/or
other purposes. In this study, the nutrient content of well waters in Meric-Ergene River Basin and Turkish Thrace was
also evaluated based on previous studies and the harmfulness of some nutrients in drinking waters for living things and
environment was discussed.

Key words: water wells, nutrients, physicochemical features, Meric (Maritsa) river basin.

INTRODUCTION waters. In addition, factors such as hardness, pH,
salinity of water resources, rations of some
parameters such as nitrite, nitrate, phosphate and
sulphate, which are used as fertilizers in
agricultural areas or animal/human wastes, can set a
limit to their usage.

Especially nitrites and nitrates occur by
decomposition of organic matter from living things
[2]. Therefore, the presence of these nutrients in
water resources may sign bacterial contamination
[2]. The water resources contain nitrites and nitrates
at different concentrations but excessive increase of
these nutrients in the water bears some risks for
human health. Furthermore, oxyhemoglobine in
blood can be changed to methemoglobine after
nitrite enters the body or nitrate changes to nitrite
and this situation may lead to cancer or toxic effects
of nitrite [3]. Also, reduced products of nitrate can
change to N-nitroso compounds in the stomach
which cause cancer in humans and animals [4].
Other parameters of waters can also limit their
usage by living things. For example, although no

Water wells are man-made holes to get water
from underground and they are made by digging or
drilling in underground aquifers. They can be used
to access water for drinking, irrigation of
agricultural areas, and other domestic chores
conducted by the people. These wells have a lot of
varying features from depth to water volume and
they have different water quality. They include
dissolved material at different rations and it is very
important to determine these values. Their water
quality determines the utilization field such as
irrigation, drinking, and others. Especially, when
the water is used for drinking of humans, livestock
and poultry, these living things can tolerate
minerals in the water according to species, age, and
physiological conditions of their bodies [1].
Therefore we have to know the physicochemical
properties (especially nutrient contents such as
nitrite and nitrate) and their quality levels in well
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reported, hard waters are not suitable for using
because of undesired taste on the tongue and soap
remainder on the skin. The water has neutral pH
value which is preferred for drinking purposes
because low pH values may lead to corrosion while
high pH values may require purification [5].

Turkish Thrace includes the cities Edirne,
Tekirdag, Kirklareli and some parts of Istanbul and
Canakkale provinces. Edirne and Tekirdag are the
most important provinces in Meric-Ergene River
Basin in Turkish Thrace. Industrial and agricultural
activities related to water, and animal husbandry for
livestock and poultry are very common in this area.
Therefore, domestic water wells are used for many
aims in these two provinces. The aim of this study
is to determine nutrient contents such as nitrogen,
sulphate and phosphate and some physicochemical
properties of well waters in Edirne province, which
are used by humans for drinking, irrigation,
livestock and poultry watering or other purposes,
and to assess their qualities and usage fields. Up to
now, there is no detailed study on nutrient contents
and physicochemical features of water wells in
Edirne province. In Turkish Thrace, there are only
two studies which were performed as MsC theses
on well waters in Tekirdag province, and one PhD
thesis on well waters in Tekirdag (one locality) and
Istanbul (two localities) [6-8]. Thus, along with
determining usage fields of well waters in Edirne
province in terms of nutrient contents and some
physicochemical properties, it was also aimed to
assess the qualities of well waters in Turkish
Thrace including Meric-Ergene River Basin by
evaluation all studies performed in the area.

MATERIAL AND METHOD

In this study, a total of 80 water wells in Edirne
province including 9 different districts (Edirne city
center, Lalapasa, Suloglu, Havsa, Uzunkopru,
Meric, Ipsala, Kesan, and Enez) were sampled
between April 2009 and May 2010 (Figure 1).
Water samples were taken from the wells using a
Nansen water sampler. Some features (depth and
water level of well, temperature, pH, dissolved
oxygen, and conductivity) were measured at the
sampling site utilizing a Nansen water sampler
supplied with thermometer, pH meter, oxygen
meter and conductivity meter, while others (salinity
by Mohr-Knudsen method, total hardness by EDTA
titration, and nutrients (SOs, 0-PO4, NO2-N, NOs-N
by spectrophotometry) were analysed in the
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laboratory  using  classical  chemical and

spectrophotometric methods [9].
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Fig. 1. Sampling localities in Edirne province and
location of Meric-Ergene River Basin inTurkish Thrace.

RESULTS AND DISCUSSION

The measured features of the water wells are
presented in Figure 2. The measured air and water
temperature at the sampling stations are presented
in Figure 2a; and the depths of water wells and the
level of the water at the wells sampled are shown in
Figure 2b.

According to the results, the nitrogen values
range between different concentrations in the wells
studied (Fig 2c, d). Because of the circulation in the
world, nitrogen can be found at different levels in
the environments of soil and water or in living
things. Although the concentration of nitrate in
water resources is naturally low, it can reach high
levels because of agricultural activities and
contamination from wastes of animals or humans. It
is reported that high amounts of nitrate or nitrite
taken by consuming food or water can cause toxic
situations in humans and animals.
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Fig. 2. Values of the measured parameters of the sampled water wells (a. nitrate values (NOs-N) in mg/L; b. nitrite
values (NO2-N) in mg/L; c. sulphate values (SO4) in mg/L; d. ortho-phosphate values (0-PQO.) in mg/L); e. conductivity
values (EC) in uS/cm; f. salinity values in %o; g. pH values; h. dissolved oxygen values in mg/L; i. depth of wells and
water levels in cm; j. air and water temperature values of the sampling stations in °C; k. total hardness values in Fr0).
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In many countries, nitrate and nitrite levels are
limited for drinking waters to 10-50 mg/L and a
few mg/L, respectively. It has been reported that
nitrate level should not exceed 45 ppm in drinking
water for humans and 445 ppm for animals [10].
Nitrate amounts exceeding 125 ppm in animals can
lead to chronical toxic situations; while those
exceeding 500 ppm can lead to acute poisoning
[11]. In well waters which are located near
wastewater resources or agricultural areas, nitrate
and nitrite levels may reach dangerous levels for
humans or animals.

Vaclav et al. [12] reported that the maximum
value of nitrate for children is 15 mg/L and that for
adults is 50 mg/L. Since nitrate is reduced to nitrite
in the stomach of babies, and nitrite oxidizes
haemoglobin to methaemoglobin, it causes
“methemoglobinemia” (called blue baby syndrome)
[12, 13]. It has been reported that the usage of well
waters contaminated with nitrate>10 mg/L leads to
methaemoglobineamia in babies [13]. Furthermore,
continuous usage of these waters can lead to cancer,
thyroid disorder and diabetes [13].

The high values of nitrate in drinking waters are
generally related to the usage of fertilizers and
wastes. Gormley and Spalding [14] reported that a
total of 183 out of 216 wells have exceeded 10
mg/L nitrate concentration because of fertilization
and animal wastes. Kross et al. [15] studied nitrate
levels in well waters and reported that they are not
suitable for usage because of having nitrate
concentrations higher than 10 mg/L. It was also
found that nitrate concentrations were very high
(higher than 15 mg/L) in the deepest wells because
of anthropogenic reasons [15]. It was reported by
Katkat [8] that 19% of the well waters in Tekirdag
province (Turkish Thrace) are not proper for human
usage because of high nitrate contents (exceeding
45 mg/L); Ucar [6] reported that a total of 20% of
the well waters in the area are contaminated by
nitrite. A total of three water wells in Turkish
Thrace (one of them in Tekirdag and the others in
Istanbul) were sampled by Omurtag [7] who
reported that two wells are not suitable for usage
according to nitrate levels. In our study, it was
found that the nitrate amounts range between 0.766
mg/L and 180.241 mg/L and it was observed that
88% of them exceeded 10 mg/L and 65% of them
exceeded 50 mg/L (Fig 2c). According to this, it
follows that the area studied is under serious threat
by nitrate amounts. Especially, agricultural
activities which have been performed extensively in
this area may lead to this contamination because of
fertilizer usage. In well waters, the amounts of
nitrate can be in high levels. If these are caused by
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ammonia and nitrite, precautions should be taken.
The presence of nitrite tells about biological
pollution and ammonia leads to an increase in
bacteria in the water source [2]. Nitrate, which is
also important for the health of animals, can be
reduced to nitrite in the stomach and high levels of
nitrate may rarely lead to death [16]. In our study,
nitrite  values under the analysable limit were
observed in 38% of the wells, while the highest
value was 1.175 mg/L (Fig 2d).

According to the evaluations of other nutrients,
it was found that the sulphate amounts range
between 0.00-8.2 mg/L (Fig 2e). According to
ITASHK, EPA and WHO, sulphate concentrations
should be below 250 mg/L [17]. The ortho-
phosphate values in the studied area range between
0.00-1.26 mg/L (Fig 2f). These are very low levels
according to SKKY [18] and keep the water at first
quality level. Sulphate can be reduced to toxic
sulfide in the stomach of animals [16]. If some
cows drink water containing high level of sulphate
in hot and dry periods, they can face health
problems while high amounts can be tolerated in
cold periods [16].

In our study, a range of conductivity levels
between 240 pS/cm and 3950 pS/cm with 1556
puS/cm on average was found (Fig. 2g). Especially
in wells located near the sea, conductivity levels are
higher than in the other areas. The high values lead
to limitation of their usage. It was reported that the
high conductivity levels are due to the high salinity
of these water sources [19]. It was also reported
that conductivity and nitrate ions have positive
correlations.  While conductivity levels range
between 50 — 1500 puS/cm in natural surface water
resources, this parameter has different ranges in
ground waters [5]. The conductivity level in ground
water resources can reach that of sea water - 50 000
pS/em [5]. Salinity levels range between 0.041%o
and 1.608%o in the area studied (Fig 2h). The
salinity can be related to conductivity. It was found
that the pH values range between 6.1 and 8.6 (Fig.
2i) i.e., the waters have alkaline character in the
area near to the sea. In 78% of them the water has
first quality level for pH contents [18]. Dissolved
oxygen values ranged between 0.5 and 7.3 mg/L
(Fig 2j). It was measured as 1.1-3.0 mg/L at most
places, which shows that these levels are typical for
underground waters because the atmosphere is a
very important source of dissolved oxygen for
waters [8]. According to SKKY [18], only 7% of
the sampled waters have first quality level for
dissolved oxygen. Also, it was observed that the
lowest values of dissolved oxygen are registered in
the deepest wells. The temperature values ranged
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between 10-22 °C (water) and 17-34 °C (air) (Fig.
2a). Total hardness ranged between 4.4 and 82 FS°
(Fig. 2k). According to these results, 44% of the
sampled water wells were found to have hard water
quality. Especially in the areas which are close to
the sea (in the south of the studied area), the highest
total hardness values were registered. The usage of
these waters for animals causes some health
problems like gases in stomach and urinary calculus
[20]. But non-saline hard water does not harm
animals [1]. Insufficient water, unpleasant taste of
water and content of high dissolved substances in
the water cause water-related health problems in
animals, which can lead to stress [1, 16].

Edirne and Tekirdag provinces are located in the
Meric-Ergene River Basin which is a very
important water resource of Turkish Thrace.
Therefore, for monitoring water quality in the area,
both surface waters and underground waters are
very important to provide sustainable usage of the
basin. However, excessive agricultural and
industrial activities, and increasing settlements in
the area can lead to the limitation of the resources.
As a result of this study, high levels of nitrate
rations were found in the wells of the area studied.
Usage of fertilizers for agricultural activities,
wastewaters from houses and animal sheds which
are close to the wells, may have caused this
situation.

CONCLUSION

In this study the features limiting the well waters
in Meric River Basin in Turkey for use as sources
for drinking, irrigation and/or other purposes for
living things were determined. Also, the nutrient
contents of well waters in Meric-Ergene River
Basin and Turkish Thrace based on previous studies
on the harmfulness of some nutrients in drinking
waters for living things and environment were
discussed. Both this study and the previous studies
on water wells in Meric-Ergene River Basin show
that the basin is under very huge threat in terms of
nitrogen pollution. The people who use these
waters should be educated how to prevent negative
effects for animals. Similar studies should be
conducted in other countries and the water
environments should be periodically monitored.
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CbABPXXAHUE HA HYTPUEHTU N PU3MKOXNUMNYHU XAPAKTEPUCTUKU HA
TTOA3EMHMTE BOJI B BACEMHA HA P. MAPULIA B TYPCKATA YACT HA TPAKUSA

I1. Oskaxus!, B. Jlxamyp-Enunex?”

YVuusepcumem ,, Myzna-Cumxu Kocman “, @axyrmem no puboévocmeo u akeaxyimypu, Myana, Typyus
2 Cexyus ,, Xuopobuonozus “, Jenapmamenm no 6uonozus, Hayuen paxynmem, Tpaxuticku ynueepcumen, 22030
Oopun, Typyus

Toctenmna Ha 9 aBryct, 2014 r., kopurupana Ha 30 okromspy, 2015 1.

(Pestome)

Bwnpexn HapacTBaHETO Ha Hy)KAaTa OT IHUTEIfHA BOJa C HapacTBaHE HACEICHHETO Ha 3eMATa IOA3EMHHUTE BOIH
HaMaisBaT 3apajy TI00aTHOTO 3aTOIUISHE M 3aMbpCSIBaHUATA. BonuTe OT KilafieHINTE, KOUTO CHaOsBaT HACCICHUETO
C BOZA 32 MUTEHHH U OUTOBHM HYXIM MMaT Pa3jIMYHU CBOICTBa M KauecTBa. Pa3TBOpeHHTE B TAX BemiecTBa (0COOEHO
HUTPUTHTE, HUTpaTuTe, hochaTure U cyndaTuTe WIN KUBOTHHCKH U YOBEIIKH OTIHAIbIH) MIOCTABAT OTPaHHYCHUS 32
TSAXHATa yHoTpeoa.

Typckara dact Ha Tpakus BKIouBa Oacelina Ha pekute Mapuna u Eprene B Tpu nposunnun (Oapun, Texuppar,
JlozeHrpaja) ¥ MHOTO MHIIYCTPUAIHU U 3eMEACICKH JIeHHOCTH, CBbP3aHU BOAUTE B TO3H OaceiiH. 3aToBa KiIaJAeHLUTE 3a
OMTOBM BOIM CE€ HM3MOJI3BAT 3a Pa3JIMUHM IeTM B Ta3u obOnact. B Hacrosmiata pabota ca W3CieABaHM HIKOH
xapaktepucTuku (SOs, 0-POs, NO2-N, NO3-N) u ¢dusukoxumuunute cBoiicTBa (IbI00OYMHA W HHUBO HA BOJAUTE,
TeMmeparypa, pH, erekTpornpoBoIUMOCT, CONEHOCT, Pa3TBOPEH KHCIOPOA U 00Ia TBEPIOCT) Ha BOMUTE B KIIAJCHITUTE
B npoBuHIMs OApHH, KOATO € pasnojiokeHa B OaceliHa Ha p. Mapuua. OnpezeneHu ca Bb3MOXXHOCTHTE 33 TSAXHOTO
M3MO0JI3BaHe 33 NUTCHHU HYXIH, HarosiBaHe, BOIONON 1 1p. HamepeHo e, chabp)kaHUETO Ha HUTpaTuTe npesumana 50
mg/L B 65% ot KinajseHIMTe, a CTOWHOCTHTE HA HUTPUTHUTE MpEBHIIABaT jgomycrumute HuBa B 50% OT KiameHImTe.
OcBeH TOBa € yCTaHOBEHO, 4e B 44% oT u3cieBaHUTE KIIaIeHIM BOJHUTE Ca C MHOTO BJIOIICHU XapaKTepUCTUKHU. Te3n
Ka4yecTBa OTpaHMYaBaT M3IOJI3BAEMOCTTa HAa BOAWTE 3a NMHCHE, HANOSBaHE W APYrHW neid. B Tasm pabora e oneHeHO
CBIIO CHIBP)KAHUETO HA HYTPUCHTH B KiIaAeHINTE B Oaceiina Mapuma-Eprene u typckarta gact Ha Tpakus Ha Oa3arta
Ha MPEAMIIHYU W3CIIE/IBaHKS U ONIACHOCTTA OT HSIKOM HYTPUEHTH 3a )KUBUTE ChILECTBA M OKOJIHATA CPeIa.
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Berry leaves are recognized as potential medicaments which are rich in different phenolic compounds, and have
been used in folk medicine for centuries. In order to evaluate phenol composition, berry leaf extracts were subjected to
spectrophotometric and HPLC analysis. The radical scavenging activity was estimated using the DPPH test and the
antimicrobial activity by the microwell dilution test. All extracts showed high phenol content but different compositions
of phenol compounds. Flavonols, flavan-3-ols and phenolic acids were the main phenol classes found in the
investigated leaf extracts. All extracts showed significant radical scavenging activity correlating with the total phenol
content. Significant antimicrobial activity was found against Gram-positive, followed by Gram-negative strains, and
yeast in all tested leaf extracts. All berry leaf extracts, rich in phenolic content, with significant antiradical and
antimicrobial activity, can be used as food and medical supplements.

Keywords: Berry leaf extracts / phenolic compounds / radical scavenging activity / antimicrobial activity

INTRODUCTION

Phenolic compounds are produced by plants,
both edible and inedible, as a response to the
environmental stress and pathogens. They are
present in all plant parts in different quantities,
depending on the stage of plant development and
the environment influence. These compounds are
recognized as potential antioxidant agents with
possible applications as food and medical
ingredients. Berry fruits are recognized as plants
which are rich in different phenolic compounds and
have been used in folk medicine for centuries. Also,
berry leaves are traditionally used for easing
childbirth-related  muscle  spasms,  morning
sickness, for colds, sore throats, diarrhea, threat
wounds, colic pain, uterine relaxant, etc. [1-3].
Berry fruits, such as grape, blueberry, chokeberry,
bilberry,  cranberry,  blackberry,  raspberry,
blackcurrant, strawberry, etc. are a particularly rich
source of antioxidants [4-8]. There have been many
studies on antioxidant, anti-cancer, anti-
inflationary, antimicrobial activities of berry
extracts which are rich in polyphenol content [1-
11]. There are also studies on the beneficial effects
of these compounds on heart and other chronic
diseases [12, 13]. However, there is less research of

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

the antimicrobial activity [6] and the antioxidant
activity and polyphenol content of berry fruit leaf
extracts [8, 14, 15].

The objectives of this study were to identify the
phenolic compounds from berry leaf extracts and to
determine their radical scavenging activity and
antimicrobial activity.

MATERIALS AND METHODS
Chemicals

Methanol, acetonitrile and formic acid of HPLC-
grade were obtained from Merck (Darmstadt,
Germany). The standard phenolic compounds, 2,2°-
diphenyl-1-picrylhydrazyl (DPPH) free radical and
all other chemicals were supplied from Sigma
Chemical Co. (St. Louis, MO). The reagents used
were of analytical quality.

Samples

The berry leaves were collected from the
southern Serbia region after harvest. The collected
samples of berry leaves from both domestic and
wild species are shown in Table 1. Samples of
berry leaves were washed and dried at 60 °C. Dried
leaves were crushed in a grinder for 2 min and then
used for extractions.

The samples of dry leaves (0.5 g DW, dry
weight) were extracted with 40 mL of the solvent
system methanol/acetone/water/acetic acid
(30/42/27.5/0.5) by continuously stirring at room

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 27



A. S. Milenkovic¢-Andjelkovié et al.: Phenol composition, radical scavenging activity and antimicrobial activity of berry ...

temperature in the dark for 30 min, and then
centrifuged for 10 min at 2500 g. The extracts were
evaporated in a vacuum rotary evaporator and
diluted in 10 mL methanol. Extracts were filtered
through a 0.45 um syringe filter before analysis.

Spectrophotometric assay

Total phenols, hydroxycinnamoyl tartaric acids
and flavonols in the tested extracts were determined
according to the spectrophotometric method
previously described [9]. Results were expressed as
milligrams (mg) of gallic acid equivalents (GAE)
for total phenols, mg of caffeic acid equivalents
(CAE) for total hydroxycinnamoyl tartaric acids,
and mg of quercetin equivalents (QE) for total
flavonols per gram (g?) of extract dry matter (DM).

HPLC assay

Phenol composition of selected extracts was
analyzed by  high performance liquid
chromatography (HPLC). The apparatus used for
separation and determination of individual phenols
from leaf extracts was an Agilent Technologies
1200 chromatographic system, equipped with a
photodiode array detector (DAD) and fluorescence
detectors (FD). The column was thermostated at 30
°C. The separation was performed on an Agilent-
Eclipse XDB C-18 4.6 x 150 mm column. The
HPLC grade solvents used were formic acid / water
(5 : 95 v/v) as solvent A and acetonitrile / formic
acid / water (80 : 5 : 15 v/v) as solvent B. The
elution gradient was described previously [9]. The
injection volume was 5 pL and the flow rate was
0.8 mL min’. The detection wavelengths were 280,
320 and 360 nm for UV, and 275/322 nm (Aex/Aem)
for fluorescence detection. The different phenolic
compounds were identified by comparing their
retention times and spectral characteristics with
data of original reference standard compounds and
with data given in the literature [16]. The
calibration curves (five data points, n=2) were
linear with R? = 0.99. Results were expressed as mg
glextract DM.

DPPH test

Antioxidant activity of all investigated extracts
was estimated, determining the radical scavenging
activity of extracts by the DPPH test previously
described [10]. The antiradical activities of the
investigated extracts were expressed as median
efficient concentrations (ECso) which represent the
concentration of extract (mg L) needed for a
decrease in absorbance of DPPH solution by 50%.
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Antimicrobial activity

The antimicrobial activity of the test samples
was evaluated using the following laboratory
control strains: Clostridium perfringens ATCC
19404, Bacillus cereus ATCC 8739, Listeria
monocytogenes ATCC 7644, Staphylococcus
aureus ATCC 8538, Sarcina lutea ATCC 9341 and
Micrococcus flavus ATCC 40240 (Gram (+)
bacteria), Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 9027, Salmonella
enteritidis ATCC 13076, Shigella sonnei ATCC
25931, Klebsiella pneumoniae ATCC 10031 and
Proteus vulgaris ATCC 8427 (Gram (-) bacteria)
and Candida albicans ATCC 10231 (Yeast)
obtained from the American Type Culture
Collection. A broth microdilution method [9] was
used to determine the minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC). A serial doubling dilution of
the testing samples were prepared in a 96/well
microtiter plate over the range of 1500 - 0.25 pg
mL in inoculated nutrient broth (the final volume
was 100 pL and the final bacterial concentration
was 106 CFU mL™ in each well). Two growth
controls consisting of a medium with methanol
(negative control) and a medium with tetracycline
(positive control) were also included. The microbial
growth was determined by measuring the
absorbance at 620 nm using the universal
microplate reader (ThermoLabsystems, Multiskan
EX, Software for Multiscan ver.2.6.). MIC is
defined as the lowest concentration of the test
samples at which microorganisms showed no
visible growth. The MBC is defined as the lowest
concentration of the test samples at which 99.9 %
of inoculated microorganisms were killed.

Statistical analysis

All experiments were performed in triplicate.
Values are presented as mean + standard deviation.
Significant differences were determined by analysis
of variance (ANOVA), followed by the Tukey test.

RESULTS AND DISCUSSION
Phenol content of extracts

The quantification of total phenols (TPC),
hydroxycinnamoy! tartaric acids (HTAC) and
flavonols (FC) in berry leaf extracts was performed
by the spectrophotometric assay described in the
experimental section. The results of the
spectrophotometric assay of berry leaf extracts are
shown in Table 1. The applied spectrophotometric
assay is simple and provides fast information on
TPC, HTAC and FC in the tested extracts. The
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results showed high TPC in all tested berry leaf
extracts, which ranged from 98.04 + 0.20 to 119.14
+ 0.76 mg GAE g* extract DM. The TPC in the
berry leaf extracts significantly differed between
wild and domestic berries. The highest TPC were in
the WBB extract, followed by extracts of DR, BT,
HT, EC, BC, DBB, RC and RB. Wang and Lin [17]
also reported high TPC in blackberry, raspberry and
strawberry leaf extracts, which ranged from 47.2 +
1.3 to 120.4 + 2.8 mg GAE g* extract DM. They
reported that TPC in those extracts mostly depends
on berry variety and collecting date (young and old
leaves).

Table 1. The species of collected domestic and wild
berry fruit leaves.

Leaf code Species

Domestic Species
RC Red Currant Ribes rubrum
BC Black Currant Ribes nigrum
RB Raspberry Rubus idaeus
DBB Blackberry Rubus fruticosus

Wild Species

EC European cornel Cornus mas
DR Dog rose Rosa canina
HT Hawthorn Crataegus L
BT Blackthorn Prunus spinosa
WBB Blackberry Rubus fruticosus

Significant amounts of flavonols were found in
all tested leaf extracts. Their content ranged from

30.74 £ 0.18 in HT t0 39.14 + 0.22 mg QE g DM
in the WBB extract. The hydroxycinnamoyl tartaric
acids were also quantified by this method, but in
lower amounts. As such compounds we consider all
compounds that have strong absorbance at 320 nm
such as hydroxycinnamoyl esters and also free
hydroxycinnamoy! acids. The highest HTAC was in
the RC extract, followed by WBB, DR, HT, DBB,
BT, EC, RB and BC extracts.

In order to determine more precisely the phenolic
content and composition of the investigated
extracts, the HPLC assay was used. Results (Table
3) are in good agreement with those obtained by
spectrophotometric determination of TPC, HTAC
and FC (Table 2). The results showed quite
different phenolic composition, which mainly
includes the three phenolic classes:
hydroxycinnamoy! acids, flavonols and flavan-3-ols
(Table 3). Other authors also found the presence of
these phenolic classes in some berry leaf extracts
[7, 8, 14, 15].

Gallic, ellagic and chlorogenic acid were present
in all tested leaf extracts, while caffeic acid was
found only in RC, RB, DBB and DR. Vagiriet et al.
[14] reported the presence of chlorogenic and neo
chlorogenic acids in BC leaf extracts. Buricova et
al. [8] reported the presence of gallic acid in some
Rubus species.

In all tested extracts (-)-epicatechin was
predominantly flavan-3-ol, followed by (+)-
catechin, (-)-epicatechin gallate and procyanidin
B2. The presence of these compounds was reported
by Vagiri et al. [14] in BC leaf extracts and by
Buricova et al. [8] in blackberry and raspberry leaf
extracts.

Table 2. Total phenol, hydroxycinnamoyl tartaric acid and flavonol contents (mg g~*DM), antioxidant activity of
berry leaf extracts ECso (mg mL™) and their correlation with ECso (R?).

Hydroxy- L
Extract Total phenols cinnamoyl Flavonol Ar.]t'.OX'dant
A activity, ECso
tartaric acid
RC 101.14 + 0.93a 9.75+ 0.09c 36.71 £ 0.25b 0.50 + 0.08b
BC 105.78 + 0.89a 8.19+0.13a 35.48 £ 0.29b 0.69 +0.07b
RB 98.04 + 0.20a 8.24 +0.18a 31.54+0.17a 0.72 +0.02b
DBB 104.72 £ 0.19a 8.68 +0.22a 32.92 £ 0.16a 0.67 +0.03b
EC 112.91 +0.40b 8.27 + 0.08a 32.77 £0.19a 0.58 +0.03b
DR 117.34 +0.28b 8.98 + 0.09b 33.51+£0.14b 0.39 + 0.06a
HT 115.62 +0.31b 8.89 + 0.08b 30.74 £ 0.18a 0.42 +0.01a
BT 115.76 + 0.38b 8.34 + 0.05a 34.82 £0.19b 0.44 + 0.09a
WBB 119.14 £ 0.76b 9.18 + 0.28b 39.14 £ 0.22b 0.35+0.02a
R? 0.6695 0.3280 0.1365

Data are expressed as mean + SD (n = 3); mean values with different letters within the same column are

significantly different (p<0.05).
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Table 3. Phenol composition (mg g* DM) of berry leaf extracts determined by HPLC analysis and their correlation

with ECso (Rz).

Phenolic

RC BC RB DBB EC DR HT BT WBB R?
compound
. 022 018 027 030 041 176 121 114 109
Gallic acid +002 +001 002 +004 002 006 005 004 +002 006883
Ellagic acid 430 415 438 448 355 331 409 436 424 (03803
g +0.04 4001 +0.02 +0.04 +0.04 +003 +0.02 =+0.03 +0.04
. . 0.39 0.27 0.13 0.52 0.0036
Caffeic acid +0.01 nd +002  +0.01 nd +0.02 nd nd nd
Chlorogenic 1.26 0.21 0.39 0.56 0.28 0.31 0.19 0.37 0.27 0.0030
acid +0.04 +001 +0.02 +0.02 +0.03 +0.02 +0.01 +0.02 +0.03
Quercetin-3- 907 714 811 904 928 719 914 876 1044 (1467
glucoside +0.15 021 012 +0.10 021 +0.14 +0.15 020 +0.24
Rutin 614 584 478 511 611 567 428 510 612 00147
+0.10 017 010 +0.09 +0.11 +0.10 +0.12 +0.16 +0.10
Luteolin-3- 0.62 011 110 025  0.95 0.3146
glucoside +005 M nd nd £001 %003 003 2002
L 2.74 1.18 1.28 1.17 0.2761
Myricetin +0.05 nd nd nd nd 10.06 nd 1003 +0.04
Kaempferol-3- 311 410 278 214 427 311 413 295 478 01518
glucoside +0.09 +0.06 +0.02 005 +0.10 007 +0.09 +0.05 +0.10
. 228 352 301 207 3.57 257 411  0.0030
Quercetin 1008 011 $009 4005 M 1009 M +0.07  +0.12
) . 208 092 247 201 222 147 201 072 152 (04558
(*)-Catechin  \h0g 4002 4009 4008 4007 +005 4005 +0.03 +0.04
gt'iﬂ'i'n 1.14 0.46 o 1.17 o 2.35 1.12 1.76 2.14 0.6584
allate +0.04  +0.02 +0.04 +0.10  +0.07 +0.07 +0.08
(-)-Epi- 3.76 1.27 3.78 3.45 4.07 3.03 1.37 3.12 3.76 0.3871
catechin +0.11 +0.05 +0.13 +0.10 +0.15 +0.09 +0.05 =+0.09 +0.10
Procyanidin 2.78 1.87 3.38 2.14 211 0.0452
B2 nd 1009 M 1006 M 1014 M +0.12  +0.09
ii?;en"hc 617 454 531 547 424 590 549 587 560 02931
Y Flavan-3-0ls 698 543 625 850 629 1023 450 774 953 05381
Y Flavonols ~ 23.96 20.60 18.68 1836 190.77 21.82 17.80 2161 2662 0-3336
ghzr‘]’;‘i‘; 3711 3057 3024 3233 3030 37.95 2779 3522 4175 05934

Data are expressed as mean + SD (n = 3); nd — not detected.

The quercetin-3-glucoside, rutin, kaempherol-3-
glucoside and quercetin were the predominant
flavonols while luteolin-3-glucoside and myricetin
were less abundant. The high concentrations of
quercetin (6.84 — 8.11 mg g~* DM) and kaempherol
(0.73 — 3.75 mg g* DM) in leaves of Rosa L.
species was reported [7] which were similar to our
results, and also for Rubus L. [8, 15] and BC leaves
[14].

Radical scavenging activity of extracts

The results of the radical scavenging activity of
extracts, expressed as ECso values (mg mL™) are
shown in Table 2. Lower ECs values correspond to
higher radical scavenging activity of the extracts.
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The highest radical scavenging activity was shown
by the WBB leaf extract, followed by DR, HT, RB,
BT, RC, EC, DBB, BC and RB leaf extracts. The
radical scavenging activity in wild berry leaf
extracts was stronger than in domestic berry leaf
extracts. Strong radical scavenging activity of leaf
extracts, corresponding to their high phenol
content, suggests that the phenolic compounds are
at least partially responsible for the strong radical
scavenging activity of these extracts. A correlation
(R? = 0.6695) was found between the radical
scavenging activity and the total phenol content.
Other authors also found a correlation between
radical scavenging activity and total phenol content
in some leaf extracts [2, 7, 17]. We also found a
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correlation between the radical scavenging
activities and the individual classes of phenols, but
lower than with total phenol content (Table 3),
which is in agreement with literature data [7]. The
HPLC analysis showed that extracts of berry leaves
are a mixture of phenolic and other compounds,
e.g., ascorbic acid, not all identified in this study. It
is possible that these constituents may interact to
produce synergistic or antagonistic antioxidant
effects with each other and with other compounds.

Antimicrobial activity of extracts

The antimicrobial activity data for all
investigated extracts and an antibiotic against 13
microbial species are given in Table 4. Methanol
did not show any inhibitory effects on the 13
microbial species. WBB leaf extracts showed the
highest antimicrobial activity, followed by BC, DR,
EC, RC, DBB, RB, BT and HT leaf extracts. The
antimicrobial activity of these extracts can be
connected with their high total phenol content. RC,
BC, DR leaf extracts had the highest total phenol
content and showed the strongest antimicrobial

activity. The existing correlation between total
phenol content and antimicrobial activity of plant
extracts was also reported by others [3-6].

The investigated leaf extracts were in general
more sensitive on Gram-positive strains compared
to Gram-negative strains and yeast, which is in
agreement with literature data [6]. Sarcina lutea,
Listeria monocytogenes and Staphylococcus aureus
were the most sensitive Gram-positive strains, and
Shigella sonnei and Pseudomonas aeruginosa the
most sensitive Gram-negative strains for the most
investigated leaf extracts.

CONCLUSIONS

Both methods, spectrophotometric and HPLC,
confirmed the high phenol content in all
investigated leaf extracts from both domestic and
wild berries. These compounds are responsible for
the significant antioxidant and antimicrobial
activities of all leaf extracts. Simple extraction
procedure of these compounds from leaves opens
the possibility for their application in food and
pharmaceutical industry.

Table 4. Antibacterial (MIC)/bactericidal (MBC) activities (ug mL ™) of berry leaf extracts and reference antibiotic
against Gram-positive strains, Gram-negative strains and yeast

RC BC RB DBB EC DR HT BT WBB Te.
Gram-positive strains
Clostridium 63/ 31/ 125/ 125/ 31/ 16/ 250/ 250/ 16/ 0.9/
perfringens 125 31 250 250 31 16 500 500 16 0.9
63/ 31/ 125/ 125/ 31/ 16/ 250/ 125/ 16/ 0.9/

Bacillus cereus 63 63 250 125

Staphylococcus 31/ 16/ 63/ 63/

63 63 250 250 63 0.9
16/ 16/ 125/ 125/ 8/ 0.12/

aureus 63 16 125 125 31 31 250 125 16 0.9
Listeria 31/ 16/ 63/ 31/ 16/ 16/ 125/ 63/ 8/ 0.46/
monocytogenes 63 16 125 63 16 31 250 125 16 0.9
Sarcina 31/ 8/ 63/ 63/ 16/ 16/ 125/ 63/ 8/ 0.06/
lutea 63 16 125 125 31 16 250 125 8 0.06
Micrococcus 125/ 31/ 250/ 125/ 63/ 31/ 500/ 250/ 31/ 0.4/
flavus 250 63 500 250 63 63 750 500 63 0.9
Gram-negative strains

Escherichia 187/ 63/ 250/ 187/ 125/ 125/ 500/ 250/ 63/ 3.8/
coli 375 125 500 375 250 250 750 500 125 7.5
Pseudomonas 94/ 63/ 125/ 94/ 63/ 31/ 250/ 125/ 31/ 7.5/
aeruginosa 187 63 250 187 125 125 500 250 63 75
Salmonella 94/ 63/ 125/ 94/ 63/ 63/ 250/ 125/ 63/ 0.9/
enteritidis 187 63 375 187 125 125 500 250 63 1.9
Shigella 63/ 31/ 125/ 63/ 31/ 16/ 250/ 125/ 16/ 0.06/
sonnei 187 63 250 187 125 31 375 187 63 0.12
Klebsiella 94/ 31/ 187/ 125/ 63/ 63/ 250/ 250/ 31/ 0.9/
pneumoniae 250 31 500 250 125 63 500 375 31 19
Proteus 94/ 63/ 125/ 94/ 63/ 63/ 250/ 125/ 63/ 0.9/
vulgaris 187 63 375 187 125 125 500 250 63 1.9
Yeast

Candida 250/ 250/ 500/ 250/ 125/ 125/ 750/ 500/ 250/ 16/
albicans 500 500 750 500 250 250 1500 750 375 16

Te. — Tetracyclin; nt — not tested.
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CbABPXXAHUE HA ®EHOJIN, CIIOCOBHOCT 3A ITPEMAXBAHE HA CBOBOJIHU
PAIUKAJIN 1 AHTUMUKPOBHA AKTUBHOCT HA EKCTPAKTHU OT JIMCTA HA
I'OPCKU IVIOAOBE

A.C. MunenkoBud-Aunpenkoud: , M.3. Arnsenkosua?, A.H. Pagosanosud?, 5.K. PagoBanoBud?,
B. Paugsenopuut

YDaxynmem no ecmecmeenu nayxu u mamemamura, Ynueepcumem ¢ Huw, Copous
2Daxyrmem no xumus, Yuusepcumem 6 Benzpad, Copbus

[ocreruna Ha 21 cenremBpu, 2014 r., xopurupana Ha 18 nexemspu, 2015 .

(Pesrome)

Jlucrara Ha rOPCKUTE IUIOIOBE CA MPU3HATH KATO MOTEHIIMAIHN METUKAMEHTH, 60raTH Ha (DeHONIHN cheauHeHus. Te
ca M3IM0JI3BaHK B HAPOJHATA MEJHUIIMHA OT BEKOBE. 3a ONPEACNISIHETO ChCTaBa Ha (PEHOJIHUTE ChEeJUHEHHS EKCTPAKTUTE
OT JINCTAaTa Ha TOPCKUTE ILIOOBE Ca aHAJIM3HPAHHU C BUCOKO-c(PCKTHBHA T€YHA XpoMaTorpadus u CreKTO(hOTOMETPHUS.
CrocobHOCTTa UM Jla TMpeMaxBaT CBOOOTHH pajuKaiu ¢ oneHeHa ¢ momoinra Ha DPPH-tect, a anTMukpoOHara
aKTHBHOCT - 4Ype3 METOJ/ia Ha MOCJIEIOBATEIHO MUKpOpa3pekaHe Ha cpejiaTa. BecHukM eKCTpakTH 1OKa3BaT BHCOKO
ChIbpKaHue Ha (eHonu. [aBHUTE rpynu (EeHOIU, HAMEPEHH B M3CIIeIBAHUTE EKCTPakTH ca (iaaBoHouH, (aBoH-3-
OJI1 U (I)GHOJ'IOBI/I KHucelnuHu. Beuukn CKCTPAKTH IMOKa3BaT 3HAYUTCIIHA aKTUBHOCT CIIPSIMO CBO60}:[HI/ITe paaukain, KosaTo
ce Kopenupa ¢ OO0LIOTO ChAbpKaHUe HAa (eHonu. 3a BCHYKH EKCTPAKTH € YCTAHOBEHA 3HAYMTEIHA aHTUMHUKPOOHA
aKTHBHOCT CHpsAMO ['paM-TIONIOKHUTENHH, CIeBaHA OT AKTUBHOCT CHPSIMO [ 'paM-OTpHIIATETHU [[AMOBE M JPOXKIH.
Bcnuky ekcTpakTu, MoKa3aid aHTHPaJWKaTHa ¥ aHTUMHKPOOHA aKTHBHOCT MOTAT Jia CE HM3IOJI3BAT KATO XPAHHUTCITHU

,HO6aBKI/I 1 JICKApCTBCHU CPCJACTBA.
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Nociceptin (N/OFQ(1-13)NH,) suppresses the neurogenic inflammation during which enhanced reactive oxygen
species (ROS) production is detected. So the question arises about a possible antioxidant mechanism of this suppression.
The aim of this study was to investigate and compare the antioxidant effects of nociceptin and its new synthesized
structural analogues, in which the lysine (Lys) at position 9 was substituted with ornithine (Orn), diaminobutanoic acid
(Dab), diaminopropanoic acid (Dap) or canavanine (Cav). The peptides were tested in concentrations between 1 uM and
100 uM against hydroxyl radicals (*OH ) and superoxide anion radicals (*O2).

The *OH and *Oy were generated in vitro. Deoxyribose (DR) was used as a detector of *OH radicals. The DR
degradation was measured in terms of the formation of thiobarbituric acid reactive substances, which were quantified
spectrophotometrically. Superoxide anion radicals were generated photochemically and Oz -produced nitro-blue
tetrazolium (NBT) reduction was measured.

The results showed that in concentrations up to 10 uM neither nociceptin nor its analogues inhibited the *OH -
provoked DR degradation; in concentration of 10 uM only [Cav®]N/OFQ(1-13)NH, suppressed the *O, -provoked
NBT-reduction. However, the higher concentration (100 puM) exerted inhibitory effects in both ROS generating
systems. These effects were weakest in presence of [Dap®]N/OFQ(1-13)NH, and strongest in presence of
[Cav®IN/OFQ(1-13)NH..

In conclusion, only [Cav’]N/OFQ(1-13)NH, possesses certain antioxidant activity, whereas the antioxidant capacity
of the other tested neuropeptides was relatively poor, which makes unlikely an antioxidant mechanism for suppression
of inflammation.

Key words: antioxidant properties; nociceptin; nociceptin analogues.

Helyes et al. [2] have found that N/OFQ suppresses

INTRODUCTION the release of the pro-inflammatory mediators:
FQ substance P and calcitonine gene-related peptide
from the primary sensory neurons. The
investigations of Zamfirova et al. [3] have
ascertained that N/OFQ, applied intraperitoneally
also suppressed the carrageenan-induced
inflammation of rat paw. Since it is well known that
the inflammatory process is accompanied by
increased production of reactive oxygen species
(ROS), the question arises whether the N/OFQ is
able to inhibit the neurogenic inflammation not
only through activation of peripheral receptors (and
subsequent NOP reduced release of pro-
inflammatory mediators), but also by influencing
the production of ROS. So the aim of our study was
to test and compare the antioxidant capacity of the
nociceptine tridecapeptide template, N/OFQ(1-
13)NH,, and some of its analogues against
superoxide anion radicals (*O;) and hydroxyl
radicals (*OH ), both generated in vitro, and to
attempt to specify whether the antioxidant activity
is due to scavenging or chelating nature of the
substances. The peptide analogues tested in the

Nociceptin, also known as orphanin
(N/OFQ), is a neuropeptide, structurally related to
opioid peptides. However, N/OFQ does not bind to
classical opioid receptors [1]. It interacts with its
own receptor - N/OFQ peptide (NOP) receptor
(previously known as opioid receptor like-1, ORL-
1). The NOP receptors are coupled to a G-protein.
They are located on primary sensory neurons
projecting to most peripheral organs and tissues, and
act as regulators of neurogenic inflammation. As a
lot of diseases are accompanied by inflammation, the
N/OFQ effects are intensively investigated. In
addition diverse analogues of N/OFQ are
synthesized. The impact of N/OFQ and its analogues
on inflammation in vivo is hard to be predicted,
because of its controversial effects on different
systems involved in the inflammation reaction.

* To whom all correspondence should be sent:
E-mail: elina_nesta@abv.bhg
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present study differed from N/OFQ(1-13)NH: in
their structure by only one amino acid, in particular
the Lys at position 9 was substituted with Orn, Dab,
Dap or Cav. These analogues have been
synthesized because Lys*®, as well as Arg®'? are
crucial for receptor occupation. Probably, they
interact with the amino acids present in the second
extracellular loop of the NOP-receptor [4]. Thus the
substitute amino acids (Orn, Dab, Dap) were chosen
in order to diminish the distance of the side-chain
amino group from the peptide backbone (Fig.1). The
canavanine (Cav) ((2S)-2-amino-4-
{[(diaminomethylidene)amino]oxy}butanoic  acid)
analogue was included in this study, because it
possesses a guanidinium group (Fig 1) which could
be responsible for a direct antioxidant effect. In
addition, the nociceptine (a heptadecapeptide) has
been synthesized as tridecapeptide, since it is
sufficient for exercising its full biological activities
[5] in in vivo experiments.

H H H H H
Hw*—cl—coo- H:N*—C‘—COO‘ Ha’#*—C:—COO‘
CHy ﬁHz clH2 éHZ (‘IHQ
C‘Hz CHy cle c‘H2 HiH 3

| |
Hp*—C—Co0o- Hw*—c‘ —C00~

CHy 0 CHz FhHz
Cle [ FhHg

+
MH Han+ ™+

Lysine Canavanine Ornithine

2,6-diamino (25)-2-amino- 2,5-Diamino 2,4-Diamino 2,3-Diamino
ic acid  4-{I(diami ylicl pentanoic acid ic acid propanoic acid

amino]oxy}butanoic acid

Fig. 1. Amino acids chosen for substitution of Lys at
position 9 in the N/OFQ(1-13)NH, template.

EXPERIMENTAL
Materials

N/OFQ(1-13)NH, [Dab®IN/OFQ(1-13)NH,
[Dap’]N/OFQ(1-13)NH,  and  [Orn°]N/OFQ(1-
13)NH, were synthesised at the Department of
Organic  Chemistry, University of Chemical
Technology and Metallurgy (Sofia, Bulgaria);
[Cav’]N/OFQ(1-13)NH, was synthesised at the
Department of Molecular Design and Biochemical
Pharmacology, Institute of Molecular Biology,
Bulgarian Academy of Sciences (Sofia, Bulgaria).
The synthesis procedure is described in [6].
Diethylene triamine pentaacetic acid (DTPA), 2-
thiobarbituric acid, riboflavin, methionine, nitro-
blue tetrazolium and deoxyribose were obtained
from Sigma-Aldrich (Germany). All other reagents
were of analytical grade; all solutions were
prepared with de-ionized water.
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Methods

Superoxide anion radicals (*O2") were generated
photochemically in a medium containing: 50mM
potassium phosphate buffer, pH 7.8; 1.17x10°M
riboflavin; 0.2mM methionine; 2x10°M KCN and
5.6x10°M nitro-blue tetrazolium (NBT). NBT was
reduced by *O; to a blue formazan product, which
was measured at 560 nm [7] in the presence of
increasing peptide concentrations.

The degradation of DR (a detector of *OH
radicals) was measured in terms of the formation of
thiobarbituric acid reactive substances (TBARS),
according to the method of [8]. The TBARs were
quantified  spectrophotometrically. Hydroxyl
radicals (*°OH ) were generated in a system
containing either (a) 10 mM potassium phosphate
buffer, pH 7.4; 0.1 mM FeSQ4, 0.5 mM H;0, and 2
mM deoxyribose (DR) or (b) 10 mM potassium
phosphate buffer, pH 7.4; 0.1 mM DTPA-Fe?* (the
DTPA-Fe?* complex was prepared according to
[9]), 0.5 mM H;0, and 2 mM deoxyribose (DR).
After 30-min incubation at 37°C in the presence of
increasing concentrations of the tested drugs, the
reactions were stopped by the addition of catalase
(20 pg/ml). After addition of 0.2 ml 2.8%
trichloroacetic acid, 0.1 ml 5 N HCI and 0,2 ml
thiobarbituric acid (2% w/v in 50 mM NaOH), the
samples were heated at 100°C for 15 min to
develop the color. After cooling, the absorbance
was read at 532 nm against blank sample (without
drug); Asco was considered to be a non-specific
base-line drift and was subtracted from Aszs.

Statistics

Data were reported as mean (SD). Testing for
significant differences between mean values was
analyzed by using the Student's t-test, P < 0.01
being accepted as the minimum level of statistical
significance for the differences in population mean
values.

RESULTS

In the present study two distinct *OH generating
systems with DR as a detector molecule were used.
In the first *OH-generating system containing only
metal ions without chelator (DTPA) and H»O,, we
did not detect any changes in the rate of DR
degradation (Figure 2A) independently of the
peptide concentration.

The effects of increasing concentrations (0.001-
1 mM) of N/OFQ(1-13)NH: and its structural
analogues in the *OH-generating system containing
metal chelator (DTPA), are presented on Figure 2B.
In concentrations up to 100 UM the tested peptides
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did not exert any protective effect, except
[Cav®IN/OFQ(1-13)NH,, which at a concentration
of 50 uM diminished the DR degradation by about
10%. The presence of 100 puM of peptide in the
reaction mixture decreased the formation of
TBARS. A considerable and more clearly expressed
inhibitory effect was observed in the presence of 1
mM peptide. The augmentation of the peptide’s
concentration led to a strong decrease in the
degradation of DR about 70% for [Cav®]N/OFQ(1-
13)NH- and about 40 -50% for the rest.
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120
100 +heg IIE{_{{E—E A e
o
S g0 | - - - | O1mm
i O10pM
E 60 H | | | - -
§ O 50pi
g E100pm
a0 +H | | | | | 00NV
&
20 - | || | - -
NC Dak Dap arn Caw
B)
120
100 _}_:Ei T ‘I‘]E-r T TI
%
(E z0 L O Lum
32 O 10pM
§ 60 H = = O 50pi
g +
& a0 U O 100pm
% H1mM
20
1]
NC Dab Dap orn Cav
Fig. 2. Effects of N/OFQ(1-13)NH,,

[Dab®IN/OFQ(1-13)NHo, [Dap®]N/OFQ(1-13)NHs,
[Or®IN/OFQ(1-13)NH; and [Cav’]N/OFQ(1-13)NH in
hydroxyl radical generating system A) without DTPA and
H>0,, and B) in presence of DTPA and H,O;: -OH-
dependent DR degradation was measured at 532 nm.
Values represent the mean £ SEM of 7 separate samples.
The results are expressed in relative activities (as
percentage vs. control). Statistically significant
differences vs. controls at *P<0.05.

The effects of the tested peptides in the *O,-
generating system are presented on Figure 3. All
peptides in concentration of 1 uM did not inhibit
*0O - provoked NBT-reduction. At concentration of
10 uM an inhibitory effect was demonstrated only
by [Cav®]N/OFQ(1-13)NH, which decreased the
*O,-provoked NBT-reduction by about 20%. At
concentration of 50 pM  again  only
[Cav’]N/OFQ(1-13)NH: inhibited the process. The
presence of 100 puM [Orn°]JN/OFQ(1-13)NH, or
[Dab’IN/OFQ(1-13)NH,  or  [Dap®]N/OFQ(1-
13)NH> in the reaction mixture led to a decrease in

formazan production by about 40%; the inhibitory
effect of [Cav’]N/OFQ(1-13)NH, was stronger —
about 80%.

DISCUSSION

In this study two deoxyribose tests were used in
order to specify the chelating or scavenging
potential of the tested peptides. The first test was
based on the possibility of DR to bind iron ions.
Bound on this detector molecule, the latter in
presence of H,O, auto generated in the system,
catalyze the site-specific generation of *OH radicals
[10].

DR + Fe?" -> DR-Fe?*

DR-Fe*" + O,-> DR-Fe* + *Oy

2°02 + 2H+->H0, + O

DR-Fe?* + H,0; -> DR-Fe*" + OH" + *OH

If the tested molecule has a higher binding
affinity for iron than the detector, then it can protect
the detector molecule, transferring the damage to
itself. The protection depends on the concentration
of the substance with respect to the detector
molecule. In the second case, DTPA chelated the
Fe?*, preventing in this manner the metal from
association with DR. Thus any *OH generated from
the interaction between Fe?-DTPA and H.O, will
have equal access to all components of the reaction
medium including DR. Using this method for
generation of *OH we found that neither N/OFQ(1-
13)NH, nor its structural analogues in low
concentrations (up to 10 uM) exerted a protective
effect (Fig. 2B) . However, the presence of 100 uM
peptide in the reaction mixture significantly
decreased the formation of TBARs. The highest
concentration tested led to a strong decrease in the
degradation of DR, especially by [Cav®]N/OFQ(1-
13)NH, (about 70%). It seems that the tested
peptides act preferentially as radical scavengers,
because they were unable to chelate the iron ions in
the first chemical medium and thus did not protect
the DR molecule from binding to Fe?*" and
subsequent oxidative fragmentation.

In the NBT test, which provides a simple assay
for *O2; production and for detection of °Oy
scavenger effect, again the inhibitory effect of
[Cav’]N/OFQ(1-13)NH; was stronger. It decreased
the *O,-provoked NBT-reduction by about 20% in
concentration of 10 pM and by 80% in
concentration of 100 uM (Fig. 3). We suggested
that this effect could be due to the guanidine group
in the molecule of canavanine.

Canavanine is structurally related to L-arginine,
the sole difference being the replacement of a
methylene group in arginine with an oxa group (i.e.
an oxygen atom) in canavanine. But the most
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important part in regard to the antioxidant
properties is the presence of the guanidine moiety
in both molecules. There is evidence that
supplementation with L-arginine reduces the
production of superoxide from the vessel wall in
experimental animals [11]. Also it has been shown
that L-arginine reduces Cu?*-provoked oxidation of
LDL in vitro and this effect is greater than that of
vitamin E or ascorbate [12]. Some investigators
have hypothesized that this effect may be due to
direct antioxidant properties of L-arginine, possibly
related to its guanidinium group [12, 13], who
comparing the antioxidant  activities of
aminoguanidine, methylguanidine and guanidine
indicated, that guanidine itself, at high
concentrations (>0.1 mM), scavenges H,0,, HOCI
and peroxynitrite, but not the hydroxyl radical.
Other guanidine derivatives: aminoguanidine and
methylguanidine (at high concentrations, too) have
direct scavenging activities against H.0,, HOCI,
hydroxyl radical and peroxynitrite. Likely, in our
system, the guanidinium moiety reacted mostly
with H20, and thus interrupted the possibility of
*OH generation.

1200

- i T

100,0

T [

g_ 8.0 1 j Bl O 1phd
= o0 | : N T oo
E
g O 5o
w400 B 100uM

200 H

NC Dab Dap arn Cav

Fig. 3. Effects of N/OFQ(1-13)NH,

[Dab®IN/OFQ(1-13)NHo, [Dap®]N/OFQ(1-13)NHs,
[Orn®]N/OFQ(1-13)NH; and [Cav’]N/OFQ(1-13)NH; in
superoxide radical generating system: Oy-depending NBT
reduction was measured at 560 nm. Values represent the
mean = SEM of 7 separate samples. The results are
expressed in relative activities (as percentage vs.
control). Statistically significant differences vs. controls
at *P<0.05.

CONCLUSIONS

In  conclusion, comparing the effects of
N/OFQ(1-13)NH. with those of its Orn-, Dap- and
Dab-analogues we established that at concentration
of 100 uM they inhibited both the *O, -provoked
NBT-reduction and the °OH -provoked DR
degradation. Therefore, substitution of Lys in
N/OFQ(1-13)NH. molecule with other amino acids
did not contribute to fundamental changes in its
antioxidant properties; the latter depend mainly on
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the applied concentration. The tested peptides act as
radical scavengers. Only [Cav®]N/OFQ(1-13)NH;
suppressed the *Oy-provoked NBT-reduction at a
concentration of 10 pM. Therefore, in these
experiments only this analogue demonstrated a
good antioxidant activity, likely due to the presence
of guanidine group in Cav, although it is only one
member of the tridecapeptide chain.

The fact that N/OFQ and N/OFQ(1-13)NH.
display values of potency at the NOP receptor in a
low nanomolar range [14] while the antioxidant
activities reported here are evident only in the high
micromolar range makes unlikely an antioxidant
mechanism for suppression of inflammation.

Abbreviations: Cav - canavanine; Dab -
diaminobutanoic acid; Dap - diaminopropanoic acid; DR
— deoxyribose; DTPA - diethylene triamine pentaacetic
acid; NBT - nitro-blue tetrazolium, N/OFQ — nociceptin;
N/OFQ(1-13)NH; - tridecapeptide template of the
nociceptine; *Oz - superoxide anion radicals; *OH -
hydroxyl radicals; Orn — ornithine; ROS - reactive
oxygen species; TBARs - thiobarbituric acid reactive
substance.
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CPABHUTEJIHO U3CJIEABAHE HA AHTUOKCUJAHTHATA AKTMBHOCT HA
HAKON AHAJIO3U HA HOLMLIEIITUHA

A. Aﬂekcaﬂdpoeal, E. Heemanoeal, E. Hazldeﬂogaz, JI. Bezenxod®, T. [aiinanoea®

Ylabopamopus ceoboono-paduxannu npoyecu, Hncmumym no nespobuonozus, Bvazapcka akademus na naykume,
Cogus 1113, yn. ,, Axao. I'. bonueg” 23
2Kamedpa no opeanuuna xumus, Ynusepcumem no xumuunu mexnonoauu u memanypeus, Cogus,
oyn. ,,Ce. Knumenm Oxpuocku 8,
$/Tabopamopus no monexynapen ousaiin u bGuoxumuyna apmaxonozus, Hucmunym no moiexyaspna 6uono2us,
bBvaeapcra axademus na naykume, Cocpust 1113, yn. ,, Axao. I'. Bonueg” 21

TocTenmna Ha 21 okTomBpH, 2014 1., Kopurupana Ha 16 oxromspu, 2015 .
(Pe3rome)

Horwmmentuasr (N/OFQ(1-13)NH;) moTicka HEBPOTEHHOTO BbB3IMAJCHHE, KOETO OT CBOSI CTpaHa € TPUAPYKEHO C
yBeNUYeHa OPOAYKIHUS Ha akTUBHU (Gopmu Ha kuciopona (ADK). Taka Bb3HMKBA BBIOPOCHT B KakBa CTEICH TO3M
MPOTHBOBB3MANUTENEH e(eKT ce Ib/DKM HA aHTHOKCHIAHTEH MexaHu3bM. Llenrta Ha u3cnenBaneTo Oelie Ja ce U3CleIBarT
U CPaBHSAT aHTHOKCHIAHTHHUTE e(DEKTH HAa HOLMIENTHHA M HETOBH HOBOCHHTE3MPAHH CTPYKTYPHH AHAIO3W, MPH KOHMTO
mu3uebT (LYS) Ha mosuius 9 B cTpyKTypHarta Bepura Oeine 3ameHeH ¢ opuutiH (Orn), nuaMHHOOYTaHOBA KHCEITHHA
(Dab), nuamuHonponanosa kucenuna (Dap) win kanaBanus (Cav). [lentuaure O6sixa U3CIEABAHN B KOHIIEHTPAIMH MEXKITY
1 1 100 UM B cucremu, rerepupamin xuapokcunau pamukai (*OH) u cynepokcunau anuon pagukanu (*Oy’)

Hesokcupuboszata (DR) Geme nsnon3eana karo aerekrop 3a *OH paaukanu. Jlerpaganusra va DR Gemie usmepsana
mo QopMupaHeTo Ha THOOAPOMTYpOBa KHCEIHMHA pearupaild CyOCTaHIMHM, KOHWTO 0siXa ONpeIe/IsTHA
cnekrpodoromerpudno. CynepoKCcH aHHOH pajuKanuTe 0sxa reHepupanud HOTOXMMHYHO U Oere n3mepBana *O; —
npeAn3BUKaHaTa peayKiust Ha HuTpobiyrerpasoanym (NBT).

Pesynrature mokaszaxa, ye B koHueHTpauuu 10 10 UM HHTO HOIMIENTUHBT, HUTO HETOBHTE aHAJIO3W WHXUOUpAT
*OH — npenusBukana aerpanamus Ha DR; B xonuentpanus 10 M camo [Cav®]N/OFQ(1-13)NH; notuckamme *O; —
npean3Bukanata peaykuuss Ha NBT.  Haii-Bucokurte wuscnensanu konuentparuu (100 pM) mpeausBukBaxa
nuxuburopen edpexrt u B geere ADK renepupariu cucremu. Te3u epektu 0sxa CpaBHUTETHO cIab B IPUCHCTBUETO HA
[Dap®IN/OFQ(1-13)NH; u naii-cunno uspasenu B npucheTerero Ha [Cav?]N/OFQ(1-13)NH;.

B 3akmouenue, camo [Cav’]N/OFQ(1-13)NH; npurexapa aHTHOKCHAAHTHA aKTUBHOCT, JOKATO AHTHOKCHUIAHTHHUAT
KalaluTeT Ha IPYTUTE U3CIIeABAaHN HEBPOIICTITUAN € CPABHUTEIHO cliab, KOETO MPaBH MajKO BEPOSTHO MOTHCKAHETO Ha
BB3MAIICHHETO JIa Ce ABJDKU HA aHTHOKCHUIAHTEH MEXaHU3bM.
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Reduced graphene oxide-silicate (RGO/SiO,) hanocomposites were prepared by a sol-gel method by mixing 10 wt%
and 20 wt% of RGO with tetraethyl orthosilicate (TEOS). RGO sheets were prepared by chemical exfoliation of
purified natural graphite powder. The phase formation and the structural transformations of the samples are verified by
X-ray diffraction analysis. Thermal behavior was studied using differential thermal analysis (DTA) in air atmosphere.
FTIR spectrophotometry was used to determine the short range order of the obtained nanocomposites. Scanning
electron microscopy (SEM) with EDS was also used to determine the structure and morphology of the samples in
addition to elemental analysis of constituents. The analysis showed that the carbon phases start firing after heating at
400°C to completely disappear between 550 to 600°C. Cristobalite phase appeared at 800°C in the sample containing 20
wt % RGO, while the amorphous silica structure was dominant in the sample containing 10 wt% RGO at the same

temperature.

Keywords: Reduced Graphene Oxide, TEOS, Nanocomposite, Thermal stability, Sol-gel.

INTRODUCTION

Since Andre Geim & Kostya Novoselov isolated
graphene in 2004 and received the Nobel Prize in
2010, an explosion in the investigation of graphene
and composites based on graphene in terms of
synthesis, characterization, properties, as well as
specifically potential applications were reported.
Graphene  has  wonderful  physicochemical
properties such as high values of its Yong’s
modulus, fracture strength, thermal conductivity,
specific surface area, and electrical conductivity [1,
2]. These features have made graphene and
graphene derivatives ideal for diverse applications.
Reduced Graphene Oxide (RGO) is known as
chemically modified graphene, functionalized
graphene, chemically converted graphene, or
simply graphene [3]. RGO is like the pristine
graphene but has some oxygen functional groups
remained after the incomplete reduction of the
graphene oxide sheets during its production by
chemical methods [4, 5]. During the last half
decade, RGO has been studied in the context of
many applications, such as polymer composites,
energy-related materials, sensors, field-effect
transistors and biomedical applications, due to its

* To whom all correspondence should be sent:
E-mail: ashalaby2011@gmail.com

excellent electrical, mechanical, and thermal
properties. One of the methods considered as an
effective route to synthesize RGO sheets due to its
simplicity, reliability, ability for large-scale
production and exceptionally low price is the
isolation of graphene sheets from graphite by
chemical treatments which are suitable for large-
scale production [6].

In the past few years, significant efforts have
been directed toward the preparation of
nanocomposites based on graphene such as
graphene/Bi,0s [71, graphene/SnO; [8].
graphene/gold [9]. graphene/silver [10],
graphene/Mnz0. [11], AgsVO4/TiOJ/graphene [12],
TiO2/graphene [13, 14], ZnO/graphene [15, 16] and
graphene/cobalt [17]. The unique properties of these
materials have been demonstrated for a variety of
catalysts, super capacitors and fuel cell batteries.
One of the future challenges is to preserve the
excellent physical properties of graphene in the
process of synthesizing nanocomposites [18].

Silica is a very appropriate compound due to its
high chemical and thermal stability. It has been
known since ancient times. Silica is most
commonly found in nature as quartz, as well as in
various living organisms [19]. It is one of the most
complex and most abundant families of materials,
existing as several minerals and produced
synthetically. Notable examples include fused
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quartz, crystal, fumed silica, silica gel, and
aerogels. Applications range from structural
materials for microelectronics to components used
in the food industry. The graphene fabricated on
silica depicts interesting properties due to the local
atomic configuration, and the binding sites of
graphene with SiO,. It can find applications in the
development of super capacitor devices, devices for
drug delivery, heavy metal removal, biosensors and
electrochemical sensors [20-22]. Moreover, by the
sol-gel method it is easier to prepare a homogenous
composite with random distribution of RGO sheets
in the volume of the materials. There are a few
works which presented the methods for synthesis of
RGO/SiO, composite by using graphite oxide and
TEOS as precursors with or without surfactant [23-
25]. In this study, we prepared a nanocomposite
from silica with reduced graphene oxide, which
may find possible applications in the development
of super capacitor devices, devices for drug
delivery, biosensors and electrochemical sensors
[26].

EXPERIMENTAL
Preparation of reduced graphene oxide (RGO)

RGO was successfully prepared by chemical
exfoliation of purified natural graphite powder
(99.9 %, Alfa Aesar Co.) typically as mentioned in
our previous study [28] with complete
characterization to confirm that we obtained RGO
as mentioned in the literature. Briefly, we can
summarize it in three steps.

1- Firstly, graphite was oxidized by a strong acid to
obtain graphite oxide using the Hummers and
Offeman method [29].

2- Graphite oxide was ultrasonicated for 2 h to
exfoliate the compact sheets to produce a dispersion
solution of the graphene oxide nanosheets.

3- Finally, the dispersion solution of graphene
oxide was reduced using the strong reducing agent
sodium borohydride (98%, Alfa Aesar) to obtain
the reduced graphene oxide nanosheets.

Preparation of reduced graphene oxide / silicate
(RGOI/SiOy)

The RGO/SiO; nanocomposite was prepared by
the sol-gel technique using tetraethyl orthosilicate
(TEOS) (98%, Aldrich Co.) and freshly prepared
RGO as precursors. In order to avoid the
aggregation process in RGO sheets and to solve the
problems related to the exfoliation and distribution
of the sheets inside the composites we selected
definite amounts of RGO (10 wt% and 20 wt%)
not less than the detectable amounts inside the

silica matrix. Mixture of the target amounts of RGO
dispersed in deionized water using ultrasonication
was added to the solution of TEOS and ethanol
under stirring at 110°C for 1 h in order to obtain a
gel following the scheme shown in Figure (1).

[ TEOS+ Ethanal J [HGO+DEiDI‘1iZEd H.0O J

' '

Mlixture
HCI Cone. (stirring for 1 hour at 110°C)
Gel
[Drving 80°C for 6 hour under vacuurn)
[ Composite

Fig. 1. Scheme of preparation of RGO/SiO;
composite by the sol-gel method.

Samples characterization

The phase formation and  structural
transformation were detected by X-ray phase
analysis (Bruker D8 Advance, Cu Ka radiation).
The micro-nano structure and the morphology of
the crystalline products were studied by scanning
electron microscopy (SEM) (Jeol-357) with energy-
dispersive X-ray spectroscopy (EDS) for elemental
analysis of the constituents. Differential thermal
analysis (DTA) in air atmosphere was carried out
on STA PT1600 TG-DTA/DSC Simultaneous
Thermal Analysis, (LINSEIS Messgerdte GmbH,
Germany). The main short range orders of the
nanocomposites were determined on a Channel
FTIR spectrophotometer VARIAN series 600, with
a wide wavelength range (4000-400 cm™) and
spectral resolution not worse than 0.07 cm* at room
temperature using a standard KBr pellet technique.

RESULTS AND DISCUSSION

XRD analysis of the samples containing 10 wt%
and 20 wt% of RGO showed that the crystal phases
appeared at different temperatures. In the beginning
of heating up to 200°C it was found that the
composites contain amorphous silica and RGO
sheets. Lignite was identified at 400°C (Ref. Code
00-005-0625). All carbon phases disappeared
between 550°C and 600°C. The samples which
contain 10 wt% RGO at 800°C became completely
amorphous, the so called silica gel glass, while
cristobalite crystal phase appeared in the samples
which contain 20 wt% RGO at the same
temperature, as shown in Figure (2). This means
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that with increasing the amount of RGO the
formation of cristobalite was accelerated.
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Fig. 2. X-ray diffraction pattern of the samples
containing 0 wt%, 10 wt% and 20 wt% of RGO treated
at a) 200°C, b) 400°C, and c) 800°C.

According to the results of the DTA/TG analysis
the samples showed significant weight loss with an
onset temperature above 100°C, which was
attributed to the elimination of the water, followed
by removal of the weak oxygen-containing
functional groups as CO, CO, and H,O vapors. As
shown in Figure (3a), the mass loss for the samples
containing 20 wt% RGO is higher than that for the
other samples, especially above 400°C.

Figure (3b) presents the differential thermal
analysis results for the target samples. It was found
that the strong exothermic effect observed near to
600°C for samples which contain 20 wt% RGO is
due to firing of the carbon content.
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Fig. 3. Thermal analysis for the samples containing 0
wt%, 10 wt% and 20 wt% of RGO (a) Mass loss (b)
DTA signal.

Table 1. Elemental analysis in weight percent at
different positions inside the samples containing RGO
(10 wt% & 20 wt%).

Samples C% O% Si% Total
Al 3748 515 11.02 100

0
13&/0 A2 2991 5481 1528 100
A3 7116 2454 431 100
Bl 2013 39.29 4057 100

0
Zgév(t)/o B2 775 2115 134 100

B3 76.73 21 2.27 100

The IR spectra of samples treated at 200, 400
and 800°C are presented in Figure (4a, b, ¢). It was
established that between room temperature and
400°C transformation of silica gel to silica gel glass
takes place because the band at 950 cm™* decreased
to a small shoulder. This can be connected with
replacement of the Si-OH group with Si-O-Si
bridge bond [30]. The bands corresponding to
vibration of the water molecules around (3450,
1635 cm™) were drastically reduced on increasing
the temperature. The dominant band at 1090 cm*
(800°C) was connected with the stretching vibration
of Si-O-Si bonds between SiO, tetrahedra [30]. The
band with small intensity at 660 cm™ in the spectra
of the samples containing 20% RGO can be
attributed to the formation of cristobalite [27].
These results are in good agreement with the XRD
analysis data.
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From the SEM images (Figure (5) it is seen that
randomly distributed aggregates of stack small
sheets are imbedded in the amorphous matrix. The
EDS analyses of the samples are presented in Table
(1). According to these results we can confirm that
the samples display random distribution of RGO
which is presented as carbon (C).
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Fig. 4. IR-Spectra pattern of the samples containing
0 wt%, 10 wt% and 20 wt% of RGO treated at a) 200°C,
b) 400°C, and c) 800°C.

o V. DS L e
Fig. 5. SEM images of samples heated at 200°C
containing (A) RGO 10 wt% (B) RGO 20 wt% at
different positions. The arrows inside the SEM pictures
point to the exact positions of performed elemental
analysis.

CONCLUSIONS

In this study, it was established that by direct
mixing of RGO and TEOS by the sol-gel technique,
it is possible to obtain composite materials. Inside
the matrix RGO interacts with the silica glass to
form lignite which is detected at 400°C. Under
continuous heating all of carbon contents burned
and the carbon phases completely disappeared at
about 600°C. Cristobalite phase was detected at
800°C in the composite containing 20 wt% RGO,
while amorphous silica structure was dominant at
the same temperature for the composite containing
10 wt% RGO. This means that the increase in the
amount of RGO inside the silica matrix enhances
the crystallization of silica at low temperature. We
believe that this information will be useful for
further understanding of the complex nature of this
composite, and it will be taken into account for
possible applications according to its unigque
properties.
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I[MPUT'OTBAHE, OXAPAKTEPU3UPAHE U TEPMWNYHA CTABUJIHOCT HA PEAYLIMPAH
I'PA®EHOB OKCUJI/CUJIMKAT HAHO-KOMITO3UTU

A.C. lllana6u® *, A.JI. Cranesa?, JL.W. Anexcanapos®, P.C. Mopnanosa®, S1.5. Jlumurpues?

! Hayuno-mexnonoeuuen yenmup 3a eopxosu nocmuoicenus, Kaiipo, Ecunem
2 Xumuxo-mexnono2uuen u memanypauden ynusepcumem, 1756 Coqpus, Bvreapus
8 Uncmumym no obwa u neopeanuuna xumus, Bvieapcka axademus na naykume, 1113 Coghus, Bvaeapus

Tloctbrnuna Ha 11 HoemBpu, 2014 r., kopurupana Ha 3 asrycrt, 2015 .
(Pesrome)

IpuroTBeHn ca HaHO-KOMIIO3UTH OT peayipad rpadeHos okucua-cunukar (RGO/SiO;) mo 3071-renm MeToma 4pes
cmecBade Ha 10 % u 20 % tern. ot RGO ¢ rerpaerun-oprocunukar (TEOS). JlucroBe or RGO ca npurotBeHu upes
XHMHYECKO pa3CTHIaHe Ha MPEYUCTEH eCTECTBEeH rpaduTeH npax. Pa3o00pa3yBaHETO U CTPYKTypHaTa TpaHchopMarms
Ha TpOOUTE ca MOTBBPACHH 4Ype3 PEHTICHO-CTPYKTYpeH aHanu3. TepMUYHHTE OTHACSHHS ca M3CICIBAHU 4pe3
midepennmaner repmuuer ananus (DTA) B atmocdepa ot Be3ayx. M3mnon3Bana e nHdppauepBeHa crekTpohoToMeTpus
(FTIR) 3a onpenesnsHeTo Ha KpaThK 00XBaT HAaHO-KOMIIO3UTH. M3M0JI3BaHa € U CKaHUpalla eJIeKTPOHHA MHUKPOCKOIIHS
(SEM) ¢ EDS 3a ompezensiHeTo Ha CTpyKTypaTa 1 MOp(HOJIOTrusaTa HAa MPOOUTE B JOMBIHEHNE HA CIIEMEHTHUS aHAJIH3.
AHanu3bT NOKa3Ba, ue BbIVIepoaHara (as3a 3arnousa Ja ropu ciej Harpsisane npu 400°C 10 mbiHO H3ue3BaHE MEXIY
550 u 600°C. KpucrobanutHa asa ce nossssa npu 800°C B mpoburte, chabpxkamu 20 % tern. RGO, mokaro amophen
CUITMILINEB TUOKCH] TOMUHUpA B ipobure, chabpikaiy 10 % tern. RGO npwu chiiara temneparypa.
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A series of ten novel amides was designed and synthesized on the base of the camphane scaffold by coupling of
isobornylamine and bornylamine with different carboxylic acids. The compounds were screened for their in vitro
activity against M. tuberculosis H37Rv and cytotoxic activity against the human embryonal kidney cell line HEK-293T.
Six of the structures revealed profound anti-tuberculosis activity (MICs up to 0.16 uM) in combination with moderate
to low cytotoxicity. The compound derived from bornylamine and furan-2-carboxylic acid can be considered as a
promising lead for the development of anti-mycobacterial agents.

Keywords: amides, camphane, cytotoxicity, M. tuberculosis H37Rv.

INTRODUCTION

Natural products have served as templates for
the development of many anti-mycobacterial agents
[1]. Their structural complexity appeared to be
crucial for the observed activity due to interaction
with specific protein targets [2]. Since tuberculosis
(TB) still remains a growing problem in the context
of treatment of multidrug-resistant TB (MDR-TB)
[3], the development of drugs with novel
mechanism of action is of urgent need [4]. Now
there is a reemerging interest in natural products as
templates for the discovery of new antitubercular
leads [5, 6].

Recently we have reported a series of novel (+)-
camphor derived compounds as potent inhibitors of
Mycobacterium tuberculosis (MTB) [7-11]. Some
of our camphanes displayed properties which made
them promising anti-TB lead compounds: high
activity against MTB strain H37Rv, activity against
a drug-resistant strain and generally low cytotoxic
activity against the human embryonal kidney cell
line 293T. We were inspired mostly by the analogy
of the camphane scaffold as compact lipophilic
moiety to the adamantyl fragment in SQ 109 (Fig.
1), a capable second line anti-TB drug [12-14]. It is
very likely that its highly lipophilic adamantane
structure helps the penetration of the bacterial wall
and is thus decisive for the activity [15].

Initially our investigations started with the

* To whom all correspondence should be sent:
E-mail: gstavrakov@pharmfac.net

synthesis of B-amidoalcohols and amidodiols on the
base of 3-exo-aminoisoborneol (Fig. 1, 1) [7]. All
compounds were active against MTB strain H37Rv
and three of them showed activity against MDR-
TB. A guantitative structure - activity relationship
(QSAR) study revealed several structural
requirements for anti-TB activity. Based on them
we expanded the study by the design of
isobornylamine (Fig. 1, I11) and bornylamine (Fig.
1, 1V) derived amidoalcohols by combining the
camphane skeleton with a-hydroxy acids [8, 9].

R,N
1 I
yo o ;/ 7
N OH
R HN\H/L
5 R
0

SQ109

Fig. 1. Structures of camphane based compounds
with anti-mycobacterial activity and SQ109.

Four of the new compounds showed activities in
the nanomolar range, significantly higher than the
activities of the initial set. The QSAR study based
on all derivatives provided new directions for
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optimization [10].  Further, a series of
aminoalcohols (Fig. 1, Il) were synthesized by
reaction of aminolysis of camphor derived oxiranes
with  chosen amines. Three  compounds
demonstrated excellent activities against MDR-TB
combined with low to moderate cytotoxic activity
[11].

Herein, we present the synthesis, antibacterial
activity and cytotoxicity of camphane based amides
lacking hydroxyl function in their structures. This
work is a continuation of our SAR study of the anti-
tuberculosis  potency of camphor derived
compounds.

EXPERIMENTAL
General

Reagents were of commercial grade and used
without  further  purification.  Thin  layer
chromatography (TLC) was performed on
aluminum sheets pre-coated with Merck Kieselgel
60 Fx»ss 025 mm  (Merck). Flash column
chromatography was carried out using Silica Gel 60
230-400 mesh (Fluka). Commercially available
solvents for reactions, TLC and column
chromatography were used after distillation (and
were dried when needed). Melting points of the

compounds  were  determined using the
“Electrothermal” MEL-TEMP apparatus
(uncorrected). Optical rotation ([0]p®®) was

measured on a Perkin—Elmer 241 polarimeter. The
NMR spectra were recorded on a Bruker Avance
I1+ 600 spectrometer (600.13 for *H MHz and
150.92 MHz for *C NMR) with TMS as internal
standards for chemical shifts (5, ppm). *H and *C
NMR data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g =
guartet, br = broad, m = multiplet), coupling
constants (Hz), integration, identification. The
assignment of the 'H and *C NMR spectra was
made on the basis of DEPT, COSY, HSQC, HMBC
and NOESY experiments. Elemental analyses were
performed at the Microanalytical Service
Laboratory of the Faculty of Pharmacy, Medical
University of Sofia, using Vario EL3 CHNS(O).
Dimethyl sulfoxide (DMSO) for testing of
bioactivities was commercial (spectroscopic grade)
and was used without distillation.

General procedure for preparation of compounds
4a-d and 5a-d

To a solution of isobornylamine or bornylamine
(1 equiv) and NEt; (1.1 equiv) in CH.CI, the
corresponding acyl chloride (1.1 equiv) was added
dropwise at 0 °C. The mixture was stirred for 15
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min at 0 °C, and left overnight at r.t. The reaction
was quenched with sat. ag. NH4Cl and extracted
with CH,Cl,. The combined organic extracts were
washed with sat. ag. NaHCOs followed by ag. citric
acid, dried over NaSO, and concentrated under
reduced pressure. The residue was purified by flash
column chromatography on silica gel.
3-Phenyl-N-((1R,2R,4R)-1,7,7-trimethylbicyclo
[2.2.1]heptan-2-yl)propanamide 4a. Yield: 72%;
white crystals; m.p. 75-78 °C. [0]®> = -33.3 (cC
1.269, CHCIs). *H NMR (CDCls, 600 MHz) & =
7.29-7.27 (m, 2H, arom.), 7.23-7.18 (m, 3H, arom.),
5.24 (d, Jnn = 7.6 Hz, 1H, NH), 3.85 (dg, Ju+ = 9.0,
5.1 Hz, 1H, 2-Hendo), 2.95 (dt, Juw = 7.5, 2.2 Hz, 2H,
CH2CO), 2.48 (dt, Jun = 7.5, 2.2 Hz, 2H, CH.Ph),
1.80 (dd, Juw=13.3,9.1, 1H, 3-Hengo), 1.69-1.64 (m,
2H, 4-H, 5-Hexo), 1.54-1.49 (m, 1H, 3-Hex), 1.42-
1.38 (m, 1H, 6-Hexo), 1.27-1.23 (m, 1H, 6-Hendo),
1.14-1.10 (m, 1H, 5-Hengo), 0.78 (s, 3H, 8-H), 0.73
(s, 3H, 9-H), 0.69 (s, 3H, 10-H) ppm. *C NMR
(CDCls, 150.9 MHz) 6 = 171.28 (CO), 140.66 (1
arom. C), 128.53 (2 arom. CH), 128.32 (2 arom.
CH), 126.25 (1 arom. CH), 56.56 (2-C), 48.19 (1-
C), 46.97 (7-C), 44.75 (4-C), 39.05 (CH.Ph), 38.59
(3-C), 35.86 (6-C), 31.77 (CH.CO), 26.91 (5-C),
20.16 (9-C), 20.08 (8-C), 11.56 (10-C) ppm.
C19H27NO (285.42): calcd. C 79.95, H 9.53, N 4.91,
found C 79.76, H 9.21, N 4.83.
N-((1R,2R,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)cinnamamide 4b. Yield: 74%; white
crystals; m.p. 65-69°C. [a]*%> = -66.6 (c 0.988,
CHCI3). *H NMR (CDCls, 600 MHz) & = 7.61 (d,
1H, Juw = 15.5 Hz, 1H, CHCO), 7.51-7.50 (m, 2H,
arom.), 7.36-7.35 (m, 3H, arom.), 6.38 (d, 1H, J. . =
155 Hz, 1H, CHPh), 5.58 (d, Jux = 8.6 Hz, 1H,
NH), 4.06 (dg, Jun = 9.0, 5.1 Hz, 1H, 2-Hengo), 1.92
(dd, Jun = 13.3, 9.0 Hz, 1H, 3-Hendo), 1.77 (t, Juw =
4.3 Hz, 1H, 4-H), 1.75-1.70 (m, 1H, 5-Hexo), 1.99-
1.57 (M, 2H, 3-Hexo, 6-Hexo), 1.37-1.32 (m, 1H, 6-
Hendo), 1.22-1.17 (m, 1H, 5-Hendo), 0.97 (s, 3H, 8-
H), 0.89 (s, 3H, 10-H), 0.86 (s, 3H, 9-H) ppm. 3C
NMR (CDCl;, 150.9 MHz) & = 165.12 (CO),
140.80 (1 arom. C), 134.87 (CHCO), 129.53 (1
arom. CH), 128.73 (2 arom. CH), 127.72 (2 arom.
CH), 121.02 (CHPh), 56.88 (2-C), 48.75 (1-C),
47.14 (7-C), 44.85 (4-C), 39.17 (3-C), 35.91 (6-C),
26.97 (5-C), 20.37 (9-C), 20.25 (8-C), 11.76 (10-C)
ppm. C19H2sNO (283.41): calcd. C 80.52, H 8.89, N
4.94, found C 80.90, H 9.24, N 4.87.
N-((1R,2R,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)furan-2-carboxamide 4c. Yield: 97%;
oil. [a]®> = -64.7 (c 1.168, CHCls). 'H NMR
(CDCls, 600 MHz) 6 = 7.43-7.42 (m, 1H, furane
H), 7.08 (d, Jux = 3.4 Hz, 1H, furane H), 6.49 (dd,
Jun = 3.4, 1.5 Hz, 1H, furane H), 6.34 (d, Juxn=7.1
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Hz, 1H, NH), 4.06 (dq, Jun = 9.1, 5.0 Hz, 1H, 2-
Hendo), 1.93 (dd, Jun = 13.3, 9.1 Hz, 1H, 3-Hendo),
1.79 (t, Jun = 4.3 Hz, 1H, 4-H), 1.77-1.66 (m, 2H,
3-Hexo, 5-Hexo), 1.63-1.59 (M, 1H, 6-Hexo), 1.37-1.33
(m, 1H, 6-Hendo), 1.22-1.18 (m, 1H, 5-Hendo), 1.00
(s, 3H, 8-H), 0.89 (s, 3H, 10-H), 0.87 (s, 3H, 9-H)
ppm. *C NMR (CDCls, 150.9 MHz) & = 157.63
(CO), 148.22 (furane C), 143.56 (furane CH),
113.83 (furane CH), 112.11 (furane CH), 56.23 (2-
C), 48.75 (1-C), 47.11 (7-C), 44.89 (4-C), 39.13 (3-
C), 35.85 (6-C), 26.99 (5-C), 20.26 (8-C), 20.22 (9-
C), 11.79 (10-C) ppm. CisH21NO; (247.33): calcd.
C 72.84, H 8.56, N 5.66, found C 73.01, H 8.47, N
5.71.
2-((1R,2R,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-ylcarbamoyl)phenyl acetate 4d. Yield:
86%; white crystals; m.p. 76-80°C. [a]®p=-50.5 (c
1.109, CHCI3). *H NMR (CDCls, 600 MHz) & =
7.67 (dd, Jun = 7.2, 1.7 Hz, 1H, arom.), 7.45 (dt,
Jun = 7.5, 1.7 Hz, 1H, arom.), 7.30 (dt, Jun = 7.6,
1.1 Hz, 1H, arom.), 7.08 (dd, Ju+ = 8.2, 1.0 Hz, 1H,
arom.), 6.12 (d, Juw = 7.8 Hz, 1H, NH), 4.09 (dq,
Jun = 8.9, 5.2 Hz, 1H, 2-Hendo), 2.33 (s, 3H,
COCHpa), 1.95 (dd, Jun = 13.3, 9.1 Hz, 1H, 3-Hendo),
1.78 (t, Jun = 4.3 Hz, 1H, 4-H), 1.76-1.71 (m, 1H,
5-Hexo), 1.65-1.58 (M, 2H, 3-Hexo, 6-Hexo), 1.38-1.34
(m, 1H, 6-Hendo), 1.22-1.18 (m, 1H, 5-Hengo), 0.93
(s, 3H, 8-H), 0.91 (s, 3H, 10-H), 0.85 (s, 3H, 9-H)
ppm. BC NMR (CDCls, 150.9 MHz) & = 169.39
(CO), 165.17 (CO), 147.69 (1 arom. C), 131.41 (1
arom. CH), 129.40 (1 arom. CH), 126.30 (1 arom.
CH), 123.16 (1 arom. CH), 57.09 (2-C), 48.72 (1-
C), 47.12 (7-C), 44.84 (4-C), 39.03 (3-C), 35.91 (6-
C), 26.96 (5-C), 21.16 (COCHs), 20.35 (8-C), 20.21
(9-C), 11.77 (10-C) ppm. CigHzsNO3z (315.41):
calcd. C 72.35, H 7.99, N 4.44, found C 72.51, H
8.26, N 4.53.
3-phenyl-N-((1R,2S,4R)-1,7,7-trimethylbicyclo

[2.2.1]heptan-2-yl)propanamide 5a. Yield: 97%;
white crystals; m.p. 92-96°C. [a]®p = 0 (¢ 1.094,
CHClIs). *H NMR (CDCls, 600 MHz) 8 = 7.30-7.26
(m, 2H, arom.), 7.22-7.19 (m, 3H, arom.), 5.29 (d,
Jun = 8.2 Hz, 1H, NH), 4.21-4.17 (m, 1H, 2-Hexo),
2.97 (dt, Juw = 7.6, 1.4 Hz, 2H, CH,CO), 2.51 (t,
Jun = 7.6 Hz, 2H, CH.Ph), 2.32-2.26 (m, 1H, 3-
Hexo), 1.73-1.67 (M, 1H, 5-Hexo), 1.61 (t, Juy = 4.5
Hz, 1H, 4-H), 1.28-1.25 (m, 1H, 6-Hey), 1.23-1.18
(m, 1H, 6-Hengo), 1.06-1.02 (M, 1H, 5-Hendo), 0.92
(s, 3H, 8-H), 0.84 (s, 3H, 9-H), 0.72 (s, 3H, 10-H),
0.62 (dd, Jun = 13.4, 4.6 Hz, 1H, 3-Hendo) ppm. °C
NMR (CDCl;, 1509 MHz) & = 171.99 (CO),
140.81 (1 arom. C), 128.54 (2 arom. CH), 128.37 (2
arom. CH), 128.23 (1 arom. CH), 53.58 (2-C),
49.20 (1-C), 48.04 (7-C), 44.76 (4-C), 38.76
(CH2Ph), 37.64 (3-C), 31.87 (CH2CO), 28.24 (5-C),

27.80 (6-C), 19.76 (9-C), 18.59 (8-C), 13.53 (10-C)
ppm. C19H27NO (285.42): calcd. C 79.95, H 9.53, N
4.91, found C 80.16, H 9.76, N 5.04.
N-((1R,2S,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)cinnamamide 5b. Yield: 99%; white
crystals; m.p. 82-85°C. [0]*p = 0 (c 1.155, CHCls).
'H NMR (CDCls, 600 MHz) 8 = 7.63 (d, 1H, Jun =
15.5 Hz, 1H, CHCO), 7.52-7.50 (m, 2H, arom.),
7.38-7.34 (m, 3H, arom.), 6.46 (d, 1H, J.. = 15.5
Hz, 1H, CHPh), 5.73 (d, Jux = 8.7 Hz, 1H, NH),
4.43-4.39 (m, 1H, 2-Hex), 2.44-2.38 (m, 1H, 3-
Hexo), 1.83-1.77 (M, 1H, 5-Hexo), 1.69 (t, Jun = 4.5
Hz, 1H, 4-H), 1.58-1.53 (m, 1H, 6-Hengo), 1.46-1.40
(m, 1H, 6-Hexo), 1.24-1.19 (m, 1H, 5-Hendo), 0.98 (s,
3H, 8-H), 0.89 (s, 3H, 9-H), 0.87 (s, 3H, 10-H),
0.88-0.84 (m, 1H, 3-Hengo) ppm. *C NMR (CDCls,
150.9 MHz) & = 165.88 (CO), 140.75 (1 arom. C),
134.92 (CHCO), 129.50 (1 arom. CH), 128.74 (2
arom. CH), 127.73 (2 arom. CH), 121.04 (CHPh),
53.91 (2-C), 49.69 (1-C), 48.21 (7-C), 44.90 (4-C),
37.83 (3-C), 28.39 (5-C), 28.04 (6-C), 19.82 (9-C),
18.66 (8-C), 13.73 (10-C) ppm. CigHzsNO
(283.41): calcd. C 80.52, H 8.89, N 4.94, found C
80.74,H9.12, N 4.88.
N-((1R,2S,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)furan-2-carboxamide 5c. Yield: 93%;
white crystals; m.p. 85-88°C. [a]%%> = +7.7 (c 0.942,
CHCIs). *H NMR (CDCls, 600 MHz) & = 7.45 (d,
Jun = 0.9 Hz, 1H, furane H), 7.09 (d, Jux = 3.1 Hz,
1H, furane H), 6.50 (dd, J.. = 3.4, 1.7 Hz, 1H,
furane H), 6.38 (d, Juw = 8.1 Hz, 1H, NH), 4.43-
438 (M, 1H, 2-Hew), 2.45-2.39 (M, 1H, 3-Hexw),
1.85-1.79 (m, 1H, 5-Hexo), 1.71 (t, Ju = 4.5 Hz, 1H,
4-H), 1.62-1.57 (m, 1H, 6-Hendo), 1.47-1.42 (m, 1H,
6-Hexo), 1.28-1.24 (M, 1H, 5-Hendo), 0.99 (s, 3H, 8-
H), 0.91 (dd, Jux = 13.6, 4.6 Hz, 1H, 3-Hengo), 0.90
(s, 3H, 9-H), 0.87 (s, 3H, 10-H) ppm. *C NMR
(CDCls, 150.9 MHz) 6 = 158.37 (CO), 148.26
(furane C), 143.52 (furane CH), 113.87 (furane
CH), 112.14 (furane CH), 53.37 (2-C), 49.67 (1-C),
48.19 (7-C), 44.90 (4-C), 37.71 (3-C), 28.38 (5-C),
28.02 (6-C), 19.82 (9-C), 18.66 (8-C), 13.68 (10-C)
ppm. CisH21NO; (247.33): calcd. C 72.84, H 8.56,
N 5.66, found C 72.98, H 8.69, N 5.69.
2-((1R,2S,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-ylcarbamoyl)phenyl acetate 5d. Yield:
91%; white crystals; m.p. 115-117°C. [a]®p = +3.3
(c 0.967, CHCI3). *H NMR (CDCls, 600 MHz) & =
7.74 (dd, Jun = 7.7, 1.7 Hz, 1H, arom.), 7.46 (dt,
Jun = 7.6, 1.7 Hz, 1H, arom.), 7.31 (dt, Ju. = 7.6,
1.1 Hz, 1H, arom.), 7.11 (dd, Jx+ = 8.1, 1.0 Hz, 1H,
arom.), 6.28 (d, Jun = 8.4 Hz, 1H, NH), 4.44-4.40
(M, 1H, 2-Hexo), 2.48-2.42 (m, 1H, 3-Hexo), 2.35 (s,
3H, COCHs), 1.84-1.78 (m, 1H, 5-Hexo), 1.71 (t, Jux
= 45 Hz, 1H, 4-H), 1.54-1.49 (m, 1H, 6-Hendo),

45



G. Stavrakov et al.: Isobornylamine and bornylamine derived amides — synthesis, antimycobacterial activity and cytotoxicity

1.47-1.42 (m, 1H, 6-Hexo), 1.20-1.16 (m, 1H, 5-
Hendo), 0.99 (s, 3H, 8-H), 0.90 (s, 3H, 9-H), 0.89 (s,
3H, 10-H), 0.84 (dd, Jun = 13.4, 4.6 Hz, 1H, 3-
Hendo) ppm. *C NMR (CDCls, 150.9 MHz) § =
169.21 (CO), 165.75 (CO), 147.56 (1 arom. C),
131.42 (1 arom. CH), 129.72 (1 arom. CH), 126.32
(1 arom. CH), 123.07 (1 arom. CH), 54.20 (2-C),
49,51 (1-C), 48.20 (7-C), 44.84 (4-C), 37.83 (3-C),
28.44 (5-C), 28.14 (6-C), 21.19 (COCHg), 19.79 (9-
C), 18.66 (8-C), 13.72 (10-C) ppm. CigH2sNOs
(315.41): calcd. C 72.35, H 7.99, N 4.44, found C
72.48, H 8.16, N 4.49.

General procedure for preparation of compounds
4e and 5e

1-Hydroxybenzotriazole (HOBt) (1.1 equiv) and
nicotinic acid (1.1 equiv) were suspended in
dichloromethane, and the mixture was stirred for 5
min. Then, N-[3-(dimethylamino)propyl]- N -
ethylcarbodiimide (EDC) (1.1 equiv) was added,
followed by isobornylamine or bornylamine (1
equiv). Stirring was continued at room temperature
until the starting material was completely
consumed (TLC). The mixture was quenched with
water, extracted with CH,Cl,, washed with 2M
HCI, sat. ag. NaHCO3; and brine. The organic phase
was dried over Na,SO, and concentrated under
vacuum. The residue was purified by flash column
chromatography on silica gel.

N-((1R,2R,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)nicotinamide 4e. Yield: 90%; white
crystals; m.p. 133-136°C. [a]®p = -55.4 (c 1.093,
CHCIs). *H NMR (CDCls, 600 MHz) & = 8.90 (dd,
Jun = 2.3, 0.8 Hz, 1H, arom.), 8.72 (dd, Ju. = 4.8,
1.8 Hz, 1H, arom.), 8.08 (ddd, Jux = 7.9, 2.3, 1.8
Hz, 1H, arom.), 7.39 (ddd, Jux = 7.9, 4.8, 0.8 Hz,
1H, arom.), 6.10 (d, Juu = 7.4 Hz, 1H, NH), 4.12
(dg, Juw =8.9, 5.0 Hz, 1H, 2-Hendo), 1.95 (dd, Jun =
13.4, 9.1 Hz, 1H, 3-Hendo), 1.82 (t, Jun = 4.3 Hz, 1H,
4-H), 1.79-1.74 (m, 1H, 5-Hexo), 1.73-1.68 (m, 1H,
3-Hexo), 1.66-1.61 (m, 1H, 6-Hexo), 1.39-1.35 (m,
1H, 6-Hendo), 1.24-1.29 (m, 1H, 5-Hengo), 1.01 (s,
3H, 8-H), 0.93 (s, 3H, 10-H), 0.88 (s, 3H, 9-H)
ppm. BC NMR (CDCl;, 150.9 MHz) § = 164.78
(CO), 152.11 (1 arom. CH), 147.41 (1 arom. CH),
135.02 (1 arom. CH), 130.71 (1 arom. C), 123.56 (1
arom. CH), 57.30 (2-C), 48.84 (1-C), 47.18 (7-C),
44.86 (4-C), 39.10 (3-C), 35.85 (6-C), 26.96 (5-C),
20.32 (8-C), 20.20 (9-C), 11.81 (10-C) ppm.
Ci6H22N20 (258.36): calcd. C 74.38, H 8.58, N
10.84, found C 74.61, H 8.26, N 10.92.

N-((1R,2S,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)nicotinamide 5e. Yield: 90%; white
crystals; m.p. 77-81°C. [a]*> = -4.8 (c 1.107,
CHCI3). *H NMR (CDCls, 600 MHz) & = 8.97 (d,
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Jun = 2.0 Hz, 1H, arom.), 8.72-8.71 (m, 1H, arom.),
8.12-8.10 (m, 1H, arom.), 7.40-7.38 (m, 1H, arom.),
6.22 (brs, 1H, NH), 4.49-4.45 (m, 1H, 2-Heyo), 2.49-
2.43 (m, 1H, 3-Hey), 1.87-1.80 (m, 1H, 5-Hex),
1.74 (t, Juw = 4.5 Hz, 1H, 4-H), 1.60-1.56 (m, 1H,
6-Hendo), 1.51-1.46 (M, 1H, 6-Heyo), 1.27-1.23 (m,
1H, 5-Hengo), 1.01 (s, 3H, 8-H), 0.92 (dd, J. = 13.6,
4.6 Hz, 1H, 3-Hendo), 0.92 (s, 3H, 9-H), 0.90 (s, 3H,
10-H), ppm. **C NMR (CDCl;, 150.9 MHz) & =
165.73 (CO), 152.08 (1 arom. CH), 147.64 (1 arom.
CH), 135.05 (1 arom. CH), 130.80 (1 arom. C),
123.50 (1 arom. CH), 54.39 (2-C), 49.74 (1-C),
48.27 (7-C), 44.88 (4-C), 37.70 (3-C), 28.38 (5-C),
28.12 (6-C), 19.79 (9-C), 18.63 (8-C), 13.77 (10-C)
ppm. CisH2.N>0O (258.36): calcd. C 74.38, H 8.58,
N 10.84, found C 74.54, H 8.37, N 10.90.

Anti-mycobacterial activity

The anti-mycobacterial activity was determined
through the proportional method of Canetti towards
reference strain M. Tuberculosis H37Rv. This
method, recommended by the WHO, is the most
commonly used one worldwide for exploration of
sensitivity/resistance of tuberculosis strains towards
chemotherapeutics [16-19].

A sterile suspension/solution of each tested
compound was added to LOwenstein-Jensen egg
based medium before its coagulation (30 min at 85
°C). Each compound was tested at four
concentrations —2 pg/ml, 0.2 pg/ml, 0.1 pg/ml and
0.05 upg/ml in DMSO. Tubes with Lowenstein-
Jensen medium (5 ml) containing the tested
compounds and those without them (controls) were
inoculated with a suspension of M. tuberculosis
H37Rv (10° cells/ml) and incubated for 45 days at
37 °C. The ratio between the number of colonies of
M. tuberculosis grown in the medium containing
compounds and the number of colonies in the
control medium were calculated and expressed as
percentage of inhibition. The MIC is defined as the
minimum concentration of compound required to
completely inhibit bacterial growth (0% growth).
The MIC values are calculated and given as uM.

Cytotoxicity

The human embryonal kidney cell line 293T
cells were obtained from the German Collection of
Microorganisms and Cell Cultures. Cells were kept
in controlled environment e RPMI-1640 medium,
supplemented with 10% heat-inactivated fetal calf
serum and 2mM L-glutamine, at 37 °C in a
‘Heraeus’ incubator with 5% CO2 humidified
atmosphere.

The cytotoxicity of the newly synthesized
compounds was assessed using the MTT [3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide]-dye reduction assay as described by
Mossman with some modifications [20, 21]. In
brief, exponentially growing cells were seeded in
96-well microplates (100 pl/well) at a density of
3.5 105 cell/ml and allowed to grow for 24 h prior
to the exposure to the studied compounds. Stock
solutions of the tested compounds were freshly
prepared in DMSO and thereafter were subset to
serial dilutions with growth medium in order to
obtain the desired final concentrations. At the final
dilutions the solvent concentration never exceeded
0.5%. Cells were exposed to the tested agents for
72 h, whereby a set of at least 8 separate wells was
used for each concentration. After the exposure
period MTT solution (10 mg/ml in phosphate-
buffered saline) aliquots (100 pl/well) were added
to each well. The plates were further incubated for
4 h at 37 °C and the MTT-formazan crystals formed
were dissolved through addition of 110 ml of 5%
HCOOH in 2-propanol. The MTT-formazan
absorption of the samples was measured by a
multimode microplate reader DTX 880 (Beckman
Coulter) at 580 nm. Cell survival fractions were
calculated as percentage of the untreated control.
The experimental data were fitted to sigmoidal
concentration-response curves and the
corresponding ICso values (concentrations causing
50% reduction of cellular survival vs. the untreated
control) via non-linear regression (GraphPad Prizm
software for PC).

RESULTS AND DISCUSSION
Chemistry

We focused on the synthesis of a library of
compounds analogues to the one already reported
for 3-exo-aminoisoborneol [7]. The pharmacophore
groups combined with the latter were attached to
camphane skeletons lacking hydroxyl functionality
(Scheme 1). Isobornylamine 1 and bornylamine 2,
readily available from natural (+)-camphor, were
selected as key starting compounds [22, 23].

The target amides 4a-d and 5a-d were obtained
by condensation of 1 and 2 with acid chlorides 3a-d
using standard conditions for acylation (0 °C and
EtsN in dry CH,Cl,). The synthesis of the amides
4e and 5e was accomplished by coupling reactions
of 1 and 2 with nicotinic acid 3e in the presence of
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDCI) and 1-hydroxybenzotriazole
hydrate (HOBT) as activating agents. All products
were obtained in excellent yields and purity after
flash column chromatography. The compounds
were identified by elemental analysis, *H NMR and

13C NMR. The spectral analyses were in accordance
with the assigned structures.

RCOX
3a-e H
NH, > N\ﬂ/R
(0]

1 4a-e
RCOX
3a-e
NH, HNTR
(0]
2 5a-e

4a,5a,R= ~_Ph. 4b 5b R= A\ Ph:

4c,5c,R=@; 4d,5d,R=/©;

OAc
X

4e, 5¢, R = | _N

Scheme 1. Synthesis of
bornylamine based amides.

isobornylamine and

Anti-mycobacterial activity

The synthesized compounds were screened for
their in vitro activity against M. tuberculosis
H37Rv using the method of Canetti (Table 1) [16-
19]. The compounds exhibited excellent activities
against the referent strain M. tuberculosis H37Rv
with MIC between 0.16 uM and 0.81 uM. Only the
derivative of bornylamine with cinnamic acid 5b
displayed activity (MIC 7.06 uM) comparable to
the one of ethambutol, used as reference. We were
interested in the effect of the chirality of the
camphane fragment on the structure activity
relationship. Except in the case of cinnamic acid
derived 4b and 5b, no influence of the chirality on
the activity was detected. In all other cases we
observed activity correlation between the
bornylamine and the isobornylamine derivatives.

Cytotoxicity

The excellent anti-mycobacterial activity of the
compounds forced us to evaluate their cytotoxic
activity, and hence to assess the selectivity of the
antiproliferative effects (Table 1). The cytotoxicity
was evaluated against the human embryonal kidney
cell line 293T after 72 h exposure [20, 21]. With
the only exception of 5c all tested compounds
induced 50% inhibition of cellular viability within
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the tested range of concentrations (12.5-200 pM)
exerting moderate to  high  cytotoxicity.
Unfortunately, the exceptionally active salicylic
acid derivatives 4d, 5d displayed high cytotoxicity.
The same was relevant for cinnamamides 4b, 5b.
The 3-phenylpropanamides 4a, 5a, differing from
the latter only in a double bond, revealed moderate
cytotoxicity, which combined with the high
antituberculous activity gave promising selectivity
indices (SI>255). Interestingly, the
furanecarboxamides 4c and 5c differ drastically in
their cytotoxicity depending on the chirality of the
camphane scaffold. Diastereoisomer 5c revealed
low cytotoxicity and high activity towards MTB,
which made it a promising lead for further
investigation. The same conclusion can be made for
nicotinamides 4e, 5e. They exhibit appreciable anti-
mycobacterial activity and low cytotoxicity, which
is represented by their selectivity indexes: 329.7 for
4e, and 181.3 for 5e.

Table 1. In vitro screening data for anti-
mycobacterial activity and cytotoxicity.

Q.T_tga Cytotoxicit SI°
Compound yP ICso/MI

MIC oMy  C

(M)  *F '
4a 0.17 43.5 255.9
5a 0.17 46.1 271.2
4b 0.18 30.6 170.0
5b 7.06 28.9 4.1
4c 0.81 54.2 66.9
5¢c 0.81 >200 >247
4d 0.16 10.82 67.6
5d 0.16 12.63 78.9
4e 0.38 125.3 329.7
5e 0.77 139.6 181.3

EMB.2HCIY  7.22

aAnti-mycobacterial activity towards reference strain
of Mycobacterium tuberculosis H37Rv; ®°In vitro
cytotoxicity towards human embryonal kidney cell line
293T; CSelectivity index; YEMB.2HCI — ethambutol
dihydrochloride (reference compound).

CONCLUSIONS

In summary, we synthesized bornylamine and
isobornylamine derived amides, by combining the
camphane scaffolds with chosen pharmacophore
groups. The anti-TB activity of the compounds was
screened in vitro against the referent strain M.
tuberculosis H37Rv. All compounds demonstrated
appreciable activity. The compounds were
additionally evaluated for their cytotoxic activity
against a human embryonal kidney cell line 293T.
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Six of the structures revealed high activity in
combination with moderate to low cytotoxicity. The
compound derived from bornylamine and furan-2-
carboxylic acid can reasonably be used as a
template for further structural modifications.
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AMNN HA N3050PHUJIAMWH 1 BOPHUJIAMUH — CUHTE3S,
AHTUMHUKOBAKTEPHUAJIHA AKTUBHOCT U HUTOTOKCUYHOCT

I'. CraBpakos’*, U. ®ununosa?, B. Beiuesa®, I'. Momekos?

Y @apmayesmuuen paxynmem, Meduyuncku Yuusepcumem — Cogpus, ya. Jynas 2, Cogpusi 1000, Bvazapus
2 Unemunym no opeanuuna Xumus ¢ yenmop no gumoxumust, bvieapcka axademus na naykume, ya. Axao. I'. Bonues,
on. 9, Cogus 1113, bvreapus
3 Uncmumym no mukpobuonozus Cmegan Anzenos, Bvazapcka akademus na naykume, ya. Axao. I. Bonues, 61. 26,
Cogpus 1113, bvreapus

Tloctenmna Ha 18 noemBpu 2014 r.; Tlpepaborena Ha 2 cenremBpu 2015 r.
(Pestome)

Cepusi OT JmeceT HOBM aMuna Oellle CHHTe3MpaHa Ha 0a3aTa Ha KamM(aHOB CKeNET ¢ MOMOINTAa Ha CBBP3BaHE HA
N3000pHWIAMUH U OOPHMJIAMHH C Pa3InYHH KapOOKCHIIOBU KHCEeNHHU. BemecTBaTa 0sxa M3cleIBaHH 3a TAXHATA iNn
vitro axtuBHOCT cpeunry Mycobacterium tuberculosis H37Rv u UMTOTOKCHYHA AKTHBHOCT CIPSMO YOBEIIKA
eMmOpuonanHa OvOpeuna kierpyHa juHHA HEK-293T. Illect or cTpykTypure moKa3axa 3a0ciie)KHTEIHA AHTH-
Tybepkyno3Ha aktuBHocT (MIC mo 0.16 pM) B koMOMHamusi ¢ yMmMepeHa 10 HHUCKAa LUTOTOKCHYHOCT. BemiecTBoTO
MOJYYeHO TpH KOHAEH3alMs Ha OOpHWIAMUH M (ypaH-2-KapOOKCHJIOBa KHCEIIMHA MOXE Ja ObJe CUYMUTAHO 3a
MEPCIIEKTHBEH JISKAPCTBEH MTPOTOTHUII 32 pa3padoTBaHe HA AHTUMUKOOAKTEPUAITHA areHTH.
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Microelements Cd, Cu, Fe, Mn, Pb and Zn were determined by flame and electrothermal AAS in six walnut
cultivars during four consecutive years. Analysis of variance showed that accumulation of Cu, Fe, Mn and Zn depended
on the cultivar whereas the harvesting year of samples influenced significantly none of the investigated six
microelements. The contents of Cd, Cu, Fe, Mn and Zn were two (Cd) to six (Zn) fold higher in kernels than in shells
while Pb content was higher in shells than in kernels. In addition, a correlation study was performed on Cd and Pb
contents in kernels and in the corresponding shells, involucres, leaves and soil extracts. Strong positive correlation was
observed between i) Cd content in kernels and in soil fractions; ii) Pb content in kernels and in corresponding shells,
involucres and leaves, indicating the soil as the main source for Cd accumulation and the air pollution — for Pb.

Keywords: bioaccumulation, contamination sources, cultivar, harvesting year, microelements, walnuts.

INTRODUCTION

Walnuts (Juglans regia L.) are recognized as a
healthy food [1] and are consumed as pure nuts or
as ingredients in various food products [2]. Regular
consumption of their kernels improves nutrient
intake in humans. Whereas most nuts contain
mainly monounsaturated fatty acids, walnuts are
rich in essential polyunsaturated fatty acids as
linoleic (18:2, omega-6) and linolenic (18:3,
omega-3) acids at levels of above 500 g/kg and 130
g/kg, respectively [3]. Also, walnuts contain many
other bioactive compounds as proteins, minerals,
fibers, tocopherols, phytochemicals [4-8]. The
unique chemical composition, proved health
benefits and suitable climatic conditions in Bulgaria
leads to increased interest in harvesting new walnut
trees with the help of EU subsidy projects on the
agriculture  area.  Until  now,  systematic
investigations on the content of essential and toxic
elements in Bulgarian walnuts are missing.
Although many walnut trees in the country grow on
both sides of roads or in industrially contaminated
areas, the influence of traffic or industrial pollution
on the accumulation of microelements in walnuts
has not been studied yet. In order to estimate the

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

effects of environmental pollution, as well as to
make the right choice in organizing new walnut
orchards, it is important to investigate whether the
walnut cultivar has an influence on the elements
accumulation extent. In the present paper we
studied the accumulation of essential (Cu, Fe, Mn,
Zn) and toxic (Cd, Pb) elements in six walnut
cultivars grown in antropogenically polluted area in
Bulgaria during four consecutive harvests (2008-
2011). The toxic elements Cd and Pb were also
measured in the walnut shells, involucres, leaves
and soils in order to elucidate the sources of
contamination.

EXPERIMENTAL

Samples and reagents

Six walnut (Juglans regia L.) cultivars were
studied, namely Adams, Hartley, Izvor 10, Pedro,
Sheynovo and Tehama. They were grown in the
orchard of the Agricultural Experiment Station —
Kardzhali, South-Eastern Bulgaria, near a lead/zinc
smelter. The walnut trees were cultivated without
any irrigation and fertilization. From 2008 to 2011,
samples were taken from the same cultivar trees.
The total number of nut samples for analysis was
24 (6 cultivars x 4 years). The nuts with the
corresponding involucres and leaves were picked
up randomly from under the trees during the first
half of October. The samples were air dried and the

50 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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nuts were unshelled before analysis. Shells,
involucres and leaves were analysed without
preliminary washing. Soil samples (0-30 cm) were
taken under the studied trees according to 1SO
10381-2002. All reagents used were of analytical-
reagent grade (p.a. Merck, Darmstadt, Germany).
Milli-Q water (Millipore, Bedford, MA, USA) was
used throughout.

Chemical analysis

The microelements Cu, Fe, Mn and Zn were
determined by flame atomic  absorption
spectrometry (flame AAS) on a Perkin Elmer
AAnalyst 400 equipment (Perkin Elmer, Norwalk,
Connecticut, USA) using appropriate agueous
standard solutions for external calibration.
Electrothermal AAS (Zeeman Perkin Elmer
3030/HGA-600) was applied for determination of
cadmium and lead wusing standard addition
calibration mode. Kernels, shells, involucres and
leaves were digested with 65% HNOs; and 30%
H.O, (modified USGS Method B-9001-95) [9].
With each run of these samples two certified
reference materials CRM NCS ZC73011 soy bean
and INCT-MPH-2 Mixed Polish Herbs (LGC
Standards, Lomianki, Poland) were analyzed in
parallel in order to check the accuracy of the entire
analytical procedure. The obtained mean values for
the analytes were not significantly different
(p>0.05) from their certified values. Accuracy of
the data for element content in nut kernels was also
checked by analysis of spiked walnut (cv. Adams,
Pedro) samples. The difference between the
obtained and spiked values was not significant
(p>0.05). The soil samples were digested with aqua
regia and HF (ISO 13656) for determination of the
total content [10]. The accuracy of determination of
total Cd and Pb in soils was checked measuring
Soil CRM NCS DC 73386 and the differences
between the experimental and certified values were
not significant (p>0.05). The bias calculated from
the means of certified and measured values was
0.8% for Cd and -0.3% for Pb. EDTA and acetic
acid soil extracts were prepared according to a
harmonized BCR protocol [11]. The quality control
of the procedure for evaluation of soil EDTA and
acetic acid extractable Cd and Pb was performed
using certified reference material BCR-700.
Recoveries from the analysis of BCR—700 were in
the range of 95-101% for Cd and in the range of
93-104% for Pb, which was considered as
satisfactory [12].

Statistical analysis

For each sample, three independent analytical
portions were weighed and analyzed together with
corresponding procedural blanks. The statistical
data calculations were performed using the

Microsoft Excel (Microsoft, Redmond,
Washington, USA) and STATISTICA 7.0
(StatSoft, Tulsa, Oklahoma, USA) software
packages.

RESULTS AND DISCUSSION

The results for microelements content,
corresponding to 24 walnut samples, are
summarized in Table 1 (different cultivars) and
Table 2 (different harvesting years). The statistical
analysis of data was performed by analysis of
variance as the cultivar and the harvesting year of
samples were the variables. Table 1 shows the
mean content of analytes for four harvesting years
(2008-2011) depending on the walnut cultivar, the
standard deviation between varieties (SDv), the
standard deviation (SD) of triplicate analysis of all
24 samples (N=72) and the calculated Fisher’s F-
test (Feac=SDV?/SD?) values. It can be seen that in
relation to the cultivar, significant differences
(Fcac>F) were registered for Cu, Fe, Mn and Zn
whereas cadmium and lead had Fcac (1.93 and 1.96,
respectively) lower than F (2.40) at p=0.05
significance level. Influence of variety on the
microelements content was reported also for
walnuts from Turkey [13,14] and Romania [15,16].

Table 2 shows the mean values for the six
walnut cultivars obtained during four consecutive
years. In relation to the harvesting year, no
significant differences were found for the contents
of Cd, Cu, Fe, Mn, Pb and Zn, i.e. the accumulation
of these elements had not been affected by climatic
conditions as rainfall amounts, wind direction, etc.
It could be assumed that the uptake of these six
elements is only from the soil and proceeds through
mechanisms that are independent of the soil
moisture content. To the best of our knowledge no
data have been published yet concerning the
influence of harvesting year on the accumulation of
microelements in walnuts.

Furthermore, the correlation between the
contents of cadmium and lead in kernels, shells,
involucres, leaves, and soils as total (S-total),
EDTA (S-EDTA) and acetic acid (S-acetic)
extractable forms was studied.
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Table 1. Content of microelements in walnuts in dependence on the cultivar (mean values for four harvesting years);
F (P=0.95; F1=5; F,=48) = 2.40.

Izvor She Teha Mean of
Element Adams  Hartley 10 Pedro novg ma thesix ~ SDV® SD™  Feac
cultivars

Cd (ug/kg) 29.8 29.7 235 285 255 265 27.3 2.5 1.8 1.93

Cu (mg/kg) 15.7 17.2 15.7 16.7 157 16.3 16.2 0.6 0.3 4.00

Fe (mg/kg) 24.8 28.2 24.2 29.2 318 328 28.5 3.5 2.0 3.06

Mn (mg/kg) 39.5 42.5 35.2 320 370 352 36.9 3.7 2.0 3.42

Pb (ng/kg) 95.0 120 115 102 116 95.0 107 112 8.0 1.96

Zn (mg/kg) 26.8 28.5 27.5 278 28.0 342 28.8 2.7 1.0 7.29
*SDv: standard deviation between the varieties
**SD: standard deviation of triplicate measurements of six samples during four consecutive harvests (N=72; n=24)
™ Fealc = SDV?/SD?

Table 2. Content of microelements in walnuts in dependence on the harvesting year (mean values for six walnut
cultivars); F (P=0.95; F1=3; F,=48) = 2.80.

Mean of the four

Element 2008 2009 2010 2011 years SDy" Feac™
Cd (ng/kg) 29.7 27.7 25.3 25.8 27.1 2.0 1.23
Cu (mg/kg) 16.3 16.1 16.3 16.2 16.2 0.1 0.11
Fe (mg/kg) 26.0 27.0 28.0 29.0 27.5 1.3 0.42
Mn (mg/kg) 34.0 37.0 40.0 36.5 36.9 2.5 1.56
Pb (ng/kg) 98.0 114. 99.0 110. 105. 8.0 1.00
Zn (mg/kg) 29.0 28.0 29.0 29.0 28.8 0.5 0.25

*SDy — standard deviation between harvest years
“Feac= SDy?/SD?; SD —see Table 1

Table 3. Correlation between the content of Cd in walnut kernels, in corresponding shells, involucres, leaves, in
soils as total (S-total), EDTA (S-EDTA) and acetic acid (S-acetic) extractable cadmium.

Shells Involucres Leaves S-total S-EDTA S-acetic

r 0.24 0.15 0.21 0.82 0.62 0.60

Kernels P NS* NS NS 0.0002 0.001 0.002

Shells r 0.04 0.76 0.34 0.19 -0.01
P NS 0.0001 NS NS NS

Involucres r 0.45 0.13 0.21 0.14
P 0.027 NS NS NS

Leaves r 0.19 -0.04 0.25
P NS NS NS

r 0.80 0.58

S-total 0 0.0001 0.003
r 0.51

S-EDTA - 0011

*NS — not significant

Table 4. Correlation between the content of Pb in walnut kernels, in corresponding shells, involucres, leaves, in soil
as total (S-total), EDTA (S-EDTA) and acetic acid (S-acetic) extractable lead.

Shells Involucres Leaves S-total S-EDTA S-acetic
r 0.97 0.68 0.52 0.23 0.21 0.20
Kernels p <0.001 <0.001 0.01 NS* NS NS
Shells r 0.71 0.53 0.22 0.21 0.20
p <0.001 0.008 NS NS NS
Involucres r 0.66 0.29 0.29 0.31
p < 0.001 NS NS NS
Leaves r -0.11 -0.11 -0.11
p NS NS NS
r 0.96 0.98
S-total D <0001  <0.001
r 0.98
S-EDTA 0 <0001
* NS — not significant
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The results for the correlation coefficient (r) and
significance level (p) are shown in Table 3 for
cadmium and in Table 4 for lead. According to the
results (Table 3) Cd in kernels correlated positively
only with the Cd content in all soil fractions: total
soil Cd (r=0.82; p=0.0002); EDTA extractable Cd
(r=0.62; p=0.001) and acetic acid extractable Cd
(r=0.60; p=0.002). This confirms the assumption
made from the analysis of variance that walnuts
accumulate mainly soil Cd.

Cadmium in the leaves and involucres resulted
from air pollution and had no influence on the
element content in kernels. It could be concluded
that cadmium content in walnuts mainly depends on
the soil pollution. The measured contents of
cadmium (mean for six walnut cultivars in four
consecutive years) were 1.7, 0.7 and 0.03 mg/kg,
respectively in the total soil, EDTA- and acetic
acid-extractable soil fractions, which were below
the maximal allowed content (2 mg/kg Cd in soil)
according to the Bulgarian legislation [17]. The
lead contents in the investigated soil fractions (97.6,
46.7 and 0.17 mg/kg, respectively in the total soil,
EDTA- and acetic acid-extractable fractions) were
also lower than the maximal allowed content (100
mg/kg Pb in soil [17]). However, unlike cadmium,
lead showed opposite correlation behaviour (Table
4), as no significant correlation was registered
between Pb content in kernels and in soil fractions.
This is probably because walnut tree roots act as a
barrier for translocation of soil lead to the kernels.
The strong positive correlation between Pb in
kernels and in corresponding shells (r=0.97;
p<0.001), involucres (r=0.68; p<0.001) and leaves
(r=0.52; p=0.01) shows that some lead
accumulation could proceed through polluted
environment during kernels ripening.

L R S I Y R U U s R |
! L L L L L L

Distribution coefficient

Cd Cu Fe Mn Pb Zn

Fig. 1. Distribution of microelements between
kernels and corresponding shells as mean values for six
walnut cultivars and for four harvesting years.

Figure 1 presents the distribution coefficients of
all six studied elements, calculated as a ratio
between elements content in kernels and that in the
corresponding shells. As can be seen, only lead has
a distribution coefficient below 1, i.e. its content in

shells is higher than in kernels. Thus, in order to
prevent high levels of lead in walnut kernels,
special care must be taken to avoid air pollution
with lead containing aerosol particles.

CONCLUSIONS

The accumulation of Cu, Fe, Mn and Zn in
walnuts is dependent on the cultivar. The
harvesting year and the herewith connected
particular climatic conditions do not significantly
influence the microelements contents. Lead content
is higher in walnut shells than in corresponding
kernels. The contents of Cd, Cu, Fe, Mn and Zn are
two (Cd) to six (Zn) fold higher in kernels in
comparison to shells. Correlation analysis showed
that the main source for Cd accumulation was soil
cadmium, as long as for lead it could be also the
polluted environment.
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MuxpoeaeMeHTHTe KaAMHM, MeEI, JKeIs30, MaHraH, OJOBO W IMHK OsXxa ONPEIENeHH Ype3 IUIAMBKOBa U
ENIEKTPOTEPMUYHA aTOMHO-a0COPOIMOHHA CIIEKTPOMETPHSL B IIECT COPTa OPEXH IIPE3 YETUPH HOCIIEA0BATSIHH [OJHHH.
AHamM3pT HAa BapHALMKMTE [OKa3a, 4e HATPYIBAHETO HA MeI, JKENIA30, MAHTAH W IWHK 3aBHCH OT COPTa, HOKATO
rOMMHATA Ha OTIVIOKIAHE HAa OPEXHTe HE BJIMAC 3HAYMMO BBPXY HHUKOW OT M3CICIBAHUTE IECT MHKPOCIEMEHTA.
ChIbpKaHHETO HA KaJIMHIA, MEI, JKeJs130, MaHTaH U [HHK Oerire oT 7Ba (Ipu KaaMus) 10 IrecT (MU MUHKA) MBTH [O-
BHCOKO B SIIKATE, B CPaBHEHHE C YCPYIKHTE, JOKATO CHIBPKAHMETO HA OJIOBO Oelle MO-BHCOKO B YEPYIIKHTE,
OTKOJIKOTO B siikute. ChIo Taka Oelie MPOBEACHO KOPENAlHMOHHO M3CICABAHE HA KOJIMYECTBATA KaJMHUH U OJOBO B
SJKUTe W B CHOTBETHHTC MM YCPYIKH, ME30Kapll, JIUCTA M TMOYBEHH EKCTPAaKTH. Pe3ynrature paskpuxa CUIHA
HOJIOXKUTEIIHA KOPEIalns MEXIY: a) ChIbPKAHHETO HA KaJMHUIl B SAKATE U B IIOYBEHUTE (pakuuu; G) ChABPIKAHHETO
Ha OJIOBO B SIOKHTEC M B CHOTBETHHTE WM UYEPYIKH, ME30KapIl U JIHCTa, KOSTO MOKa3Ba, Y€ OCHOBEH M3TOYHHUK 32
HATPyIBaHe Ha TOKCHYHH CJIEMCHTH B SIKUTE € I0YBATa — 33 KaJMHI U 3aMbPCABAHETO BBB BB3IyXa — 3a OJIOBO.
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Kinases are enzymes with an essential role in cancer progression. Several kinase inhibitors are already used for
cancer treatment and extensive efforts are made to develop selective inhibitors for other kinases. Therefore, the
assessment of the affinity of some structures for specific molecular targets is mandatory. Our study was focused on
aminopyrazoles, as drug-like scaffolds and privileged structures for protein kinases. Molecular descriptors distributions
(molecular weight, octanol/water partition coefficient, number of hydrogen bond donors and acceptors, and number of
rotatable bonds) were used for characterizing three structural sets containing derivatives of 3-, 4- and 5-aminopyrazole.
The analysis of the interaction profiles between protein kinases and specific inhibitors demonstrated their class-
selectivity towards protein kinases, suggesting potential antitumor activity. We also showed the importance of the
amino group position on the pyrazole ring, indicating a clear difference between aminopyrazole isomers in the drug

design process.

Keywords: privileged scaffolds, target selectivity, target affinity, database mining

INTRODUCTION

“Privileged structure” is a concept introduced by
Evans in the late 1980s to define the molecular
frameworks which are able to provide ligands for
more than one type of target, through modification
of functional groups [1]. The benzodiazepine
scaffold was the first privileged structure cited [2],
and thereafter additional similar molecular
fragments were revealed. Examples of privileged
structures include biphenyls, 1,4-dihydropyridines,
bicyclic 6-6 compounds, such as chromones,
quinazolines, 2-benzoxazolones, and fused 5-6 ring
systems, such as indoles or benzimidazoles [3-5].
Based on Evans definition, the target-family
privileged structure concept emerged to describe
chemical frameworks which are specific for a
single target family and off-target affinities are thus
avoided [6].

The aminopyrazole systems prompted enormous
research, as they represent valuable templates in
drug design. The first aminopyrazole derivate used
in antibacterial therapy was sulfaphenazole [7].
MK-0557, a 3-aminopyrazole derivative, was
supposed to act by suppressing the appetite-
stimulating effects of neuropeptide Y, but it failed
to produce clinically meaningful weight loss in
humans [8]. Teneligliptin, a 1H-pyrazol-5-yl-1-
piperazinyl derivative, a dipeptidyl peptidase-4
inhibitor, proved to be useful in the treatment of

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

type 2 diabetes mellitus [9].

A large panel of aminopyrazole derivatives
proved to inhibit various protein kinases with a
central role in malignant pathologies. Tozasertib,
Doramapimod,  Barasertib, = AZD1152  and
Rebastinib are just some examples of the
aminopyrazoles used in anticancer design [10-11].

The aminopyrazole moiety is also used in fused
bicyclic compounds, like pyrazolopyrimidine.
Zaleplon is a pyrazolopyrimidine that is marketed
as a sedative-hypnotic drug in the management of
insomnia  [12]. Etazolate, Cartazolate and
Tracazolate are pyrazolopyridines, structurally
related to Zaleplon, exhibiting anxiolytic and
anticonvulsant effects [13].

The  pharmaceutical impact  of  the
aminopyrazole derivatives has prompted a wide
research for developing specific synthetic routes to
these compounds [14, 15].

Based on our previous research in the field of
antitumor pyrazole-derived compounds [16-18],
this study was focused on investigating the target-
selectivity patterns of aminopyrazole derivatives by
structural and biological in silico analysis. The
focus of our research was to establish if
aminopyrazoles, as drug-like scaffolds, are
privileged structures for protein kinases or are
promiscuous compounds targeting a plethora of
biologic structures.

EXPERIMENTAL

The virtual screening and data mining studies of
compounds with certain characteristic substructures
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from large chemical databases is an important step
in assessing structure-activity relationships [19].
The main resource for obtaining freely-available
bioassay data is the PubChem repository provided
by the National Center for Biotechnology
Information, but the data are not curated and are
potentially erroneous [20]. Reaxys is a web-based
chemistry database and its Medicinal Chemistry
section contains over 5400 000 substances and
more than 26 000 000 bioactivity data points
compiled from 320 000 medicinal chemistry
publications and patents, fully indexed and
normalized [21].

Reaxys database was used to link the screening
results to chemical structures in order to identify
structure-bioactivity relationships and to study their
target promiscuity properties. The database was
screened from 10 to 13 November 2014. The access
to Reaxys was granted by the UMF Carol Davila’s
Library.

Pyrazole was the first structure used in the
guery, and the search filters were “no ring closure”
and “no mixtures”. The use of the “no ring closure”
option removed all fused rings like
pyrazolopyrimidine or pyrazolopyridines. The
results were again filtered by sub-structure, using 3-
aminopyrazole. Next, the compounds containing 3-
nitropyrazole were excluded and the non-drug
structures were removed using the effect filter. The
compounds with insecticidal, pesticidal or
herbicidal effects were filtered out and the final set
(3AP) was obtained. The same procedure was used
in the case of the 4-aminopyrazole set (4AP) and 5-
aminopyrazole (5AP).

NH, H,N

\ \ \
[ N [ N HN [ N
N N 2 N
H H H
3AP 4AP 5AP

The resulting structural sets were analyzed
regarding their molecular descriptors distribution:
the molecular weight (MW), the calculated
logarithm of the octanol/water partition coefficient
(CLogP), the number of hydrogen bond donors
(HBD), the number of hydrogen bond acceptors
(HBA), and the number of rotatable bonds (RTB).

The pX querylet was used to filter a particular
range of affinities between the compounds and the
targets. It represents the logarithmic inverse value
of any affinity measure, like inhibitory
concentration 50% (IC50), efficacy concentration
50% (EC50), inhibition constant (Ki) or
dissociation constant (Kd).
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RESULTS AND DISCUSSION
Molecular descriptors distribution

Using the search method described in the
“Experimental” section, we identified 3 sets of
aminopyrazole compounds, classified by the amino
group position as 3AP, 4AP and 5AP. The 3AP set
contained 19611 compounds, the 4AP set 13129
and the 5AP set 27058 compounds.

The average value of MWs was 421 g/mol for
the 3AP set, 434 g/mol for 4AP, and 466 g/mol for
5AP. The 3AP and 4AP sets have standard
deviation close to 80, and for the 5AP set it is
around 100 (Figure 1). The high average MW
values in comparison with that of the
aminopyrazole scaffold provide a higher probability
for selective development.
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Fig. 1. Histograms of MW distribution in the
aminopyrazole derivatives.

The distribution of ClogP values across the three
sets of aminopyrazole derivatives took in all cases a
bell-shaped curve, but the means differed
significantly. In the 3AP group the average ClogP
is close to 3, in the 4AP set it is 3.7, the highest
being 4.3 in the 5AP set (Figure 2).
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Fig. 2. Histograms of ClogP distribution in the
aminopyrazole derivatives.

The analysis of the HBD values distribution
(Figure 3) showed a good similarity between the
3AP and 5AP sets, with unimodal bell-shaped
curves. Meanwhile, the 4AP had a bimodal
distribution.  This may indicate different
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implications of the hydrogen bonds donors,
depending on the type of target.
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Fig. 3. HBD distribution in the aminopyrazole
derivatives.

HBA values were similarly distributed in all
aminopyrazole derivatives, having a mean value
between 7 and 8 HBD.
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Fig. 4. HBA distribution in the aminopyrazole
derivatives.

The RTB descriptor distribution in the three sets
indicated a close similarity between the 3AP and
4AP sets (Figure 5). The distribution of the RTB
values in the 5AP group differs significantly from
those in the 3AP and 4AP sets. The RTB
distribution curves resemble those of the MW
distribution, with positively skewed data.
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Fig. 5. The distribution of RTB wvalues in the
aminopyrazole derivatives.

The number of compounds in the three sets,
containing fluorine (F), chlorine (CI), bromine (Br),
iodine (1) or any of these four halogen elements was
computed. In each set, the number of compounds
containing at least one halogen atom in their
structure was close to 54%. The fluorine was found
in 34% to 39% of the compounds, and the chlorine
atom in 20% to 25% of the compounds, depending
on the set.

The analysis of the descriptors frequency in each
group of derivatives indicated significant
differences between the 3 sets, emphasizing the
importance of the amino position on the pyrazole
ring. The study also showed that the aminopyrazole
scaffold needs a larger framework to become drug-
like.

Target-selectivity patterns

The set of 3-aminopyrazole derivatives
contained 19611 compounds which can interact
with 1858 biological targets; the 4AP set was
formed of 13129 compounds which are active
against 1343 targets, the 5AP set contained 27058
compounds which can interact with 2237 targets.
The Analysis View tool was used to compute the
number of compounds acting on each biologic
target (Table 1). The results are presented in Table
1 as percentage of the number of compounds in
each set.

The occurrence frequency for the top 20
biologic targets interacting with aminopyrazole
derivatives clearly indicated a class-selectivity of
these compounds for kinases, especially for protein
kinases. Exceptions are: cytochrome P450 3A4
(cyp3A4)  which interacts with 621 4-
aminopyrazoles, (4.3% of the 4AP set); sodium-
glucose linked transporter 1 (sgltl) interacting with
almost 3% of the 3AP group.

The Dbiological targets with the highest
frequency of occurrence are classified based on
their type and function, as presented in Table 2.

The analysis of the interaction profiles of protein
kinase — inhibitors indicated a clear difference
between the utility of aminopyrazoles isomers in
the drug design process. For example, 3-
aminopyrazole derivatives had the highest
probability to interact with the Janus kinase family
(jakl, jak2, jak3 and trk2), whereas 4-
aminopyrazole derivatives had a higher affinity for
the cyclin-dependent kinase family. The 5-
aminopyrazole group showed selectivity mostly for
the mitogen-activated protein kinase 14 (p38a).
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Table 1. Biological targets and number (%) of compounds to act on each target. The targets are mentioned in
descending order of the compounds number.

No 3AP % 4AP % 5AP %
1 jak2 14.93 jak2 11.76 p38a 17.03
2 aura 14.83 tyk2 10.39 kdr 8.59
3 jak3 12.04 aura 9.51 trka 6.74
4 igflr 9.39 gsk3beta 8.42 abl 6.16
5 tyk2 9.16 aurb 8.40 c-src 5.43
6 jakl 8.48 kdr 8.26 b-raf 4.94
7 aurb 7.96 pi3k 8.24 aura 4.49
8 c-src 7.56 cdk2/cyclin 7.90 c-raf 3.76
9 erk2 7.29 cdkl/cyclin 7.26 cdk2/cyclin 3.46
10  hk4 6.91 jak3 6.92 tie2 3.33
11 cdk2/cyclin 6.70 piml 6.30 fit3 3.22
12 trka 6.36 met 5.59 fgfrl 2.71
13 gsk3beta 5.78 jakl 5.03 Ick 2.59
14 aktl 5.49 cyp3A4 4.73 erk2 2.55
15  flt3 4.36 cdk5/cyclin 4.67 jak2 2.40
16 trkb 3.96 cdké/cyclin 4,57 aurb 2.36
17 kdr 3.89 cdk3/cyclin 4.20 igflr 2.31
18  sgltl 2.99 pim2 4.04 jnk2 2.31
19 mapkapk2 2.68 pim3 4.03 jak3 2.29
20 syk 2.64 frap 3.96 jnk3 2.26

Table 2. Biological target classification.

Function Biological target

igflr (insulin-like growth factor |1 receptor), trka
(tropomyosin-receptor-kinase ~ A), trkb  (tropomyosin-
receptor-kinase B), flt3 (Fms-like tyrosine kinase 3), kdr
Receptor tyrosine kinases (vascular endothelial growth factor receptor 2), met
(hepatocyte growth factor receptor), tie2 (tyrosine kinase
with immunoglobulin-like and EGF-like domains), fgfrl
(fibroblast growth factor receptor 1)
jakl (Janus kinase 1), jak2 (Janus kinase 2), jak3 (Janus
kinase 3), tyk2 (tyrosine kinase 2), c-src (c-src kinase), Ick
(lymphocyte-specific protein tyrosine kinase), syk (spleen
tyrosine kinase), abl (Bcr-Abl tyrosine-kinase)
aura (Aurora A kinase), aurb (Aurora B kinase), cdk1/cyclin
(cyclin-dependent kinase 1), cdk2/cyclin (cyclin-dependent
kinase 2), cdk3/cyclin (cyclin-dependent kinase 3),
cdk5/cyclin  (cyclin-dependent  kinase 5), cdk6/cyclin
(cyclin-dependent kinase 6), erk2 (mitogen-activated protein
kinase 1), mapkapk2 (MAP kinase-activated protein kinase
2), jnk2 (mitogen-activated protein kinase 9), p38a
Serine/threonine protein kinases (mitogen-activated protein kinase 14), gsk3beta (glycogen
synthase kinase 3 beta), aktl (v-akt murine thymoma viral
oncogene homolog 1), piml (proto-oncogene
serine/threonine-protein kinase 1), pim2 (proto-oncogene
serine/threonine-protein kinase 2), pim3 (proto-oncogene
serine/threonine-protein kinase 3), frap (mechanistic target
of rapamycin), b-raf (serine/threonine-protein kinase B-
Raf), c-raf (proto-oncogene c-RAF)
Carbohydrate kinases hk4 (glucokinase)
Phosphatidylinositol kinases pi3k (phosphatidylinositol-3-kinases)

Non-receptor tyrosine kinases
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Our in silico study demonstrated that
aminopyrazoles are privileged structures in the
design of protein kinases inhibitors. We further
investigated whether the aminopyrazole scaffold is
necessary for a compound to interact with a
particular protein kinase. Therefore we searched the
Reaxys database for all the substances interacting
with a certain protein kinase at a pX value over 3.
We also calculated the number of compounds
which contain an aminopyrazole scaffold in their
structure (Table 3).

Table 3. The number (%) of compounds containing
an aminopyrazole scaffold and the kinases specifically
inactivated by these compounds.

No  Target 3AP 4AP 5AP
1 jak2 7.17 3.62 1.33
2 jak3 3.15 2.33 1.45
3 tyk2 1.84 11.12 1.85
4 c-src 4,01 0.02 3.64
5 abl 0.46 0.14 3.44
6 kdr 1.07 1.48 2.32
7 igflr 10.99 0.69 3.51
8 trka 7.36 0.63 0.24
9 aura 9.51 4.44 3.10
10 aurb 10.79 7.58 2.75
11  p38a 0.23 0.17 13.24
12 gsk3beta 3.39 1.22 1.15

This analysis revealed the importance of the 5-
aminopyrazole scaffold in the development of p38a
inhibitors, approximately 13% of them containing
this framework in their structure. Only a very small
percentage contained the 3-aminopyrazole or the 4-
aminopyrazole scaffold.

The 3-aminopyrazole scaffold proved to be
important in the design of insulin-like growth factor
| receptor inhibitors, and of Aurora A and B kinase
inhibitors.

The 4-aminopyrazole structure exhibited affinity
for the tyrosine kinase 2, almost 11% of its
inhibitors sharing this scaffold.

Correlating these data with the molecular
descriptors distribution, we found that the
aminopyrazole may be important for a certain
target, but it needs a larger framework in order to
reach a molecular weight in the range of 300 to 600
g/mol, a logP value between 1 and 5, and the proper
number of hydrogen bonds donors and acceptors.

CONCLUSIONS

Using data mining techniques, we demonstrated
that the aminopyrazole derivatives represent
privileged structures for protein kinases, despite
their apparent promiscuity. We also emphasized the
importance of the amino group position in the
pyrazole ring, which dictates the affinity profile for

particular protein kinases. Protein kinases are key
players in cancer progression, being involved in
uncontrolled growth, survival, neovascularization,
metastasis and invasion [21]. By suppressing the
activity of particular kinases, the development of
cancer cells might be impaired, whilst normal cells
are minimally affected [22]. It is therefore expected
that the new aminopyrazole derivatives would
possess antitumor effects, if properly targeted.
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AMUHOITUPA3OJIUTE KATO IPEJAIIOYETEHU CTPYKTYPU ITPU IM3AHA HA
I[TPOTHUBO-PAKOBU JIEKAPCTBA - in silico UIBCJIEABAHE

I'.M. Hutynecky?, I'. Hemenky?, A. Byszecky*!, O.T. Onapy*
YYuusepcumem no meouyuna u papmayus ,, Kapon Jasuna*, Byxypew 020956, Pymvrus

Tloctenmna Ha 1 nekemBpu, 2014 r., kopurupana Ha 7 asryct, 2015 r.

(Pestome)

KuHazure ca eH3MMHU C ChIIECTBEHA pOJISl 32 Pa3BUTHETO HA pakoBUTE 3a0oisaBaHusA. Hskom WHXUOUTOPH Ha
KHHA3UTEe BeUe Ce W3MOJI3BAT 3a JICUCHUETO Ha paka, KaTo ca IPaBeHW MHOTO OIHTH 32 pa3pabOTBaHETO Ha CEICKTHBHU
MHXHOUTOPH 32 IPYrH KMHA3H. 3a Ta3M Lel € 3aIbJDKUTENHO J1a ce OLICHN ahUHUTETa Ha CTPYKTYPHUTE Ha HAKOU LICICBH
Monekynu. Hamero wuscnenBane e (oKycupaHO BBPXY aMUHONUPA30JIUTE C JEKapCTBO-NOAOOHA CTPYKTYypa,
IperoyYeTeHa 3a NpoTeHH-KuHa3a. PasnpeneneHneTo Ha MOJIEKYIHUTE JECKPUITOPH (MOJICKYJIHO TErJo, KOeQUIUEHT
Ha pasIpe/eNieHHe OKTaHOoJ/Bo/a, OpOosi JOHOPH U aKLENTOPH HA BOAOPOAHH BPB3KU U OpOsl HA POTUPALIHMTE BPB3KH) €
M3NOJI3BAHO 32 OXapakTepPU3MPAaHETO Ha TPH CTPYKTYPHH TPYIH, ChIbpXKAlld NOPOM3BOAHM Ha 3-, 4- u 5-
aMHUHOITUPa30id. AHanM3bT Ha NPODWINTE HAa B3aMMOJCHCTBHE MEXAY NPOTEHH-KMHA3UTE W Clelu(UIHUTE
MHXHOUTOPH TOKa3Ba KJIAac-CEJIEKTHBHOCTTA CIIPSAMO MPOTEHH-KWHA3UTE, BHYINABAKH aHTHTYMOpHO nelicteue. Hue
CBIIO IOKa3aXMe 3HAYCHHETO Ha IIOJIOKCHHETO HAa aMHHO-TpyNaTa KbM NUPa30JIOBUS HPBCTEH, IMOKa3BaiKu sCHaTa
pasiiuKa MeKAy U30MEpUTE Ha aMHHOITUPA30JIMTE NP JU3aiiHa Ha JIEKAPCTBEHUTE MperapaTH.
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A new current collector and electrode mass carrier based on copper foam is developed and applied in constructing
pasted zinc electrode for alkaline nickel-zinc batteries. It is suggested that the microcellular structure of the foam matrix
assures uniform volume conductivity of the zinc electrode mass, facilitates the electron transport between the
electrochemically active electrode material and the current collector, improves the mechanical stability of the electrode,
also helping to minimize dendrite formation during charging. It is shown that the surface modification of the electrode
foam matrix by duplex tin/zinc coating leads to considerable reduction of gas evolution on the current collector during
the charging process. The investigation on the performance of nickel-zinc battery cells has definitely proved the
possibility of application of the newly developed current collector and active mass carrier for pasted zinc electrodes in

nickel-zinc batteries.

Keywords: current collector, electrode mass carrier, copper foam, zinc electrode, nickel-zinc batteries

INTRODUCTION

The interest to rechargeable alkaline nickel-zinc
batteries is largely stimulated by the advantages
offered by this electrochemical system — high
specific energy density (55 — 85 Wh kg?), high
power density (140 -200 W kg?), high voltage
(1,73 V), abundant low-cost materials and
environmentally acceptable chemistry. There is no
use of heavy metals (Hg, Pb, Cd), no flammable
active materials and electrolytes and a simple
recycling process of the metal recovering. Besides,
the electrochemical system Ni-Zn is similar to the
widely used in the practice Ni-Cd system and
battery  technology but is advantageously
environmentally friendly by replacing the toxic
cadmium with common zinc [1-5].

Since the zinc electrode also demonstrates fast
electrochemical Kinetics, the battery is ideally
suited to high discharge rate applications such as
power tools, household appliances, toys, electric
bikes and hybrid electric vehicles. Nickel-zinc
batteries are the ideal choice when there is a need
for a small, lightweight power source at a cost
significantly lower than lithium-ion battery [1,5,6].

The battery life is largely determined by the life
of the zinc anode — usually a paste type electrode
with an electrochemically active composite
electrode mass based on powder ZnO and additives

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

for improving electrochemical performance (e.g.
calcium hydroxide, bismuth oxide, indium oxide,
carbon additives, conductive ceramic materials,
etc.) of the anode. However, the zinc electrode
suffers from a short cycle life due to degradation of
the zinc anode material because of dendrite growth
during the charging process (penetrating the cell
separator and causing internal short circuits), high
solubility of the ZnO (a discharge product of the
zinc anode) and the metal zinc in highly alkaline
battery electrolytes. The electronic conductivity of
ZnO is also rather poor and this is the main reason
for the electrochemical heterogeneity of the anode
mass. Besides, the zinc electrode loses active
surface area during charge/discharge cycling, which
results in gradual changes in the electrode shape
and loss of capacity [1,3,7,8].

As current collectors and electrode mass carriers
of the zinc electrode usually copper or copper
alloys in the form of grid, foil, perforated plate or
rugged strip are used. Serious disadvantage of those
carriers is the possibility of intensive gas evolution
on the electrode during charging due to the low
overpotential of hydrogen evolution on those
metals which results in decreasing the effectiveness
of the charging cycle and especially — of the
mechanical stability of the electrode mass, thus
reducing the life of the zinc electrode.

The aim of the present paper is to develop a hew
current collector and active mass carrier for the zinc
electrode of nickel-zinc alkaline rechargeable
battery using modified copper foam.
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EXPERIMENTAL

Design of a current collector and active mass
carrier of the zinc electrode based on copper foam
matrix

The current collector and electrode mass carrier of
the zinc electrodes for prismatic type nickel-zinc
batteries is a rectangular matrix of copper foam
covered with electrodeposited tin (base) and zinc
layers. The microcellular structure of the foam
assures uniform volume conductivity of the zinc
electrode mass, facilitates the electron transport
between the electrochemically active mass and the
current collector and improves the mechanical
stability of the electrode as a whole. It also helps to
minimize formation of dendrites during charging
process. The zinc coating and especially — the tin
coating isolate the copper substrate from the battery
electrolyte and assure minimal gas evolution on the
electrode during charging because of the high
hydrogen overpotential on those two metals.
Besides, the zinc layer is an additional source of
metallic zinc for the current generation reaction
which would have a beneficial effect on the
magnitude and stability of the electrode capacity
during charge/discharge cycling of the battery.

The electrode matrix is cut from copper foam in
rectangular form with appropriate dimensions,
enforced along one of the longer edges by welding
a copper strip bar with a tail for electric contact,
and then subjected to electrochemical deposition,
first of tin coating (5-10 um thick) and after that of
zinc coating (10-20 um thick) [9].

Electroplating of tin and zinc layers on the copper
foam matrix

The electrode matrix is first subjected to a
conventional surface treatment: degreasing in
ethanol solution, washing, pickling in dilute
solution of hydrochloric acid and washing. The
electroplating of the tin layer is performed from an
electrolyte containing H.SO4, SnSO, and wetting
additive ZC-1. The zinc layer is deposited from an
electrolyte containing ZnS04.7H20, NH4Cl, H3BOs,
wetting additive ZC-1 and brightener ZC-2. The
electroplating is realized using a shaking bar for
continuous reflexive movement of the sample with
an aim for a better penetration of the electrolyte
into the foam volume. The surface morphology of
the copper foam electrode matrices without and
with tin and zinc coatings is studied using scanning
electron microscope JEOL JSM-6390 for SEM
analysis.
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Electrochemical properties of the new current
collector

The main objects of study are the corrosion
behavior of the modified electrode matrix and the
hydrogen evolution on that matrix applying
electrochemical polarization techniques. The
investigation is performed in an alkaline electrolyte
normally used in nickel-zinc batteries [9] with
composition: KOH (400 g/l), NaOH (35 g/l),
LiOHH.O (18 g/l), KF.2H,O (30 g/l),
NaszP04.12H,0 (50 g/l). As model electrode matrix
samples of copper plate (dimensions 2.0 x 1.0 cm)
with  different coatings are used. The
potentiodynamic curves of the samples are obtained
by linear polarization method (scanning rate of 1
mV/s) using VerStat 4 PAR apparatus and a
conventional three-electrode electrochemical cell
with platinum plate as a counter electrode and
saturated calomel electrode as a reference electrode.
All  measurements are carried out at room
temperature.

Preparation and testing of the pasted zinc electrode
in an experimental nickel-zinc cell

A matrix of copper foam (Circuit Foil
Luxembourg Sarl, Luxembourg) with dimensions
5.0 x 3.0 cm and thickness 0.15 cm is used for
current collector and active mass carrier of the zinc
electrode. The electrodeposited tin and zinc layers
on the foam matrix have thickness of 5 and 10 pm,
respectively. The active electrode mass in the form
of paste with composition: ZnO — 85,0%, Ca(OH).
— 4,0 %, Bi,Os — 4,0%, Acetylene black — 2,0%,
polytetrafluoroethylene - 40 % and
carboxymethylcellulose — 1,0 % is uniformly
incorporated into the cellular structure of the
matrix. The pasted electrode is dried at 70 °C for 2
h, pressed at 30 MPa and then mounted into double
separator pockets made of separators Celgard
C3501 and PGA-Text. The -electrode-separator
assembly is soaked with battery electrolyte under
vacuum for 10 min before mounting in the battery
cell. The composition of the electrolyte is: KOH -
400 g/l, NaOH - 35 g/l, LIiOH.H.O - 18 gll,
KF.2H,O - 30 g/l, NasPO,;.12H,O - 50 g/l, the
balance - H-O, and is saturated with ZnO (approx.
20 g/1) [9].

Sintered type of nickel electrodes (CLAIQ,
Poznan, Poland) with dimensions 5.0 x 3.0 cm and
thickness 0.12 cm are used for cathodes in the
experimental  nickel-zinc  battery cell. The
electrodes are wetted directly with the electrolyte
before mounting in the cell using the same
evacuation procedure.
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The experimental nickel-zinc prismatic battery
cell is assembled with two nickel cathodes and one
zinc anode, prepared as described above. The cell is
subjected to electrochemical charge/discharge test
using a multichannel automated battery testing
apparatus type CDT10. The apparatus gives a
possibility for a complex control and monitoring of
the main cell parameters during charge/discharge
cycling - cell voltage and current, reference
potential, capacity and temperature.

RESULTS AND DISCUSSION

The cellular structure of the copper foam
electrode matrix in “as received” conditions
(without coating), with tin coating only and with
duplex tin-zinc coating is illustrated by SEM
images on Fig.1. As seen, the cellular structure of
the foam matrix practically does not change after
plating of the tin coating and the duplex tin-zinc
coating, and both coatings are uniform. This
microcellular structure of the electrode matrix, as
already noted, not only facilitates the electron
transport between the electrochemically active
electrode mass (based on ZnO - a material
characterized with low electron conductivity) and
the current collector, but it also improves the
mechanical stability of the electrode as a whole.

11,40 SEI

20kV X400© 100pm

Fig. 1. SEM images of copper foam in “as received”
condition (a), with tin coating (b) and with tin and zinc
coatings (c).

The main electrochemical properties of the
modified copper foam electrode matrix are
demonstrated by the polarization curves of the
model samples of copper plate with different
coatings (tin and duplex tin-zinc) obtained in the
nickel-zinc alkaline battery electrolyte, as shown in
Fig. 2. The working zone of the zinc electrode in
the nickel-zinc battery — from the maximal potential
of charging (-1.7 V, SCE) to the minimal potential
of discharging of the electrode (-1.4 V, SCE) is also
shown on the same figure.

i, Aldm®

working
w*E zone

-1.8 -16 -14 -1,2 -0 -0.8 -0,6 -04
E, V [SCE)

Fig. 2. Potentiodynamic polarization curves of
copper plate (1), copper plate with tin coating (2) and
with tin and zinc coatings (3) in the battery electrolyte.

The following conclusions can be made from the
results of the polarization studies: (a) the presence
of tin coating, and especially — of zinc coating on
the copper surface significantly shifts the corrosion
potential of the system in negative direction; (b) as
expected, copper shows high corrosion stability in
the highly alkaline battery electrolyte; (c) the rate
of hydrogen evolution on the copper surface in the
working zone of the zinc electrode is much higher
(1-2 orders of magnitude) in comparison to the rate
of hydrogen evolution on zinc coating and
especially — on tin coating, and this difference is
better expressed at more negative potentials (higher
potentials of charging of the zinc electrode); (d) the
anodic dissolution of zinc (cf. curve 3) is active in
the whole working zone which suggests that the
deposited zinc layer would not only reduce the
hydrogen evolution on the matrix but it could also
serve as an additional source of active zinc for
anodic reaction on the zinc electrode, especially at
prolonged exploitation of the battery. The surface
modification of the copper foam electrode matrix
by tin and zinc coatings would strongly restrict the
gas evolution on the matrix; (e) there is practically
no anodic dissolution of tin in the whole working
zone which means that the tin coating is
cathodically protected by the zinc layer and it
would reliably isolate the copper matrix from the
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battery electrolyte and strongly restrict the gas
evolution in case of partial uncovering of the
copper surface of the matrix. Thus, the above
results definitely proved the choice of duplex tin-
zinc coating on the copper foam current collector.

600 —

—o— charge - /5
—o—discharge - C/2.5

500

004

Capacity, mahfg

200

100

a 2ID 40 B0 EID 1DID 12‘0 14ID 1EID 18ID ZDID 220
Cycle number
Fig. 3. Dependence of the charge and discharge
capacity on the number of cycles of the experimental
nickel-zinc battery cell at current load procedure C/5 —
C/2.5 (C=1.0 Ah is the nominal capacity of the cell).

The electrochemical testing of the zinc electrode
constructed with modified copper foam matrix as
current collector and active mass carrier in the
experimental nickel-zinc cell is carried out at
constant current mode from full charged state of the
electrode to full discharge at room temperature.
First, a forming cycle at charge/discharge procedure
C/20 — C/10 and 5 cycles at normalizing procedure
C/10 — C/5 (where C=1.0 Ah is the nominal
capacity of the cell) are performed and then the cell
is subjected to continuous cycling charge/discharge
at procedure C/5 (0.2 A) — C/2.5 (0,4 A) up to 250
cycles. In Fig. 3 the dependence of the charge and
discharge  capacity on the number of
charge/discharge cycles is shown. The data in the
figure illustrate well the very good characteristics
of the zinc electrode — high specific discharge
capacity (above 100 mAh/g) at high current load
(0.4 A), high charge/discharge efficiency (above 95
%), good cycleability and stability of the capacity,
especially at prolonged cycling.

CONCLUSION

New current collector and electrode mass carrier
based on copper foam is developed and applied in
constructing pasted zinc electrode for alkaline
nickel-zinc batteries. It is suggested that the
microcellular structure of the foam assures uniform
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volume conductivity of the active mass, facilitates
the electron transport between the
electrochemically active electrode material and the
current collector, improves the mechanical integrity
of the electrode, and helps to minimize formation of
dendrites during charging process.

It is established that the modification of the
copper surface with duplex tin/zinc coating results
in a considerable reduction of the rate of the
hydrogen evolution at charging conditions of the
zinc electrode, thus restricting the gas evolution on
the electrode foam matrix during charging cycle. In
addition, the zinc layer is an additional source of
metallic zinc for the current generation reaction
which would have a beneficial effect on the
magnitude and stability of the electrode capacity,
especially at prolonged cycling of the battery.

The electrochemical testing of pasted zinc
electrodes constructed with modified copper foam
matrix as current collector and active mass carrier
in an experimental alkaline nickel-zinc battery cell
has demonstrated an excellent performance of the
electrode — good cycleability, high and stable
specific discharge capacity, high charge/discharge
efficiency, etc. Thus, all the results proved
definitely the possibility of application of the newly
developed current collector and active mass carrier
for pasted zinc electrodes in alkaline nickel-zinc
batteries.
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HOB TOKOB KOJIEKTOP 1 HOCUTEJI HA AKTUBHATA MACA HA [TMHKOB EJIEKTPO/]
3A AJIKAJIHWA HUKEJI-HWHKOBU BATEPUN

P. Paiiues?, M. Mnanenos?, JI. Crosunos?, H. boxkos?, B. BruBapos?

YUncmumym no enexmpoxumus u enepauiinu cucmemu — 5AH, yn. I'. Bonues, 6. 10, Cogpus 1113
2 Unemumym no gusuxoxumusi — BAH, yn. I'. Bouues, 6. 11, Cogpus 1113

Toctenmna Ha 13 stHyapu 2015 1.; kopurupana Ha 30 rorm 2015 1.

(Pestome)

HoB TOKOB KOJIEKTOp M HOCHTEJ Ha €JIEeKTPOJHATa Maca, OCHOBaH Ha MeJHA ISTHA, € pa3pabOTeH W MPHIIOXKEH 3a
KOHCTpYHpPaHe Ha IAacTOB THII IIMHKOBH EJIIEKTPOIH 32 aJIKaTHU HUKEN-IIMHKOBH O0aTeprui. MHKPOKJIEThYHATA CTPYKTYpa
Ha eNIEKTPOJHATA MATPHIA OT MEIHa IIsTHa OCHTYpsiBa paBHOMEpHA 00EMHA MMPOBOIMMOCT Ha IIMHKOBATA CJIEKTPOIHA
Maca, yJIeCHsABa MPEHOCA HA EJEKTPOHH MEXIY aKTHBHHUS €IEKTPOJEH MaTephanl M TOKOBUS KOJICKTOpP, MOmoOpsBa
MEXaHMYHATA YCTOWYHBOCT Ha €JIEKTPOJa W OrpaHMdaBa 00pasyBaHETO Ha NEHAPUTH MPH 3apeXIaHe Ha eIeKTPOIa.
IToka3zaHo e, Ye MOBBPXHOCTHATA MOMU(DHKAIMS HA €IEKTPOJHATA MATPHUIIA C JBYCIOWHO KaJai/IIMHKOBO MOKPUTHE
BOJY JI0 3HAYMTEIIHO HAMaJsiBAHE HA OT/EIMHETO Ha ra3 BBPXY TOKOBHS KOJEKTOp B TpoIeca Ha 3apekaHe Ha
enekTpona. M3cnenBanusita BppXy paboTara Ha HHUKENI-IMHKOBH OaTepuH J0Ka3BaT yOCAWTENTHO BB3MOKHOCTTA 32
NpuIaraHe Ha pa3pabOTeHUs TOKOB KOJEKTOP M HOCHTEN Ha aKTHBHATA Maca Ha IIMHKOBHU €JIEKTPON 3a HUKEI-IIMHKOBH
Oarepuu.
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The aim of the present study was to determine the chemical, fatty acid, and mineral compositions of 10 types of
walnut (Juglans regia L.) selected during 2010 and 2012 from the Yesilli (Mardin) district located in the Southeast
Anatolia Region of Turkey. The average values of total oil, protein, carbohydrate, and energy were 61.08-64.8%,
14.85-20.26%, 13.77-17.16%, and 686.2-710.0 Kcal, respectively. In terms of mineral composition, K was the major
mineral in all samples, ranging from 534.3 to 778.6 mg 100 g. P was the next most abundant mineral, ranging from
346.0 to 584.8 mg 100 g, followed by Ca and Mg, ranging from 100.9 to 233.9 mg 100 g*and from 117.8 to 181.4 mg
100 g%, respectively. Saturated fatty acids levels were lower than those of other types of fatty acids. Of the identified
fatty acids, linoleic acid (50.24-60.60%) was the predominant fatty acid, followed by oleic acid (20.70-28.33%) and
linolenic acid (10.93-15.04%) in all types of walnut. Other fatty acids were present at trace levels.

Keywords: Walnut, Chemical composition, Fatty acids, Minerals.

INTRODUCTION

Walnut (Juglans regia L.) is the oldest
cultivated nut in the world and grows readily over
almost all of Turkey [1]. This species grows
naturally in almost all districts of Anatolia, which
has a suitable climate and good geographic
conditions.  Particularly, very rich  walnut
populations grow in valleys and on hillslopes, and
many walnut types have been selected from these
populations. In Southeast Anatolia, the Yesilli
(Mardin) district features microclimatic conditions
favouring the growth of various walnut types and
cultivars. From the pre-agricultural era to the
present day, walnuts and other nuts have been an
important part of the human diet, providing
micronutrients, macronutrients, and  various
bioactive constituents.

Walnut kernels contain approximately 60.00%
oil. However, this can vary from 50 to 70%. The
amount of kernel oil depends on the walnut type
and cultivar, the growth location, environmental
conditions, and irrigation regimes [2, 3].
Additionally, walnut kernels contain appreciable
amounts of proteins (12-24%), carbohydrates
(12.00-18.00%), and minerals (1.7-20%) [4-6].
Kernels have high levels of other beneficial
components including minerals such as K (390-700
mg 100 g?) and P (310-510 mg 100 g?) and are
low in Na (1-15 mg 100 g*) [7-9]. The fatty acids
of kernel oil are primarily unsaturated. Compared

* To whom all correspondence should be sent:
E-mail: mikdat.simsek@dicle.edu.tr

with most other nuts, which contain principally
monounsaturated fatty acids, walnut kernels are
highly enriched in both omega-3 and omega-6
polyunsaturated fatty acids, which are essential
dietary fatty acids [4]. It has been suggested that the
high polyunsaturated fatty acid content of walnut
kernels may reduce the risk of heart disease. The
major fatty acids found in walnut kernels are
linoleic, linolenic, oleic, palmitic, and stearic acid
[10-12]. The fatty acid compositions of walnuts and
other nuts are important in terms of their economic
and nutritional values. In Anatolia, many studies
have been conducted on the chemical and other
properties of various walnut types and cultivars
[13-30].

The present study was designed to evaluate the
nuts of walnut types grown in the Yesilli district in
terms of chemical, fatty acid, and mineral
compositions. The results will serve as a resource
for breeders, growers, and nutritionists.

EXPERIMENTAL
Materials

Ten walnut types were selected from the Yesilli
(Mardin) district of the Southeast Anatolia region
of Turkey during the years 2010 and 2012. All
types (YE 3, YE 8, YE 15, YE 18, YE 23, YE 26,
YE 30, YE 34, YE 39, and YE 48) were harvested
in September of those years for determination of
chemical, fatty acid, and mineral compositions.
After harvest, all fruits were immediately dried and
stored in their shells at room temperature until
analysis.
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Methods
Chemical Composition

Dry matter content was determined by drying
samples overnight in a hot-air oven at 105°C.
Moisture content was determined and calculated
using the methods of the Turkish Standard Institute
[31]. Total protein level was calculated by
multiplying the nitrogen content, determined using
the Kjeldahl method, by the coefficient 6.25 [32].
Oil content was determined by extraction of 10 g
dried ground kernels (per replicate) with petroleum
ether in a Soxhlet apparatus at 45-50°C for 8-9 h
[3, 33]. Total ash was determined by drying the
samples at 105°C for 1 day in an oven and then
transferring the crucible to a muffle furnace. The
temperature was gradually raised to 600°C, and the
samples were ashed for 10-12 h until they were
white in colour [32]. The formula used for
calculation of carbohydrate content (%) was 100%
— (moisture + protein + oil + ash) (%) [34]. The
formula for calculation of energy (Kcal) was 9 x
lipid (%) + 4 x (protein + carbohydrate) (%) [35].
All analyses were performed in triplicate on
samples from each year. Finally, all data on
mineral, chemical, and fatty acid compositions
were subjected to analysis of variance using JMP
5.0.1. Means were compared using Tukey’s test at
the 0.05 alpha level.

Mineral Composition

P concentrations were spectrophotometrically
determined using the vanado-molybdophosphoric
yellow colour method. To determine the contents of
other minerals, 1-g amounts of dried, ground,
homogenised kernels were placed in platinum
crucibles, partially dissolved in 2 mL HNO3z (65%),
and heated on a hot plate to dryness to prevent dry
matter loss and black smoke development during
ash formation. Next, each sample was heated in a
muffle furnace at 550°C for 6 h. After a 10-min
cooling period, the ash was dissolved in 2 mL
HNO; (65%) and diluted with deionised water to a
volume of 25 mL. A Unicam flame atomic
absorption instrument was used to determine Na,
Mg, K, Ca, Cu, S, Mn, Zn, and Fe levels. The tests
were performed in triplicate on samples from each
year, and values (mg 100 g?) are expressed on a
dry-matter basis.

Fatty Acid Composition

Fatty acid composition was determined by gas
chromatography. Oil samples obtained via Soxhlet
extraction were converted to the corresponding
methyl esters using the AOCS method [3, 36]. The

BFs/methanol method was used for methylation.
Chromatographic analysis of fatty acid methyl
esters was performed using a gas chromatograph
equipped with a BPX70 Forte capillary column
(0.25 um x 0.32 mm x 60 m), a split injector, and a
flame ionisation detector. The column temperature
programme was 60°C for 2 min, then a rise at
30°C/min to 150°C, a rise at 1°C/min to 190°C, a
rise at 20°C/min to 220°C, and 10 min at 220°C.
The injector and detector temperatures were 225°C
and 250°C, respectively. The carrier gas was
nitrogen at a flow rate of 30 mL/min. The air and
hydrogen flow rates were 350 mL/min and 35
mL/min, respectively. The peaks of fatty acids were
identified by comparing retention times with those
of members of a mixture of isomers of standard
methyl esters. All analyses were performed in
triplicate on samples from each year.

RESULTS AND DISCUSSION
Chemical Composition

The chemical compositions of all walnut types
are shown in Table 1. The average levels of
moisture, oil, protein, carbohydrate, and ash were
1.48-3.94%, 61.08-64.89%, 14.85-20.26%, 13.77—
17.16%, and 1.20-1.93%, respectively. Qil was the
major constituent, and ash and moisture were
present at the lowest amounts. The values in this
study are similar to those reported elsewhere [4, 37,
38]. The total oil content ranged from 62.3 to
66.5%, and the ash value from 1.8 to 2.1%,
respectively, in one work [4], and from 51.6 to 67%
and 1 to 2.5% in another [37]. In a further study,
the total oil content ranged from 63.54 to 69.25%,
ash content from 1.27 to 1.95%, and the moisture
level from 2.76 to 4.20% [38]. The oil content
measured here was lower than that reported in an
earlier work [35], in which the total oil content
ranged from 78.83 to 82.40%. Another previous
study [3] reported carbohydrate and protein levels
of various walnut genotypes in the range 9.05-
18.92% and 10.58-18.19%, respectively, whereas
in a further work [6], the carbohydrate and protein
levels in walnuts of various genotypes were 8.05—
13.23% and 15.17-19.24%, respectively. Results
obtained are in partial agreement with the data in
terms of protein content, but the carbohydrate
values were higher than those of earlier work. The
kernel energy values of the walnut types shown in
Table 1 ranged from 686.2 to 710 Kcal, showing
that kernels were rich sources of energy. An earlier
study [38] reported that the energy values of walnut
kernels from Pakistan were 698.1-732.4 Kcal. In
Turkey, the energy values were 682728 Kcal [3],
similar to those reported elsewhere [4, 35, 38]. The
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differences in energy levels are attributable to
differences in the chemical compositions of various
walnut types and cultivars and may vary with the
year of harvest, environmental conditions,
horticultural practices, and genetics.

Mineral Composition

The mineral compositions of the various walnut
types are shown in Table 2. The average values for
K, P, S, Ca, Mg, Na, Fe, Mn, Zn, and Cu (mg 100
gl) were 534.3-778.6, 346-584.8, 153.9-256.9,
100.9-233.9, 117.8-181.4, 8.67-19.29, 3.13-5.37,
2.02-4.50, 1.44 -3.63, and 0.77-2.44, respectively.
The order of mineral levels was K > P > S > Ca >
Mg > Na > Fe > Mn > Zn > Cu. Earlier [39], it was
found that the average values of K, P, Ca, Mg, S,
Cu, Fe, Mn, Zn, and Na in various walnut
genotypes and cultivars, in mg 100 g, were 285.9—
482.8, 206-401.5, 85.4-184.3, 85.4-184.3, 130.2-
220.7, 0.48-1.81, 1.16-3.96, 1.52-5.03, 1.42-2.79,
and 0.84-2.67, respectively. In another study [39],
the mineral level order was K> P > S > Ca > Mg >
Mn > Fe > Zn > Cu. One work [3] showed that the
average values for K, Ca, Mg, Cu, Fe, Mn, Zn, and
Na of various walnut genotypes and cultivars, in
mg 100 g, were 359.7-483, 109.5-336, 126-165,
0.92-1.8, 2.78-4.85, 152-4.79, 2.45-43, and
2.45-9.99, respectively. In the present work, high
levels of major minerals (K, Ca, P, S, and Mg) were
found, but the levels of minor minerals (Na, Fe,
Mn, Zn, and Cu) were low. The K content of
walnut kernels varied considerably and was
significantly higher than those in earlier works [3,
39]. The Na values were considerably higher than
those in a prior work [39]. Calcium values in this
study were also considerably higher than values
reported previously [8]. It is well known that the
elemental composition of soil greatly influences
mineral absorption by the walnut and other nuts. In
general, acidic soils enhance Mn and Cu
absorption, and chalky soils lower iron absorption.
Thus, the elemental compositions of walnut kernels
can be influenced by the walnut type and cultivar as
well as by differences in environments and growth
conditions.

Fatty Acid Composition

The fatty acid compositions of various walnut
types are shown in Table 3. The major fatty acids
were linoleic acid, followed by oleic and linolenic
acid. Linoleic acid was the most abundant fatty acid
in all walnut types analysed, ranging from 50.24 to
60.6%. Oleic acid, the second most abundant fatty
acid, ranged from 20.7 to 28.33%, followed by
linolenic acid (5.04 to 10.93%). Of the remaining
fatty acids, only palmitic and stearic acids were
present in appreciable amounts, ranging from 1.8 to
5.53% and 1.17 to 2.22%, respectively. The overall
fatty acid composition was 4-7.86% saturated fatty
acids (SFA), 22.17-29.73% monounsaturated fatty
acids (MUFA), and 62.73-71.43% polyunsaturated

fatty acids (PUFA). Additionally, the total
PUFA/total SFA ratio ranged from 8.14 to 17.11. A
previous study [3] determined that the

PUFA/MUFA ratio varied from 1.54 to 3.97.
Another report [40] found that this ratio varied
from 222 to 454 in the walnut cultivars
Franquette, Chandler, and Criolla. A previous study
[27] showed that the fatty acid compositions of
walnut genotypes was 5.81-9.23% SFA (a minor
constituent), 15.13-29.97% MUFA, and 62.85-
78.15% PUFA,; these were the principal groups of
fatty acids in walnut oils extracted from the
genotypes studied. Additionally, one report [27]
found that that the major PUFA was linoleic acid in
all walnut genotypes, with the amount varying from
50.58 to 66.60%. The other PUFA, linolenic acid,
ranged from 9.12 to 16.42%. Oleic acid was the
second commonest primary MUFA among the
genotypes studied, ranging from 14.88 to 28.71%,
followed by palmitoleic (0.14-1.69%) and gadoleic
(0.0-0.16%) acids. In general, the results in this
study were in agreement with earlier data [3, 10-12,
27, 35]. The fatty acid composition of walnut
kernels is affected by walnut type, cultivar,
fertilisers applied during growth, geographical
location, treatment, and climatic and soil
conditions. Additionally, oil composition is affected
by the maturity of seed at harvest, seed position on
the tree, and seed handling after harvest [41].

Table 1. Chemical composition of walnut (J. regia L.) types.

Chemical Walnut Types and Values
Properties YE 3 YE 8 YE 15 YE 18 YE 23 YE 26 YE30 YE34 YE39 YE 48
Dry matter (%) 96.47b 96.55b 9852a 96.06b 96.77b  96.46b 97.13b 96.99t 96.79b 96.63b
Moisture 352a 345a 148b 394 a 3.23a 354a 287a 30la 321a 3.37a
Total Oil (%)  62.77cd 61.53d 64.42abc 64.85ab 64.31abc 62.87 bcd 64.82ab 61.08¢ 62.15d 64.89a
Protein (%) 1535de 18.80b 17.70bc 1521de 15.47de 16.18de 16.62cd 20.26& 19.07ab 14.85e
Carbohydrate (%) 17.16a 1429b 1486b 1457b 1548ab 15.70ab 14.18b 14.18t 13.77b 15.23ab
Ash (%) 1.20a 193a 1.88a 144 a 152a 171a 151a 147a 180a 165a
Energy 694.7bcd 686.2d 710.0a 702.7abc 702.6abc 693.3bcd 706.6 687.5¢690.7cd 704.4 abc

Significantly different means (at the 5% level), determined using JMP 5.0.1 to run Tukey’s test, are shown with different letters.
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Table 2. Some mineral compositions of the walnut (J. regia L.) types (mg100 g%).

Walnut Types and Values

Minerals

E3 YE 8 YE 15 YE 18 YE23 YE26 YE30 YE 34 YE 39 YE 48
K 589.7b 590.7b 778.6a 7140a 7437a 7250a 753.0a 5343b 542.7b 712.7 a
P 367.0cd 400.0c 519.7b 5059b 5848a 536.7b 513.3b 346.0d 3735cd 5246b
Mg 117.8e 147.6bcd 1523b 142.8bcd 148.7bc 184a 1489bc 131.8de 1355cd 177.3a
Ca 1525d 1009f 219.8ab 1024f 1974c 2339a 216.6abc 1452d 124.0e 212.2bc
S 1539f 1887e 2309b 196.2de 224.4bc 2569a 236.2bc 185.2e 201.9cde 216.2 bcd
Cu 174 c 1.22 de 0.77 f 1.05 de 1.34d 2.06b 1.66 ¢ 0.77 f 1.15de 244 a
Fe 3.36 f 43lcd 3.85de 4.32cd 4.98ab 513a 4.61bc 3.13f 3.55 ef 5.37a
Mn 2.83cd 298cd 2.02e 280d 295cd 3.92b 33lc 2.03e 2.71d 450a
Zn 2.53¢c 1.92 de 146 f 1.88e 217d 298b 2.53¢c 144 f 1.88e 3.63a
Na 10.13f 937fg 1203e 8.67g 947fg 16.06c 19.29a 1751b 9.19g¢g 13.76 d

Significantly different means (at the 5% level), determined using JMP 5.0.1 to run Tukey’s test, are shown with different letters.

Table 3. Fatty acid composition of walnut (J. regia L.) types.

Walnut Types and Values

Fatty acids

YE 3 YE 8 YE15 YE18 YE 23 YE 26 YE 30 YE 34 YE 39 YE 48
Palmitoleic
acid (16:1) 0.63 ¢ 137a 0.76 ef 1.20b 0.95cd 0.77e 0.67 fg 1.02c 1.23b 0.88d
Oleic acid (C18:1) 21.41de 20.70e 28.33a 26.62ab 23.39cd 27.6la 22.03de 2494bc 2554b 26.8lab
Gadoleic acid (C20:1) 0.13a 0.11la 064a 0.15a 0.17a 0.15a 0.14a 0.09a 0.15a 0.36a
Total MUFA 22.17f 22.18f 29.73a 27.97ab 2451de 28.53ab 22.83ef 26.05cd 26.92bc 28.04ab
Linoleic acid (C18:2) 60.60a 57.62b 50.24f 54.78cd 56.16bc 52.05ef 57.05b 56.60bc 55.74bc 53.20 de
Linolenic acid (C18:3) 11.49bc 15.04a 1249b 10.93c 12.09b 1155bc 14.25a 11.92bc 11.96bc 14.86a
Total PUFA 71.43a 70.93ab 6273f 6571de 6825c 63.61ef 71.30a 6853bc 67.70cd 68.06cd
Muyristic acid (C14:0) 0.06 h 0.14f 023d 051b 0.32¢ 0.62a 0.23d 0.18¢e 0.04h 0.08¢g
Palmitic acid (C16:0) 4.26a 3.96 a 474a 354ab 4.26 a 4.74a 3.76ab 3.40ab 249bc 1.80c
Stearic acid (C18:0) 222a 1.77b 164bc 137cde 147cd 121de 137cde 127de 1.82b 117e
'(“C'ggh(;;"c acid 008d 123a 069c 098b  129a 129a 074c  0.62c 108b  0.95b
Total SFA 6.52abc 7.09ab 7.29ab 6.39bc 7.31ab 7.86 a 6.05bc 5.46¢c 5.44c 4.00d
ggtAa' PUFAITotal 41 09 1005bc 862c 1031bc 939bc 814c  1120bc 1261b 1126bc 17.11a

Significantly different means (at the 5% level), determined using JMP 5.0.1 to run Tukey’s test, are shown with different letters.

CONCLUSIONS

The walnut types studied exhibited nutritionally
promising levels of major minerals and had higher
carbohydrate contents than cultivars earlier
described in the literature. In the current study,
some walnut types contained higher amounts of
oleic, linoleic, and linolenic acids than did others.
Walnut kernels have high levels of omega-3 and -6
(essential dietary) fatty acids. Many clinical studies
have suggested that omega-3 fatty acids may play
significant roles in prevention of coronary heart
disease and have shown that inclusion of walnuts in
the diet afforded significant protective benefits in
terms of both fatal and nonfatal coronary heart
disease events [42]. The data confirm that walnut
kernels are a rich source of significant nutrients that
would be very beneficial to human health.
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XUMHWYEH, MUHEPAJIEH CbCTAB U CBJBbPXKAHUE HA MACTHU KUCEJIMHU B
PA3JIMYHU BUJIOBE JIEIIHULIM (Juglans regia L.) B TYPLIMS

M. Cumcek”
* llenapmamenm no xopmuxyamypu, Aeponomuvecxu paxyrmem, Ynusepcumem Huxne, JJuapbexup, Typyus.
IMocrbernuna Ha 14 suyapu, 2015 1., xopurupana Ha 12 roHm, 2015 T.
(Pesrome)

Llen Ha Hacrosimata paboTa € ONPEACNITHETO HA XMMHUYHHMS, MUHEPAJIHUS ChCTaB M Ha ChIBPKAHMETO HA MACTHH
xucennun B 10 Bupa nemmmmu (Juglans regia L.), u3Gpann mpes 2010 u 2012 r. ot paiiona Memmu (Mapmun),
PAa3MoJI0XKEH B IOTOM3TOYHMA pernoH B Mana Asus. CpelHUTE CTOMHOCTH Ha OOIIMTE Maciia, IPOTEUHH BBITIEXHUIPATH
U CGHEPruiiHO ChabpkaHue ca choTBeTHO 61.08-64.8%, 14.85-20.26%, 13.77-17.16%, u 686.2-710.0 Kcal. Ilo
OTHOIIEHHE Ha MUHEPAJHNS ChCTAB KAJIMAT € INIABHUAT MUHEPaJeH KOMIOHEHT. OT MUHEPAIHUTE ChCTAaBKH KaIHAT €
[JIaBHUS €JIEMEHT BbB BCHYKM Npobu B rpaHuumute or 534.3 g0 778.6 mg 100 gl ®ocdopsT e crnepsauust
pasnpocTpaHeH enemMeHT B rpanumute ot 346.0 no 584.8 mg 100 g, cnenBan or kanius u Marse3us (CbOTBETHO OT
100.9 o 233.9 mg 100 gt u or 117.8 1o 181.4 mg 100 g!). HuBOTO Ha HACUTEHUTE MACTHU KUCEIHHHU € TIO-HUCKO OT
TOBa Ha JApyruTe Mactau kKucenuun. OT ycraHoBenure, muHomoBara (50.24-60.60%) e npeobnamaBammara, cieBaHa OT
onennoBata (20.70-28.33%) u nuuomenoBata kucenuna (10.93-15.04%) 3a Bcwuku mpobu ot semrauim. Jpyrute
MacTHH KHCEJIMHH ca B KOJIMYECTBA KATO CJIC/IH.
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Non-destructive FT-IR analysis of mono azo dyes
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In this study, a scheme is developed for the systematic identification and classification of mono-azo dyes on the
basis of infrared spectral analysis, to aid in the detection of functional groups of unknown mono-azo dyes, without
using any toxic chemicals. This non-destructive and ‘green’ analytical method is applicable for dyes, and may also be
applicable for dyed consumer products and goods, without any tedious sample preparation steps or reductive cleavage
of azo bonds. Ten mono-azo dyes were synthesized in the laboratory from three different intermediates; anthranilic
acid, sulfanilic acid and aniline and were subjected to FT-IR spectroscopy (with their respective precursor amines) to
formulate a comparative analysis. The spectral bands due to azo bond, amines, aromatic region and other covalent
bonds present in the mono-azo dye molecules in the obtained FT-IR spectra are discussed. The importance of the
relative location of the azo band with respect to neighboring bands is also highlighted with their differentiation. Special
emphasis is given on the identification of azo and aromatic region in the FT-IR spectra, which could be helpful in
resolving confusions often confronted in azo dye detection. The study also explains drifted azo bands in the spectra and
the possible reasons behind them. The results and the scheme were validated with spectral examples of pure mono-azo

and non-azo dyes.

Keywords: mono-azo dyes, FT-IR spectroscopy, characterization, non-destructive, azo detection

INTRODUCTION

The Fourier transform infrared (FT-IR)
spectroscopy is an important physical technique
among other techniques such as mass spectrometry,
UV, UV-visible and NMR spectroscopy, etc. FT-IR
spectroscopy is used to study the functional groups
present in molecules and for the characterization of
covalent bonds within the molecules. FT-IR
spectroscopy is a non-destructive, fast and sensitive
physical technique for the analysis of organic
compounds with minimum sample preparation [1].
It can serve as a fingerprint technique for the
classification of unknown compounds, therefore it
is very helpful in classifying raw materials and
ingredients that are used in dyes, paints, polymers,
plastics, coatings, laminates, pharmaceuticals,
foods and other consumer products. It is also useful
for the structural elucidation and confirmation of
known and novel natural organic compounds/
products isolated from terrestrial plants [2] and
algae [3] with the aid of other physical techniques
such as mass spectrometry, UV, UV-visible and
NMR spectroscopy. FT-IR spectroscopy is also
used in the analysis of fats and oils and it can also
be associated with ‘green analytical chemistry’
because this technique reduces the use of chemical
reagents hazardous to the environment and human
health [4]. FT-IR spectroscopy is widely used as a

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

powerful analytical tool in oil & food research to
qualitatively and quantitatively analyze specific
organic food components in combination with
certain chemometric packages [5].

Nowadays, new environmental issues are
emerging and there are more concerns on the
ecological use of safe and environment friendly
chemicals in consumer goods and products. Dyes
are widely used in most of the consumable products
such as textile, leather, soft drinks, candies, paints,
plastics, pharmaceuticals, etc., to attract people and
increase sales. As a result, it is very difficult to
screen them all and some harmful azo dyes are still
being used in consumer products which create
health and environmental problems. Some azo dyes
can be easily reduced under mild reducing
conditions, (sometimes even with the help of some
enzymes in the human body) splitting into
forbidden aromatic amines such as benzidine,
aniline and their derivatives, etc. [6, 7] so-called
MAK amines, thus releasing toxic chemicals into
the environment. Standard methods are available
and have been adopted globally to determine the
harmful aromatic amines in many of the consumer
products. But a drawback in such methods is the
use of chemical reagents which are hazardous to
human health and environment. Some studies have
been reported earlier for the characterization and
comparison of dyes [8-11]. There are vast
applications of infra-red spectroscopy for the
successful analysis of ancient textile dyes [12],
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forensic analysis of dyestuffs and inks [13]. This
scheme could even be exploited in the analysis of
dyes within the matrix without extraction [13, 14].
In this study, the azo bonds and conjoined aromatic
amines in the dye molecules have been speculated
with the help of FT-IR spectroscopy, with simple
and easy sample preparation, without any reductive
cleavage of the azo bond and without using any
harmful chemicals.

MATERIALS AND METHODS

The starting chemicals like a-naphthol, p-
naphthol, aniline, and anthranilic acid (general
purpose reagent) were supplied from BDH Ltd.
Poole, England. Sulfanilic acid was obtained from
Fluka. All other chemicals employed were of A.R.
grade, unless mentioned.

The dyes (a to i, Table 1) were synthesized in-
house by diazotization reaction [15]. p-
Aminoazobenzene @), p-aminoazobenzene
hydrochloride (b), diazoaminobenzene (c), reddish
brown (d) and reddish yellow (e) were synthesized
from aniline, taken as a precursor amine. Food
yellow 8 (f), bright reddish orange (g) and orange 1
(h) were synthesized from sulfanilic acid (precursor
amine). lake red D (i) was synthesized from
anthranilic acid (precursor amine). All mono-azo
dyes were thoroughly ground by mortar and pestle
until a fine powder was obtained. The powdered
samples  were analyzed on a FT-IR
spectrophotometer, Nicolet Avatar 330 from
Thermo Electron Corporation, equipped with Smart
accessory. The prepared samples were applied on a
zinc selenide (ZnSe) window and pressed with
adequate pressure to form a thin film for analysis.
The scan rate was set at 32 scans per spectrum at a
spectral resolution of 2 cm™. The absorption bands
and details of the mono-azo dyes used for spectral
studies are given in Table 1.

RESULTS AND DISCUSSION

Spectral comparison of dyes with respective
intermediates

In-house synthesized mono-azo dyes were
confirmed through color development and verified
with the help of FT-IR spectroscopic analysis. The
spectra are presented in Figs 1 and 2, in a stacked
view for comparison and truncated above 2000 cm*
to focus on the targeted bands. The FT-IR spectra
of dyes (a) to (i) (Table 1) show prominent azo
bond (N=N) vibrations which are identifiable
between 1504 cm* and 1555 cm* [Figs 1, 2 and 3]
which can be clearly distinguished from the spectra
of their respective intermediates (aniline,
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anthranilic acid and sulfanilic acid, cf. Table 2).
The absorption frequency of sulfanilic acid due to
aromatic ring occurs at 1573 cm? and 1498 cm
while C-N stretching occurs at 1240 cm™? (Fig. 2).
In case of anthranilic acid, the aromatic ring
absorption appears at 1574 cm* and 1453 cm™ and
the C-N stretching at 1230 cm™ (Fig. 2).

The C-N stretching is at 1281 cm™ while the
aromatic ring band is next to the N-H band in the
IR spectrum of aniline (Fig. 1). Liquid aniline was
not subjected to FT-IR spectroscopy, due to its
toxicity. Its IR spectrum was downloaded from the
National Institute of Science and Technology
website; http://webbook.nist.gov.

Identification of mono-azo dyes through IR Spectra

The main purpose of this study is to introduce a
non-destructive  method of using  spectral
information to identify mono-azo dyes, as an
alternative way compared to the conventional
analysis, after reductive cleavage of the azo bond.
The analysis was carried out for lab synthesized
dyes, therefore it is definitely valid for dyes in pure
form. The significant bands are those due to the azo
chromophore (-N=N-), C-N stretching and other
bands, e.g. aromatic ring (Figure 3), etc. For this
purpose the IR spectrum of pure methyl red
(Merck) was recorded for comparison with the
mono-azo dyes, synthesized in-house (Figure 2).
The bands due to the aromatic region in the range
of 1400-1600 cm™ are also significant as azo bond
stretching appears between the bands of the
aromatic region (Figures 1, 2 and 3). The stretching
of aromatic region is prominent and strong (Figures
1 and 2). The absorption band of the azo
chromophore is clearly distinct from the C=C
absorption bands which are quite evident in Figures
1, 2 and 3. The azo absorption bands in the various
mono-azo dyes (a to i, Table 1) were sited between
1504 ¢cm™ and 1555 cm™. Due to aromatic region,
the higher energy bands appeared from 1419 cm™
to 1487 cm® while the lower energy bands ranged
from 1590 cm™ to 1619 cm™. The absorption of C-
N is also discussed as supporting evidence and its
frequency ranges from 1225 cm™ to 1317 cm™. The
C-N stretching in the IR spectrum of acid orange 20
appeared at 1317 cm™* (Table 1 and Fig. 2), because
resonance increases the bond order between the
ring and the attached nitrogen atom (Figs. 1 and 3).
Figures 1 and 2 were created with the help of
software “Essential FTIR” (version 2.00.037).
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Table 1. Key absorption bands and structures of mono-azo dyes.

Dﬁé?g:&:gf?g?nquvl\gth Cl?o {jee Absorption Bands (cmt) Structures
688 (s), 766 (s), 832 (5),1137 (M),
?Sol:‘é‘:lﬂt;(eﬁ'lfv‘\’l"é) @ 1298 (bn), 1311 (m), 1324 (m) ®N\\
T 1411 (m), 1503 (m), 1594 (s), N@NHZ
12M11N3 1616 (m)

Solvent Yellow 1 680 (s), 700 (m), 747 (m), 798 (s),

(p-Aminoazobenzene (b) 852 (m), 1171 (s),1262 (m), 1369 crH3N+@N\\

hydrochloride) (s), 1453 (m), 1524 (m), 1544 N@

(C12H1:N3.HCI) (m),1604 (m), 1614 (s), 1655 (s)

oo Lo @, a0 2072, 1202 ()

: ; (c) 1254 (m), 1416 (s), 1464 (m), N—N=N
p-diazoaminobenzene) 1603 (m) }\4

(C12H11Ns3)

687 (m), 742 (s), 759 (s), 809 (m),
Solvent Brown 4 835 (m), 881 (m), 1261 (s), 1324 0 Q N:N@
(Dull Reddish Brown) (d)  (m), 1354 (m), 1417 (s), 1455 (s),
(C16H120Ny) 1480 (s),1544 (s), 1599 (s), 1615 O
(w)
OH

Solvent Yellow 14 '40 (s), 810 (s), 845 (m), 1167 (m), //“‘@

(Sudan 1) (e) 215 (m), 1276 (m), 1468 (m), O "

(C16H120N>) 516 (m), 1599 (m),1629 (m) Q

. 650 (s), 722 (s), 824 (m), 849 (m),
’(‘F‘(’)‘g do;aer:%ive& () 1032 (9) 1117 (5), 1163 (), 1227 . N//”Osos“a
(C1oHsOsNNa) (s), 1369 (m), 1418 (m), 1507 (w),

1252 1592 (m), 1630 (m) on

Acid Orange 7 692 (m), 753 (s), 836 (s), 1032 NaoasQN .

(Bright Reddish @ ) 1115 (), 1185 (5), 1228 (m) % O

Orange) g 1446 (w),1503 (m, br), 1555 (w),

(C16H1104N2SNa) 1594 (W), 1625 (w) O
Acid Orange 20 702 (s), 758 (s), 832 (m), 1123 NaOsSO‘N\\ O o
(Orange 1) (h)  (s), 1186 (5),1317 (m), 1519 (m), "
(C16H1104N2SNa) 1541 (m), 1604 (m), 1634 (s) O

740 (s), 749 (s), 827 (m), 849 (m) o e

. S), S), m), m),
fﬂgﬂ‘eegeﬁegfo o 121 (W), 1250 (w), 1372 (3), Q N
(CrH1105NoNa) 1390 (s), 1437 (s), 1477 (m), 1551

s (w), 1594 (m), 1616 (m) O
HOOC

Acid Red 2 1593(s) Ny, :@

(Methyl Red) () 1601 (s), 1366 (s), 1273 (), 1144 Q N
(C1sH15N30) (), 1111 (), 818 (5), 764 (m) “3C\T

CH,
;

Solvent Black 3 1594 (s), 1290 (m), 1214 (m), H30><N O N\\N N)“@

(Sudan Black B) (k) 1166 (m), 1129 (s), 1003 (W), 118 Hc\, O O
(C29H24N6) (), 759 (s), 688 (m) H O

Basic Blue 9 7 e

(Methylene Blue) 0 (155)9i 1(;)8 (1&5)378(12),(81)390 (s), 1328 H3C/N\©[sj©¢w\%

(C16H18N3SCI) ' ' N cr

Key: w = weak, s = strong, m = medium, br = broad

73



F. Ahmed et al.: Non-destructive FT-IR analysis of mono azo dyes

Table.2. Key absorption bands and structures of dye intermediates.

Dye Intermediates with
Molecular Formula

H,N
Aniline
(CéHsNH2) 1281 \©

Absorption Bands (cm™) Structures

o)
Sulfanilic Acid 1240 (w), 1154 (s), 1111 (s), 1033 (s), 1008 (m), HAN g—o
(CeH/NO3S) 829 (m) 2 ! H_
o]
Anthranilic Acid 1659 (w), 1574 (m), 1276 (m), 1230 (m), 764 (s), oH
(C7H7N02) 834 (m)
NH,

Key: w = weak, s = strong, m = medium

FpAmruazetenzemeTho Fet T4 133 T4 2008 (GMT +05:00)

CT5alvent Yellow 13 [Sudan 1] Mon Feb

-
Sudan Black B.spc: Tue JarT

Percent Transmittance

.25 2011 [GMT +05:00)

FilFEd s

0. T f T T T T
2000 1800 1600 1400 1200 1000 800

Wavenumbers (cm™)

Fig. 1. IR spectra of aniline, methylene blue, sudan black b, solvent brown 4, diazoaminobenzene, solvent yellow
14, p-aminoazobenzene hydrochloride, and p-aminoazobenzene (from bottom to top) respectively.
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2006 G

;08 2006 (GMT+05:00)

964
944
924

Bhthranilic Acid Pure. SPA:

Percent Transmittance

Sulfanilic Acid [38%).5PA.

9
80+

2000 1800 1600 1400 1200 1000 800

Wavenumbers {cm™)

Fig. 2. IR spectra of sulfanilic acid, pigment red 50, methyl red, anthranilic acid, acid orange 20, acid orange 7 and
acid orange 6 (from bottom to top), respectively

Wave number 1/cm
1000 1200 1400 1600
p-Aminoazobenzene | I | I |I
p-Aminoazobenzene.HC| I I | - f/;:‘lyl}
Diaminoazobenzene I I | m C=C (I
Pigment Red 50 | I |
Solvent Brown 4 I I | N=N
Acid Orange 20 I I |
Solvent Yellow 14 I I | mC=C (Il
Acid Orange 7 I I |
Acid Orange 6 I | |
Methyl Red | | |

Fig. 3. Characteristic vibrations of different mono-azo dyes.
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Methyl red

The aromatic region (C=C) appears in the
spectrum at 1601 cm™? and 1484 cm™®. The 1528
cm?® and 1547 cm? frequencies are due to azo
chromophore. 1273 cm? is due to C-N stretching
(azo bond C-N). The C-N absorption occurs at a
higher frequency in aromatic compounds because
resonance increases the double bond character
between the ring and the attached nitrogen atom
[15]. The C-N stretching for tertiary amine
appeared at 1162 cm™ and 1144 cm™,

Methylene blue

The spectrum of methylene blue (non azo dye)
was included in the study for the sole purpose of
comparison with the spectra of mono-azo dyes in
general. The first and marked difference is the
complete absence of the azo stretching band in the
methylene blue IR spectrum (Fig. 1).

It is possible that the presence of some
functional groups like -CH,- (1465 cm™) and -CH3
(1450 cm?) could interfere in the spectral
interpretation and band identification. In such cases
additional examination is necessary.

Spectral comparison of mono-azo and bis-azo dye

Figures 1 and 2 contain the spectra of sudan
black B (bis-azo) and methyl red, stacked for the
convenience of comparison. The band for the azo
chromophore is small as compared with those in
other mono-azo dyes, because of the larger number
of C=C bonds (i.e. a richer aromatic region) in
sudan black B. The N=N band may also have
increased because of an extra azo chromophore, but
not in comparison with the C=C bonds. The
aromatic region peaks in the spectrum of sudan
black B appear at 1594 cm™ and 1430 cm™. The
band due to azo is 1521 cm™ and 1505 cm™ and the
CN band is at 1290 cm™ [17, 18, 19].

CONCLUSIONS

The spectral interpretation of dye spectra
revealed valuable information about the
identification and characterization of mono-azo
dyes without any reductive cleavage of azo bond
present in the dyes, for the attraction of buyer,
especially in the analysis of dyes which are used in
consumer products and goods. The key
identification, the azo band region was found to
appear between 1504 cm™ and 1555 cm™. Detailed
analysis revealed that the azo and the aromatic
region bands drifted in some cases, while in other
cases the azo bands appeared separate and distinct.
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The technique is non-destructive, fast and very
useful even for small sample quantities. The study
is a prelude for bright possibilities of azo
identification without any need for the separation of
dyes from their matrices. These findings are crucial
for the monitoring of azo dyes in consumer
products and goods where environmentally friendly
dyes should be used.
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HE-IECTPYKTHUBEH FT-IR AHAJIN3 HA MOHO-A30BAI'PUJIA
®. Axwmen, P. [leyanu, M. K. Ilepses*, C. [Ixx. Max0yy0, C. A. Coompo

Koorwcapcxu uscneoosamencku yenmop, CUTE, Kapauu, Ilakucman

Tloctenuna Ha 5 deBpyapu, 2015 r., kopurupana Ha 11 asrycr, 2015 r.

(Pestome)

Ce3gameHa € cxemMa 3a CHUCTeMHa wHIcHTH(UKanus u Kiacudukanus Ha MOHO-a3o0arpwia Ha 0a3zata Ha
HH(ppaYEepPBCH CIEKTPOCKOIICKH aHAaIH3 32 OTKPUBAHETO HA (DYHKI[MOHAIHHU IPYNH B HEU3BECTHU MOHO-a300arpmia 0e3
yrnorpebara Ha TOKCHYHUA XMUMHUKAIH. TO3M He-IeCTPYKTUBEH U ,,3€JIeH" aHAJUTHYCH METOJ € MPUIIOKUM 3a Oarpuia u
MOXe J1a Objie MPUIIOKEeH 32 OarpeHH MPOAYKTH U CTOKM 0e3 MPeIBApUTENHOTO PEIyKIHOHHO Pa3KbCBaHE HA a30-
BpB3Kata. [lecer MoOHO-a3zo0arpuia 0sXa CHHTE3UPaHU OT TPU PA3IMYHH MEKIVMHHU ChCIMHCHHS: aHTPAHUIOBA
KHCeNrHa, Cyln(aHWIOBa KHCEIMHA M aHWINH M Osxa wm3cnenBanu ¢ FT-IR cmexrpockomus (3aemHO ¢ TexHHTE
MPEKypCcOpU-aMHUHH) 3a GopMysHpaHe Ha cpaBHHUTeNeH aHanu3. OOChICHU ca CIIEKTPATHUTE JUHUHM Ha a30-BPB3KUTE,
aMUHHTE, apoMaTHaTa oO0JacT W JPYrM KOBAJICHTHA BB3KH B MOJICKYJIWTE Ha a3obarpwiarta. 3HAYCHHETO Ha
OTHOCHUTEJIHATA JOKaIM3alMs Ha a30-JMHHHMTE I10 OTHOIICHWE Ha CHCEIHMTE JIUHUU CBIIO € OOSICHEHO C TIXHATa
mudepenmmanusg. CrnenuaiHO BHUMaHHE ¢ 0OBPHATO Ha HIACHTH(HUKAIATA Ha a30- U apomaTtHuTe oOmactu B FT-IR
CIICKTPUTE, KOETO MOXE Ja € TOJIe3HO 3a pelllaBaHe Ha HeIopa3yMEHHUsl MPH OTKPHBAHETO Ha a3zobarpuia. Tesu
pe3yATaTH U MPUI0KECHATA CXEMa ca MOTBBP/ICHHM 3a IIPUMEPH OT YUCTHU a30- U IPYTu Oarpuia.

77



Bulgarian Chemical Communications, Volume 48, Number 1 (pp. 78 — 83) 2016

Co and W alloys as catalysts for evolution of H, at elevated temperatures
S. Voskanyan!, G. Pchelarov!*, R. Rashkov?, K. Petrov!

'Bulgarian Academy of Sciences, Institute of Electrochemistry and Energy Systems, Acad. G. Bonchev str., bl 10, post
code 1113 Sofia, Bulgaria
2Bulgarian Academy of Sciences, Institute of Physical Chemistry, Acad. G. Bonchev str, bl 10, post code 1113 Sofia,
Bulgaria

Received December 17, 2014, Revised May 22, 2015

Cathodes for evolution of H, were prepared by electrochemical deposition of Co and W on Ni or Ti. The
morphology and the microstructure of the electrodes were characterized by scanning electron microscopy and X-ray
diffraction and the electro-catalytic efficiency was evaluated based on steady-state polarization curves, Tafel plots and
electrochemical impedance spectroscopy. It was shown that the electro-catalytic activity of the prepared electrodes is
dependent on the morphology and microstructure of the Co and W deposits. Similar to Pt, the catalyst has a low charge
transfer resistance, high exchange current density and electro-catalytic activity, with respect to HER.

Keywords: Tungsten, cobalt, catalysts, hydrogen evolution, PEM, HER.

INTRODUCTION

There is a need to find stable and cheap
electrocatalysts for the PEM cell with low
overpotentials [1]. However, except for noble
metals such as Pt, Rh, Re, Pd, Ir, most other less-
noble pure metals have a much lower activity in the
HER [2]. The ability of a metal to catalyze the HER
is measured by the exchange current density, which
is the rate of hydrogen evolution per surface area at
the equilibrium electrode potential. Different metals
have different exchange current densities. While a
four-fold increase in current density was observed
for Pt-Ru supported on double-walled carbon
nanotubes as high-performance anode catalysts [3],
these materials are still expensive to produce and
the search is on developing inexpensive non-
precious metal materials. Platinum loadings as low
as 0.014 mg/cm? have been reported using novel
sputtering methods [4] and as a consequence the
cost of the catalyst is no longer the major barrier to
the commercialization of PEM fuel cells. It was
first demonstrated in 1964 that transition metal
porphyrins, namely cobalt phthalocyanine (CoPc)
could act as oxygen reduction reaction (ORR)
electrocatalysts in alkaline conditions [5]. Very
high power densities have been achieved at low
temperatures in both dual-chamber and single-
chamber fuel cells using BagsSrosC0oosFe 02035 as
the cathode [6]. The attempts to design a material
that would approach the electrochemical activity of

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

noble metals have lead in the past to 3d transition
metal-based binary alloys of Ni- or Co [7]. Long-
term performance durability tests in an Hp-air fuel
cell with Co-PPY-C composite material as the
cathode catalyst have demonstrated a high power
density in the past [8]. More recently a kinetic
study of electron transfer reactions of Ha-evolving
Co-diglyoxime catalysts suggested that the covalent
linking of two Co-hydride complexes could
substantially increase the rate of H, production by
decreasing the volume required for diffusional
collisions at modest overpotentials [9]. The three
principal routes to follow in order to deal with slow
reaction rates are: using novel catalysts, raising the
temperature and increasing the electrode area.
Overall research has focused on: the intrinsic nature
of the reaction, the electrode composition, the
surface morphology, the electronic properties and
electrochemical activation treatments.

THEORY AND EXPERIMENT

The hydrogen evolution reaction (HER)
proceeds on a metallic electrode M via three
mechanisms [1]:

M + H+ +e— «— M Hads (proton discharge), Q)
M Hads +H+ +e— < H2 +M (electro-desorption), (2)
M Hads +M Hads <« H2 +2M (H recombination), (3)

Mechanisms (1) and (2) require the formation
and cleavage of M Hads bonds and the HER rate is
determined by the strength of proton adsorption
bonding to the metal surface. Thus, the maximum
rate of hydrogen evolution can be expected at
intermediate values of M Hads bond strengths,
resulting in the well known ‘volcano curve’ [2].
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The view has been that the combination of two
transition metals would result in an enhanced HER
electrocatalytic activity. Indeed, the Tafel and EIS
results presented in [7] showed that alloying Ni
with left-hand side transition metals (Fe, Mo, W)
yielded an increased electrocatalytic activity in the
HER when compared to pure Ni. These results
demonstrated that the design of high-activity HER
electrocatalysts could be based on the increase of
both active surface area and intrinsic activity of the
material. While the former can be achieved by a
proper choice of material and synthesis method an
increase in the intrinsic activity can be achieved by
a proper combination of left- and right-hand side
transition metals [7]. It has been generalized that
the intrinsic catalytic activity for the HER can be
related to the electronic structure of metals. The
theory of transition metal-based alloys has been
discussed by Jaksic [10] on the basis of the Engel-
Brewer valence-bond theory, as a generalized
Lewis acid-base reaction model [11]. The
assumption is that the elements Mo and W have
partially or half-filled d-orbitals and interact with
the internally paired d-electrons of transition
metals, such as Ni, Pd, Pt, Co. As a result the
strength of bonding is changed and leads to
increased intermetallic stability. Another theory of
the HER on bimetallic catalysts has been postulated
by Ezaki et al. [12]. The concept of Ezaki was
based on experiments involving the assessment of
the hydrogen overpotential and its interpretation
using electronic structure calculations [13]. Co and
CoW alloys have been electrodeposited under
potentiostatic conditions in a commercial three-
electrode cell (Co as the anode and SCE as the
reference electrode) with EG&G PAR — Versastatt,
SoftCorr 352. Copper plate, nickel foam, titanium
felt and carbon felt have been used as substrates.
The electrolytes contain CoSQ4.7H,0, CoClz.H,0
and H3:BOs; for Co films and Co0S0,4.7H,0,
Na,WO04.2H,0 as a complexation agent for CowW
alloys. The potential is kept at -0.8V (vs.SCE) for
Co films and -0.9, -1.0, -1.1, -1.2, -1.3V (vs.SCE)
for CoW alloys on copper plate substrates at a
temperature of 40°C and 70°C, respectively. X-ray
fluorescence analysis has been employed to
determine the cobalt and tungsten distribution in the
coatings. A scanning electron microscope - JEOL
JSM 6390 with INCA Oxford has been applied for
examining the surface morphology and specific
distribution of the elements.  Electrochemical
measurements have been conducted in order to
evaluate the electro-catalytic activity of the
developed catalysts. A standard three-electrode cell
with a liquid electrolyte has been used for cyclic

voltammetry and galvanostatic curves in an alkaline
solution, Ckonw= 1M.IL. The electrodes have a
working area of S=1 cm?2. The reference electrode
for a liquid electrolyte was an H, electrode,
“Gascatel”. A “Solartron” electrochemical interface
was used for conducting cyclic voltammetry,
steady-state galvanostatic curves and long-term
tests. Measurements with solid acid and Nafion
membranes were conducted in a cell similar to
standard fuel cells. A drawing of the cell is shown
in Fig. 1. It has Ti plates between which an MEA
has been tested. The working electrode was a Co
and W catalyst deposited on titanium or carbon felt.
The counter electrode was a standard Pt on carbon
paper fuel cell electrode (E-Tek), working with
hydrogen as the anode (hydrogen oxidation).

1

2

L\

Fig. 1. Drawing of the electrochemical cell. 1 — fuel
cell body, 2 - pin and collar, 3 — PEM, 4 — electrode and
counter electrode, 5 - steam (H20) input/ output, 6 —
hydrogen (H2) input/ output, 7 - lead channel to
comparison electrode

RESULTS AND DISCUSSION

The results show that under -0.9 and -1.0V (vs.
SCE) the alloy contents almost equals the amount
of Co and W. The amount of W decreases when the
potential shifts to more negative values (Table 1).
This is the reason to choose -1.0 and -1.2V
potential regimes of deposition for the next
experiments on nickel foam, Ti and C — felt, which
correspond to the relations Co/W as 50 wt. % to 50
wt. % and 70 wt. % to 30 wt. %, respectively. The
decrease in the amount of tungsten when shifting
the potential towards more negative values is
probably due to an increase in hydrogen evolution
on the electrode, which is catalyzed by the presence
of tungsten.
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Table 1. The element contents in the alloy under different potential conditions on the copper plate substrate.

09V -1.0V 1.1V -1.2V -1.3V
Co, wt% 53 50 66 70 76
W, wt% 47 50 34 30 24
Thickness, um 0.2 0.3 0.4 0.2 0.2

206V X1,000 10pm 11 40 SE) 200V X1,000 10pm 09 40 SEI

Fig. 2. SEM pictures of deposited Co-W films on Ni-foam at cell voltages: -1.0 V (a) and -1.2 V (b)

Fig. 4. SEM pictures of deposited Co-W films on C- felt at cell voltages: -1.0 V (a) and -1.2 V (b)

Table 2. The element contents in the alloy under different potential conditions on copper plate, Ti felt and carbon
paper substrate.

Support Cu plate Ti felt Carbon paper
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Cell potential (V) -1.0 -1.1 -1.0 -1.1 -1.2 -1.0 -1.2
Co, wt % 44 43 47 42 80 50 86
W, wt % 53 47 47 52 20 45 11
Oxygen, wt % 3 10 6 6 0 5 3
Table 3. Composition of electrochemically tested electrodes.
No Support Anode Co, wt % W, wt % Oy, wt % Cell voltage (V)
1 Cu plate Pt, Ti 68.5 31.5 - 1.0
2 Cu plate Co 55.0 45.0 - 1.0
3 Ti felt Co 55.0 45.0 - 1.0
4 Ti felt Co 47.0 47.0 6 1.0
5 Ti felt Co 42.0 52.0 6 11
6 Ti felt Co 42.0 52.0 6 1.1

The morphology of the deposited Co and W
films is seen on the pictures shown in Figures 2, 3
and 4. The coatings are characterized by cracks at
the more negative potential and poor adhesion to
the substrate, but they possess a fine crystalline
structure. A large amount of tungsten is measured
by point EDX analysis as recorded at the convex
part of the surface in contrast to the inner (recesses)
one, wherein cobalt is prevailing. The probable
cause for the disjoint distribution is mass transfer.

The compositions of the deposited alloys shown
in the pictures above are as presented in Table 2.
From the pictures and alloy compositions it is clear
that under a higher cell voltage the Co percentage
increases. The deposited film is stable and equally
covers the support for Cu and Ti. For carbon paper
the coverage is rougher.

The cyclic voltammograms of selected
electrodes are presented in Fig.5. The electrolysis
conditions and composition of electrodes are as
presented in Table 3.

200

150

100

i,mA

50

-50 -

-100

T T T T T T T T T T T T
-400 -200 O 200 400 600 800 1000 1200 1400 1600 1800 2000
E,mv HE

Fig. 5. Cyclic voltammo curves for all tested
electrodes with compositions as in Table 3. At 20 mv/s
the dependence curves for electrodes 1, 2, 3 and 4 are
shown as indicated.

From Fig.5 it is clear that with the increase of
tungsten in the alloy, the peaks intensity increases

too. The hydrogen evolution starts at lower
potentials for electrodes 3 and 4, where the tungsten
percentage is higher. Obviously tungsten is
responsible for the higher catalytic activity of the
alloys. The galvanostatic VA curves shown in Fig.
6 confirm the relationship between the percentage
of tungsten and the catalytic activity of the
electrodes.

A comparison between Pt on carbon paper (E-
tek), Ti felt and the best of our electrodes, No. 5 is
presented in Fig.7. The results show an excellent
activity of the Co-W alloys prepared by
electrochemical deposition. This is observed for
the Tafel slopes shown in Fig. 8. They are identical
for Pt and Co-W and equal to b=34-36 mV/dec,
which corresponds to the Tafel mechanism of
hydrogen evolution.

200

-100 %

-200

-300

E, mV (HE)

-400

-500

-600

700 4,

Fig.6. Galvanostatic VA curves for all electrodes
with compositions as in Table 3; electrolyte, 20 % KOH.
Dependence curves for electrodes: 1- m, 2-0, 3 - A, 4 -
V.,5-« and 6 - P, are shown as indicated.
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Fig. 7. Galvanostatic VA curves for the best
electrode composition; electrolyte 20 % KOH.
Dependence curves for electrodes: 1- A Ti mr., 2- @ Pt, 3
- m electrode-No. 5, are shown as indicated.
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Fig. 8. Tafel relationships derived from Fig.7.
1-m Pt (b=-36mV), 2 — e electrode No. 5 (b =-34mV).

E, mv

Based on the value of b=33 mV we may
conclude that the hydrogen evolution reaction on
our catalyst follows Tafel’s mechanism in
accordance with the reaction:

Had + Haa = H2 (4)

The best composition of a Co-W alloy was
deposited on Ti felt, producing an electrode with a
geometrical area of 4 cm? The electrodes were
tested in an electrochemical cell at temperatures of
20 and 60°C with a Nafion membrane. The counter
electrode was a Pt/C fuel cell electrode from “E-
Tek” working with hydrogen as the anode. The
results in KOH (kinetically favored) and acid
electrolyte (Nafion) are similar, which shows again
the excellent activity of the developed catalyst.
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Fig. 9. Galvanostatic VA curves for an electrode
with a composition as electrode No. 5 in different
electrolytes: 1- m 20%KOH, 25°C; 2- A PEM 60°C; 3- @
PEM 20°C.

CONCLUSIONS

The kinetic parameters, indicative of a high
HER activity, were determined using linear
polarization. The results presented clearly
demonstrate that tungsten causes an increase in the
electrocatalytic activity probably due to the
modified electron density of states at the Fermi
level dependent on the variation of the Co/W
content ratio. Our studies also indicate an
improvement in the electrocatalytic activity for a
high W content. The decrease in the amount of
tungsten for different Co/W content ratios and shift
of the potential towards more negative values is
probably due to an increase in hydrogen evolution
on the electrode, which is catalyzed by the presence
of tungsten. Hydrogen evolution starts at lower
potentials where the tungsten percentage is lower.
A fuel cell power density of 450 mW cm has been
reported for pyrolyzed binary FeCo-N/C
complexes [14] while for pyrolyzed FeCo-PANI/C
the values are 550 and 560 mW cm [15]. In the
future we need to seek out innovative synthesis
methods to produce self-supported, active, high
surface area, stable non-precious metal catalysts.
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Co/W CIIUJTABU KATO KATAJIM3ATOPU 3A ITOJIVUABAHE HA H, TP BUCOKU
TEMIIEPATYPU

C. Bockansn L, I'. ITuenapos **, P. Pamkos 2, K. ITeTpos !,

Y Unemumym no enexmpoxumus u enepautinu cucmemu — BAH
ya. Akao. I'. bonuee 6. 10, 1113 Cogpus, bvreapus
2 Unemumym no gusuxoxumus— BAH
yia. Akao. I'. bonues 0. 11, 1113 Cogus, bvreapus

IMonyyena Ha 17 nekemBpu 2014 r.; kopurupana ua 22 mait 2015 r.
(Pesrome)

Uscnenanu ca Co/W cmmaBu kato kartanu3atopu 3a mnojiydaBane Ha Hp. Co/W cmmaBu ca HaHECeHH
enekTpoxuMudHO BBpXYy Ni mmm Ti mommoxkka. Mopdonoruiata u MHKPOCTPYKTypaTa Ha eJICKTPOOUTE ca
XapakTepU3UpaHH C T[IOMOINTa Ha CKAHHpAN] eJIeKTPOHCH MHUKPOCKON H  PEHTITeHOBa  IU(PaKIHs.
EnexTpokaTanuTHyHaTa aKTUBHOCT O¢ OmpeneNneHa ¢ MOMOINTa Ha IMOJIPH3ALMOHHU KPHBH, TadenoBH HAKJIOHH U
eJIeKTPOXMMUYHA UMIICNAHCHA CIIeKTpocKkomus. [1oka3aHo e, 4e eleKTpOKaTaTUTHIHATA aKTUBHOCT Ha M3pabOTCHHUTE
€JIeKTPOIM 3aBUCH OT MOP(QOJOTHIATa W MHKPOCTPYKTypara Ha HaHeceHus cioii or Co m W. Ilomobro Ha P,
Karagu3aTopa HMa HHCKO CBIOPOTHBJICHME Ha TMPEHOC Ha 3apsijl, BHCOKAa IUTBTHOCT Ha OOMEHHHUS TOK U
€JIEKTPOKATAIUTUYHA aKTUBHOCT 1O oTHOoIIeHue Ha HER.
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Zirconium, cerium and yttrium electrodes were prepared by electrochemical deposition and were studied as catalysts
for hydrogen evolution. Cathodes were prepared from ZrCls & CeCls.7H,0O & YCl3.6H,0 on Ti-felt. The hydrogen
evolution reaction was investigated in acid solutions: 1M or 4.5 M H,SO4 (liquid) and PBI membranes with phosphoric
acid at room and elevated temperatures. The morphology and the microstructure of the electrodes were characterized by
SEM and X-ray diffraction. The electro catalytic activity was evaluated based on steady-state polarization curves, Tafel
plots and electrochemical impedance spectroscopy. It was shown that the electro catalytic activity of the prepared
electrodes depends on the morphology and microstructure of the porous electrode. It has a low charge transfer
resistance, and high exchange current density. Its electro catalytic activity was studied in the temperature interval, t°=

25° to 160°C.

Keywords: electrolysis, H2 evolution.

INTRODUCTION

Water electrolysis is a clean method for the
production of highly pure hydrogen in large
guantities. Furthermore, water electrolysis can
utilize energy from renewable sources. However,
the main problem with electrolytic hydrogen is the
high cost of the consumed energy. Increasing the
temperature to values of 150-250°C should result in
a higher efficiency yet lower cost of the hydrogen
produced.

To make this technique more efficient and
economical, new catalysts and electrode materials
have to be developed.

Among many tested catalysts Zr/Ce/Y has a
special place, especially for reactions at high
temperatures [1]. The relative inefficiencies of the
cathodes and the need for more efficient electro-
catalysts that perform well at higher temperatures
have directed research efforts for some time [2].
The Brewer inter-metallic bonding theory [3]
linked the electronic configuration and the crystal
structure for both individual transition elements and
their inter-metallic phases and alloys. At the same
time the Brewer inter-metallic bonding model and
the theory of electro-catalysis for hydrogen
electrode reactions (HELR) were consolidated [4].
In the past the utilization of Ti has shown varied

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

results dependent on the material characteristics.
The H; absorbed per 100 g of metal was reported to
be: 50-100 cm® for compact metal, 280-330 cm?
for metal in sponge form and 300-5300 cm? for Ti
powder [5]. At the turn of this century CeO;
attracted much attention for its catalytic
applications, ability to decontaminate noxious
compounds from gases and degrade organic
pollutants in wastewater through catalytic wet
oxidation [6]. A key property of ceria—zirconia
oxides in their role as catalysts or catalyst supports
is their ability to exchange lattice oxygen with
reactants, referred to as Oxygen Storage Capacity
(0OSC) [7]. A more comprehensive search for
Zr/CelY catalysts lead to a US patent filed in 2007
entitled “Cyclic catalytic upgrading of chemical
species using metal oxide materials” that lists a
plethora of transition metal oxide materials
promising as catalysts [8]. In Solid Oxide
Electrolysis Cells (SOEC) the most common
electrolyte material is a dense ionic conductor
consisting of ZrO, doped with 8 mol% of Y:0s;
(YSZ) [9]. More recently, 15% CeO,/ZrO, and
13% CeO./YSZ catalysts were prepared by
incipient ~ wetness  impregnation  of  the
corresponding oxides (25 @), in three successive
steps, using an aqueous solution of Ce(NO3)3z*6H,0
[10]. The structural and chemical features of the
supported ceria imprinted by such treatments allow
for obtaining a material of outstanding reducibility
at low temperatures. Details of the chemical
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reaction when O; reacts with H adatoms on rutile
TiO, have been shown by high-resolution STM
studies and DFT calculations. O, molecules react
with H adatoms, leading to a series of intermediate
H transfer reaction steps until the formation of
water is complete [11].

In PEM electrolysis, a thin (=100 pum)
perfluorosulfonate polymer membrane (PFS) is
used as a solid electrolyte [12]. The commercial
Nafion® membrane from Dupont® is ordinarily used
due to its excellent chemical and thermal stability,
mechanical strength, and high proton conductivity.
However, using such membranes has
disadvantages, namely operational temperature,
cost and disposal. Their disposal can be expensive
due to the contained fluorine in the backbone
structure [13]. Research groups have been
concentrating their efforts to make less expensive
proton exchange membranes, but also focusing on
improving their ion exchange characteristics and
durability for PEM electrolysis.  Nafion®
membranes have been extensively studied in PEM
fuel cells [14]. However, the hydration state of the
membrane differs between fuel cell operation and
electrolysis operation. During PEM fuel cell
operation, the membrane is humidified by the gases
and equilibrated with water vapor, whereas during
the PEM electrolysis operation, the electrolyte
membrane is exposed to the liquid phase of water
and fully hydrated during water electrolysis [15].

The increase in the temperature of operation
offers several advantages from thermodynamic,
kinetic and engineering points of view. When the
temperature is increased, the electrode kinetics will
be enhanced and therefore the over-potentials will
be reduced. If water reacts above 100 °C in the
gaseous form, the electrolysis process will be
thermodynamically less energy demanding. The
reversible voltage of the electrolysis cell is 1.23 V
at 25 °C, considerably higher than at 200 °C for
steam water (1.14 V). Better membrane hydration
and proton conductivity characteristics can also be
obtained when the electrolysis system is
pressurized. Hence, it would be important to
develop membranes that can sustain a higher
temperature of operation. In the last decades, PA
doped poly[m-phenylene-bis(5,5’-benzimidazole)]
(PBI) membranes have emerged as a promising
PEM material for applications in fuel cells
operating at temperatures of up to 200 °C [16],
[17], [18]. The rigid aromatic backbone of these
PBI membranes provides the necessary chemical
and thermal stability. However, in PBI/PA systems,
the proton conductivity is strongly dependent on the
acid doping level [19], the PA concentration

together with the high temperature being
responsible for a critical corrosion limiting
condition for the overall system [20]. Which is a
new polymeric membrane composed from an
aromatic polyether containing pyridine units in the
structure. This alternative type of polymeric
material is composed from an aromatic polyether
backbone containing main chain or side chain
pyridine units, where the Hs:PO4 binds and is
retained in the membrane matrix. Beyond their
good mechanical and chemical properties the
aforementioned membrane types have high glass
transition temperatures (above 260°C) combined
with high thermal stability up to 400°C. Doping of
these poly-ethers with phosphoric acid resulted in
materials with ionic conductivity in the range of 10
2 S/cm as reported [21].

EXPERIMENTAL
Materials

Phosphoric acid-doped polymer electrolyte
membranes were provided by Advent Technologies
S.A®. The Ti felt with a thickness of 0.2 mm was
supplied by “Bekaert metal fiber Co. Ltd.”.
H3PO,4 >85 % was purchased from Merck or Sigma
Aldrich. All the chemicals were used as received
unless otherwise noted.

Electrode preparation

Ti-felt was prepared according to a procedure
described  elsewhere [22]. ZrO,-Ce0,-Y:0s
catalytic layers were electrodeposited on it. The
process of electro deposition was carried out in a
standard two-electrode electrochemical cell with a
volume of 175 ml and a double jacket for water
cooling. Pieces of Ti-felt were utilized as cathodes
on which a triple system was deposited. Platinum
covered Ti with an area 2.5 times larger than the
cathode was used as the anode. The cathode was
placed in the center of the cell between two anodes.
The distance between the anodes was 4 cm.

In the process of electroplating a thin film
electrolyte was used, containing ZrCls, pre-
dissolved in ethyl alcohol, CeCls.7H,O and
YCIL.6H,O with concentrations given in Table 1.
The electro deposition of thin catalytic films was
carried out in the potentiostatic mode with
continuous mechanical stirring of the solution. The
high specific resistance of the electrolyte causes
heating of the electrolyte during the electrolysis
process, which requires its continuous cooling to
temperatures of 10 to 12°C, found to be optimal in
the preliminary experiments. After the electro
deposition of thin catalytic films the samples were
washed thoroughly with distilled water and dried.
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Electrochemical testing

The cell employs a HER electrode (Zr, Y & Ce
on Ti) and a hydrogen oxidation electrode (Pt/C,
carbon/teflon gas diffusion layer, which was
supported on carbon cloth provided by Advent
technologies) working in a fuel cell mode, due to
the high corrosion of the cell during oxygen
evolution. The Pt/C electrodes were hot pressed at
150 °C and 10 bar (25 min) to the TPS acid-doped
polymer electrolyte membrane in a dye set up using
Teflon (Dupont, USA) and FEP gaskets to achieve
the appropriate compression and sealing in the
single cell.

The HER on the Ti electrodes was investigated
by means of  steady-state  polarization
measurements. All the tests were performed in 1M
or 4,5M solution of H,SO,. Before the tests, the CE
was washed by distilled water.

The in-situ electrochemical measurements were
performed using a single cell purchased from Fuel
Cell Technologies Inc. Both graphite bipolar plates
of the single cell had the same single serpentine
flow field for the distribution of reacting gases. The
active area of the electrodes was 2 x 2cm. The
assembling torque applied for the single cell was
4.8 Nm. The cell was installed in a test station
which was built in-house and had provisions for
controlling the temperature, humidity and flow of
the reacting gases. The measurements were made in
a four-electrode arrangement using Autolab
PGstat302.

XPS

The chemical states and composition of the
layers were studied by XPS analysis. The
investigations were carried out by means of a VG

Escalab Mk 11 spectrometer (England) using an Al
K, excitation source (1486.6 eV) with a total
instrumental resolution of ~1 eV, under a base
pressure of 1.10® Pa. The O 1s, Ce 3d, Zr 3d and Y
3d photoelectron lines were calibrated to the C 1s
line. The surface composition of the mixed oxide
layers was determined from the ratio of the
corresponding peak areas, corrected with the photo-
ionization cross sections.

SEM

The structure and morphology of the surface of
YSZ samples were characterized by a JEM-200CX
electron microscope (Japan) equipped with an
ASID-3D ultrahigh resolution scanning system in
the regime of secondary electron image (SEI). The
accelerating voltage was 120 kV, I ~100 pA. The
vacuum was ~ 1.10° Torr.

RESULTS AND DISCUSSION

Structural and morphological characterization of
the fabricated electrodes

All of the Ti prepared electrodes were analyzed
by SEM, XPS, and XRD.

XPS is a surface-sensitive spectroscopic
technique that measures the elemental composition,
chemical state and electronic state of the elements
in the material. The data from these analyses,
performed by us are summarized in Tables 1 and 2.

The XPS spectra of the thin films prove that as a
result of the process of electro-deposition, the
obtained layers represent a mixture of ZrO,
Ce203/Ce0; and Y0s.
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Fig 1. XPS spectra of a: Zr3d; b: Ce3d and c: Y3d.
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Fig. la shows the Zr3d spectra. The Zr3d
spectra of all samples are typical for the Zr*
oxidation state [22, 24]. The positions of Zr3ds.
and Zr3ds, are at 182.3 eV and 184.7 eV,
respectively, and the distance between them is 2.4
eVv.

Figure 1b shows the spectra of Ce3d. They are
characterized by a complex structure, due to
hybridization of the cerium ion with the ligands of
oxygen orbitals and partial occupation of the
valence 4f orbital [25]. As a result of this, spin-
orbital splitting appears in the doublet peaks,
whereupon each doublet has an additional structure,
owing to the effect of the final state. Three doublets
at 882.0 and 900.2 eV, respectively, 887.6 and
906.7 eV and 898.4 and 916.1 eV, can be attributed
to Ce (IV), whereas the other 2 doublets, 881.1 and
899.0 eV and 882.5 and 904.2 eV, are due to
Ce(lI1). At the same time the distance between the
peaks at 882.0 eV and 904.2 eV is 18.4 eV. The
spectrum of Ce Il is a result from a 3d'%4f° final
state, while the spectrum of Ce IV is a result from a
3d94f! final state [26]. Hence, the XPS spectra of
all samples show that ceria in all ZrO,-CeO2-Y;03
—thin films are in the 111 and 1V oxidation state.

Figure 1c shows the spectrum of Y3d. The peak
position of Y3ds, at 157.8 eV and the distance of
1.75 eV between Y3ds, and Y3ds, peaks shows
that yttrium is in an Y3* - oxidation state.

The analysis of the chemical composition of the
electrodeposited thin films shows that there is a
strong relation between composition (ratio between
Zr and Ce) of the electrolyte and the elemental
amounts in the layers. With the increase of the
concentration of zirconium chloride in the

electrolyte, the amount of the zirconium in the thin
films increases linearly as shown in Table 1 and
Fig. 2.

Ratin of Zr/Ce in the layer

T T T
0.3 0.4 0.5 0.8 0.y
Ratio of Zr/Ce in the elecitolyte

Fig. 2. Correlation between the ratio Zr/Ce in the
electrolyte and after deposition on the electrode
(catalytic layer (see Table 1)); for sample No. 1 — Zr/Ce
in the electrolyte = 0.67 and in the layer = 4.49, for
sample No. 3 — Zr/Ce in the electrolyte = 0.50 and in the
layer = 1.85, for sample No. 4 — Zr/Ce in the electrolyte
= 0.40 and in the layer = 0.75, for sample No. 6 — Zr/Ce
in the electrolyte = 0.29 and in the layer = 0.50.

Initially the electrolysis conditions, cell voltage
and time of electrolysis were optimized. Fig. 4
represents the optimization curve of the cell voltage
at a constant time of electrolysis =60 min. The
figure represents the relationship between the
electrode over-potential for hydrogen evolution at a
chosen current density (i=50 mA.cm?) and a cell
voltage at which the catalytic films are deposited.

Table 1. XPS data of the catalytic films tested. All films were deposited at an electrolysis cell voltage of U =9 V.

Concen- Concen- Concen- _
tration tration tration Ratio Amount  Amount Amount Ratio
No. of ZrCla of of of of _ of C_ZeOZ of Y203 of

of in CeCl3.7H,0  YCl3.6H0 Zr/Ce ZrOzin in in the Z1/Ce

sample electrolyte in in in layer layer layer in layer
electrolyte  electrolyte electrolyte  [at%)] [at%] [at%]
[9/1]
[9/1] [9/1]

1 40 60 40 0,67 79,1 17,6 3,2 4,49
3 40 80 40 0,50 55,4 29,9 14,7 1,85
4 40 100 40 0,40 38,0 50,4 11,6 0,75

5 40 120 40 0,33 n.d* n.d. n.d. n.d.
6 40 140 40 0,29 29,2 58,6 12,2 0,50

7 40 160 40 0,25 n.d. n.d. n.d. n.d.
8 40 180 40 0,22 75,7 16,1 8,3 4,70

* — not determined
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Fig. 3. SEM analysis showing the typical
morphology of the electrodeposited thin films. It can be
seen that the layers are smooth and with a uniform
surface. There are small cracks on the surface, but in
general the layers have a good adhesion

Electro-catalytic activity of the electrodes for the
hydrogen evolution reaction in an aqueous
electrolyte

Table 2 illustrates the dependency between the
applied potential and the chemical composition of
the electrodeposited layers. The sample with
optimum characteristics has equal amounts of Zr
and Ce.

Table 2. Chemical composition of the
electrodeposited thin films, determined by XPS.

Amount  Amount Amount  Ratio
E V] ofZrin ofCein of Yin of
layer layer layer Zr/Ce
[at%] [at%)] [at%] in layer
9 - - - -
12 36,0 25,5 38,4 1,41
15 43,5 41,9 14,7 1,04
18 47,7 35,6 16,7 1,34
21 33,2 41,3 25,5 0,80
24 n.d. n.d. n.d. n.d.
27 n.d. n.d. n.d. n.d.

Shown in Fig. 6 are the steady-state polarization
curves of the best Zr & Ce &Y on Ti electrodes in
1M H,SO;4 solution.

It is demonstrated that the best results were
obtained for ZrO, on TiO, which compared with
the others have the highest electro-catalytic activity,
though the rest of the electrodes have close
characteristics.

Shown in Fig.7 is Tafel’s curve derived from
Fig. 6 for an electrode with ZrO, on TiO..
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Fig. 7. Tafel’s curves derived from Fig. 6.

The Tafel slope is b~30mV, which is equivalent
to Tafel’s mechanism [27] for the electrochemical
reaction:

( Had M Had = HZ) (1)

Electro-catalytic activity of the electrodes for the
hydrogen evolution reaction at elevated
temperatures

Electrodes of (Zr, Y & Ce on Ti) with an
optimized composition were tested with a TPS
membrane at temperatures of 150 — 180°C.
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Fig. 8. VA characteristics of Zr, Y & Ce electrodes
on Ti and carbon cloth at different temperatures; 150°C -
V., 160°C - A, 170°C -e, 180°C - m.

The results confirm the activity of (Zr, Y & Ce
on Ti) electrodes. Figs. 8 and 10 present the effect
of temperature on the performance of MEA.
Interestingly, the performance drops with
increasing temperature and the main feature of the
MEA behavior is the appearance of a diffusion
limited performance at elevated temperatures. This

may be caused by a decrease of the membrane’s
proton conductivity due to the decrease of the
hydration level of the MEA at elevated
temperatures. Also the increase in temperature may
lead to a decrease in the hydration level of HsPO. in
the catalytic layer which is responsible for the
development of the electrochemical interface and
the establishment of the ionic link between the
electro-catalyst and the polymer electrolyte. Also
the steam supplied can absorb in the HsPO, layer
and may cause a reduction in performance as steam
can be a limiting reactant.
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Fig. 9. Impedance spectra of Zr, Y & Ce on a Ti
electrode (from Fig. 7) at different temperatures. 150°C -
V., 160°C - A, 170°C -e, 180°C - m.
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Fig. 10. I-V characteristics of ZrO, on a Ti electrode
and carbon cloth at different temperatures: 150°C -V,
160°C -A, 170°C -e, 180°C - m; Electrode — PBI
membrane.

An increase in the impedance with temperature
reduction is clearly apparent. The impedance
spectra of the tested electrodes with the increase in
temperature show a decrease in the reaction
resistance. Impedance measurements can be
utilized to help select the right material suitable for
electrochemical applications [28].
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As known, the polarization phenomena at the
electrode-electrolyte interface play a key role in cell
behavior [29].

CONCLUSIONS

Ti electrodes were prepared as cathode materials
for hydrogen evolution reactions. Our experiments
revealed a Tafel recombination mechanism where
the nature of the hydrogen evolution process
coincides precisely with the original recombination
theory proposed by Tafel back in 1905 and is
similar to that observed for other metals such as
platinum.

The steady-state polarization curves, Tafel curve
and SEM, XPS and XRD were used to evaluate the
hydrogen evolution process. The optimized
electrodes have shown high electro-catalytic
activity both in liquid acid and with TPS
membranes at temperatures 150 — 180°C.
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WzcnenBanu ca KaTanu3aTopH 3a IoJlydaBaHe Ha Bojopoi Ha Oaszara Ha Zr, Ce,Y cruaBu. Enextpoaure ca
MOJTyYCHH Ype3 eNeKTPOXUMHUYIHO oTiarane Ha criaBute ot pasteopute ZrCls, CeCls.7H20 u Y Clz.6H.0 Bppxy mMpexa
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Ha TPEHOC Ha 3apsiJi U BUCOKAa IUTBTHOCT Ha OOMEHHHs TOK. V3MepeHa € BHCOKa eJIEKTPOKATAIMTUYHA aKTHBHOCT B
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The study presents the results of a decade-long investigation of the environmental status in the area of the KCM
smelter (Plovdiv, Bulgaria). All pollution sources, pathways and targets in the area are recognized and their roles in the
overall environmental status are evaluated. The range and direction of seasonal dynamics of all analyzed factors is
determined on a 10 years long base. Long-term evolutional trends for all analyzed factors are identified and evaluated
too. Current environmental situation is found to be far from alerting, but certain recommendations for further avoidance
of pollution spread, as well as proper use of certain water and land resources are made.

Keywords: ground and surface water, monitoring, non-ferrous metal smelter, efflorescent and sulfate minerals,

Thracian depression, Bulgaria.

INTRODUCTION

In the period 2001-2004 a large team of
Bulgarian, French and Belgian researchers
launched an extended, NATO SfP funded project
for characterization and process modelling of
environmental pollution with heavy metals and
metalloids in the vicinity of the KCM smelter,
Plovdiv area, Bulgaria. The results from this study
are published in numerous papers and presented at
numerous local and international scientific forums
[1-14]. In 2009, five years after the end of the
project and the implementation of the
recommendations, which came out from the study
results, a new state of the art evaluation has been
launched, in order to check the effectiveness of the
implemented measures. It was based on both a new
sampling campaign in the most sensitive key-points
of the area (determined during the initial study) and
the results from the regular monitoring, meanwhile
performed by the MOEW (Ministry Of
Environment and Waters). Current paper presents
the results of this study.

GEOLOGICAL SETTING AND
HYDROGEOLOGICAL CONDITIONS

The non-ferrous metal smelter KCM is situated
in southern Bulgaria (Fig. 1) in the tectonically
predetermined Upper Thracian depression [15],
surrounded by the Rhodopean and Sredna Gora

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

mountain massifs. The studied area (more than 200
km?) is located south of the Maritza river and lays
on the left-bank terrace of Chepelarska (Chaya)
river, up to the town of Asenovgrad. Its northern
part is filled with Pliocene sedimentary rocks while
Quaternary alluvial deposits and drift material build
up its southern part [16, 17]. Quaternary and
Pliocene sediments (10-300 m) are lithologically
monotonous in the studied area. The basement and
collars of this tectonic structure are built up by various
rock types, mainly magmatic and metamorphic,
containing crack hosted ground waters. Two porous
aquifers are to be taken in consideration: the
Quaternary sediments and the Pliocene sands. The
deeper Neogene clay-sandy deposit plays the role
of a lower aquiclude. The main pollution target in
the area is the shallower Quaternary aquifer.
However, it was found out that both aquifers are
hydraulically connected in some locations [18, 19].
The aquifers are unconfined or confined with
variable heads. The filtration properties of the
Quaternary alluvial deposits (up to 30 m effective
thickness) are relatively high, due to the high
effective porosity and purity of the sandy-gravel
layers. Its hydraulic conductivity is 50 to 300
m/day. Main local hydrogeological features of the
Quaternary aquifer were determined by newer
studies [5, 11, 20]: general flow direction of the
ground waters is south to north, towards the Maritsa
river, which is also the main discharge acceptor
(Fig. 1); recharge is provided by direct filtration of
precipitations and surface waters, streaming down
the northern Rhodopean slopes. Intensive watering
of the agricultural lands in the area also plays a

92 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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certain recharging role; the depth of the aquifer,
below the surface depends on local topography and
varies from 2.2-2.5 m (near Maritsa river) down to
25-26 m in the southernmost part of the area [11].

More specific recharge-discharge role plays the
Chepelarska river [20]. Its river bed is canalized
from its entrance in the area (south from the town
of Assenovgrad) down to the area affected by the
KCM activity. Hence, no hydraulic connection with
the aquifer exists thus far. However, at the end of
the river, bed correction between 0.158 and 0.386
m?/s sink in the gravel, causes a considerable point
recharge [20]. From this point, down to the village
of Katunitsa, Chepelarska river recharges the
aquifer, while downstream, until its run into
Maritsa River, it discharges it.

The Quaternary aquifer is the main water supply
in the region. Numerous water wells have been
drilled in this aquifer and supply public areas in the
region. The total amount of used groundwater is up
to 1 m¥s and the biggest pumping station is at
KCM, where 10 wells with mean flow-rate 350-400
I/s have been drilled.

Hydrogeological conditions in the area are the
key in prediction of the pollutant migration towards
and along with the ground waters.

THE KCM SMELTER AND TYPES OF
POLLUTION RELATED TO ITS ACTIVITY

The smelter was established in 1961 for processing
of the Madan area lead-zinc ores. During its early
history till mid 90-ies, its operation caused
considerable environmental problems in the region,
which is one of the most fertile ones in Bulgaria
[21-24]. Starting with a big targeted loan from the
Japan Bank for International Cooperation (JBIC) in
1995, KCM authorities demonstrate a strong will to
re-direct the environmental policy of the company
towards a respectably responsible behavior. In 1999
the first Report for environmental damages caused
by KCM Ltd., Plovdiv. (N. Liakov, University of
Chemical Technology and Metallurgy, Sofia,
Bulgaria) is issued. Ever since then, the area
affected by KCM activities is a subject of own
monitoring by the company. Respectful amounts of
funds are also invested in measures for diminishing
all kinds of polluting emissions.

Our previous study in the area [25] identified the
main sources of the pollution there (Fig. 1). Their
contemporary status is summarized briefly below:

- Direct pollution of soil and ground waters
within the factory ground is caused by ore
concentrates, reagents and stock deposited,
transported and processed there. This was one of

the most severe polluting mechanisms in the past.
Nowadays both material storage and transportation
are made in a way, avoiding spilling or infiltration
in the ground. Dust spreading outside the
processing plants is strongly reduced too.

- Indirect (airborne) pollution of wider land
area is caused by factory chimneys, through which
both dust and gaseous pollutants can be transported
by wind, to reach distant land areas. This pollution
mechanism was one of the first, targeted by
company’s environmental strategy: Installing
proper chimney filters still in middle 90-ies,
reduced airborne pollution by near 90%.

- Waste waters, generated in amounts
exceeding 300 I/s by technological processes, used
to be the main source of ground and surface water
pollution in the past. After the settlement of a
purification station in 2005, however, this source of
pollution was practically discontinued.

- The two dumps are the main pollution
sources outside the factory ground.
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Fig. 1. Situation plan of the studied area.

The older one is not in operation long ago, but is
still generating both dust pollution of the
surrounding land area and chemical pollution of the
ground waters beneath. Although more or less
stable, this dump keeps slowly cracking and
demolishing, which constantly uncovers fresh
material to react with rainfall water.
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The new dump used to be a very serious
pollutant in the area until 2008, when a significant
part of it was removed and the rest was re-deposited
in a new, properly equipped dump site, adequately
isolated and supplied with draining and purification
system for the infiltrating rainfall waters.

- Sources not connected to KCM: Populated
places, old landfill, fertilized agricultural lands.
Although not as important, the net influence of
these sources should also be taken in consideration.

METHODS

In both 2001-2004 and 2009-2010 campaigns
same sampling and analytical procedures have been
followed in order to make sure that comparable
results will be obtained. Since during the first
period some of the required ISO standards had still
not been established, their respective drafts,
available by that time from the ISO site, have been
used.

Water samples were collected from river
streams, canals and wells (hydrogeological
monitoring points - MP), using bailer and following
the standard procedure I1SO 5667-1, 2, 3, 6, 10, 11,
14. Samples were filtered through 0.45 um sieves
and conserved with concentrated HNO3 until pH of
<2 was reached. Total mineralization was measured
with electronic conductometer Seibold in the bailer,
before filtering and conservation.

Soil samples were collected using stainless steel
hand drill and/or shovel, following the standard
procedure ISO 5667-12:2002 for the canal
sediments and 1SO 10381-1:2005 and 10381-
2:2005 for soils on farming lands.

In order to determine the mobile forms of
chemical species in soils, during the 2001-2004
campaign, soil samples were subjected to sequential
chemical extraction (SCE) [26-28]. Since batch
leaching test, as part of the SCE, showed most
informative results, only this test was applied
during the next campaign (2009-2010). The
standard procedure used was draft; 1ISO 18749:

Laboratory analyses of chemical elements in
waters, soils (completely dissolved in 3 acids) and
mobile chemical species (batch solutions from
leaching tests) were performed using ICP-AES
(Jobin Yvon, Ultima 2), in the Geological Institute,
BAS, using the standard procedure ISO
11885:2001.

Saturation indices and speciations of the waters
are calculated using the Visual MINTEQ 3.0
software and databases (http://www2.lwr.kth.se/
English/Oursoftware/vminteg/index.html).
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RESULTS
Waters: seasonal dynamics 2009-2010

Total Dissolved Solids. The following Fig. 2
represents the seasonal variation of Total Dissolved
Solids (TDS) in 6 ground water drill wells in the
area, measured quarterly during the year 2009.
While the mineralization in the wells from the
relatively non-polluted area, providing technical
water for the KCM (MP 6), remains rather uniform
(variation below 80 mg/l), the wells within the
factory quarters (MP1, 2 and 3) show variations as
big as 300-400 mg/l. Along with the human
activity, this behavior is due to the fact that this
aquifer is far from the river, hence hydraulic
connection with it almost does not exist, thus its
abundance is in pronounced dependence on the
level of precipitation. During dry periods water
level in these wells can drop down to below 1 m (as
registered for drill well 3) and turns dead, causing
overconcentration of dissolved phases. Pumping
can change this situation. Although drill well 6 is
not much closer to the river, such phenomenon is
not observed there, because the instant consumption
of its water reserves results in instant dilution by
the attracted fresh water from the surrounding
aquifer.

1200

1000

Fig. 2. Variations of TDS in the monitoring stations
during 2009.

Macro composition. As seen on Fig. 3 dominant
waters have hydrocarbonate Ca character, with
insignificant seasonal variations.

Sulfate and heavy metals. As seen on Fig. 4, in
MP1 and rarer 2 and 3 (inside or close to the
factory ground) sulfate concentrations often show
peaks, even above the Upper Regulation Limits
(URL, as postulated in State  Gazette
87/30.10.2007 and addenda 2/08.01.2010 and
15/21.02.2012) No off-limit values are registered
for Cd and Zn, but Pb keeps 2-7 times above the
regulation in most stations.
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Only after the spring of 2010 the drill wells
situated farther from the factory (6 and 7) show Pb
values below URL.

Nitrates. Nitrates also show random over-
regulation bursts, which are most probably due to
treatment of the agricultural lands with fertilizers
and have no connection with the KCM activity.
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Fig. 5. Nitrate concentrations in all monitoring
stations, 2009.

Waters: long-term evolution trends

Data collected lately (2009-2010) were
compared to the data from the previous study
period (2001-2004) and interim monitoring data.
Figures 6-9 represent the concentration trends of
the most important pollutants in the 4 monitoring
wells situated inside or close to the factory.

Along with the general diminishing trend for all
pollutants in all wells, a severe one-time polluting
event is registered in 2001. It is recorded on all
diagrams, but shows different extent in the different
wells. MP4 is the one mostly affected. In order to
make it possible to represent this event in MP4, the
vertical scale of the diagrams for this well is
significantly smaller. The frames of the spaces,
comparable with other 3 diagrams, are shown there
with dashed contour.

Zn concentrations in all monitored wells are
around 0.2 mg/l, with negligible variations and
remain much below thte regulation limit (5 mg/l)
during the whole monitoring period. Even during
the one-time event in 2001, when the
concentrations of all monitored pollutants
dramatically rise, Zn remains below the regulation
limit in 3 of the 4 monitored wells. Only in MP4 Zn
concentration reaches 2 times above the regulation
limit, remaining off-limit until the end of 2002 and
stabilizes at around 0.5 mg/| afterwards.

Cd concentrations in the beginning of the
monitoring period are of the order 0.025 mg/l (5-7
times above the regulation limit 0.005 mg/l), slowly
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decreasing until 2006, when they instantly stabilize
under the URL. The one exception from this trend
is the pollution event in 2001, when URL is
overridden from 15 times in MP1 to 150 times in
MP4. MP4 is again the mostly affected well, and
Cd concentration there drops below URL only after
2006.

Pb concentrations in all monitored wells show
insignificant dynamics and levels of the order 0.1
mg/l (10 times above the URL of 0.01 mg/l),
demonstrating slow diminishing trend, but
remaining above URL until current. Contrary to Zn
and Cd, the polluting event from 2001 is recorded
only in MP3. A common behavior, linking all 3
considered pollutants is that the 2001 event is
markedly better expressed in wells outside the
factory, while wells inside are less or not at all
affected. This fact gives some grounds to think that
in 2001 some primary source of pollution existed
outside the factory.

Sulfate concentrations keep under the regulation
limit in all monitored wells in the beginning of the
monitoring period and even show some diminishing
trend until 2006. However, a slow but stable
increasing trend is recorded afterwards. Currently,
wells inside the factory show levels of the order 2
times above URL, while these outside approach this
limit. Level dynamics is increasing too.

Waters: speciation modelling

Chemical composition alone is not enough for
understanding the processes of water pollution and
purification. Especially when passive remediation
strategy is chosen, like that in the KCM area,
limiting undertaken measures to just reducing the
pollution sources, it is very important to know the
chemical speciation, because it is the key to
understanding  the  natural, self-purification
mechanisms.

In order to do so, we used the modelling
software  Visual MINTEQ, allowing the
determination of migration forms of the elements
and the direction of the dissolution - precipitation
processes for the existing mineral phases.
Following figures show the modelled speciation of
the most important heavy metal pollutants in the
area: Cd, Pb and Zn, as follows:

Cd is represented mainly by Cd*? ions - 52-84%.
Most of the other Cd forms are less than 1%. More
significant amounts show:

- MP4 - Cd*?> CdCI*> CdHCO3*> CdSO4 (aq)
>CdCO:s (aq);

- MP7 - Cd*?> CdCI*> CdHCO3";
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- MP9 - Cd*2> CdHCOs*> CdSOs (aq) >
CdCO;s (aq) > CdCI*;

- R1 - Cd*?> CdCOs (aq)> CdSO4 (ag) > CdCI*>
Cd(COs);2> CAHCOs™;

- R3 - Cd*%> CdS0O4 (ag) > CdCOz> CdCI*>
CdHCOs* (aq).

Pb is represented mainly by PbCO; - 58-67%.
The following components are found in
concentrations above 1%:

- MP4 - PhCO;s (ag)> PbHCOs* > Pb*2> PbOH*>
PbSO4 (aq)

- R1 - PbCO; (ag)> Pb(COs)22> > PhOH"™>
Pb(OH);;

- R3 - PbCO; (ag)> PbHCOs* > Pb*2> PhOH*>
PbSO4 (ag)>Pb(CO3),?

Zn is represented mainly by Zn*?ions (56-82%),
with the exception of the waste water canal (R1),
where the dominant form is Zn hydroxide 59%.
Following phases are represented above 1%:

- MP1- Zn*2> ZnCOs(aq)> ZnHCOs*> Zn(OH)a(aq)
> ZnS04(aq)> ZnOH*;

- MP4 - Zn*?> ZnHCO3*> ZnCOs(aq)> ZnSO4(aq);
- MP6 - Zn*?> ZnCOs(aq)> ZnHCO3*> ZnS04(aq);

- R1 - Zn(OH).(ag)> ZnCOs(aq)> Zn*?> ZnOH*>
ZnS04(aq);

- R3 - Zn*?> ZnCOs(aq) > ZnSO4 (ag)> ZnHCO3*™>
ZnOH™> Zn(OH)2(aq).

Same software Visual Minteq was used to
determine the saturation indices for different
minerals. This parameter can serve in forecasting
the probability for dissolution (negative index
values) or precipitation (positive values) for the
respective mineral (Table 2). In order to make the
results clearer, we only show mineral species with
positive ( normal font) and close to zero ( italics)
index values. In this way it becomes clearly visible
that the only mineral phases tending to precipitate
are Fe, Mg and Mn oxides and hydroxides, while
Ca and Mg carbonates can only temporarily form
solid phases, which will easily dissolve back at any
minor change in water composition.

Table 1. Descriptions of sampling and monitoring points involved in this study. Locations are given on Fig. 1

Point symbol, as

labeled on Fig. 1 Type Description
MP 1 Groundwater  Monitoring well on factory ground, close to Zn production shed
MP 2 Groundwater  Monitoring well on factory ground, close to Pb production shed
MP 3 Groundwater ~ Monitoring well outside the factory ground, close to its SW corner
MP 4 Monitoring well south from the waste water canal, close to its
Groundwater L
beginning
MP 6 Groundwater ~ Well from the factory water supply system
MP 7 Monitoring well between the new clinker dump and the old domestic
Groundwater .
waste landfill of Assenovgrad
MP 8 Monitoring well between the new clinker dump and the waste water
Groundwater canal
MP 9 Well used for water supply of the Litex gas station, close to the NE
Groundwater
corner of the factory ground.
MP 10 Groundwater  Monitoring well, NW from the end of the waste water canal
R1 Waste water  Surface water sample: beginning of the waste water canal
R 2 River Surface water sample: Chepelarska river, before entering the territory
affected by KCM activity.
R3 River Surface water sample: Chepelarska river, after the inflow of the waste
water canal.
S1 . Agricultural land, southern (lee) from the factory ground, strongly
Soil . -
affected by airborne pollution.
S2 Soil Agricultural land, close to the beginning of the waste water canal
Agricultural land, close to the end of the waste water canal and the new
S3 Soil clinker dump
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Table 2. Saturation indices for different minerals (undersaturated phases are shown in italics)

Mineral MP1 MP2 MP3 MP4 MP6 MP7 MP8 MP9 MPI0 R1 R2 R3
bixbyite 351 202 294 287 122 311 31.8 287 357 40.7 350 39.3
(MI’I,FG)203
Eig;lte 140 139 140 137 146 140 134 138 163 168 154 1658
magnesioferite ;- 51 g1 54 72 53 46 59 94 119 87 12.0
MgFe204
maghemite 68 64 68 65 75 69 63 64 86 98 79 91
v-Fex0s
goethite
Fe0(OL) 58 57 58 57 61 58 55 57 70 72 65 7.2
lepidocrocite
1 FeO(OH) 52 50 52 51 56 53 50 50 61 67 58 64
ferrihydrite
A 20 29 29 28 32 29 26 29 42 43 37 45
dolomite
CaM(COR); 06 -04 03 -05 00 -1.3 -18 -03 -19 20 01 16
calcite
Caco, 04 00 01 02 02 -04 -06 01 -07 14 03 11

Table 3. Comparison of recent leaching test results (2010) with data from the 2001-2004 campaign. Values
exceeding action limit are shown in bold, those between target and action — in italics. Values below detection limit are

pointed by “nd”
Concentration (ug/l), 2001 Concentration (ug/l), 2010
Sample Cd Zn Pb Cu Cr Co Cd Zn Pb Cu Cr Co
S1 76 1371 641 136 4 3 13 221 nd 31 nd nd
S2 5 32 17 36 2 1 nd nd nd nd nd nd
S3 7 48 20 68 3 1 nd 15 nd 110 nd nd
Boundary levels according to the New Dutch list Sample Decrease (times)
Action 6 800 75 75 30 100 S1 5.8 6.2 many 44 many many
Target 0.4 65 15 15 1 20 S2 many many many 2.6 many many
S3 many 3.2 many 0.6 many many
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Fig. 6. Zn concentration trend in monitoring stations MP1 - MP4,
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Fig. 8. Pb concentration trend in monitoring stations MP1 - MP4.

Waters: hydrodynamic modelling

Last, but not least, the hydrodynamics of the
aquifer is an important key to understanding the
hydro-chemical dynamics, since dilution of the
ground water is a factor that can dramatically
change its chemical equilibrium and it is the one
that can do so faster than any other. Therefore, a
thorough investigation of the Chepelarska river-bed

correction was undertaken, since it was expected to
be a potential source of serious hydrodynamic
disturbances [20]. The most important result of this
study is that in the corrected part of the river bed,
the feeding of the aquifer has a rate of 70 I/s. This
causes both elevation of ground water levels close
to the river bed (even partial swamping) and
intensive dilution of the aquifer.
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Fig. 9. Sulfate concentration trend in monitoring stations MP1 - MP4.

Soils: bulk macro and micro chemical
composition

The bulk macro-chemical composition of three
soil samples collected close to the waste water
canal (the most important potential source of soil
pollution, remaining after the remediation measures
undertaken after 2004) is given on Fig. 10. Two of
these samples (S2 and S3) show similar
compositions, represented as oxides on the pie
diagrams: SiO; 60-65%; CaO 15-17%; Al.O; 9-
10%; other alkali and transition metal oxides —
below 10%. This composition well corresponds to
the normally expected mineral composition of the
soils in the area, dominated by feldspars,
amphiboles, quartz and clay + some carbonates.
Sample S1, however, significantly differs from this
pattern: SiO, 40%; Fe,Os; 36% and S 9%. This
composition shows significant sulfide (sulfate)
content and rusty (iron oxide) material, which can
only come through direct pollution from ore

concentrate.
S1 S2 . 53
g
& ‘
OSi0, OA,03 EFe,03 EBMnO EMgO  OCa0
ENa,0 BKO BT, OP,05 ES

Fig. 10. Bulk macro chemical composition of soils
from the banks of the waste water canal, 2010.
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On the following Fig. 11 this same sample also
shows the highest contents of heavy metals there
and seemingly keeps acting as a long lasting
secondary source of pollution.

Soils: pollution sources and pathways

The two main pathways of soil pollution are: 1)
airborne pollution with industrial dust; and 2) in
situ deposition of toxic compounds from infiltrating
polluted waters. The potential sources of dust
pollution in the area are also two: 1) the factory
buildings and chimney; 2) the two clinker dumps.
The only source of water-transported pollution is
the waste water canal, and this way of pollution
was believed to apply only for cases of leakage
from canal damages. Our study proved yet another
case of polluting from this source: deposition of
canal mud on its banks during maintenance
cleaning works.

Soils: mobile portion of the heavy metal contents

Even high concentrations of heavy metals in
soils can be ecologically safe, if fixed in insoluble
mineral compounds and vice versa: even low
concentrations of highly soluble toxic compounds
can impose high ecological threat. Therefore,
determination of the mobile portion of the heavy
metal content is the crucial point in risk assessment
of a polluted soil area. This has been done during
the 2001-2004 campaign and the results were rather
distressing.

In order to evaluate the effect of the remediation
and elimination of pollution sources in the area,
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most important sampling points used during the
2001-2004 campaign, were re-sampled in 2010 and
subjected to the same batch leaching test as the one
previously performed. Both result sets were then
compared as shown in Table 1, to reveal the
evolution trends.

The positions of the sampling points, chosen for
re-sampling in this study, were determined by the
sources and pathways of pollution that they
presumably reflect as follows:

S1: This point was found to represent the
absolute maximum values for all heavy metals
registered in the area during the 2001-2004 period.
The recent pollution here is entirely airborne,
mostly by direct emissions from the factory
buildings and inner factory space. However, it is
not impossible that during certain past period, ore
concentrates have been deposited here, if not
enough space was available within the factory
ground. Pollution from the chimney also
contributes for the situation, to a lesser extent.

S2: Soil pollution here is entirely due to
infiltrated waste waters, through canal leakages.
Rarer, but significant pollution is caused by
maintenance (clean up) activities, done regularly,
when sand and clay material from the canal bottom
are extracted and deposited at its banks. As far as
extracted material is mostly built of clay, which is
known to show very high sorption ability towards
heavy metals, this material, deposited on the canal
banks represents a long acting secondary source of
pollution, both for the soils and the ground waters
in the area.

S3: The pollution here is from combined
influence: a. direct airborne transport of dust from
the dump; b. before the remediation, when the
material was deposited directly on the unsecured
ground, without any hydro-isolation, the
precipitation, infiltrated through the waste, used to
reach ground water, mobilizing there heavy metals
and sulfate ions; c. as far as the area is in the close
vicinity of the waste water canal, the above
described influence is in effect here too.

Before being able to comment the obtained
results, few words are worth on the New Dutch List
values, used for reference in the above table. Since
both EC and Bulgarian regulation has no explicit
norms for all elements in soils, and especially no
norms for leaching test values, the popular Dutch
list values (lower left on Table 3) were employed.
This document is used in most European studies as
a comparison background, when local regulation is
not enough specific. Its upper row of values (bold)
are concentrations of the respective element in
water (leachate), requiring immediate action. The

lower (normal) values are target values, more or
less corresponding to background values in Dutch
soils, far from any pollutant. Any values between
these two require monitoring, but not immediate
action. Similar font code we used for categorizing
data in result sets above: bold — requiring action;
italics — requiring monitoring; normal — below the
target value.

The data in Table 1 can be summarized as
follows:

1. In 2001 all the elements except Co, in all
sampling points, except Zn in points 2 and 3,
required action or monitoring. In 2010 most
elements in most points are not just below the target
values, but most of them even below detection
limits. This fact proves a clear reduction of the
pollution levels, demonstrated by the normal font
code in lower right quarter of the table, showing
levels of reduction in times.

2. The extremely polluted point S1 still shows
Cu and Zn values requiring monitoring, and Cd —
requiring action, but all values are significantly
lower than previously registered and the high levels
of reduction convince us, that within few years this
point will also reach target values, without any
special measures to be undertaken. In any case, for
the moment it is not recommended to use this area
for agricultural activities.

3. There is one exception from the very
promising trend of pollution reduction: the Cu in
point 3. This is the only case, where we registered
increase of the pollutant concentration (bold in
lower right quarter). The registered value even
changes the category of this point from “requiring
monitoring” in 2001 to “requiring action” in 2010
(bold in upper right quarter). The reason for this
phenomenon is, beyond any doubt, the cardinal
reorganization of the clinker depot nearby, which
mobilized vast amounts of soluble copper sulfates
available therein. Nevertheless, since the new dump
site is organized in a way dramatically restricting
all possible pollution pathways, we believe that the
trend in Cu levels here is already negative and will
reach target levels within few more years. In any
case, this point is worth monitoring meanwhile.

4. The presence of Pb, Zn, Cu and Cd in the
sampled soils is technogenic and the drastic
decrease of their concentrations after restricting the
pollution sources, proves that KCM factory was the
only source of these elements in the area and that
the restricting measures undertaken were highly
effective.

5.Co and Cr contents, which before the
pollution restricting measures were close to or
below the target values, are now under the detection
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limits. Although mostly geogenic, the fact that there
is some decrease, proves that at least some small
part of their content used to come from the KCM
factory, and now it no longer contributes to
observed levels.

Chemical processes in depth of the clinker
deposits

One point, which was actually clarified during
the 2001-2003 campaign, but still remains
important for the understanding of currently
observed phenomena, is the behavior of the
deposited solid waste material under atmospheric
conditions. It became clear, that the glassy material,
traditionally ~ considered  chemically  stable
(insoluble), thus ecologically safe, becomes an
ecological time bomb, when deposited with the
residual coke, which is part of the technology used.
The sulfide component, wetted by the rainfall, starts
producing sulfuric acid, acting as strong oxidizer
against the coke (about 12% mean content). This
causes underground burning, at the expense of the
coke and consuming the oxygen from the air in the
dump pores and from decomposed silicates. Along
with the production of significant amounts of COx,
the temperature rises over several hundred degrees
centigrade and provokes chemical changes of
sulfides into sulfates, growing in the form of
efflorescent masses in gas exhalation areas. Excess
sulfur is deposited there too (Fig. 12).

a it

Fig. 12. SEM images of efflorescent minerals: a)
ditrichite, b) chalcanthite, c-d) native sulfur.

The following minerals were observed:
chalcanthite, antlerite, melanterite, copiapite,
halotrichite, apjohnite, ditrichite, gypsum [29]. All
these minerals are extremely soluble in rain water.
Each rainfall dissolves significant sulfate masses,
mobilizing both the acidifying sulfate anions and
the heavy metal cations Cu, Fe, Zn, Ca, Al, Mn.
This results in significant pollution of surface and
ground waters, as well as forming of airborne

102

pollution in nearby soils. Although significantly
reduced after the reorganization of the dump site,
these phenomena are still there, since fresh
efflorescent masses were observed during 2010
field works.

CONCLUSIONS

Ground waters in the area have predominantly
hydro-carbonate calcic character. The levels of total
dissolved solids show moderate mineralization
(~500 mg/l) and insignificant seasonal variations
(in the limits of 80 mg/L) for the parts of the
aquifer, not too close to the factory. Within the
factory ground and in its immediate vicinity,
however, TDS can reach 1000 mg/L and shows
significant seasonal variations. Main chemical
species, responsible for the high TDS in and close
to the factory, are sulfate ions and aqueous PbCQOs.
Lead is the only pollutant, showing concentrations
instantly above regulation limits in this part of the
aquifer. Although pretty high (7-8 times above
URL), these concentrations show clear diminishing
trend and in ground waters farther from the factory
they are already below URL, after the spring of
2010. Along with the disrupted sources of
pollution, the intensive dilution of this part of the
aquifer with fresh river water, caused by the river-
bed correction, acts as a positive purification factor.
Zn and Cd are way below URL in all tested wells.

SO4 ion exceeds URL only in drill well 1
(within the factory ground) and only during dry
seasons, when the ground water level here drops
below 1 m and “turns dead”. However, contrary to
all heavy metals, the long term trend of SOq
concentration change is positive, witnessing for the
formation of a steadily growing body of sulfatized
water body right below the factory.

The analysis of saturation indices of all possible
chemical species in the studied waters clearly
shows that only Fe and less Mn and Mg oxides and
hydroxides are able to precipitate from ground
waters of the area. In addition, Ca and Mg
carbonates can precipitate from the waste water
canal. Since neither of these species is toxic and
none of them is considered a pollutant, it becomes
obvious, that no water-transported pollution of the
soils in the area is possible. This leaves airborne
pollution of soils as the only possible polluting
pathway. Waters, on the contrary, can be polluted
from polluted soils, acting as a secondary source of
pollution, which became obvious from the effect of
the canal cleaning on the close-by ground waters.

Fortunately, mobile forms of all monitored
elements in the soils show levels at or below the
target of the Dutch List (in most cases even below
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detection limits). Only point S1, in the immediate
lee vicinity of the factory shows Cd contents
requiring action and Cu and Zn requiring
monitoring. Very fast diminishing trend, observed
for all the elements in all tested points, however,
convinces us that even without any specific action,
these values will reach the target very soon. One
exception from this trend is the Cu content close to
the clinker waste dump. It shows values somewhat
higher from those registered in 2001. The reason
for this increase is clearly the movement of the
material during the reorganization of the dump.
This is a one-time, short term source of pollution
and its consequences are gradually fading.
Summarizing, the ecological situation in the area
is far from alerting. Most soils can be used for
farming and most waters can be used for
melioration. There are two recommendations,
which can be derived from the results of the study:
1. when cleaning the waste water canal, avoid
depositing the extracted mud on its banks; 2.
Identify and disrupt the source of acidifying
(sulfatizing) the ground water below the factory.
All other over-regulation values are going to reach
target without any intervention, soon. Nevertheless,
it seems reasonable to avoid using the waters from
wells 1-4 and 9, for any reasons other than purely
technical, meanwhile. Farming on the few hundred
meters, immediately south from the factory (point
S1), should also be avoided for a few more years.
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ANHAMUMKA U PASBUTHE HA SAMBPCABAHETO HA BOJIM M IIOYBU C TEXKHA
METAJIN B PAUOHA HA KIIM, IUVIOB/IMBCKA OBJIACT, BBJI'APUA

A. Bennepes'”, T. Kepecremxusn®, P. Atanacosa’, 5.Muxaiinosa’, B. C. Cunrx?

eonoauuecku uncmumym,Bvnzapcka Axademus na naykume, 1113, Cogus, b,
2Hayuonanen Ieogusuyen Uscnedoeamencku Uncmumym, 500007, Xaioapabao, Hnous

ITocrpnuna Ha 9 aBrycr 2015 r., kopurupasa Ha 28 centemBpu 2015 .
(Pestome)

Hacrosmust Matepuajl nNpeacTaBs pE3yITaTUTC OT ABJTOrOAWIIHU H3CJICABAHHWA Ha CHCTOAHUETO HAa OKOJIHATa
cpcaa B pa1710Ha Ha I(LIM (HJ’IOB,I[I/IB, B’BJ’IFapI/Iﬂ). VYcTaHOBEHH Ca BCUYIKH N3TOYHHUIHN HA 3aMBbPCABAHC B U3CJIICABAHUA
paﬁOH " Ca OICHCHH IIbTHUIIATA U 00EKTHUTE HA 3aMBbPCABAHC, KAKTO U TAXHATaA POJIA B O6H.IOTO CbCTOSAHHUEC HAa OKOJIHATa
cpeaa. Onpe/:[eneHI/I Ca IpaHUOUTE U MOCOKATa Ha IMPOSABJICHUC HA CE30HHATA JAWHAMHKA IO BCHYKH aHAJIW3UPAHU
mokazarenau 3a 10 TOAUILICH MCPUOA. HpOCJ’Ie,Z[eHI/I 1 OLCHCHHU Ca ChIIO U ABJITOBPEMCHHHUTE TCHACHIMM Ha TCXHUTC
IIPOMCHHU. YcTaHoBeHO €, 4C CCTrallHOTO CBHCTOSHHUC Ha OKOJIHaTa cpc€aa € AaJied OT aJlapMHpAIlO, HO Ca HAallpaBCHU
HAKOU TMPEHOPBKU 3a MNPEAOTBPATABAHC Ha IMO-HATATHIIHO PasOpOCTPAaHCHHUC Ha 3aMbpCABAHCTO, KAKTO M 3a
MPaBUIIHOTO MU3MOJI3BAHC HA HAKOW BOJAHHU U MMOYBEHU PCCYPCH.
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The adsorption of CO molecules on ZnO-NC is investigated using density functional theory in terms of structural,
energetic and electronic properties. The results showed that when carbon monoxide approaches with its carbon atom,
the adsorption energy is higher than approaching with its oxygen atom. When CO approached with its carbon atom the
apex of ZnO-NC, the peak amplitude increases more than by the other adsorption modes, which clearly indicates

contingency of the electron transfer from ZnO-NC to CO.

Keywords: carbon monoxide; zinc oxide; nanocones; adsorption.

INTRODUCTION

Carbon monoxide is one of the most abundant
gaseous pollutants in the air that occurs primarily
from emissions produced by fossil fuel powered
engines and has a direct impact on human health.
Therefore, many researchers have focused on the
adsorption of carbon monoxide specially using
DFT calculations to reduce it to a minimum [1-5].
Metal oxides at the nanoscale have high potential
for a large number of processes that are important
in pollution control [6-9]. ZnO is a semi-conductive
metal oxide with a wide direct band gap (Eg ~3.2—
3.4 eV at 300 K) and high exciton binding energy
(~60 meV) [10]. Currently, numerous articles are
reported to detect CO gas by various forms of
ZnO such as nanowires, nanodisks, graphene-like
nanorods and nanotubes [11-15]. Carbon nanocones
(CNC) have attracted increasing scientific and
technological interest due to their special electronic
and mechanical features. These materials are useful
for many research fields including gas sensor and
adsorption processes [16-18]. From the literature
survey it is found that no work has been reported on
Zn0 nanocone (ZnO-NC) as a CO sensor. Herein,
we have studied the adsorption position of CO on
the exterior surface of ZnO-NC using density
functional theory (DFT) along with CO adsorption
effects on the electronic properties of ZnO-NC.

COMPUTATIONAL DETAILS

The adsorption of CO on ZnO-NC is
successfully optimized at different situations using

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

GAMMES suite of programs [19] utilizing density
functional theory (DFT) with the Beck’s three
parameter hybrid functional (B3) with the Lee-
Yang-Parr correlation functional (LYP) called
B3LYP [20]. Since the atomic numbers of zinc,
oxygen, and carbon are 30, 8, and 6, respectively,
LanL2DZ basis set is chosen to optimize ZnO-NC
structure; furthermore Gauss sum 3.0 package is
used to plot the density of states spectrum and
HOMO-LUMO gap of ZnO-NC. We have
determined the adsorption energy (Ead) of CO gas
on ZnO-NC as follows:

Ead = E(Zn0/CO) - E(znO) - E(CO)

where E(ZnO/CO), E(ZnO) and E(CO) are the total
energy of CO adsorption on the ZnO-NC surface,
the energy of isolated ZnO-NC and CO molecule,
respectively. The negative and positive Ead values
indicate exothermic and endothermic specificity of
adsorption.

RESULTS AND DISCUSSION
CO adsorption on the ZnO-NC

In this work a ZnO-NC consisting of eight zinc
atoms and eight oxygen atoms is considered. Full
geometry optimization and property calculations is
performed on it in the presence of a CO molecule.
In order to find the minimum energy, the CO
molecule is placed at various situations on the ZnO-
NC. Fig. 1la shows ZnO nanocone structure; Figs.
1b and 1c show the adsorption of carbon and
oxygen atoms of the CO molecule on the oxygen
and zinc atoms in the apex of ZnO-NC,
respectively. Similarly, Figs. 1d and le show the
adsorption of carbon and oxygen atoms on the
oxygen and zinc atoms in the neck of ZnO-NC.
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When the carbon monoxide molecule
approaches the apex of ZnO-NC with its oxygen
atom, the adsorption energy is -9.54 kcal/mol,
whereas it increases to -39.53 kcal/mol when the
carbon atom approaches the apex of ZnO-NC.
Similarly, when the monoxide molecule approaches
the neck of ZnO with its oxygen and carbon atom,
the adsorption energy is -6.84 kcal/mol and -29.50
kcal/mol, respectively. As shown in Table 1, when
carbon monoxide approaches with its carbon atom,
the absorption energy is higher than approaching
with the oxygen atom. According to the achieved
adsorption energies, it is clearly evident that the CO
is more likely adsorbed on the apex of ZnO-NC,
Table 1.

Electronic properties of ZnO-NC

In order to evaluate the effect of CO adsorption
on the electronic properties of ZnO-NC, the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are

considered. Herein, as can be seen (Table 1),
HOMO and LUMO levels for ZnO-NC are at -
6.48 and -3.31 eV, respectively, with a Fermi
energy level of about -4.90 eV. On the other hand,
when CO approaches the apex of ZnO-NC with its
carbon atom, the energy gap is 2.93. The interesting
thing is that the carbon monoxide approaching the
apex of ZnO-NC with its oxygen atom and that
approaching the neck of ZnO-NC with its carbon
atom lead to the same variation of average energy
gap equal to 11.36%. The energy gap and average
energy gap are listed in Table 1.

When CO approaches the apex of ZnO-NC, the
Mulliken charge on the adsorbed CO is negative,
which means that the CO molecule may acts as an
electron acceptor-like agent, whereas approaching
the neck of ZnO-NC leads to a positive charge
on the CO. The charge transfer from the Zn-NC
to the carbon monoxide confirms this prediction
(Fig. 1b).

Table 1. Adsorption energies of CO on the ZnO-NC (Ead, kcal/mol), Mulliken charge on the adsorbed CO (Q, e),
and HOMO (EHOMO), LUMO energies (ELUMO), Fermi level energies (EFL), HOMO-LUMO energy gap (Eg) and

average energy gap variation in (% ) of ZnO-NC ineV.

CO

Ead c EFL ¢ Eq .
Oﬁdzsﬁg’j\?c (kealimol) ~ Q&) FHOMO qy - ELUMO 0 ) %
a - T 648 490 331 317 -
b 3953 014 613  -466  -3.20 203 757
c -9.54 010 -615  -474  -334 281  11.36
d 2950 039 661  -484  -3.08 353 1136
f -6.84 009 -638  -476 -314 324 221

OINOH

ONN'1

Fig. 1. HOMO-LUMO visualization of adsorbed CO on ZnO-NC: a) pure ZnO-NC b) adsorbed CO with its carbon
atom on the apex of ZnO-NC c) adsorbed CO with its oxygen atom on the apex of ZnO-NC d) adsorbed CO with its
carbon atom on the neck of ZnO-NC e) adsorbed CO with its oxygen atom on the neck of ZnO-NC.
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Fig. 2. HOMO-LUMO gap and DOS spectrum: a) pure ZnO-NC b) adsorbed CO with its carbon atom on the apex
of ZnO-NC c) adsorbed CO with its oxygen atom on the apex of ZnO-NC d) adsorbed CO with its carbon atom on the
neck of ZnO-NC e) adsorbed CO with its oxygen atom on the neck of ZnO-NC.

The density of state (DOS) of the molecule-
nanocone was calculated, Fig. 2. Since the
electronic configuration of zinc is 3d'° and oxygen
is 2p*, for CO-ZnO-NC more peaks are observed in
the virtual orbital than for pure ZnO-NC. Further
approaching of carbon monoxide with its carbon
atom to the apex of ZnO-NC increases peak
amplitude more than other adsorption modes. Fig.
1b clearly reveals the fact that there is electron
transfer from ZnO-NC to carbon monoxide.

CONCLUSIONS

We have explored the adsorption of a CO
molecule on a ZnO nanocone (ZnO-NC) based on
the DFT approach. The possible adsorption
positions of CO on ZnO-NC were described in
terms of HOMO-LUMO, adsorbed energy and
energy gap. Mulliken charge on the CO adsorption
and density of state spectrum confirmed the
probability of CO absorption on the apex of ZnO-
NC, it also revealed that the favored adsorption
takes place between the carbon atom of CO and the
oxygen atom of ZnO. So, in addition to existing
structures of ZnO (nanowire, nanodisk, graphene-
like, nanorod and nanotube), ZnO-NC can be a
favorable structure for CO adsorption because of its
excellent gas sensing properties.
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DFT- U3CJIIEABAHE HA AZICOPELIUATA HA BBIJIEPOJIEH OKCH/] BEPXY HAHOKOHYC
OT IMHKOB OKCHJ

M. X. Xanuzane
Kny6 na maaoume uszcneooeamenu, Hcnamcku ynusepcumem ,, A3ao ', Kion lywap, Hpan

IMocrernmna Ha 17 aBryct, 20151, xopurupana Ha 28 cenremspy, 2015 T.

(Pesrome)

WscnenBana e anmcopbumsta Ha monekynma or CO Bbpxy ZnO-NC ¢ momomra Ha DFT—teopusra. Usydenn ca
CTPYKTYpHHTE, CHEPIeTHYHHTEC M CJICKTPOHHHTE CBOiicTBa Ha ancopbuusara. Pesynrarure mokasaxa, we korato CO-
MoJIeKyJata ce JOoONIiKaBa ¢ BBIVICPOIHHS CH aToM, aIcopOLMOHHaTa eHeprus e mo-ronsiMa. Korato CO-monekynata ce
Jo0MKaBa ¢ BBITIEPOIHUA cU aToM KbM Bbpxa Ha ZNO-NC, ammnTyzara Ha MKa HapacTBa MoBeYe, OTKOJIKOTO MPH APYTU
MO/IEJIM Ha aJIcOPOIIHs, KOSTO TOBOPH 3a MpeauMHO eekTporeH nperoc oT ZNO-NC ksm CO.
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Anthrone-sulfuric acid assay, a rapid, sensitive microanalytic method, was modified to quantify carbohydrate in a
colorimetric tube. A single test methodology was applied to design and optimize the factors including solvents, heating,
anthrone concentration, sulfuric acid concentration, amount of anthrone reagent and reaction duration. The tube with the
reaction system of total volume 5.0 mL, which contained 3.0 mL of anthrone-sulfuric acid solution, 1.0 mL of distilled
water and 1.0 mL of glucose solution, was kept in a water bath at 93°C for 15 min. Under these conditions, the
absorption values at 520 nm for different glucose concentrations were in linear relationship with the fitting equation of
linear regression with a correlation coefficient R of 0.997. The linear range was 0 ~ 0.01 mg/mL of glucose. Standard
addition test results revealed that the method has a relative deviation of 2.42%, the tagged recoveries were 101.4%. The
method developed in this work proved to be simple, valid, stable, and repeatable with little interference based on the
precision test and the interference test, and could be applied for total sugar content determination.

Keywords: Anthrone, Sulfuric acid, Glucose, Content determination, Spectrum.

INTRODUCTION

Glucose is a kind of polyhydroxy aldehyde
which can react with a variety of compounds.
Determination of the carbohydrate content in a
variety of samples is a basic and common analytical
operation in many biotechnologic processes [1]. It
has been reported that many methods can be
applied to measure the polysaccharide content [2,
3], while these methods mainly used visible
absorption spectra based on the reducibility of
polysaccharides and the reaction of furfural
condensation, including 3,5-dinitrosalicylic acid
colorimetric method (DNS method), Nelson-
Somogyi method [2, 3], orcinol -hydrochloric acid
(sulfuric acid) method, phenol-sulfuric acid method
[3] and anthrone-sulfuric acid method [4-10].
Among the above mentioned colorimetric methods
for carbohydrate determination, anthrone-sulfuric
acid method is one of the most commonly used
techniques. This method has been employed to
measure the soluble sugars in different samples [2,
5, 6, 11]. Other methods used to quantify
carbohydrate include the phenol-sulfuric acid
method, the orcinol method and the resorcinol
method. These assays must be first validated to
demonstrate that they are useful for their intended

* To whom all correspondence should be sent:
E-mail: 1ff0928@sina.com, wangxiaoli6578@sina.com

purpose. In a previous report [12], the results of a
preliminary investigation of the adaptation of
anthrone-sulfuric acid method for a 96-well
microplate assay were given. However, the
detectable range of this method is 50-400 mg/mL
and it needs a long reaction period. Here, we
described a simple and more sensitive microplate
assay to quantify carbohydrate using the same
reaction for colorimetric determination of total
carbohydrate.

The aim of this study was to establish a rapid
and sensitive approach to determine trace amounts
of glucose. In this paper we succeeded in
standardizing and validating an anthrone-sulfuric
acid method adapted to colorimetry. This assay was
able to efficiently quantify glucose with the
detectable range of 0~0.01 mg/mL. The procedure
was confirmed to be the most sensitive and the
simplest among the anthrone-sulfuric acid assays
reported so far.

EXPERIMENTAL
Apparatus and chemical reagents

An ultraviolet spectrophotometer (Cary50,
Varian, USA) equipped with 1.0-cm quartz cells
was used to collect all spectral data at room
temperature. All reagents were weighed by an
analytical balance (0.0001g, Mettler-Toledo
Instruments, USA). Digital electronic constant
temperature water-bath (HY-4, Guohua Electrical
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Instruments, China) was used to control the
temperature.

All reagents used were of chemical purity or
analytical purity grade. The solutions were prepared
with distilled water or deionized water, and
working solutions were obtained by appropriate
dilution.

Anthrone-sulfuric acid (0.01 mg-mL™) solution
was prepared by dissolving 1.000 mg of anthrone
(Damao Chemicals, Tianjin) in 100 mL 80%
sulfuric acid (Liangyou Chemicals, Baiyin) (freshly
prepared solution should be used). Glucose solution
was prepared by dissolving 10.000 g glucose
(Beichen Founder chemicals, China) in distilled
water, and then diluted to 100 mL in a volumetric
flask with distilled water.

Experimental Methods

Spectral characteristics: According to the
method [10], the absorption spectra of the reaction
between anthrone-sulfuric acid and glucose were
recorded by the spectrometer, and the maximum
absorption wavelength was determined.

Effect of different factors on the absorption at
625 nm: the main factors studied were type of
solvent, heating temperature, anthrone
concentration, sulfuric acid concentration, amount
of anthrone reagent and reaction duration. The
interference study without glucose, precision
experiments and recovery test were performed to
evaluate the method developed in this paper.

RESULTS AND DISCUSSION

Spectral characteristics of the reaction between
anthrone-sulfuric acid and glucose

Full wavelength scan curve is shown in Figure
1. The maximum absorption was determined at 625
nm.

0.154
0.10+

0.05

Abs

0.00

400 500 600 700 800
Wavelength {nm)

Fig. 1. Absorption spectrum of anthrone-sulfuric acid
method.
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Optimization of the method for glucose
determination

Effect of solvent on the absorbance

From the two solvents (distilled water and PBS)
tested in the reaction system, distilled water was
found to be the better one for the selected system.
The absorbance value in the PBS reaction system
was somewhat lower (shown in Figure 2).

—m— Distilled water
———]

0.08 ——Pb

0.06 4

0.04 4

Absorbance

0.024

0.00

0 2 a 6 8 10
Glucose concentration pg/ml

Fig. 2. The effect of two different solvents on the
absorbance.

Effect of heating on the absorbance

Two temperature conditions, i.e., with heating or
without heating, were investigated. One of the sets
was heated for 10 min and cooled for 5 min with
running water (shown in Figure 3), while the other
set was let to stay for 15 min without heating
(shown in Figure 4). The results showed that
heating is a critical step in the experiment, and
could significantly promote the reaction and
accelerate the reaction rate.

0.20 |
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0.15 |

0.10 \
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|
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Fig. 3. Effect of heating on the absorbance. (1)
Experimental set; (2) Reagent blank.

Effect of anthrone concentration on the absorbance

In this work, anthrone concentration range was
selected from 0.5% to 2.5% ( 0.5, 1.0, 1.5, 2.0 and
2.5%). As shown in Figure 5, the highest
absorbance value was registered with anthrone
concentration of 1.0% and slowly decreased when
anthrone concentration exceeded 1.0%.
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Fig. 4. Absorbance without heating in the
experiment. (1) Experimental set; (2) Reagent blank.
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Fig. 5. Effect of anthrone concentration on the
absorbance.

Effect of sulfuric acid concentration on the
absorbance

The effect of different sulfuric acid
concentrations (75, 80, 85, 90, and 95%,
respectively) on the absorbance was tested. The
anthrone concentration was 1%. With 80% sulfuric
acid as a solvent for anthrone the optimal
absorbance was registered (shown in Figure 6).

0.0761
0.075- .\
0.074 1
0.0734
0.0721 \.
0.071-
75 80 85 20 95
Sulfuric acid concentration(%)

Absorbance

Fig. 6. Effect of different concentrations of sulfuric
acid on the absorbance.

Effect of the amount of anthrone reagent on the
absorbance

Different volumes of 1.0 g/L anthrone-80%
sulfuric acid solution such as 3, 4, 5, 6, 7, 8, 9, 10
mL were added to the reaction system and the
absorbance was measured at 625 nm. The highest
absorbance at the wavelength of 625 nm was
registered when 3 mL of the anthrone sulfuric acid
solution was added to the reaction system (shown
in Figure 7). When the anthrone reagent was less
than 3 mL, some precipitates were formed.

0.075{ =
\-
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<
0.0551
0.050 +—————————————————————————————
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Mount of anthrone reagent(ml)

Fig. 7. Effect of different amounts of anthrone
reagent on the absorbance.

Effect of reaction duration on the absorbance

The maximum absorbance of anthrone-glucose
reaction system was attained after 15 min (10 min
of heating and 5 min of cooling), which remained
stable for 2 h. A longer period of reaction duration
will cause a hypochromic effect.

Glucose determination assay (standard method)

The glucose solutions were with concentrations
of 10, 15, 20, 25, 30, 35, and 40 ug/mL. Glucose
solutions up to 1 mL were pipetted into 12x100 mm
test tubes and the volume in the test tube was
adjusted to 1 mL with distilled water. Three mL of
anthrone reagent was added to each test tube and
the content was mixed by oscillation. After heating
for 10 min and cooling for 5 min with running
water the absorbance was measured in 3-mL
cuvettes against a reagent blank (1 ml distilled
water). The weight of glucose was plotted against
the absorbance resulting in a calibration curve used
to determine the glucose content in unknown
samples. Figure 8 shows the calibration curve
obtained by the standard method. The resulting
regression equation was y=12.13x-0.002, Rz =
0.999.

Glucose microdeterminaion assay

Glucose solutions containing 1 to 10 ug glucose
were pipetted into 12x100 mm test tubes. The
volume of the test tube was adjusted to 1 mL with
distilled water. 3 mL of anthrone sulfuric acid and 1
mL of glucose solution were added to the test tube
and the contents were mixed as in the standard
method. The absorbance at 625 nm was measured
as in the standard method using 1 mL cuvettes
against a reagent blank (1 mL distilled water).
Calibration curves (shown in Figure 9) were
prepared as in the standard method. The resulting
regression equation was y = 7.495x + 0.002, R%=
0.997.
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Fig. 8. Calibration curve of glucose assay.
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Fig. 9. Calibration curve of microglucose assay.
Interference by non-glucose compounds

Four kinds of foreign compounds were
individually studied for their effect on the
determination of 1 to 10 pg glucose. The criterion
for interference was an absorbance value exceeding
by more than 5% the expected value for glucose
alone. The results are shown in Table 1. There was
no interference from the following: 1M NaCl, 1M
MgCl, 1M KCl and 0.1%Tris.

Table 1. Interference by non-glucose compounds.

: (ng)
Substance gél%nzg; r:rrlw Equivalent
Glucose
1M NaCl 0.0000 0
1M MgCl; 0.0000 0
1M KCI 0.0000 0
0.1% Tris 0.0015 0

Precision experiments

Quintuplicate standard assay of glucose was
tested as a standard result. Statistical analysis gives
a relative standard deviation of 2.42% of the mean
value for the assay. The relative standard deviation
of less than 3% meets the demand for experimental
determination.

Recovery test

A standard solution was added to the
experimental set and the absorbance was measured.
The statistical treatment of the results (n = 3) gave a
recovery of 101.4% of the mean value. Recoveries
should be in the 90-110% range to meet the
requirements.
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Three sets of parallel tests were conducted. The
absorbance of the standard method ranged from
0.10 to 0.51 OD. The interference of the reagent
itself was excluded by spectrophotometer zeroing.
This method showed a good linear relationship in
the concentration range detected. The weight of
glucose gives an absorbance change of 0 vs 0.035
OD in the microassay. The experimental results
indicate that the proposed method is easy for
operation with high selectivity, reproducibility and
a broad working range.

CONCLUSIONS

The results show that the appropriate use of
anthrone  sulfuric acid allows the exact
determination of trace amounts of glucose. To
ensure satisfactory results, some conditions such as
heating the solution, concentration of anthrone and
sulfuric acid, amount of anthrone reagent, reaction
time and effect of foreign ions on the reaction
system were optimized. Results showed that the
optimum conditions are: total volume of 5.0 mL of
the reaction system containing 3.0 mL of anthrone-
sulfuric acid solution, 1.0 mL distilled water and
1.0 mL glucose solution. The tube with the solution
mixture was kept in a water bath at 93°C for 15
min. The absorption values at 625 nm of different
glucose concentrations are in linear relationship
with the fitting equation of linear regression with a
correlation coefficient R? of 0.997, the linear range
was 0 ~ 0.01 mg/mL. Standard addition test results
revealed that the method has a relative deviation of
2.42%, the tagged recoveries were 101.4%. The
application of spectrophotometry provides a very
simple and relatively rapid determination of
glucose. The method recommended is precise, easy
to operate and sensitive. It may be a new test tool
for determination of microglucose.

Acknowledgments: This research was
supported by the Special Scientific Research Fund
of Agricultural Public Welfare Profession of China
(No. 201203042, 201403048-8), Science and
Technology Innovation Projects of CAAS (No.
CAAS-ASTIP-2014-LIHPS-08), Chinese National
Natural Science Foundation (No. 31460032),
Natural Science Foundation of Gansu Province
(No.1212RJYA008, 1308RJZA287), and the
Foundation of Excellent Young Teachers of LUT
(No. 10-061406).



F. Leng et al.: A rapid and sensitive method for determination of trace amounts of glucose by anthrone-sulfuric acid...
REFERENCES 7. E. Sawicki, R. A. Carnes, R. Schumacher,

. . . . Microchim. Acta., 55, 929 (2007).
1. T. Masuko, A. Minami, N. lwasaki, T. Majima, S. : :
Nishimura, Y. C. Lee, Anal. Biochem., 339, 69 (2005) 8'(23615)%9”5' P. R. Bouman, Diabetologia, 5, 278
2. J. Zhang, C.Y. Li, J. P. Li, J. Pan, D. X. Xiang, . . . .
Central South Phar., 10, 421 (2012). 9. B. L.Somani, J. Khanade, R. Sinha, Anal. Biochem.,

: . 167, 327 (1987).
3'3;’ (Iig%ug)l, J. N. Saddler, Enzyme Microb. Tech., 7, 10.1. Laurentin, C. A. Edwards, Anal. Biochem., 315,

. . 143 (2003).
4. 2(*;7' a"ggé)c' Taylor, Appl. Biochem. and Biotech., 53, 11 ' "oy A Surget, Carbohydr Polym., 24, 123
5). (1994).
5 J. Harrlson, J.A. Gallagher, C. J. Pollock, J. Plant. 12. L. Alberto, Q. Anelis, M. Sanchez, Biologicals, 36,
Physiol., 151, 654 (1997). 134 (2008)

6. S.S. Malhotra, B. D. Tilak F.A.Sc, Proc. Indian AS-
Math. Sci., 38, 361 (1953).

bbP30 OINPEJEJISAHE HA CJIEAU OT I''TFOKO3A T10 AHTPOH-CEPHOKUCEJIMA METO/
®. Jlenr'", C. Cyn?!, U. JIxunr!, ®@. Yanr?, K. Veit!, Kc. Yanr?", Kc. XKy?

Y YVuunuwe 3a nayxu 3a scusoma u unscenepcmeo, Texnonozuuen ynusepcumem Jlanocoy, Janocoy 730050, Kumaii
2 Hucmumym no cmonancmeo u papmayesmuuny Hayku 6 Jlanoicoy, Kumai

IMoctenuna Ha 17 anpui, 2015 r.; kopurnpana Ha 30 centemspu, 2015 T.

(Pesrome)

AHTPOH-CEpHOKUCENUAT METOA € Obp3 M MuKpoaHadutuueH. Tyk Toil e MoaubuIupaH 3a OMPEICeNSTHETO Ha
BBIVIEXUPATH B KOJOPUMETPUYHA KIOBeTa. Pa3paboTeHa € METOMOIOrUs 3a SHOKPATHO OIPEACIISHE 338 ONTUMH3AIHS
Ha (akTopuTe, Karo W300p Ha pa3TBOPUTEN, HAarpsiBaHe, KOHLEHTpAlMs Ha aHTPOHA, Ha CsSpHaTa KUCEJIHHA H
BpeMeTpaeHeTo. PeakumonHara cucrema e ¢ obm obem 5.0 mL, ceaspxkama 3.0 mL pa3TBop Ha aHTPOH B CspHA
kucenuHa, 1.0 mL nectunupana Boaa e ce appku Ha Boana 0ans npu 93°C 3a 15 mun. [Ipu Te3u ycnoBus abcopOuusrTa
Ha mpobGara npu 520 NM e nuHEeiHA CIPIMO Pa3InYHKU KOHICHTpanuu Ha riaoko3ata (B uaTepBana 0 ~ 0.01 mg/mL)
npu koeduruent Ha kopenanus 0.997. TecTsT cbe cTaHmapTHa no0aBKa IOKa3Ba, Y€ TO3UM METOJ € C OTHOCHUTEIHO
otkioHeHue ot 2.42% ¢ nobuB ot 101.4%. PaspaboTeHHAT MeTON € MPOCT, CTa0MICH, BB3IPOU3BOANM U MOXKE JIa
ObJie M3MO3BaH 32 ONPEIENITHETO Ha OOIIO KOJIHYECTBO 3aXapH.
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Copolymers of polyamide-6 / polypropylene glycol (PPG) were synthesized via activated anionic polymerization of
g-caprolactam in the presence of mineral additives - graphite and boron carbide. Composites structure and thermome-
chanical behavior were investigated by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and
dynamic mechanical thermal analysis (DMTA). The study explores the influence of both PPG soft segments and fillers
onto the thermal stability, mechanical properties and structure of the composites.

Key words: polyamide-6, copolymers, graphite, boron carbide

INTRODUCTION

It is well known that the elastic properties of
polyamide-6 (PA-6) could be significantly im-
proved by activated anionic polymerization of lac-
tams. In the recent years many studies were dedi-
cated to investigating the copolymerization of
e-CL. Comonomers, such as rubbers, polyols,
styrenics, etc., were introduced, trying to extend the
properties of PA-6, either impact or tensile strength
and thus to respond to the need of materials with
specific properties applicable for various industries
[1-7]. Most of these studies were concentrated in
improving the impact strength of PA-6 by incorpo-
rating soft segments in its polymer chain, due to the
fact that it is a notch-sensitive polymer. All these
methods led to the creation of already commercially
available copolymers such as PA-6/PA-6,6 and
PA-6/polyethers, the latter being a basis for the
Reaction Injection Molding (RIM) process [8].
From another perspective, polyamides properties
could be improved by physical modification, fillers
loading being one of the most common ways of
enhancing thermal, mechanical and conductive
properties of PA-6 [9-11]. Further on, nanofillers,
such as graphene [12], carbon nanotubes [13],
montmorillonite (MMT) [14], talcum [15] are ex-
plored as well. However, dispersion of inorganic
additives in low viscosity e-CL, could lead to seg-
regation of the filler particles and it is important
proper polymerization conditions to be followed.
By that point, the behavior of a multicomponent
system based on £-CL, polyol and filler is of partic-

* To whom all correspondence should be sent:
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ular interest. Developing a technology for in-situ
preparation of composite structures based on PA-6,
will significantly reduce the energy costs of the fi-
nal product and allow matching various industry
specifications. In our previous study, the activated
anionic polymerization of €-CL in the presence of
graphite and B4C was investigated [16]. For the
end-use application, mechanical and thermal prop-
erties of thus synthesized composites are of critical
importance, therefore, the aim of this paper was to
determine their thermal and mechanical properties.

EXPERIMENTAL

Materials: The monomer g-caprolactam (g-CL,

BASF), Mw=113.16 was dried for 3 days over P>Os
in a vacuum oven at 60°C. The initiator, sodium salt
of &-CL (Na-CL), was synthesized according to
[17], Mw=424, Isophorone diisocyanate
(5-isocyanate-1-isocyanatomethyl-1,3,3-trimethyl-
cyclohexane) (IF; Merck), methanol (Fluka),
n-acetylcaprolactam (AcCL); were used as re-
ceived. Polypropylene glycol (PPG; Fluka) with
average molecular weight 2000 was kept in a mo-
lecular sieve at 25°C under vacuum for 10 h.
Graphite with particle size (PS) = 20 um and boron
carbide (B4C; Fluka), PS=15-62 um were heated at
150°C for 2 min before use.
Polymerization: Detailed study on the synthesis
was described elsewhere [16]. Bulk anionic
polymerization of e-CL was carried at 180°C using
both ampule technique (samples for DSC, TGA)
and mold casting (samples for DMTA). For DSC
and TGA unreacted monomers were extracted in a
Soxhlet apparatus with methanol for 8 h. The resi-
due was dried in vacuum at 60°C until constant
weight was reached.

114 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



P. Krastev: Thermomechanical Properties of Polyamide-6/Polypropylene glycol copolymers with mineral additives

Analysis

DSC: Calorimetric measurements of melting

and crystallization behavior were handled on a
DSC Q100 TA Instruments apparatus using in-
dium as standard. Samples were heated in the
range from -90°C to +250°C at a rate of 15°C
min-tin a nitrogen flow of 50 m mint. After that
they were quenched to -90°C at 100°C min* and
then reheated to 250°C, again at 15°C min.
From the endothermic maximum of the curves the
melting temperatures (Tm) of the composites were
determined. Glass transition temperature (Tg) was
calculated at the inflection point of the re-heating
curve. DSC crystallinity was calculated from the
ratio of the measured and equilibrium heats of
fusion AH#/AH{°, Where the equilibrium one (AH{°
= 230 J.g?) refers to a 100% crystal PA-6, taken
from the literature [18].

TGA: Measurements were performed on a TGA
Q500 TA Instruments apparatus, in the range from
+30°C to +600°C. Heating rate was 15°C min* and
nitrogen flow 40 ml min™.

Activation energy was calculated from Broido equa-
tion [19]:

In[In1/x]=-Ea/RT+const (1)

where, Ea is the activation energy (J.mol?), T

absolute temperature (K), R gas constant (8.314

J.mol1.K) and x is the residue:

x=(Wt-WF)/(Win-Wf) 2

where Wt is the sample weight at time t, Win and

Wf are initial and final weights.

DMTA: Dynamic mechanical properties of the
composites were measured with a torsional pendu-
lum on a Rheometric Scientific apparatus in the
range from -100°C to +150°C at a heating rate of
10°C min* and 1 Hz constant frequency. The stor-
age modulus (G’), loss modulus (G”) and loss tan-
gent (tan delta) were automatically recorded during
the test.

Test specimens 45mm x 10mm x 2.5mm were
cut from pre-pressed films.

RESULTS AND DISCUSSION
DSC

According to the data obtained, it was observed
that melting peaks of pure (without additives)
PA-6/PPG-IF copolymers appear in a narrow range
between 218°C and 220°C with the only exception
of 3% PPG-IF, where it was shifted to 222°C.

Introduction of B4C and graphite into the system
leads to a decrease of the melting temperatures
(resp. heat of fusion), due to the decrease of crys-
tallinity, which is clearly visible at high percentages
of filler loading and macroactivator concentration.

Degree of crystallinity (o) and glass transition tem-
peratures (Tg) showed similar behavior - shift to
lower values with the increase in system complexi-
ty. Tg of the amorphous region of PA-6 is obvious-
ly affected by the PPG soft segments due to the fact
that PPG segments are incorporated into the amor-
phous regions of the polymers [20]. On the other
hand, compared to the first heating cycle, at the
second one Tg increased while o decreased. On
Figures 1-2 DSC thermograms of different compo-
site structures at 3% macroactivator are shown.
Based on these results, which correlate with other
studies [20], we may conclude that both segments -
rigid (PA-6 ones) and soft (PPG) are fully compati-
ble in the amorphous region.

Heat Flow (Wig)
I 2 7

7-1 0 -50 0 50 100 150 200 250
B up Temperature (°C) Uriverss V4,10 TA nsirume

Fig. 1. DSC thermograms of PA-6/PPG/B4C copoly-
mers at 3% PPG.

Heat Flow (W/g)
i i

-4 T T T T T T
-100 -50 0 50 100 150 200 250

Ewlp Temperature (°C) Universal V4.1 TA Instum

Fig. 2. DSC thermograms of PA-6/PPG-IF/graphite
copolymers at 3% PPG.

TGA

Measurements confirmed the expected better
thermal stability of the copolymers compared to
similar PA-6 copolymers reported [1, 22-23]. Start
of decomposition (Tin, initial decomposition tem-
perature / at 1%) of all copolymers is above 400°C
with similar behavior of both graphite and B.C
(Figs. 3-4). This indirectly proves the good disper-
sion of both fillers, and the improved heat transfer,
thus allowing composites to withstand higher tem-
peratures.
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100+

Weight (%)
Weight (%)

160 260 300 o B 500
Temperature (°C) Universal V4. 10 TA Instrument:

100 200 300 alo sho 800
Temperature (°C) Universal V4.10 TA Insit

Flg 3. TGA of PA'6/PPG-|F/B4C COpOIymerS at 3% Flg 4. TGA of PA-6/PPG-IF/graph|te COpOIymerS at
PPG. 3% PPG.

Table 1. DSC data of PA-6 composites

T'm, °CY A\]|/_|gg1’ Tg? -[(:CrI;l AJ';'gsr)n, IC%, a E;OS7)C, o O/SE)C,
PA-6/AcCL 22096 92.24 4491 219.84 68.98 44.23 40.10 29.99
PA-6/PPG-IF=97/3 22241 73.81 36.51 21455 48.53 38.67 32.09 21.10
PA-6/PPG-IF/B4C=95/3/2 222.74 86.70 27.11 215.78 41.28 46.09 37.70 17.95
PA-6/PPG-IF/B4C=92/3/5 22453 8330 3546 21466 4597 40.52 36.22 19.99
PA-6/PPG-IF/B4C=90/3/7 223.70  87.23 3590 215.05 45.37 38.83 37.93 19.73
PA-6/PPG-IF/B4C=87/3/10 22248 72.88 3799 21391 36.61 41.49 31.69 15.92
PA-6/PPG-IF/Graphite=95/3/2 22154 68.14 30.30 213.80 41.89 40.61 29.63 18.21
PA-6/PPG-IF/Graphite=92/3/5 221.08 58.64 26.77 214.69 41.47 40.38 25.50 18.03
PA-6/PPG-IF/Graphite=90/3/7 22155 62.68 37.82 214.48 43.76 42.67 27.25 19.03
PA-6/PPG-IF/Graphite=87/3/10 216.89 5194 2742 21543 46.51 31.51 22.58 20.22
PA-6/PPG-IF=95/5 218.68 80.74 56.19 214.89 42.24 34.00 35.10 18.37
PA-6/PPG-IF/B4C=93/5/2 220.39 70.32 39.43 217.76 47.17 43.40 30.57 20.51
PA-6/PPG-IF/B4C=90/5/5 22249 7891 31.10 215.16 43.65 44.35 34.31 18.98
PA-6/PPG-IF/B4C=88/5/7 22205 7794 18.01 214.53 39.08 45.66 33.89 16.97
PA-6/PPG-IF/B4C=85/5/10 22181 63.87 31.13 213.78 29.19 44.78 27.77 12.69
PA-6/PPG-IF/Graphite=93/5/2 223.01 77.80 31.64 21431 3419 44.26 33.83 14.87
PA-6/PPG-IF/Graphite=90/5/5 221.29 6249 38.10 214.06 36.64 43.58 27.17 15.93
PA-6/PPG-IF/Graphite=88/5/7 221.28 67.68 30.01 214.59 37.71 4432 29.43 16.40
PA-6/PPG-IF/Graphite=85/5/10 22045 60.14 37.79 214.28 33.83 44.00 26.15 14.71
PA-6/PPG-IF=90/10 219.67 81.14 3225 21444 32.34 43.01 35.28 14.06
PA-6/PPG-IF/B4C=88/10/2 220.15 80.30 28.40 215.15 37.78 38.42 34.91 16.43
PA-6/PPG-IF/B4C=85/10/5 219.80 8157 27.62 21514 39.18 36.81 35.47 17.03
PA-6/PPG-IF/B4C=83/10/7 218.74  86.01 32.59 214.27 38.43 4351 37.40 16.71

PA-6/PPG-IF/Graphite=88/10/2 207.39 7217 37.38 209.07 3858 37.99 31.38 16.77
PA-6/PPG-IF/Graphite=85/10/5 21473 74.15 39.59 21356  49.24 33.84 32.24 21.41
PA-6/PPG-IF/Graphite=83/10/7 216.38 73.86 37.70 213.88 5125 39.06 32.11 22.28

PA-6/PPG-IF/Graphite=80/10/10 21578 3855 23.73 213.35 41.20 38.56 16.76 17.91
1 Melting temperature at first heating

2 Heat of fusion at first heating

3 Glass transition temperature at first heating

4 Melting temperature at second heating

%) Heat of fusion at second heating

6 Glass transition temperature at second heating

) Degree of crystallinity at first heating

8 Degree of crystallinity at second heating
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DMTA

In order to define the combined effect of soft
block and additives concentration of copolymers
the mechanical properties - mechanical loss tangent
(Tan delta) and storage modulus (G’) are presented
on Figs. 5-8.

At the same concentration of macroactivator, the
following effect on G’ is observed: increase of
B4C content resulted in an increase of copolymers
stiffness, whereas graphite followed a similar trend
but with lower absolute values. As a result highly
loaded (10% B4C) composites show increased
(40%) stiffness compared to the corresponding
graphite ones (Figs. 5-6).
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B 3 50E+009 “
O 2608008
2.40E+008 |
2.20E+008 -
2.00E+008
1.80E+008 |
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6.00E+008 |
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0.00E+000 -

PA-BIMAJB C=07 /300t
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Fig. 5. Storage modulus of PA-6/PPG-IF/B4C co-
polymers as a function of temperature.
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Fig. 6. Storage modulus of PA-6/PPG-IF/graphite
copolymers as a function of temperature.

As PA-6 has two mechanic relaxation peaks: a
around 50°C, corresponding to glass transition tem-
perature (Tg) and B around -80°C, which overlaps
with Tg of PPG around -75°C [24], on Tan delta
curves two Tgs were observed: in the range -72°C to
-84°C, corresponding to PPG and PA-6 segments
and 42°C to 57°C, belonging to PA-6 ones. Results
confirmed the DSC data that both polymers are fully
compatible in the amorphous region. Practically,

both fillers are not showing a significant effect on
both PPG and PA-6 segments mobility, which indi-
rectly confirms their good dispersion into the sys-
tem.

Taking into account the magnitude of the Tan
delta peaks (Figs.7-8), the effect of PPG and fillers
onto the amorphous phase of PA-6 can be seen.
Since the soft PPG segment with both fillers is one
and the same, the impact is different - B4C in gen-
eral follows the expected trend - with increase of
PPG soft segments Tan delta peaks around -80°C
increase their magnitude, resp. amorphous phase of
copolymer to transform into rubbery state. Same
could be observed for PA-6 ones around 50°C.

PA-G/MAB C =97 3/0w1%
PA-G/MASB ©=05/3/2w1%
P #-Biib AJB 1 =9 243050 1%
PA-BIMAID C =900 7wt
PA-BIMAID =87 2010wt

0.18 o

44 pran

0.16 o

Tan delta

0.14:
0.12:
0.10:
nns—-
EIEIE;
nn4;

0.02 4

0.00 , .
-100 <50 0 50 100 150

T.°C
Fig. 7. Tan delta temperature dependence for
PA-6/PPG/B4C copolymers.

PA-B/MA/G 13 phite=97 /210w%
PA-B/MAJG 13 phite=95/312mt%
FA-B/MA/G 12 phite=02/3/6m 1%
PA-B/MAJG 13 phite=90/3 7w %
P A-B/MAJG 13 phite=57 /30 10wt%

0.16

depen
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012
0.10—-
EIEIE;
0.05—-
0.04

0.02

0.00 T T T T T T
100 -50 0 50 100 150

T.°C

Fig. 8. Tan delta temperature dependence for
PA-6/PPG/graphite copolymers.

Graphite effect is somehow an opposite one
since there is no impact on PPG segments for PA-6
ones to decrease with increase of filler concentration
Tan delta, which could be explained by the fact that
graphite has certain energy dissipation effect allow-
ing PA-6 polymer chains to better respond to exter-
nal loads. From another perspective, the observed
two Tg peaks confirmed the presence of block co-
polymers.
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Table 2. Activation energy of destruction.

Tinec
PA-6/AcCL 41222 46265  12.60
PA-6/PPG-IF=97/3 41861 4662  12.84
22'6/PPG"F/B“C295/ 41305 450.73  7.49
gg-wppe-l FIBC=92  4con  soagr 604
22-6/PPG-IF/B4C:9O/ 51t asr 789
2266/PPG-IF/B4C:87/ Hr acazs 757
Eg%fzpe'lwaaphite 41731 46367  10.07
292-/6?{}35PG-I F/Graphite 178 46383 1358
z';\d?éf?PG-lF/Graphite A764 46294 1208
PAOPPCIFIGIaphite 41856 46288 5.93
PA-6/PPG-IF=95/5 41374 46119 871
E;DZ\-GIPPG-I FIBC=93 41014 acsea 1367
E/AE-,'G/PPG"F/B“CZQO/ 41752 46332 12,91
Eﬁ-ﬁ/PPG-lF/B4c:88/ fra> asads 8
2266/PPG-IF/B4C:85/ Hoss  dcazs 78
Eg%;’ZPG—IF/Graphite MAST  482.87 0.08
Esdjislz_)PG—lF/Graphite 41087 46052 043
zgg?s/f?PG-lF/Graphite 41831 4625 496
EQ;S/ZI;G—IF/Graphite 1194 46452 o
PA-6/PPG-IF=90/10  406.59 457.86  10.59
TQ-ZES/PPG—I FIBC88 4100 sors 1305
TQQB/PPG"F/B“CzSS/ 41318 46384  12.20
TQ-?ES/PPG—I FIBC8Y e ue130 108
E(/)D}-lfz)/PPG-IF/BL;C:SO/ io7o  als o
z/:é;illgleG—lF/Graphite 41599 46117 0.03
EQ;{(F)’/PSGI F/Graphite 41258 458.38 637
ngillgll;G—lF/Graphite M584 46039 1163
PA-6/PPG-IF/Graphite 40661 45573 5 80

=80/10/10
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CONCLUSIONS

The synthesis of PA-6/PPG copolymers via ac-

tivated anionic polymerization of ¢-CL in the pres-
ence of mineral fillers- graphite and B4C, permits to
produce composite materials which are obtained
in-situ during the polymerization process. The
polymerization rate is determined by the presence
of the macroactivator (PPG-IF in our case). The
effect of fillers loading is different:
At high concentration of macroactivator (10%),
increasing the graphite content results in increasing
the polymerization rate (higher yields), and graphite
bejng considered as an active additive, while B4C is
practically inert. On the other hand, at certain levels
of loading (3-5%), both fillers are contributing to
the better mechanical properties of the composites.
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TEPMOMEXAHUYHU CBOMCTBA HA TIOJIMAMUI-6/ITOJIUITPOITUIIEH I'JIMKOJI
CBIIOJIMMEPU C MUHEPAJIHU ITBJIHUTEJIN
IT. KpbcTen
Kameopa Ionumepno Hnowcenepcmeo, Xumuxkomexnonozuvern u Memanypeuven Yuusepcumem, Cogpusa, bvneapus

Toctenmna Ha 28 HoemBpu 2014,  Ilpepaborena Ha 23 HoemBpH, 2015
(Pe3srome)

Cenonumepu Ha monuamu-6/momumporniteH raukon (I1117) 6sxa cuHTe3npaHu O BT Ha aKTHBHPAaHATA aHHOHHA
MOJUMEPH3AIIHs Ha €-KApPOJaKTaMB MPUCHCTBUEC HA MUHEPATHU MBJIHUTEIHN- rpaduT u 6open kapoun. CTpykTyparta u
TEPMOMEXAaHUYHHUTE OTHACSHHS HAa KOMITO3UTHUTE OsiXa M3CICIBAaHU Ype3 MUPEPCHIIMATHO CKaHHpalla KaJOpHUMETPHUs
(ICK), TepmorpaBumerpuuer aHanus (TT'A) u nuHamuMuueH MexanndeH tepmuueH aHanus (JIMTA). Cratusta usc-
nenBa BIusiHUETO Ha enactromepHute I cerMeHTH M MBIHHUTEIUTE BHPXY TEPMUYHATA CTAOMIHOCT, MCXaHHUYHUTE
XapaKTePUCTUKHU U CTPYKTYypaTa Ha KOMIIO3UTHUTE.
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This study aimed to investigate the antibacterial activity of essential oils and methanol extracts of Ziziphora tenuior
on some pathogenic bacteria in culture and determination of its minimal inhibition concentration (MIC) and minimal
bactericidal concentration (MBC).

The results showed that the MIC for essential oils of Ziziphora tenuior was 250 pg/ml for most of the gram-
negative bacteria except for Pseudomonas aeruginosa. The gram-negative bacteria Klebsiella pneumoniae was more
sensitive compared to other species of gram-negative bacteria. On the other hand, the MIC of gram-positive
bacteria such as Staphylococcus aureus was 250 pg/ml, and for other species of Staphylococcus it was 500
pg/ml. The results of the MIC determination of the methanol extracts of this plant showed that the combination of
these has inhibitory and bactericidal effect on all bacteria under test except for Pseudomonas aeruginosa. The MBC of
the methanol extract of Ziziphora tenuior was 2000 pg/ml for most of the gram-negative bacteria and less for the
gram-positive ones. We can conclude that low concentrations of the essential oils of this plant are able to inhibit the

growth of the bacteria under study.

Key words: antibacterial effect, Ziziphora tenuior, essential oils, methanol extracts, urogenital tract.

INTRODUCTION

Essential oils, plant extracts and their
constituents have known anti-bacterial effects [1].
Ziziphora tenuior is a genus of Ziziphora and
breed of mint and is a one-year herbaceous plant
with short stems, 5-15 cm tall and thin, sharp
leaves that is scattered in many parts of Iran [2].
This plant grows in wild state in vast areas of
Iran like the mountainous regions of Azerbaijan
provinces, especially in the mountains of Tabriz
[3]. Four species of the plant called Ziziphora
clinopodioides, Ziziphora capitata, Ziziphora
persica and Ziziphora tenuior have been identified
in Iran. Among the healing properties of this
plant sputum collection, carminative and stomach
reinforcement can be named. In some areas its
powdered leaves mixed with honey are used to
treat dysentery [2]. In different areas, the plant
powder is used as a garnish on yogurt and dairy
products [4]. Also, it is used for treatment of
diseases of the stomach and as an antiseptic to
relieve colds [5].

* To whom all correspondence should be sent:
E-mail: fallahrostami2@gmail.com

Despite the heavy use of plants in the mint family
of flavors in Iran, systematic research has not been
performed on the antibacterial effects of the
Ziziphora tenuior extract on pathogenic bacteria.
This study aimed to investigate in vitro the
antibacterial activity of essential oils and
methanol extracts of this plant on some
pathogenic bacteria isolated from urogenital tract
infections.

MATERIALS AND METHODS

Collecting plants used in the study: wild plants
of Ziziphora tenuior had been collected in the hills
around the city of Tabriz in East Azerbaijan
province (at a height of 1700-1800 m) during pre-
flowering stage and the species of this plant
were determined in the Food Hygiene
Department of Tabriz Branch, Islamic Azad
University (Tabriz - lran). After collecting the
plants, the leaves were dried in appropriate
circumstances in shadow and were crushed by mill
in order to prepare extracts and essential oils.

Preparation of plant methanol extracts and
essential oils: The specialized laboratory at the
Veterinary Faculty of Tabriz Branch, Islamic Azad
University, used the maceration method to prepare
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methanol extracts of Ziziphora tenuior. For this
purpose 50 g of each sample was soaked in 80%
methanol and 48 h later it was smoothed by
filter paper. Extracts were obtained using a
rotary machine at 40 to 50°C, concentrated and
dried at the same temperature for 2 days and
gradually dried [6,7].

For production of essential oils, the water
distillation method using a Clevenger apparatus
was applied [2,8].

Tested bacteria: The examined bacteria in this
study included 9 species of bacteria isolated from
UTI of patients referred to a number of clinics of
Tabriz City in 2014 ( Table 1).

Table 1. The isolated bacteria tested in this study
Name of isolated bacteria
Staphylococcus aureus
Staphylococcus epidermidis
Staphylococcus saprophyticus
Escherichia coli

Klebsiella pneumonia
Proteus vulgaris
Enterobacter aerogenes
Citrobacter frundii
Pseudomonas aeruginosa

O©Ooo~NO O WwWwN -

Preparation of bacterial suspensions: for
preparation of such suspension a 24 h old culture
of each bacterium is needed. Hence, 24 h before
the test the stored cultures were inoculated into
BHI agar medium and incubated for 24 h at 37°C.
The colonized medium was washed with normal
saline solution, the bacterial suspensions were
diluted with normal saline and their turbidity was
set equivalent to that of a standard tube 0.5
McFarland. The test suspension contained 1.5x108
CFU/mI [9,10].

Antibacterial effects of methanol extracts and
essential oils of Ziziphora tenuior

Agar Disk Diffusion: To evaluate the
antibacterial effects of essential oils and methanol
extracts of the mentioned plant the disk diffusion in
agar method was used. It should be explained that
the disks containing extracts were prepared from
sterile blank disks manufactured by Padtan Teb
Company (Tehran-lran). Thus the blank disks
were placed in tubes containing essential oils and
methanol extracts of Ziziphora tenuior for 30 to 50
min and following the complete absorption by the
disk, the disks were placed at 44-45°C until
completely dry and ready [11]. Then 100 ml of
the prepared suspensions of all isolated bacteria
were cultured separately on the surface of Mueller-
Hinton agar medium. Using sterile forceps, the
disks impregnated with essential oils and
methanol extracts of Ziziphora tenuior were placed

at a certain distance from each other and from the
edge of the plate in the medium and were fixed
with little pressure on the medium. Then the
plates were incubated for 24 h at 37°C and the
antibacterial activity was recorded by measuring
the diameter of the inhibition zone around the
disks. To make sure, the experiment was repeated
three times for each isolated bacterium. The mean
inhibition zone diameter in the three replicates was
registered as the final diameter [12,13]. The
standard antibiotic ampicillin (10 pg/disk) was
used as positive control.

Minimal inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC): For
this purpose, dilution methods were used. In order
to determine MIC for essential oils and methanol
extracts of Ziziphora tenuior; a series of 10 test
tubes was used, 8 tubes for testing the different
dilutions of essential oils and methanol extracts
and two tubes as test controls. Each of these
compounds was tested separately with different
dilutions from tube number one, containing 5.62
pug/ml up to tube number eight with concentration
of 8 mg/ml of the plant extract and essential oil in
BHI broth medium plus 1 ml of the tested
bacterial suspension which contains 1.5x108
CFU/mI bacteria. Also, a tube containing 9 ml BHI
broth medium plus 1 ml of essential oil and extract
as antibacterial compounds control and a tube
containing 9 ml the medium as well as 1 ml of
bacterial suspension were prepared as isolated
bacteria control. All test tubes were incubated at
37°C for 24 h. After the incubation period the
tubes’ inoculated turbidity due to bacterial
growth was studied. This method was repeated 3
times for each isolated bacterium. The extracts
and essential oils dilution containing the lowest
concentration and the maximum inhibition of
bacterial growth was considered as the MIC of
the compounds separately (essential oils or
methanol  extracts).  Also, the lowest
concentration of the methanol extracts and
essential oils where no bacterial growth was
observed, cultured by the pure plate method, was
considered as the MBC of the essential oils and
methanol extracts.

For this purpose, 1 ml of each concentration
was mixed with 20 ml of BHI agar at 45°C in
Petri dishes and after closing the agar and
incubation for 24 h, the incubated plates were
controlled for the presence of microbial growth.
Dilution plates containing the lowest concentration
of the extract and no colonies of bacteria were
found and were selected as MBC of the
corresponding extract [14,15].
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Table 2. Mean of inhibition zone (mm) £SD of tested antibacterial compounds (essential oils and methanol extracts of
Ziziphora tenuior and ampicillin as the standard antibiotic).

Essential oils of Methanol extracts of Antibiotic
Name of isolated bacteria Ziziphora tenuior Ziziphora tenuior Ampicillin
(10pl/disk) (10pl/disk) (10pg/disk)
Staphylococcus aureus 22+0.1 19+0.1 13+ 0.1
Staphylococcus epidermidis 20+0.1 19.5+0.2 14+0.1
Staphylococcus saprophyticus 21+0.1 19+0.1 14+0.1
Escherichia coli 21+0.1 20+0.1 13+0.1
Klebsiella pneumonia 29+0.1 26%0.1 19+0.1
Proteus vulgaris 19+0.1 17+0.1 9+0.1
Enterobacter aerogenes 19+0.1 17.5+0.2 11+0.1
Citrobacter frundii 20+0.1 19+0.1 4+0.1
Pseudomonas aeruginosa 0 0 0

Note: Significant difference: P<0.05, Subset for alfa=0.05

Table 3. Results of minimal inhibition concentration (MIC) with different concentrations of the Ziziphora tenuior
essential oils

Name of isolated bacteria Essential oils concentration (ug/ml)
625 125 250 500 1000 2000 4000 8000

Staphylococcus aureus + + + - - - - -
Staphylococcus epidermidis + + + + - - - -
Staphylococcus saprophyticus + + + + - - - -
Escherichia coli + + - - - - - -
Klebsiella pneumonia + - - - - - - -
Proteus vulgaris + + - - - - - -
Enterobacter aerogenes + + - - - - - -
Citrobacter frundii + + - - - - -

Pseudomonas aeruginosa + + + + + + + +
Note: The symbol (+) indicates the growth of bacteria and the sign (-) indicates the absence of bacterial growth.

Table 4. Results of minimal inhibition concentration (MIC) with different concentrations of the Ziziphora tenuior
methanol extracts.

Name of isolated bacteria Methanol extract concentration (ug/ml)
625 125 250 500 1000 2000 4000 8000

Staphylococcus aureus + + + - - - - -
Staphylococcus epidermidis + + + + + - - -
Staphylococcus saprophyticus + + + + - - - -
Escherichia coli + + + + + - - -
Klebsiella pneumonia + + - - - - - -
Proteus vulgaris + + + - - - - -
Enterobacter aerogenes + + + + + - - -
Citrobacter frundii + + + + - - -

Pseudomonas aeruginosa + + + + + + + +
Note: The symbol (+) indicates the growth of bacteria and the sign (-) indicates the absence of bacterial growth.

Table 5. Results of the minimal bactericidal concentration (MBC) with different concentrations of the Ziziphora
tenuior essential oils

Name of isolated bacteria Essential oils concentration (ug/ml)
625 125 250 500 1000 2000 4000 8000

Staphylococcus aureus + + + - - - - -
Staphylococcus epidermidis + + + + + + - -
Staphylococcus saprophyticus + + + - - - - -
Escherichia coli + + - - - - - -
Klebsiella pneumonia + + - - - - - -
Proteus vulgaris + + - - - - - -
Enterobacter aerogenes + + - - - - - -
Citrobacter frundii + + - - - - - -

Pseudomonas aeruginosa + + + + + + + +
Note: The symbol (+) indicates the growth of bacteria and the sign (-) indicates the absence of bacterial growth.

122




Y. Anzabi et al.: Antibacterial properties of essential oils and methanol extracts of Ziziphora tenuior Lam...

Table 6. Results of the minimal bactericidal concentration (MBC) with different concentrations of the Ziziphora

tenuior methanol extracts

Name of isolated bacteria

Methanol extract concentration (ug/ml)

62.5

2.
Staphylococcus epidermidis +
Staphylococcus saprophyticus +
Escherichia coli +
Klebsiella pneumonia +
Proteus vulgaris +
Enterobacter aerogenes +
Citrobacter frundii +
Pseudomonas aeruginosa +

125 250 500 1000 2000 4000 8000

+ + + - - - -
+ + + - - - -
+ + + + - - -
+ + + - - - -
+ + + + - - -
+ + + + - - -
+ + + + - -

+ + + + + + +

Note: The symbol (+) indicates the growth of bacteria and the sign (-) indicates the absence of bacterial growth.

The Tukey test was used for the comparison of

samples. Also, in order to determine which
samples have significant mean differences,
ANOVA with equal frequency was used.
It is crucial that the statistical methods used in the
comparison between MBC and MIC of plant
extracts and essential oils were descriptive
statistics.

RESULTS AND DISCUSSION
RESULTS

The results show that the essential oils and
methanol extracts of Ziziphora tenuior have no
effect on Pseudomonas aeroginosa at the tested
concentrations. At a 5% level of confidence there
iS no significant difference between the
antibacterial effects of essential oils and methanol
extracts on E. coli, Citrobacter frundii and
Enterobacter aerogenes, but there is a significant
difference between other bacteria. Also the
strongest antibacterial effect was on Klebsiella
pneumoniae. Compared with the positive control
(ampicilin), in most of the cases except
Pseudomonas aeruginosa, the essential oils and
methanol extracts showed higher antibacterial
activity and this function is more pronounced for
the essential oils. The results also showed that the
minimal inhibition concentration (MIC) for the
essential oils of Ziziphora tenuior was <125 pg/ml
for most of the gram-negative bacteria except for
Pseudomonas aeruginosa (Tables 2,3). The
minimal bactericidal concentration (MBC) of
essential oils for the above mentioned bacteria was
equal to their MIC (the essential oils did not affect
Pseudomonas aeruginosa). On the other hand, the
minimal inhibition concentration of gram-positive
bacteria such as Staphylococcus aureus was 250
pug/ml, even though for other species of
Staphylococcus it was 500 ug/ml (Table 3).

In general, these results indicated that among
the gram-positive bacteria, Staphylococcus aureus

has the highest sensitivity against the used
concentrations of the Ziziphora tenuior essential
oils in our study. The 6 gram-negative isolated
bacteria were more sensitive to essential oils.
Klebsiella pneumoniae was similar to the other
species of gram-negative bacteria.

On the other hand, the results of the MIC
determination of methanol extracts of Ziziphora
tenuior showed that the extract has inhibitory and
bactericidal effect on all tested bacteria except
Pseudomonas aeruginosa (Table 3). The MBC of
these extracts for most isolates were equivalent
with their MIC (Tables 4,5,6).

The results of this study showed that, in general,
low concentrations of the essential oils of
Ziziphora tenuior compared to its methanol
extracts, are able of inhibiting the growth of the
studied bacteria.

DISCUSSION

Through thousands of years, the inhibitory
effect of spices, herbal extracts and essential oils
are known; but in recent years the effect of
aromatic extracts, essential oils and herbal
ingredients of these oils on pathogenic bacteria
and microorganisms causing food spoilage is of
great interest and represents the efforts of
researchers to use natural preservatives derived
from plants sources, instead of chemical
preservatives [16,17]. The effect of these
substances was studied on important food-borne
isolates like E. coli, [18], Salmonella enteritidis
[19-21], Bacillus cereus [22,23], Staphylococcus
aureus [19,20], Listeria monocytogenes [24].

Analysis of essential oils from different plants
showed the presence of different combinations. The
original composition of the essential oils of mint
family’s plants is thymol and carvacrol. The strong
anti-microbial effect of carvacrol has been
established by researchers [25, 26]. Ozturk and
Ercisli showed that the essence of Kakoty is
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formed of 31.86% poligon, 12.21% senion,
10.48% limonen, 9.13% menthol, 6.88% beta-
pinene, 6.73% menton, 3.5% peperitnon, 4.18%
peperiton [27]. The main component of the
essential oils of some mint family’s plants
including Kakoty, is poligon. Poligon has
antibacterial and antifungal properties and is
particularly effective for the different isolates of
Salmonella [28]. According to this study, essential
oils of Ziziphora tenuior showed a stronger
antibacterial impact compared to its methanol
extract and this antibacterial activity is probably
associated with poligon which is an essential
component of Kakoty essence. Results of Salehi et
al. study [8] on the antimicrobial effect of
Kakoty’s extract showed that Kakoty extract can
inhibit the growth of gram-negative bacteria
Klebsiella pneumoniae and Escherichia coli.
Besides lack of antibacterial activity against
Pseudomonas aeruginosa in a methanol extract
of Ziziphora tenuior (Kakoty) the results from the
studies [8,29] are consistent with the results of the
present study. Results of the study of Salehi et al.
[8] also suggest that the extract can inhibit the
growth of Staphylococcus epidermidis and
Bacillus subtilis. Studies of Ercili and Ozturk
[27,30] also showed that mountains’ Kakoty
extract and persica Kakoty are capable to prevent
growing a wide range of gram-positive and
gram-negative pathogenic bacteria. In this
study, the essential oils of Ziziphora tenuior
have an inhibitory and bactericidal effect on
most of the gram-negative bacteria but has no
effect on Pseudomonas aeruginosa, which is in
agreement with the results of Sharopov et al., [3]
in which the experiment was done on the Kakoty.
Their results also showed that the essence of
Kakoty can prevent the growth of gram-
negative  bacteria; Escherichia coli and
Enterobacter aerogenes, but had no effect on
Pseudomonas aeruginosa. Also, the above results
are the same as results of Salehi et al. [8] on the
antibacterial effect of mountains’ Kakoty essence.
Their study showed that essential oils of
mountains’ Kakoty can prevent the growth of
gram-negative bacteria, Klebsiella pneumoniae
and Escherichia coli and mountains’ Kakoty
essence is not active against Pseudomonas
aeruginosa. The results of this study showed that
the essential oils of Ziziphora tenuior have good
anti-bacterial effect on the tested gram-negative
bacteria. Based on Sharopov et al. [3] the anti-
bacterial effect of Kakoty essence native for
Turkey has been observed on gram-positive
bacteria, Staphylococcus aureus and Bacillus
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subtilis. The results of Salehi, et al. [8] showed
that mountains’ Kakoty essence can prevent the

growth of gram-positive bacteria, Bacillus
subtilis and Staphylococcus aureus.
Also, most studies suggest that the

susceptibility of gram-negative bacteria against
antibacterial compounds is less than that of gram-
positive ones which may be due to the presence of
an outer membrane in the structure of their cell
walls. Gram-positive bacteria have a large amount
of mucopeptide compositions in their cell wall
while gram-negative bacteria have only a thin layer
of mucopeptide and much of their cell wall’s
structure is made of lipoprotein and lipo
polysaccharide (LPS) and it seems that for this
reason they are more resistant to anti-bacterial
substances. These results are consistent with the
results obtained in this study [18].

CONCLUSIONS

In this study it was found that the essential oils
and methanol extracts of Ziziphora tenuior
(Kakoty) have anti-bacterial effects on the tested
bacteria except Pseudomonas aeruginosa,
therefore, it seems that the above mentioned
compounds can be used as antibacterial agents
against a broad spectrum of bacteria causing
urogenital tract infections. It is suggested that in
this connection supplementary study should be
done on animal models.
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AHTUBAKTEPUAJIHA CBOMCTBA HA ETEPUYHU MACJIA U METAHOJIOBU
EKCTPAKTHU OT Ziziphoratenuior lam. (ECTECTBEH IMTPOJAYKT) ITPEJU LI'bOTEXA
CIIPAMO BAKTEPUN, U30JIMPAHU ITPU MTHOEKIIMHU OT YPUHAJIHUA TPAKT

U. An3zabu’, A. Kxaku !, A. Paconu?, C. E6paxummyp®, ®@. ®anax Poctamu®”

Ylenapmamenm no namobuonozus, Ucnamcxu ynusepcumem ,,Azao “, Knon Tabpus, Hpan
2 Koneoic no éemepunapcmeo, Mcnamcku ynusepcumem ,,A3ao*, Knon Tabpus, Hpan.
SUscredosamencku yenmup no ungexyuosnu u mponuuecku borecmu, Meduyuncku ynueepcumem ¢ babon, Upan
*Munucmepcmeo na 30paseonaseare u meduyuncko obpasoeanue, H3ciedo6amencku yeHmsp no nCUXUaAmpus u
nosedenuecku Hayku, Meouyuncku ynugepcumem ,, Masanoapan*, Capu, HUpan

[Tonyuena na 7 romu, 2015 r., xopurupana Ha 3 centemBpH, 2015 T.

(Pesrome)

W3cnenBaneTo WMa 3a 1€ Ja HW3y4Yd AaHTPUOAKTEpUAHATA AKTHBHOCT HA ETEPUYHH MAacjia W METaHOJIOBH
eKCTpakTH OT pactenuero Ziziphoratenuior BbpXy HIKOH MATOTCHHH OAKTEPHHUH OMPEACITHETO MHUHHMAITHHUTE
KoHIleHTpalmu Ha uaxubupane (MIC) u munumanaure 6axrepuiuaan kouuentpanuu (MBC).

Pesynrature mokassat, de 3a maciara MIC e 250 pg/ml copsimo moBewero I'pam-orpuiiaTenHu GakTepuu C
n3kmovuenne Ha Pseudomonas aeruginosa. I'pam-orpunartenunure Oaxrepun Klebsiella pneumoniae e mo-
YyBCTBHUTEJHA CIPSIMO JpYyrH BHIOBE TIpaM-oTpuuarenHu Oaktepun. OT napyra crpana MIC 3a I'pam-
moyIoKuTeNNHUTE Oaktepun kato Staphylococcus aureus e 250 pg/ml, a 3agpyru Bugose ot poaa Staphylococcus
1s1 ¢ 500 pg/ml. Pesynrarute ot ompenensaero Ha MIC 3a MeTaHOJIIOBHTE €KCTPAKTH OT CHIIOTO PacTEHUE
MOKa3BaT, 4e KOMOHMHALMATA OT TIX MMa WHXUOUTOpEH M OakTepHUHIeH e(eKT 3a BCHYKH H3CJICIBAHH
6akrepun ocBen Pseudomonas aeruginosa. MBC na metanonoBute exctpakti € 2000 pg/ml 3a noseuero ot I'pam-
OTPUIATEIIHUTE M MO-MAlKo 3a [ pam-mojoxuTenHuTe. MOXe Ja ce 3aKI0YH, HHUCKHTE KOHICHTPAIMH Ha
eTePUYHUTE Macjia OT TOBa pAacTEHHE Ca B CBHCTOSHHE Ja WHXHOUpPAT pacTeka Ha H3CICIBAHUTE OaKTEpHH.
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Two mathematical models describing cathodic and anodic polypyrroleelectrodeposition in strongly acid solution were
developed, analyzed and compared with one another and with experimental data. The differences in the reaction
mechanisms causing the difference in reaction kinetics, resulting polymer morphology and properties find their
mathematical description. The probability of the realization of instabilities for cathodicelectrodeposition was also verified.
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INTRODUCTION

Conducting polymers (CP), being capable to
combine the properties of plastics (flexibility, light
weight, toughness, resiliency, versatility in shaping
and corrosion resistance) with metal conductivity,
and also being easily modified, have already found
use in corrosion protection, optoelectronics, light-
emission diodes (LEDs), electrochemical cells (e.qg.,
electrochromic and fuel cells), optoelectronics and
sensors [1 — 14].

The process is usually initiated by means of
chemical or electrochemical monomer oxidation,
followed by radical coupling (or electrophilic
substitution) and chain propagation [2 - 5].
Chemical oxidation involves the use of oxidizing
agents, usuallycations (Fe**, Cu?*, NO*) or anions
(ClOs, S;0s*) and electrochemical oxidation
implies the use of anodically polarized electrodes
(anodic  electropolymerization  [2,3]). The
electropolymerization is predominantly used to
obtain highly conductive coatings (because of
thebetter coplanarity of the monomer rings and
dopant intercalation [3, 15]), the thickness and
morphology of which are easily controlled.

The cathodicelectropolymerization is less used,
especially in the case of the monomers of 5-
membered heterocyclic compounds [1, 15 — 18].
Two approaches may be used to deposit conducting
polymers on a cathode — the
electroreductivepolymerization and the use of in situ
generated oxidants [1, 18]. The latter approach isnot

* To whom all correspondence should be sent:
E-mail: nightwatcher2401@gmail.com

in fact an electroreductive polymerization, but
chemical polymerization, initiated by
electrochemically formed initiators.

In [1], polypyrrole was obtained by cathodic
route, enabling the one-step synthesis of metal-
polypyrrole composites. This was achieved by
application of cathodic potential of -0,65 V versus an
Ag/AgCl/AM KCI reference electrode in very
specific conditions, coupling the reactions of
electroreductive generation of an oxidizing agent, in
this  case  nitrosyl  cation,and  oxidative
polymerization of pyrrole. The summary reactions,
yielding the cathodically deposited polypyrrole are
given as:

NOs + 4H*+2e'>NO* + 2H,0 (1)

(2n—2)NO++nC4H5N9 C4H4N — (C4H3N)n.2— CsHiN
+(2n-2)NO + (2n-2)H* @)

The authors of [1] compared the morphology of
the resulting cathodically obtainedpolypyrrolewith
that obtained by anodic electropolymerization at
+0,8 V in the same conditions. The cathodically
synthetized polypyrrole presented more developed
three-dimensioned surface, compared to the two-
dimensional coating lacking mesoporosity,as shown
in Fig. 1.

In [3] and articles cited therein the SEM images
of similar structures of the anodically deposited
polypyrrolewere also given, but such films were
obtained in potentiodynamic mode, that wasnot
applied for polypyrrole deposition, described in the
first part of the article [1].

As reported by the authors of [1], the described
polymerization method may allow the one-step
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preparation of a broad range of metals (theoretically
including Ni (E°=-0,4 V >-0,65 V), that has already
gained its use in metal — CP composites acting as
electrocatalysts and sensors for different compounds
[19 —21]).

a8
o «

Fig. 1.SEM images of cathodically (a) and anodically
(b) synthetized polypyrrole from the same solution (0.4 M
HNO;3; + 0.5M NaNOs + 0.2 M Py). Reproduced from [1]
with the permission of Wiley-VCH Verlag GmbH &Co,
Weinheim, Germany.

Another difference between the cathodic and the
most used anodic electropolymerization is the
influence of pH.According to [1], the efficient
deposition of PPy films is possible at pH<1.5. On the
other hand, according to [3], strongly acid media,
although kinetically favoringthe
electropolymerization, affect the morphology of the
resulting conducting polymer, causing proton
attacks and, in some forming the
poly(isopyrrole) form:

cases,

Also, during the anodic electropolymerization of
pyrrole, thiophene and indole in strongly acid media
the occurrence of electrochemical instabilities
(oscillatory or monotonic) is possible [22 -31]. Some
patterns of the oscillatory behavior (periodic, quasi-
periodic and chaotic), observed in this systems,
andthe morphology changes, accompanying such
scenario, are represented inFig.2.

The authors of the works [22, 23] have compared
the oscillatory patterns with the nature of the
background electrolyte and observed the relations
between polymer morphology and current
thermodynamic state, describing the oscillatory
behavior with surface instabilities. In the work [1],
no electrochemical instabilities were observed, but
this doesnot warrant that their occurrence (and, in
consequence, the corresponding morphology
changes) is impossible for the same synthesis in

different conditions (potential, acid or salt
concentration, monomer concentration, nature of the
electrode, etc.). To have the possibility to predict
their occurrence and find their conditions, it is
necessary to develop and analyze a mathematical
model capable to adequately describe the processes
in this system. This not only gives the possibility of
prediction and explanation of the occurrence of
electrochemical instabilities, but also enables the
determination of clear stable steady-state
requirements, or, better saying, of the most
convenient synthesis.
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Fig.2.Oscillatory  behavior during the anodic
electropolymerization of thiophene with two different
background electrolytes — 4 — TSS (a) and ZnSQO4 (b) and
corresponding morphological changes (c,d). Reproduced
from [22] with the permission of IN-SCAR, India
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Fig.3.Oscillatory behavior observed during the
electropolymerization of pyrrole in strongly acid media
with (a) and without (b) the use of surfactants; (c) and (d)
represent the surface modifications. Reproduced from
[23] with the permission of Elsevier, the Netherlands.

Our group has already made some efforts to
describe  mathematically the electrochemical
polymerization carried out by anodic route [32 — 42]
and the conclusions of the modeling were in
accordancewith the conclusions of experimental
investigations. The comparative analysis of the
mathematical models for cathodic and anodic
polypyrrole depositions is an important part of the
general comparison of the two methods. So, the goal
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of our work was the construction and analysis of a
mathematical model for polypyrrolecathodic
deposition (section 1) and the comparison of the
models for cathodic and anodic deposition with one
another and with experimental data as a part of the
comparative kinetic investigation of the two
synthetic routes (section I1).
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Fig. 4.Current responses observed  during
potentiostaticelectropolymerization of indole over iron in
ACN-water mixtures without (a, b) and with (c,d)
oscillatory behavior. Reproduced from [24] with the
permission of Elsevier, the Netherlands.

SYSTEM AND ITS MODELING

As the process of the potentiostatic (E=-0,65 V)
cathodicelectrodeposition of pyrrole described in [1]
is pH-dependent, for its mathematical description we
introduce three variables:

N —concentration of nitroso-cations in the pre-
surface layer,

H —protons concentration in the pre-surface layer,

P —pyrrole concentration in the pre-surface layer.

In order to simplify the modeling, we suppose
that (i) the reactor is intensively stirred, so we can
neglect the convection flow;(ii) the background
electrolyte containing NOs™ ions is in excess, so we
can not only neglect the migration flow influence,
but also suppose its concentration as constant. Also
we suppose that the concentration distribution of all
substances in the pre-surface layer is linear and the
thickness of the layer is constant and equal to .

Nitroso-cations are generated cathodicallyby
strongly acidic media electrochemical reduction of
NOgs-ions, that in modeling (and also in the
experimental conditions of [1]) are in excess. They
are reduced during polymerization. So, the balance
equation for their concentration may be written as:

dN _ 2
w=5i—n) ©
in which, r; is the initiator generation rate, r, is the
polymerization rate, 2/5is the non-dimensional

128

modeling coefficient relative to the bimolecular
double electric layer (DEL).

Protons are moving to the pre-surface layer by
diffusion. Also they are generated in the process of
electropolymerization. They participate in the
process of nitroso-cations generation, may be
cathodicallyreduced at the working potential and
also may attack the acidophobicpyrrole molecules,
yielding the non-conducting polymer, named
“pyrrole red”, by the mechanism, presented below:

P O—w
= pol;

In this scheme X may be not only — NH, but also
— O, because of the acid instability of furan and
pyrrole.

Taking in account the excess of NOs ions
stabilizing the system, we can neglect this scenario,
and also the protons’ cathodic reduction, SO,
according to the Fick’s first law, the balance
equation for the protons’ concentration may be
described as:
dH 2 (D
— = ((S (Hy—H)—r; + rp) (4)
in which D is the protons’ diffusion coefficient and
Hy their bulk concentration.

Pyrrole monomer enters the pre-surface layer by
diffusion and leaves it by polymerization. So the
balance equation of its concentration, composed by
taking into account the first Fick’s law and modeling
coefficient relative to DEL, may be described as:

dapr

=25 -P)-1) ©

dt
in which Astands for pyrrole diffusion coefficient

and Py, for its bulk concentration.
The respective reaction rates may be calculated

as:
2F
r; = k;HY exp( 5(P0)’
7, = k,N*PY(6-7)
in which w, x and y are protons,nitroso-ions and
pyrrole reaction orders, depending on the

polymerization mechanism, “2” in the expression (6)
is the number of electrons transferred, &is the
transition number, ois the potential slope, relative
to the zero-charge potential, kiand k, are the rate
constants for the respective reactions.

RESULTS AND DISCUSSION
(SECTION 1)

To analyze the behavior of the system with
cathodic polypyrroleelectrodeposition, we analyze
the differential equation system (3 — 5) by using
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linear stability theory and bifurcation analysis. The
Jacobi functional matrix steady-state elements may
be calculated as:

aj1 Aqz Qg3

Az1 Az QA3 (8)
az1 Az dAzz
In which:
2 x—1py
a11 = _E.X'kpN P a12

2790\

= EWk-HW_l exp (
' RT

)

2
a3 = _S(ykpNxPy_l)

2
a21 == gxkpN Pyazz
B 2( D
0 0 2F¢
_ Po
— wk;H% ! exp( T ))
Ay3 = (ykpN"Py‘l)
2 x—1py
a31 = _EkaN P a32
2 2FS ¢
ok ()
6Wkl exp |~

azz = _g(g‘l‘ykp]vxpy_l) (9—15)

Oscillatory behavior analysis.For the oscillatory
behavior to be realized, the presence of the
positiveJacobianmain diagonal elements (describing
the positive callback) is required, but, as it may be
seen, the main diagonal elements ai1, a2 and ass are
negative, so, no oscillatory behavior, characteristic
for the anodic electropolymerization, may be
observed in this case, which is in accordance with
the experiment described in [1].

Steady-state stability analysis.For the steady-
state stability analysis, we use the Routh-Hurwitz
stability criterion. To be derived, the main
requirement is Det J <0. We introduce
newparameters describing different aspects of the
influences of the processes on the steady-state
stability and the Jacobian determinant will be
rewritten as:

—¢ ! —X

8

5 $  —Ky— X (16)
—$ L —K; — X

Opening the brackets in (16) and resolving the
inequationDet J<0, we obtain the stable steady-state
requirement in the form of:

—&KKk, < 0 (17),

that is always satisfied, because all of the mentioned
parameters may only have positive values in the
conditions of synthesis. So, the steady-state stability
is warranted by the high monomer and proton
concentration(high  values of the diffusion
parameters xiand x2) and also by the high
concentration of nitroso-cations (&>>0).According
to the experimental data described in [1], the
cathodicpolypyrrole deposition was efficient when
the pH was low. In such conditions, the proton
diffusion rate was high (k;>>0) and, taking into
account the excess of nitrate-ions, the low pH made
the concentration of nitroso-ions high too, satisfying
the condition (£>>0).

As the condition (17) is always satisfied, the
monotonic instability (requiring Det J=0) is
impossible. So, the mathematical modeling confirms
the optimal synthesis conditions, chosen for the
synthesis of thecathodically deposited polypyrrole in
[1]. The absence of surface and electrochemical
instabilities also confirms the possibility of
obtaining a well-developed 3-dimensional surface.

It is also important to admit that the excess of
NOs relatively to the proton concentration in this
system acted as an important stabilizing factor,
impeding the proton attacks on monomer and
polymer molecules that would negatively influence
the polypyrrole vyield, steady-state stability and
coating’s morphology.The steady-state stability
analysis of the 4-dimensional system, including the
balance equation for nitrate-ions, planned in our
further investigations, may also give the “upper” and
“lower” pH margin of the steady-state stability
topological parameter region.

CONCLUSIONS (SECTION I)

In the system with the cathodic deposition of
polypyrrole realized by electroreductive generation
of oxidizing particles, the excess of precursor ion (in
this case, nitrate-ion) is an important stabilizing
factor providing convenient polymer
electrodeposition.

When the concentration of precursor ions is
maintained in excess, the system is maintained in a
stable steady-state, which is in accordance with
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experimental data. The low pH-condition may be
interpreted in terms of satisfying rapid proton
diffusion and nitroso-ions formation requirement.
Neither oscillatory, nor monotonic instability
may be observed in this system, contrarily to the
anodic electropolymerization. No time-dissipative
structures, existing in the systems with anodic
electropolymerization, exist in this case.

SECTION II. MATHEMATICAL MODEL FOR
THE POTENTIOSTATIC
ELECTROPOLYMERIZATION OF PYRROLE
IN STRONGLY ACID MEDIA AND ITS
COMPARISON WITH THE CASE OF
CATHODIC ELECTRODEPOSITION

If the polarity of the working electrode is
changed, the role of NO3s and protons, compared to
the case of cathodic electrodeposition, is
significantly ~ different. In the case of
potentiostaticelectropolymerization, nitrate-ion will
play the role of a dopant, entering the polypyrrole
matrix. The electrochemical polymerization will be
accelerated by the dopant participation, but in this
case, the monomer, like the conducting polymer
molecule will be vulnerable to proton attacks, so it
will lead to less developed morphology [3].

The most accepted mechanism for anodic
electropolymerization of pyrrole (like other 5-atom
heterocyclic aromatic rings) is that, proposed by
Diaz and modified by Kim [3, 22,23]. It consists of
cation-radical formation by monomer oxidation,
chain propagation by coupling or electrophilic
substitution,protonsexpulsion, dimer oxidation and
coupling of the formed cation-radical with one of the
monomer and so on. The anodic electrochemical
polymerization of pyrrole is foregone by the
monomer adsorption, dispensed in the case of
cathodic electrodeposition, because pyrrole doesnot
directly participate in the electrochemical
process[1].

The mathematical model for the potentiostatic
anodic  electropolymerization of acidophobic
monomers including pyrrole in strongly acid media
has been already developed by us in [35]. Now we
allocate here its description in order to make the
comparison of the cathodic and anodic
polypyrroleelectrodeposition from the same solution
more clear.

To describe mathematically the
electropolymerization of pyrrole in strongly acid
media, we introduce three variables:

P — pyrrole concentration in the pre-surface layer;

T —coverage degree of pyrrole on the anodic
surface;
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H —protons concentration in the pre-surface
layer,as supposed in section I.

It is possible to prove that this system may be
described by the following system of differential
equations:

2—?=§(§(P —P)-I-Td—T _rads)
Fmax(ra )
k Z—Zz%(E(Hb—H)+rp—ra)

(18 - 20)

in which rags and ry are the monomer adsorption and
desorption rates, r.s the side reaction of the
monomer with protons, I'max the maximal monomer
surface concentration.

The reaction rates may be calculated as:

o ©P(BTYL-T)P;
ry =Kyq eXp(_ﬁzT)T ;

r, =k,PH; r, =k, f(H)T EXp(_FZ;%) (21-24)

in which, the parameters k are the corresponding
rate constants, f(H) is the function of the influence
of proton attack on the -electropolymerization
process, PB: and p.are constants describing the
attraction of the adsorbed particles, z the quantity of
electrons transferred.

RESULTS AND DISCUSSION (SECTION I11)

To analyze the behavior of the system with
anodic electropolymerization and to compare it with
cathodic electrodeposition, we investigated the
equation system (18 — 20) by using the linear
stability theory. The steady-state Jacobian functional
matrix elements are represented as:

Q; &, ag
J=lay a, ag (25)
dg 35 g
in which
oF, 2 D
=12k TY1-T)-—=—kH
a’.ll 6P 5( adsexp( 1 )( ) 5 a \J
oF,
By =— 5( kPexp(BT)(L-TIT - 1)+ k, expl(- BT JL-T))
oF,
=—==-kP
G H a
oF
a21:6_|32 maxlkads eXp(ﬂlT)(l T)
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. kPexp(AT)(L-T)B -1~ ks expl- AT)L-T) -
=g T —kpf(H)TeXp[ ) kf(H)Texp[**%ji%(Ka TK)):KK;%}
a,, =aa% —l"maxl( k Pexp[——¢oj d]:j(lll_l)j
a5 = % =-k,H
a, = ‘ZFS K f(H)Texp(——qﬁo)Jrk f(H)Texp(——qﬁo)W
a, = % Sk, Pex [—¢0]df(H) kP - )(26734)

in which Ko and K; are capacitances of the parts
of DEL, referring to the free and monomer-covered
parts of the surface.
As in the previous case, we simplify the Jacobian
members, introducing the parameters, so, the matrix
gains the form:

-u-v-§ -W
%rr;; U w-z -« |3
-V z K—j—p

Oscillatory instability investigation.Contrarily to
the cathodicpolypyrrole deposition, the oscillatory
instability is possible for anodic
electropolymerization, which has been proved
experimentally [22 — 31]. The positive elements in
the Jacobian matrix may be:

W in the case of attracting interaction of adsorbed
particles (B1, P2>0). This confirms the surface
instability and the polymer morphology changes,
described in [22, 23].

Z in the case of DEL rearrangement occurring
whilst the monomer is oxidized. This confirms the
difference in oscillation amplitudes in the presence
of different dopants, observed in [22, 23].

k in the case of protons” autocatalytic formation,
previewed by Diaz mechanism for the case of proton
attacks on a growing polymer molecule.

The oscillatory behavior is accompanied by the
factors that make the polymer structure less
developed, compared to thatobtained in cathodic
manner.

Steady-state  stability.Using  Routh-Hurwitz
criterion, we obtain the steady-state stability
requirement in the form of:

(—u—v-8Wk—p)+Zp—-Wj+
ZN+u(Zj+Wrk—p—j) -
v(W(k—j)+Zj) <0 (36)

According to the inequation (36) the steady-state
will be stable in the case of absence or fragility of
influences on the electropolymerization process in

DEL (Z>0), repealing interaction of adsorbed
particles (W<0) and higher value of the proton outlet
reaction rates, compared to proton diffusion and
electropolymerization. So, contrarily to the cathodic
electrodeposition, the pH decrease doesnot favor the
steady-state stability.

The critical values of the parameters expressed in
(36) are corresponding to the saddle-node
bifurcation, describing monotonic instability:

(cu—v-OW(K—-p)+Zp-Wj+
Zj) +u(Zj+ Wk —p) —Wj) —
v(W(k—j)+Zj) =0@37)
These parameter values correspond to the N-
shaped fragment of the voltamperogram and
describe the multiplicity of unstable steady-states,
from which the system chooses one.
So, the model comparison may explain the
differences in the mechanisms of the cathodic and
anodic electrodeposition of pyrrole and the
influences of different factors on the use of
thementioned electrochemical techniques.

GENERAL CONCLUSIONS

1. The differences in morphology of
polypyrrole obtained from the same solution by
cathodic and anodic routes may be explained by the
different roles of the protons and nitrate-ions in the
processes. The difference in these roles explains the
different behavior of the mentioned systems. In this
case, pH decrease doesnot favor the steady-state
stability.

2. Contrarily to the cathodic electrodeposition,
for the anodic electropolymerization time-
dissipative structures exist, being maintained by
monomer and protons diffusion and polymer
formation.

3. The oscillatory instability is caused by the
action of surface, electrochemical and autocatalytic
factor, which is in accordance with experimental
data. The morphology changes, accompanying the
electrochemical instabilities, may explain the
appearance of a less developed surface, than in the
case of cathodic electrodeposition.

4. The cathodic electrodeposition is a more
efficient polypyrrole electrochemical synthetic
technique in low-pH nitric acid solutions containing
excess of nitrate-ions than the anodic
electropolymerization. The comparative modeling
of both processes confirms this fact.
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KATOJHO 1 AHOJJHO ITOTEHIIMOMETPUYHO EJIEKTPO-OTJIAI'AHE HA
[TOJIMITMPOJIN B CUJIHO KHUCEJIA CPEJA. TEOPETUYHO U EKCIIEPUMEHTAJIHO
CPABHEHUE

B. B. Tkau'*, P. Omxanu?, B. B. Heuunopyx?!, I1. U. Sroaunen?, An. M. na Poua®

Hayuonanen ynusepcumem ¢ Yepnosuyu, Yeprnosuyu, Yxpaiina
2Wmsepcumem » Masanoapan “, baboacap, Upan
SDeoepanen ynusepcumem Munaw epew, ITamnyns, Beno Opusoume, Bpasunus

IMoctrernmna Ha 25 nekemBpw, 2014 ., kopurupana Ha 15 cenremspu, 2015 r.
(Pestome)

Pa3pa60TeHH ca IBa MaTeMaTUYHU MOJICJIa OIMUCBAIIU KATOAHO U aHOJAHO MOTCHUUOMCTPUYIHO CJICKTPO-OTJIaraHe Ha
MOJIMIIUPOJIKN B CUJIHO KHUCEJIa Cpcla. Wzuucnenusara ca AHAJIM3UPpAHU U CPpAaBHCHU INOMCKAY CH U C OIIUTHU JaHHU.
Paznukure B PCAKIUOHHUTEC MEXaHU3MU, NPUUMHABAIN pa3IMKU B pCaKOMOHHATa KMHECTHUKA U B Mop(bonomma Ha
TMOJIMMEPUTE U CBOMCTBaTa UM HaMupaT CBOCTO 0o0siCHEHHE B Ch3aAaACHUTC MOJCIIN. HOTB'LpILeHa € BCPOATHOCTTA Ha
HECTaOUITHOCTH IIpU KaTOJAHOTO CJICKTPO-OTJIaraHe.
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Gas adsorption on ZnO nanowires as studied by surface acoustic wave resonators
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The sensitivity of ZnO nanowires to gas adsorption has been studied by the surface acoustic wave resonance
method. ZnO nanowire aggregates have been deposited on the surface of quartz two-port surface acoustic wave
resonators with gold electrodes whose frequency output has been studied for gas sensing activity. High sensitivity
combined with selectivity to specific analytes such as ammonia and acetic acid have been found. To exploit the
maximum adsorption capacity of the wires, pretreatment with acetic acid has been found necessary. A considerable
sensitivity to toxic pyridine and hexamethyleneimine has been separately established. The physical and chemical
features of the adsorption processes have been discussed with focus on the inverse effect of gas adsorption on the

nanowires sensing efficiency.

Keywords: ZnO nanowires, SAW resonator, gas, adsorption

INTRODUCTION

Recently, chemical gas sensing devices have
been developed and studied at growing rates
because of the increasing demands for control and
monitoring in the atmosphere, food industry,
medicine, agriculture, etc. Recent advance in
nanotechnology has brought other means for
improving the sensitivity by using specifically
designed nanomaterials. Among various materials
used in such nanostructures, metal oxides occupy a
significant place nowadays. Within the extensive
family of oxides explored and used in multiple
microelectronic applications, ZnO is considered to
be perhaps the most prospective one due to a
number of advantages such as large exciton binding
energy, high electromechanical coupling constant
and resistivity to harsh environment. From the
variety of ZnO nanoforms used, one-dimensional
nanostructures (nanotubes, nanowires, nanofibers,
etc.) have been demonstrated to be excellent
candidates for chemical sensors because of the
enhanced sensitivity that primarily derives from
their very high surface to volume ratio [1]. Usually,
these structures provide sensitivity several orders of
magnitude better than that of thin films made of the
same material [2]. Another advantage of this
approach is that these nanoforms are produced by
numerous methods, such as etching, wet chemistry,

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

metal-organic chemical vapor deposition, physical
vapor  deposition,  electrochemical  method,
molecular beam epitaxy, pulsed laser deposition,
sputtering, flux, electrospinning, etc.

The priority role played by ZnO nanowires in
gas adsorption raises the necessity for detailed
investigation of the sorption mechanism. The
specificity of the oxide reaction to irradiation with
gas analytes involves two kinds of sorption. One is
the physical sorption that allows the gas molecules
to leave freely the substance surface after stoppage
of the gas presence in its proximity.

The other mechanism is chemical sorption that
leads to irreversible changes in the surface
morphology and properties. It has been known, for
example, that when the nanowire diameter becomes
comparable to the Debye screening length,
chemisorption  induces surface states that
effectively alter the electronic structure of the entire
system [3]. One aspect of this irreversibility which,
in our opinion, has not been given enough attention
so far, concerns the evolution of the sensor material
in time, produced by its action as a detector. It is
not clear to what extent such sensors are reusable,
and could there be some beneficial effect from
gases previously applied or measured. Along with
studying the response to various gases, the present
contribution is also an effort to better understand
this latter side of the ZnO nanowire sensing
behavior and application. To follow the gas
sensitivity of nanowires we have used the surface
acoustic wave (SAW) method based on the change
in the SAW velocity produced by gas molecules
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adsorbed by nanowires deposited on the wave
propagation surface. In fact, there are a number of
studies on gas sensors using ZnO nanostructures
and SAW detection [4, 5]. However, the problem
with those nanostructures is that, due to their
semiconductor nature, they could have a shorting
effect on the interdigital SAW electrodes (so called
acoustoelectric effect [4]). This could lead to
degradation of the resonance properties of the SAW
device and to a considerably increased loss [5]. For
this reason such gas sensor studies have been
usually based on SAW delay-lines. SAW resonators
have been scarcely mentioned, and, to our
knowledge, they have not yet been used in the
nanowire case. It is to mention that studies using
bulk acoustic wave resonators have also provided
positive results in studying the response to specific
analytes such as, for example, NO, [6] and
ammonia [7, 8]

In this study we use the SAW resonator method
[9], as it fits well the task of studying the details of
gas adsorption due to its high sensitivity. This
sensitivity primarily derives from the high
operating frequency and also from the strict phase
conditions for establishing the main resonance. We
use different types of VOCs family gases as active
analytes (acetone, formalin, ammonia, acetic acid,
pyridine and hexamethyleneimine (HMI). The latter
two are specifically studied to reveal the effect of
the molecule size on the adsorption features.

EXPERIMENTAL

Two identical two-port Rayleigh SAW
resonators with gold electrodes structure on ST-
quartz at 440 MHz (courtesy of Research Center
Karlsruhe, Germany) have been used. ZnO
nanowires have been synthesized by
electrodeposition in aluminium oxide membranes —
a widely used technique for the fabrication of metal
or metal oxide nanowires [10]. The nanowires
collected have been dispersed in isopropanol by
ultrasonification. A single drop of the dispersion
(20 pL) has been applied onto the substrate which
has been placed on a hotplate (at approximately
60°C) for solvent evaporation.

SEM images of the actual resonator surface after
deposition of the nanowires are shown in Fig. 1 for
two magnifications. A cluster character of the
coverage is clearly seen. The nanowire coating
produces a decrease in the resonance frequency
(about 1.5 MHz) and a heavy increase in the peak
loss (about 30 dB). These changes in the resonator
performance are related to two independent factors.
One is the mass loading of the surface and the other
is the electric shorting of the two electrode combs

due to the finite conductance of the ZnO wires. For

the moment, these two contributions are practically

impossible to separate.
O s s
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Fig. 1. The surface of Rayleigh SAW resonator after
nanowire coating; a) scale 100 um; b) scale 2 um.

The large resonator damping and the resulting
broad frequency peak do not allow the
measurement of the resonance frequency on a
resonator based oscillator and the readout of the
spectrum analyzer should be exploited. However,
because of the same reasons, the programmed
direct usage of the peak function of the analyzer is
insecure and leads to unjustified dispersion of the
results. To get better confidence each resonance
frequency has been determined as a mean of the
two values obtained on the left and right slope of
the response at 3.0 dB.

In a first series of measurements the coated
surface of one of the samples (resonator 1) has been
exposed to the action of vapors of volatile organic
compounds. The experiments have been done in a
gas cell using the non-flow method described in
details in our previous paper [11]. The liquid to
evaporate has been step-like introduced into the cell
at definite quantities (typically 0.2 ml) and a
corresponding time interval for achieving
equilibrium before reading the frequency (usually
about 2 min) has been followed. Because the
response has been found to be generally reversible,
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different gases have been applied in a sequence. In
a second series of experiments the surface of
another coated resonator (2) has been exposed to
the action of two highly toxic organic substances —
pyridine (CsHsN) and hexamethyleneimine, HMI
(CsH13N). Apart from the application side, another
ground for this choice is the difference in the
volumes (the kinetic diameters) and the basicity of
these two heterocyclic organic molecules. To
highly secure the ambient atmosphere we applied
the gas flow cell method described in our earlier
published paper [12]. The analyte molecules are
carried by Ny that is let through the liquid in a
hermetically sealed system. Unfortunately, this
method does not allow to precisely determine the
gas concentration and what we present instead is
the gas flow rate settled by a flow meter. This
alternative, however, has the advantage of
establishing the absorption behavior of the ZnO
nanowires in a dynamic regime and to determine
the concentration of their absorption centers.

RESULTS AND DISCUSSION

Particular interest has been paid to the response
to ammonia since other studies have revealed
considerable sensitivity to this analyte [8]. The
obtained concentration dependences are shown in
Fig. 2

a) Ammonia (Fo=430,786MHz)

0- —= by Acetic Acid (F0=430,974 MHz)
v ¢) Ammonia (Fo=430,665 MHz)
00711 " s d) Acetic Acid (Fo=430,236 MHz)
-600 A _
-900] %
12004 %
-1500 |
-1800 .
-21004 °
-2400

AF (kHz)
5

0 30000 60000 90000 120000
Gas concentration (ppm)

Fig. 2. Responses of resonator 1 to ammonia and
acetic acid applied in chronological order. Fo — starting
resonance frequency. AF — difference between Fo and
current resonance frequency.

First ammonia response (a) is close to linear
overall, revealing sensitivity of 40 Hz/ppm (all
sensitivity data presented hereafter concern the
initial linear part of the dependence; a 10000 ppm
interval has been chosen to allow comparison).
Then the resonator is exposed to acetic acid (b)
resulting in the high sensitivity of 120 Hz/ppm.
Expectedly, this response exhibits saturation
behavior at higher concentration levels. The next
exposure again to ammonia (c) results in a
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differently shaped characteristic with a sharp
downfall at the beginning and a tendency for
saturation thereafter (similar to previous one).
Again a sensitivity of 120 Hz/ppm is achieved.
Finally, another experiment with acetic acid reveals
the extremely high sensitivity of 400 Hz/ppm. The
results of all experiments in a chronological order
are summarized in Table 1. Two additional facts
should be noticed: i) the lack of response to acetone
and formalin, and ii) the weakening of the response
to ammonia with time. In fact, the last result in the
table was obtained three months after the second
exposure to acetic acid presented by curve (d) of
Fig. 2. It is to note that this relaxed response is
almost identical to that shown at the start of the
ammonia/acetic acid series.

In all these experiments the resonator loss has
been found, as expected, to increase with gas
concentration but the increasing rate appears to be
less pronounced compared to the rate of decreasing
frequency. For example, a 1 MHz frequency shift
(similar to that produced by the presence of the
layer) is now accompanied with only 3 dB loss
increase, as evident from Fig. 3.

=15 ILo=-39,92 dB Ammonia

Insertion loss (dB)
A
B

0 20000 40000 60000 80000
Gas concentration (ppm)

Fig 3. Resonator 1 insertion loss versus gas
concentration. Lo — starting insertion loss. Corresponds
to the frequency behavior of curve (c) on Fig. 2.

Table 1. Chronology of experiments on gas response
of resonator 1.

Gas
Analyte I\/II: I(iiz |<A|-}|:£ concentration, Date
ppm
Acetone 430.766 10 7500 09.02
Ammonia  430.786 250 10000 09.02
Acetic acid 430.974 1200 10000 11.02
Formalin ~ 430.641 0 Up to 75000 16.02
Ammonia  430.665 1200 10000 29.03
Acetic acid 430.236 1600 40002 05.05
Ammonia  430.261 1250 75002 10.05
Ammonia  430.519 300 10000 05.07

210000 ppm out of linearity scope
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The relaxation behavior of the strongest
response to ammonia is given in Fig. 4a together
with the frequency shift versus gas concentration
(4b).

a)

200, Fo=430,261 MHz Ammonia

4004 |
-600-
-800-

AF (KHz)

1000
1200

-1400

0 6 12 18 24 30 36 42 48
Time (min)
b)

2004 Fo=430,261 MHz Ammonia

AF (kHz)

=1000 4

-1200 4

=1400 4

0 5000 10000 15000 20000 25000
Gas concentration (ppm)

Fig.4. Frequency shifts with time a) versus
corresponding gas concentration dynamics b) (AF — the
difference between Fo and current resonance frequency).

The obtained results for pyridine and HMI are
presented in Fig.5 for a flow rate of 20 ml/min.
With HMI the resonator needs more time to reach
equilibrium than with pyridine. The measurements
with pyridine have been repeated at flow rates of 40
ml/min and 60 ml/min. At the higher rate the
resonator demonstrated a clear tendency for
saturation. After ending the experiments the
surfaces of both resonators were studied by
scanning electron microscopy. (Fig. 6 a,b). A rather
peculiar shape of the aggregates is observed as the
individual wires appear lost overall.

EDX-spectra of the two resonator surfaces
indicate the presence of carbon and nitrogen which
have obviously remained chemically bound to the
surface.

It is known that ZnO behaves as an n-type
semiconductor even without donor doping due to
oxygen deficiency induced during processing [13].
This type of deficiency largely controls the
adsorption at the surface and thus the reaction to
different gaseous analytes [14]. The adsorbed
molecules affect the properties of the space charge

layer especially in thin films where the width of the
layer becomes comparable to the thickness
dimension. This principle lies in the performance of
the widely exploited resistance sensors. In the
nanowires case, the large surface to volume ratio
enhances the sensitivity to the analyte molecules by
offering larger amount of adsorbing centers. As
seen from Table 1 and the related Figure 2, the
attained sensitivity to ammonia and acetic acid has
varied with time during the experiments, the
highest values reaching 160 Hz/ppm for ammonia
and 400 Hz/ppm for acetic acid, respectively. The
detection limit is estimated by the short term
stability of the resonator, i. e., the spontaneous
departure of the resonance frequency over gate time
corresponding to the time interval between
consecutive read-outs, which is also the time
elapsed to the first read-out following the
introduction of the first analyte amount in the cell.
Making a series of read-outs on the used resonator
1 by a step of 2 min over a time interval of 30 min
we calculate a standard frequency deviation of 3.8
kHz. This corresponds to a detection limit of 24
ppm for ammonia and 9 ppm for acetic acid,
respectively.
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Fig.5. Response of resonator 2 to pyridine a) and
HMI b), both at 20 ml/min carrying gas flow and air-

flush at 200 ml/min and 500 ml/min carrying gas flow,
respectively.
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Fig.6. a) SEM image of a fragment of the material
left on resonator 1 (scale 2 um) after gas; b) SEM image
of resonator 2 nanowire surface after exposure to
pyridine and HMI.

Concerning ammonia, these data outperform the
results obtained using the quartz microbalance
method (40-1000 ppm; nanowires synthesized by
thermal evaporation) [1, 8]. Compared with other
gas sensing devices based on nanostructured ZnO
obtained by  magnetron  sputtering  and
electrochemical deposition [7, 15], the studied
SAW sensor device demonstrates increased
adsorption capacity to NH; molecules. Although the
density of the particles on the surface of the SAW
resonator is much smaller compared to that in the
referred works, the increased adsorption capacity
probably comes from casual space distribution of
scattered aggregations of ZnO nanowires offering a
larger open adsorption area to the sorbate molecules
(Fig. 6a). Acetic acid data are, to our knowledge,
presented for the first time here.

The adsorption results obtained with ammonia
and acetic acid reveal the considerable affinity of
the studied configuration to these analytes at a low
level of reproducibility. The adsorption capacity
variation, as well as the unstable behavior of the
starting resonance frequency should be related to
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the irreversible chemical reaction between the used
sorbates. The reaction takes place between
molecules of the actual analyte and those of the
other analyte left on the surface of the ZnO
nanowires from the previous experiment. Taking
into account the chemical nature of these molecules
it seems logical to assume that the undesorbed
molecules act as sorption centers for the newcomers
during the following cycle. The product of this
artifact reaction is ammonium acetate - an organic
salt that accumulates on the surface leading to
downshift in the resonance frequency. Taking into
consideration the complicated cascade of chemical
reactions running on the resonator surface, we
assume that the adhesion of this material to the
surface of the nanowires (and also the gold
electrode surface) is poor and results in subsequent
mechanically produced material loss (long term
upward shift of the resonance frequency). In
parallel, the obtained maximum sensitivity to
ammonia cannot be preserved unless new treatment
with the acid is done. As for the lack of response of
the resonator to acetone and formalin, it indicates
indifference of the nanowires to these two sorbates
at room temperature.

The experiments with pyridine and HMI also
show considerable sensitivity although, as
commented above, we are unable to define it
guantitatively. With regard to the highly toxic
character of these analytes the obtained results offer
serious potential for practical use. The adsorption
capacity of the sorbent toward the two N-containing
heterocyclic molecules is approximately the same
which indicates that the two processes involve
approximately the same amount of adsorption
centers. The insignificant differences observed are
most probably linked to a difference between the
Van der Waals‘ volumes of the two organic
molecules (steric factors) rather than to their
basicity [16, 17]. It should be also noted that pKa of
pyridine is 5.23 [18] and that of HMI is 11.07 [19].
The steric factor could also control the rate of
attaining adsorption equilibrium in the studied
systems (ZnO-pyridine and ZnO-HMI) [20]. In
view of the planarity of pyridine molecules and the
possibility of forming considerably denser
adsorption monolayers on a solid sorbent surface
[21, 22], the saturation of the polar ZnO adsorption
centers with pyridine molecules would require
considerably less time than with HMI (Fig. 5b).

A reasonable explication of the morphology
changes of the ZnO nanoparticles after irradiation
with acetic acid (Fig. 6a) can be found in their
reactivity to this analyte [23]. The observed
amorphization is probably due to a zinc acetate film
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formed on the sample surface that gives the ZnO
aggregates a melt-like appearance. The obtained
EDX-data came to support this understanding.
After exposure to ammonia and acetic acid, the
surface of the ZnO coated resonator is loaded with
carbon atoms belonging to the acetate groups of a
Zn(OOCCHs), layer. On the other hand, although
appearing similar, the morphology changes of the
nanowires after treating with pyridine and HMI
(Fig. 6b) are difficult to assign to the same type of
analyte action. It has been recently found that
pyridine has the property of shaping the ZnO
crystallites — a particle-to-rod transformation
mechanism that appears different from mere
amorphization [24]. Still, the carbon content left in
this case is found even higher than with the acetic
acid, indicating a chemical reaction again. These
results appear to need further attention.

From the results obtained in this study two
principal features can be outlined. One is the
possibility of considerably increasing the sensitivity
of the nanowires to ammonia by pretreatment with
acetic acid. This increase varies in time and
vanishes on the long run, with the sensitivity
returning to its initial value found at the beginning
of the gas experiment. As a whole, the response of
the nanowire assembly remains slightly changed,
despite the serious chemical transformations
occurring during the experimental cycle. The other
feature is the considerable sensitivity to pyridine
and HMI combined with relaxation time difference
due to difference in the basicity of these nitrogen-
containing organic adsorbates.

CONCLUSIONS

The adsorption properties of ZnO nanowire
aggregates on quartz surface acoustic wave
resonators with gold electrodes submitted to gas
exposure have been studied. High sensitivity
combined with selectivity to specific analytes has
been found. The response to ammonia outperforms
previous data obtained with quartz microbalance
sensors. To exploit the maximum adsorption
capacity of the layer, pretreatment with acetic acid,
to which the wires are also very sensitive, is
required. The chemical reaction of nanowires with
acetic acid and its effect on the sensitivity has been
discussed. A considerable sensitivity to toxic
pyridine and hexamethyleneimine has also been
proved. The differences in the kinetics of the
adsorption process are linked to steric factors in the
latter two cases.
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N3CJIEABAHE HA T'A30BA AZICOPELIMS BbPXY HAHOXHWYKU OT ZnO C
PE3OHATOPH C ITIOBbPXHWMHHN AKYCTNYHU BBJIHU

B. JI. Crpammmnos?, . E. Anekcuesal, I'. I. Ilynymanosa’, Y. H. Kones?, U. JI. ABpamos®

! Kameopa no gusuxa na mewpoomo msano u muxpoerexmponuxa, Coguiicku ynusepcumem, 1164 Cogpus, Bvreapus
2Kameopa no gpapmayesmuunu nayku u gpapmayeemuyuen menuosrcmvum, Meduyuncku ynueepcumem — Bapua, 9002
Bapua, bvreapus
3 Uncmumym no ¢usuxa na mevpoomo mano “I'eopeu Haxcoaxoe ', Bvnzapcka Axademus na naykume, 1784 Cogus,
bvreapus

IMocrermia Ha 5 deBpyapu, 2015 1., kopurupana Ha 3 rouu 2015 T.
(Pestome)

C momormira Ha pe30HAHCEH MeToA, 0a3WpaH Ha MOBbPXHUHHHU aKyCTUYHH BBJIHHU, € U3CJICABaHA YyBCTBUTEIHOCTTA
Ha HaHOXWYKH OT ZnO KbM ancopOIysi Ha Tra3oBe. BBpXy MOBBPXHOCTTa Ha JBYBXOJOB KBAapIIOB PE30HATOpP C
MMOBBPXHUHHN aKyCTUYHHA BBJIHU CHC 3JIATHH EJCKTPOIU Ca OTJIOKEHH arperatd Ha HaHOXKWYKH oT ZnO karo ca
CJIeICHH NMPOMEHHTE B PE30HAHCHATA MY YECTOTa C OTJIE] M3CIIeIBAaHE HAa CEH30PHH CBOMCTBA KBM ra3oBe. Y CTAHOBCHU
ca BHCOKa YyBCTBHTEIHOCT KOMOWHHpaHa ChC CEIIEKTUBHOCT KBbM CHENU(UYHA aHAINTA KAaTO aMOHSK M OICTHA
kucenuHa. [loka3zaHo e, 4e 3a MOCTHTaHE Ha MaKCHMAaJleH aJICOPONMOHEH KalalUTeT Ha HAHOXKHIKUTE € HEOOXOIUMO
MPEeIBAPUTENIHO TPETHpaHEe C OlleTHa KucelduHa. He3aBucMMO € YCTaHOBEHa 3HAYMTETHA YYBCTBUTEITHOCT KbM
TOKCHYHUTE TMHPUIAH W XCKCAMETHJIICHUMHH. JIUCKyTHpaHH ce (QU3NYHUTE U XUMHYHUTE OCOOCHOCTH Ha
aicOpOILMOHHUSI TIPOLIEC C aKLUEHT BBPXY oOparumus edekT Ha ra3zoBa ajcopOIus 10 OTHOIIEHHWE Ha CEH30pHaTa
€(eKTUBHOCT Ha HAHOKUYIKHUTE.
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Synthesis and properties of
3-amino-2-(3,5-di-tert-buthyl-4-hydroxyphenil)-1,4-naphthoquinones
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Novel biologically active 3-amino-2-(3,5-di-tert-buthyl-4-hydroxyphenil)-1,4-naphthoquinones were obtained by
reaction of 3-chloro-2-(3,5-di-tert-buthyl-4-hydroxyphenil)-1,4-naphthoquinone with various amines and amino acids.
Compounds were characterized with standard methods of chemical analysis and spectroscopic techniques. Synthesis of
a series 3-amino- and 3-amino acid-2-(3,5-di-tert-buthyl-4-hydroxyphenil)-1,4-naphthoquinones demonstrated
feasibility to conduct reactions in mild conditions providing relatively high yields in simple procedure and low time
costs. Both fungicidal and antibacterial activity of these novel compounds were tested on agar embedded cultures of the
following bacteria Escherichia coli, Staphylococcus aureus, Mycobacterium luteum and fungi Candida tenuis,
Aspergillus niger by using standard method. It was found that substances 4a, 4b, 4d, 5a, 5b had moderate antibacterial
activity against Gram-positive bacteria S. aureus, M. luteum. Compound 5d showed strong effect on M. luteum with the
minimum bacteriostatic concentration of 62.5 mg/ml. The culture of Gram-negative bacteria E. coli proved resistance
against compounds 5a-d, however compounds 4a-d demonstrated moderate bactericidal activity against E. coli. The
synthesized compounds 4a-d and 5a-d showed fungicidal effect on the growth of yeasts C. tenuis, but did not prevent
growth of A. niger. Some of tested compounds showed significant inhibitory effect on receptor tyrosine kinase (RTK).
In particular, compounds 5a and 5e inhibited tyrosine kinase activity by 57 and 51%, respectively. More powerful
inhibitory effect of 75% was observed for compound 4a. Found that compounds 5b and 5c inhibit oxidative processes
in tissues and some indicators of antioxidant action exceeded quercetin results.

Keywords: 1,4-naphthoquinones, hindered phenols, amines, amino acids.

INTRODUCTION

1,4-Naphthoquinone or para-naphthoquinone is
known as an important core structure of many
natural compounds, including the most notable
member representing vitamin K [1]. The other well-
known natural naphthoquinones comprised by
chemical structures of juglone, plumbagin, and
droserone. Various naphthoquinone derivatives
possess significant pharmacological activities
exerting  cytotoxic, antibacterial, antifungal,
antiviral, insecticidal, anti-inflammatory, and
antipyretic properties. Plants containing
naphthoquinone are widely used as folk medicine in
China and South America for treatment of
malignant and parasitic diseases [2].

Natural 1,4-naphthoquinones often possess
beneficial combination of various useful properties
due to electrophilic C=C bounding. For example, 3-
hydroxy-2-(3,5-di-tert-buthyl-4-hydroxyphenil)-
1,4-naphthoquinone combines properties of cancer
cell growth inhibitor [3] and strong antioxidant [4].
Presence of sterically hindered phenol in this
derivative of naphthoquinone is most likely

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

responsible for the antioxidant activity. The role of
phenolic structures in this regard could be of
particular interest since the discovery of its
presence in a-tocopherol (vitamin E) representing
one of the major free radical chain-breaking
antioxidant in  human  blood.  Therefore
incorporation of strerically hindered phenols into
1,4-naphthoquinones appear to be very meaningful
in terms of broadening their biological activity.
However, the excessive toxicity of some 1,4-
naphthoquinones has limited their application.
Therefore, search for more potent and less toxic
1,4-naphthoquinones is very important. One of the
possible ways to achieve this goal is to synthesize
novel amino-substituted derivative of 1,4-
naphthoquinone. N-derivatives of 1,4-
naphthoquinone could be used as possible approach
to diverse biological activity and attenuate toxicity
[5].

The present study is devoted to synthesis and
characterization of biological properties novel N-
derivatives of 1,4-naphthoquinone containing 2,6-
di-tert-buthylphenol moiety. Our goal here was to
study the effect of presence both sterically hindered
phenol and primary or secondary amines on
pharmacological activity of 1,4-naphthoquinone.
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2. RESULTS AND DISCUSSION
2.1. Synthesis

Starting 3-chloro-2-(3,5-di-tert-butyl-4-
hydroxyphenyl)-1,4-naphthoquinone ~ (3)  was
obtained (Scheme 1) by reaction of 2,3-dichloro-
1,4-naphthoquinone (1)  with 2,6-di-tert-
butylphenole (2) as described earlier [6] with minor
modification. The further reaction of compound (3)
with corresponding primary and secondary amines
allowed obtaining several different products (4a-e).
The reaction (Scheme 2) was carried out in boiling
toluene at presence of triethylamine employed as
HCI acceptor.

To obtain other N-derivatives of 1,4-
naphthoquinone (5a-e) by reaction of 3-chloro-2-
(3,5-di-tert-butyl-4-hydroxyphenyl)-1,4-
naphthoquinone (3) with corresponding salts of
amino acids ethanol [7-8] was replaced by
dimethylformamide/water system (Scheme 2), to
eliminate possible side reaction with formation an
additional ~ product - = 2-(3,5-di-tert-butyl-4-
hydroxyphenyl)-3-ethoxy-1,4-naphthoquinone [4].
The synthesis was performed in neutral conditions
by using salts of amino acids, because the
substitution of chlorine atom in 3-chloro-2-(3,5-di-
tert-butyl-4-hydroxyphenyl)-1,4-naphthoquinone
(3) with amino group requires much higher
nucleophilicity than that presented by its
zwitterionic form, the reactivity of amino acid was
reinforced by neutralization with potassium

/\ N,
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hydroxide making participation of amino acids in
reaction as a base instead of acid [9].

Potassium salts of 3-amino acid-2-(3,5-di-tert-
butyl-4-hydroxyphenyl)-1,4-naphthoquinones were
neutralizing with hydrochloric acid and desired 3-
amino acid-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-
1,4-naphthoquinones (5a-e) were obtained with
sufficient yields (35 — 46%).

2.2. Spectral data (analysis)

The IR spectra of all synthesized molecules showed
intense absorption peaks representing hindered
hydroxyl group (3624-3600 cm™) and stretching
vibrations of CH-bonds of 1,4-naphthoquinone
(3050 cm™) as well as valence CH-vibrations of
methyl groups (2900-2850 cm™). The absorption
band of medium intensity at 1350-1320 cm
represents CH deformation vibrations of the methyl
groups. In the range of 1265-1210 cm™ there were
two absorption bands of medium intensity
associated with Ar-OH fluctuations of steric-
hindered phenols. Presence of another two groups
of bands at 885-870 and 830-815 cm™ can be
explained by non-planar deformational vibrations
of substituted benzene ring [10]. Two pairs of peaks
at 1680 and 1640 cm? (C=0) and 1600 and
1560cm? (C=C) belong to naphthoquinone and
phenolic rings.

The carboxyl group of compounds 5a-e is
depicted by single intensive peak at 1700-1740 cmr
1 The band at 3352 cm™ is due to valence vibration,

OH
OH o ‘
1) HRK, DMF/H,0 O ‘
2) HCI, H,0 RH

o
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and the band at 1520 cm™ represents deformational
vibrations of secondary NH groups not applicable
for amino acid derivatives that containe proline and
others (4a-c, 5e).

The absence of C-Cl bond in 3-N-derivatives-2-
(3,5-di-tert-butyl-4-hydroxyphenyl)-1,4-
naphthoquinone (4a-e, 5a-e) was proved by lack of
absorption at 680 cm™. Instead of it, there were
absorption bands at 1400 and 726 cm™ conforming
the oscillations of -CH-groups in compounds 4a,
4b, 4d, 4e, 53, 5b, 5c, 5d [11].

The *H NMR spectra revealed proton signals of
methyl tert-butyl groups depicted by singlet at 1.4-
1.5 ppm. Protons of OH group are characterized by
singlet at 5.2 — 6.4 ppm belonging to sterically
hindered phenols. Protons of naphthoquinone
fragments for all compounds showed by two double
duplets stretched within 8.6 - 7.6 ppm. Protons of
secondary amino groups in compounds 4d-e, 5a-d
were presented by signals at 5.9 and 6.7 ppm,
respectively. Signals of carboxyl group in
compounds 5a-e were depicted by singlet at 12-13

ppm [12].
2.3. Prediction of biological activity

Online-based algorithm PASS [13] has been
employed for preliminary evaluation of biological
activity of synthesized molecules. It was discovered
that all compounds are good candidates for
different biological activities mostly associated
with antioxidant properties as it was expected from
the beginning. Some other biological properties
were predicted including most potent antibacterial
and fungicidal activity and inhibitory effect on cell
signaling involved receptor tyrosine kinases. Also,
compounds may exhibit some activity in prevention
of myocardial ischemia, inhibition of transcription
factor, inhibition of lipid peroxidase and
mucomembranous protection.

2.4. Testing of biological activity

Both fungicidal and antibacterial activity of
novel compounds (4a-e), (5a-e) and starting
substance 3 were tested on agar embedded cultures
of the following bacteria Escherichia coli,
Staphylococcus aureus, Mycobacterium luteum and
fungi Candida tenuis, Aspergillus niger by using
standard method [14].

It was found that substances 4b, 4d, 4e, 5a, 5b
had moderate antibacterial activity against gram-
positive bacteria S. aureus, M. luteum. Compound
5d showed a strong effect on M. luteum with the
minimum bacteriostatic concentration of 62.5
mg/ml. The culture of gram-negative bacteria E.
coli proved resistance against compounds (5a-e),

however compounds (4a-e) demonstrated moderate
bactericidal activity against E.coli.

Some of the synthesized compounds (4a-e) and
(5a-e) showed fungicidal effect on the growth of
yeasts C. tenuis but did not hinder the growth of A.
niger.

2.5. Evaluation of enzymatic activity

The possible effect of novel compounds on cell
signaling involved receptor tyrosine kinases was
studied as described in [15]. Some of tested
compounds showed significant inhibitory effect on
receptor tyrosine kinase (RTK). In particular,
compounds 5a and 5e inhibited tyrosine kinase
activity of proteins in membrane fractions by 57
and 51%, respectively (Table 1). More powerful
inhibitory effect, reducing the basal level of 75%
was noticed for compound 4a. Such inhibitory
effect is subject for further research of these
compounds as promising pharmacological agents
for effective correction of pathological conditions
associated with excessive activity of the RTK.

2.6. Evaluation of antioxidant activity

The purpose of this study was to investigate the
antioxidant activity (AOA) of newly obtained
naphthoquinone derivatives (4a-e), (5a-e) and
synthesized earlier compound 3 terms of initiating
free radical oxidation in vitro. To assess the
direction of these changes, we used two indicators
of oxidative stress: content of peroxide groups in
lipids and products of their metabolism -
thiobarbiturate-active products (TBA) and the
content of carbonyl groups (CG) in proteins.

The study was carried out on chicken liver
homogenates. Determination of both indicators of
oxidative stress was performed in one test [16].
Amount of protein in the sample was determined by
the method of Lowry. Statistical analysis of the
results was performed using Student t-test.

Among a number of the compounds revealed
that compounds 5b and 5c show antioxidant
properties of two parameters, as observed a
significant reduction of TB-active products and
formation CG compared with controls, indicating a
decrease in the intensity of LPO and OMP. Also
established that compound 5e causes intensification
of
LPO and OMB, which increases the content free
radical oxidation of lipids and proteins products by
50% (Table 1).

In our opinion compounds 5a, 5b, 5c, 7e, 8
show potent oxidation activity due to the lack of a
hydrogen atom at the amino group. This makes it
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impossible to shift the position of hydrogen in the
4-position with the formation of hydroxy! group.

3. CONCLUSION

Synthesis of a series 3-amino- and 3-amino acid-
2-(3,5-di-tert-buthyl-4-hydroxyphenyl)-1,4-
naphthoquinones demonstrated  possibility  to
perform reactions in mild conditions with relatively
high yields, simple procedure and low time cost.
Results on antibacterial, antifungal, enzymatic and
antioxidant activity tests showed capacity of novel
compound to be used as a basis for further
development of highly efficient biologically active
agents.

4. MATERIAL AND METHODS

IR spectra were recorded with
spectrophotometer Specord M-80 in KBr tablets.
NMR spectra were recorded on spectrometer
Varian VXR-300 and *H chemical shifts measured
in relation with TMS internal standard in 6 ppm.
All melting points are uncorrected. Thin layer
chromatography (TCL) was performed on Silufol
UV-254 and visualized under UV or with iodine
vapor. Elemental analysis of compounds was
conducted in standard laboratory setting designed
for microanalysis. The starting materials, auxiliary
compounds and solvents used in this work were
obtained commercially and purified if needed.

Synthesis of 2-(3,5-Di-tert-butyl-4-
hydroxyphenyl)-3-NR-[1,4]-naphtho-quinones
(4a-e)

The 5 mol solution of 2-chloro-3-(3,5-di-tert-
butyl-4-hydroxyphenyl)-1,4-naphtoquinone
prepared in 10 ml of toluene was mixed with 6 mol
of corresponding amine and with 6.5 mol of

triethylamine. The reaction mixture was boiled for
2 hours, cooled, and filtered. The solvent was
evaporated under vacuum, and the residue was
recrystallized from acetone.
2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-
piperidinyl-1-[1,4]-naphthoquinone (4a)

Yield: 84 %; mp. 167-169 °C; Anal. Calcd.
for CH3sNOs: C, 78.17; H, 7.92; N, 10.77. Found:
C, 78.32; H, 7.99; N, 10.61; IR (KBr): v (cm?)
3608, 3040-2800, 1688, 1672, 1600, 1572, 1408,
1340, 1124, 904, 728; *HNMR (CDCls): & ppm
1,41 (18H, s., CH, t-Bu); 1,54 (6H, m., CH); 2,88
(4H, br.s.,CHy); 5,28 (1H, s., OH); 7,06 (2H, s.,
Ph); 7,65 (2H, m., Ar); 8,06 (2H, m., Ar).

2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-
morpholinyl-1-[1,4]-naphtho-quinone (4b)

Yield: 88 %; mp. 170-172 °C; Anal. Calcd.
for C2sHasNOa: C, 75.14; H, 7.43; N, 14.30. Found:
C, 75.31; H, 7.49; N, 14.06; IR (KBr): v (cm?)
3600, 3040-2800, 1680, 1676, 1596, 1404, 1320,
1116, 896, 732; ‘HNMR (CDCls): & ppm 1,47
(18H, s., CH, t-Bu); 2,97(4H, t., CH); 3,97(4H, t.,
CH); 5,32 (1H, s., OH); 7,07 (2H, s., Ph); 7,67 (2H,
m., Ar); 8,59 (2H, m., Ar).

2-Benzothriazolyl-1-(3,5-di-tert-butyl-4-
hydroxyphenyl)-[1,4]-naphtho-quinone (4c)

Yield: 74 %; mp. 183-185 °C; Anal. Calcd. for
CaoH29NO3: C, 75.13; H, 6.10; N, 8.76. Found: C,
75.30; H, 6.25; N, 8.65; IR (KBr): v (cm?) 3604,
3040-2800, 1678, 1608, 1400, 1320, 1246, 894,
'HNMR (CDCls): & ppm 1,38 (18H, s., CH, t-Bu);
4,72 (1H, s., OH); 7,19 (2H, s., Ph); 7,61 (2H, m.,
Ar); 7,84 (2H, m., Ar); 8,23 (2H, m., Ar); 8,32 (2H,
m., Ar).

Table 1. Results of experimental biological research of obtained compounds.
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Ne Biological activity Enzymatic | Antioxidant activity
Fungicidal Antibacterial ac(t(:/\; )'ty
C. tenuis S.aureus | E.coli | M. luteum TBA (%) | CG (%)
Concentration of compound (%)
0.5 0.5 0.1 0.5 0.5 0.1
Control - - - - - - 100+16 | 100+7.3 | 100+7.8
3 20 16 8 13 12 0 106 £17 | 126139 | 31+14.8
4a 0 13.4 7 10 13.7 8 289 123+12 131+8.4
4b 0 14.8 10 10.7 15 7 58 +11 130+7.5 | 133+10.5
4c 17.2 9.8 0 8 9 0 91+18 128+3.5 | 141484
4d 14 10.5 0 7 16 8 83+19 89.7+6 107+6.7
e 18 16.5 0 9.5 20 12 86 £ 15 96+10.3 | 112459
5a 0 15.7 0 0 8.7 0 42 +8 100+4.4 92 +8.6
5b 0 15.0 0 0 114 0 60 + 15 93.6+6.5 89+8.8
5¢c 0 0 0 0 10.7 0 63 +17 87+5.5 91+6.4
5d 13 0 0 0 27.0 19.0 67 +8.5 77+6.4 | 103+12.8
5e 0 0 0 0 0 0 45+10 | 147+£13.1 | 154+49.25
Quercetine - - - - - - - 103+6.4 | 59+13.2
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2-Butylaminoyl-1-(3,5-di-tert-butyl-4-
hydroxyphenyl)-[1,4]-naphthoquinone (4d)

Yield: 81 %; mp. 130-132 °C; Anal. Calcd. for
CosH3sNOs: C, 77.56; H, 8.14; N, 3,23. Found: C,
77.72; H, 8.25; N, 3,09; IR (KBr): v (cm?) 3612,
3000-2800, 1684, 1668, 1612, 1404, 1324, 904,
728; 'HNMR (CDCls): & ppm 0,69 (1., J = 7,3, CH,
n-Bu, 3H); 1,01(m., CH, n-Bu, 2H); 1,22 (t., CH, n-
Bu, 2H); 1,41 (18H, c., CH, t-Bu); 2,56 (2H, m.,
CH, n-Bu); 6,48 (1H, s., OH); 6,71 (1H, s., NH);
6,91 (2H, s., Ph); 7,65 (1H, t, J = 7,5 Hz, Ar); 7,74
(1H,t.,J=75Hz Ar); 7,97 (2H, dd., ) = 16,8; 7,6
Hz, Ar).

2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-
ethylamino-[1,4]-naphthoquinone (4e)

Yield: 85 %; mp. 127- 129 °C; Anal. Calcd.
for C26Hz1NOs: C, 77.02; H, 3.45; N, 7.71. Found:
C, 77.20; H, 3.31; N, 7.84; IR (KBr): v (cm™) 3605,
3000-2800, 1680, 1662, 1608, 1412, 1328, 900,
724; 'THNMR (CDCls): 6 ppm 1,22 (3H,t.,J =7,6
Hz, CH3); 1,39 (18H, s., CH, t-Bu); 3,56 (2H, m.,
CHy); 6,38 (1H, s., OH); 6,81 (1H, s., NH); 6,99
(2H, s., Ph); 7,68 (1H, t., J = 7,4 Hz, Ar); 7,76 (1H,
t., J=7,3 Hz, Ar); 8,05 (2H, dd., J = 7,4 Hz, Ar).

Synthesis and purification of 3-amino acid
sabstituted-2-(3,5-di-tert-buthyl-4-
hydroxyphenyl)-[1,4]-naphthoquinones (5a-e)

Equimolar amounts (0.012 mol) of compound
(3) and corresponding salts of aliphatic amino acids
were heated at 70°C in system DMF/water (5:1) for
3 hours. Reaction mixture was mixed with water
(500 ml) and filtered. Filtrate was purified by
extraction with dichloromethane (1:1). The salts of
amino acid derivatives were neutralized and
precipitated from water phase with HCI and dried.

[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-1,4-
dioxo-1,4-dihydronaphtalenyl-2-amino]-acetic
acid (5a)

Yield: 40 %; mp. 187-189 °C; Anal. Calcd. for
Ca6H2NOs: C, 71.70; H, 6.71; N, 3.22. Found: C,
71.58; H, 6.63; N, 3.29; IR (KBr): v (cm™) 3632,
3338, 3056, 1722, 1672, 1576, 1504, 1345, 1292,
1236, 728; 'HNMR (DMSO-dg): & ppm 12,89 (1H,
s., COOH); 8,00 — 7,94 (2H, m., CH, Ar); 7,88 —
7,79 (2H, m., CH, Ar); 7,28 (1H, s., NH); 7,05(1H,
s., OH); 6,89 (2H, s., CH, Ar); 4,40 — 4,36 (2H, d.,
a-CHy); 1,35 (18H, s., t-Bu).

[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-1,4-
dioxo-1,4-dihydronaphtalenyl-2-amino]-
propionic acid (5b)

Yield: 43 %; mp. 157-159 °C; Anal. Calcd. for
C,7H31NOs: C, 72.14; H, 6.95 N, 3.12. Found: C,
72.05; H, 7.05; N, 3.04; IR (KBr): v (cm™) 3560,
3352, 2936, 1720, 1680, 1632, 1592, 1568, 1504,

1432, 1344, 1296, 1232, 728; *HNMR (DMSO-ds):
& ppm 12,43 (1H, s., COOH); 8,03 — 7,95 (2H, m.,
CH, Ar); 7,86 — 7,73 (2H, m., CH, Ar); 7,28 (1H,
s., NH); 7,09 (1H, s., OH); 6,95 (2H, s., CH, Ar);
3,95 -3,81 (2H, q., p-CHy); 2,61 — 2,54 (2H, t., a-
CHy); 1,36 (18H, s., t-Bu).

[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-1,4-
dioxo-1,4-dihydronaphtalenyl-2-amino]-bytyric
acid (5¢)

Yield: 46 %; mp. 191-193 °C; Anal. Calcd. for
C2sHasNOs: C, 72.55; H, 7.18 N, 3.02. Found: C,
72.58; H, 7.06; N, 3.05; IR (KBr): v (cm?) 3632,
3328, 2956, 1704, 1672, 1568, 1520, 1248, 1292,
728; *HNMR (DMSO-de): & ppm 12,01 (1H, s.,
COOH); 8,01 — 7,93 (2H, m., CH, Ar); 7,85 — 7,73
(2H, m., CH, Ar); 7,12 (1H, s., NH); 7,02(1H, s.,
OH); 6,94 (2H, s., CH, Ar); 3,75 - 3,61 (2H, q., »-
CHy); 2,61 — 2,59 (2H, t., a-CHy); 1,75 - 1,70 (2H,
m., B-CH>); 1,38 (18H, s., t-Bu).

2-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-
1,4-dioxo-1,4-dihydronaphtalenyl-2-amino]-
propionic acid (5b)

Yield: 38 %; mp. 134-136 °C; Anal. Calcd. for
C27H3iNOs: C, 71.14; H, 6.95 N, 3.12. Found: C,
71.19; H, 6.95; N, 3.07; IR (KBr): v (cm'1) 3632,
2952, 2760, 1728, 1680, 1632, 1600, 1568, 1520,
1456, 1336, 1232, 728; *HNMR (DMSO-ds): & ppm
12,88 (1H, s., COOH); 8,05 — 7,99 (2H, m., CH,
Ar); 7,87 — 7,76 (2H, m., CH, Ar); 7,22 (1H, s.,
NH); 7,10 (1H, s., OH); 7,05 (2H, s., CH, Ar); 4,59
— 4,43 (1H, m., a-CH); 1,55 — 1,51 (3H, d., CHa);
1,40 (18H, s., t-Bu).

1-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-
1,4-dioxo-1,4-dihydronaphtalenyl-2]-
pyrrolidine-2-carboxyc acid (5e)

Yield: 35 %; mp. 133-136 °C; Anal. Calcd. for
C29H33N05: C, 73.24; H, 6.99 N, 2.95. Found: C,
72.98; H, 7.08; N, 3.07; IR (KBr): v (cm'1) 3632,
2944, 2912, 2416, 1744, 1696, 1332, 1304, 1272,
816, 724; 'HNMR (DMSO-d6): & ppm 12,98 (1H,
s., COOH); 7,99 — 7,93 (2H, m., CH, Ar); 7.78 —
7,67 (2H, m., CH, Ar); 7,14 (2H, s., CH, Ar); 5,75
(1H, s., OH); 3,85 — 3,80 (2H, t., 3-CH,); 4,35 —
4,29 (1H, t., a-CH); 2,38 — 2,29 (2H, q., B-CHy);
2,00 -1,90 (2H, m., ¥-CHy); 1,42 (18H, s., t-Bu).
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CHUHTE3A U CBOMCTBA HA 3-AMHUHO-2-(3,5-IU-tert-BY TUJI-4-XUJPOKCUDEHIT)-1,4-
HAOTOXMHOHU

O. M. ®urypka*, O. Cs. fpemkesuy, 3. B. I'yopuii, C. B. Xowmsik, B. 1. HoBukos

lenapmamenm no mexnonozust Ha GUOIOCUUHO-AKIMUBHY 8ewecmsa, gapmayus u buomexronoaus, Hayuonanen ynusepcumem
,,JI6oscka nonumexnuka ', J1eoes, Yxpaiina

Tloctbrmna Ha 7 anpui, 2015 r.; kopurupana Ha 17 asrycr, 2015 .
(Pesrome)

IMonyueHn ca HOBU OHOJIOTHYHO-aKTUBHM BellecTBA - 3-aMuHO-2-(3,5-au-tert-oyrun-4-xuapokcudenun)-1,4-
HAQTOXMHOHU 4pe3 peakims Ha 3-xJI0po-2-(3,5-au-tert-0yrun-4-xuapoxkcudennn)-1,4-HaQ TOXMHOHU € Pa3TUIHU
aMHHU M aMHUHOKHCeNHHU. ChelIMHEHUsTa Ca OXapaKTepU3UpPaHU ChC CTAaHJAPTHU METOIM HAa XMMHYHHM aHAJIHM3U M
cnekrpockonus. CHHTe3aTa Ha cepust oT 3-amuHO- and 3-amuHOKUCceTMHHY -2-(3,5-1u-tert-6ytunl-4-xuapokcudenun)-
1,4-HaTOXMHOHHM ITTOKa3Ba BBH3MOXKHOCTTA Jia CE€ BOJST PEaKIMUTE NPH MEKHU YCJIOBHS C BUCOKH JOOWBH, C IPOCTA
nporeaypa u Kpatko Bpeme. V3nuranu ca ¢pyHTrUIMIHATa U aHTUOAKTEepUaliHaTa aKTUBHOCT Ha TE€3U HOBU ChEJINHEHUS
BBPXY KynTypH, passuté B arap: Escherichia coli, Staphylococcus aureus, Mycobacterium luteum u rp6uukuTe
Candida tenuis, Aspergillus niger mo craumaptau metomuku. Hamepeno e, ye BemiectBara 5a, 5b, 5d, 7a, 7b umar
yMepeHa aHTHOAKTepuaiHa aKTHBHOCT cpelly [ 'pam-monoxurenHute Oakrepuun S. Aureus u M. luteum. CrenuHeHue
7d nokasBa Haii-cuiieH edekt cripsimo M. luteum ¢ munuMyMm GaktepuoctarnuHa koHieHTpanus 62.5 mg/ml. Ot I'pam-
orpuuarennure 6akrepun E. coli moka3ea pe3ucTeHTHOCT CpsIMO CheAMHeHHs 7a-0, HO cheauHeHusATa 5a-d mokassar
yMepeH OakrepuiuaHa akTuBHOCT cupsiMo E. coli. Cunresupanute cvenunenus 5a-d u 7a-0 mokassaT (yHTUIHACH
edexT kbM pactexka Ha apoxaure C. tenuis, Ho He mpenoTBpaTsiBa pactexa Ha A. niger. HikowO oT w3nmuTaHUTe
CheIMHEHMS TMOKA3BAT 3HAYMTENICH WHXHOHMpail edeKT BbpXy perentopHara tuposuH-kuHaza (RTK). B wactroCT
ChEJIMHEeHUsITa 7a U 7€ MHXUOMpAT THPO3UH-KMHA3HATAa aKTUBHOCT ChC choBeTHO 57 u 51%. Haii-morueHn naxubupar
edekr ot 75% ca Habsr01aBaHu 3a cheauHeHne 5a. HamepeHo e, ue cheuHenusta 7b U 7C HHXUOUPAT OKUCIUTETHUTE
MPOLIECH B THKAHUTE U HAKOW UHJUKATOPH HAa aHTUOKCHJIAHTHATA aKTUBHOCT IIPEBHIIIABAT PE3YJITATUTE 33 KyepLEeTHHA.
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Determination of voriconazole in human plasma by liquid chromatography—tandem
mass spectrometry

G.-Sh. Teng !, L.-Z. Zhao?, X. Li %"

1 School of Chemistry and Life Science, Changchun University of Technology, Changchun 130012, P. R.
China
2The Second Hospital of Jilin University, Changchun 130012, P. R. China

Received June 26, 2015,

Revised September 10, 2015

A rapid and sensitive method for the determination of voriconazole in human plasma was developed. Voriconazole
and the internal standard were extracted from plasma samples by liquid-liquid extraction with 2 ml of diethyl ether:
dichloromethane (60: 40, v/v). The chromatographic separation was accomplished isocratically on a 150x4.6 mm, 5 um
Zorbax extend Cis column at a flow rate of 0.7 mL/min. Detection by electrospray positive ionization mass
spectrometry in the multiple-reaction monitoring mode was completed within 3.2 min. Linearity was over the
concentration range 20-2000 ng/ml with a limit of detection of 5 ng/ml. Intra- and inter-day precision measured as
relative standard deviation was <4.40% and <5.44%, respectively. The method was applied in a bioequivalence study of

two tablet formulations of voriconazole.

Keywords: Voriconazole; LC-MS/MS; Human plasma

INTRODUCTION

Voriconazole (2R, 3S) —2— (2, 4-difluorophenyl)
—3—(5-fluoro-4-pyrimidinyl)-1-(1H-1,2,4-triazol-1-
yl)-2—butan-2—ol) is a novel triazole antifungal
agent and shows a broader spectrum of activity
against such common fungal pathogens as Candida
and Aspergillus[1]. The pharmacokinetics of
voriconazole in volunteers and patients has shown
that  voriconazole  exhibits a  nonlinear
pharmacokinetic profile, secondary to saturable
clearance [2, 3]. In addition, voriconazole is
metabolized by the cytochrome P450 system, with
less than 2% of the dose excreted unchanged [4-7].

Various analytical methods have been developed
to determine voriconazole in plasma, such as
high-performance liquid chromatography (HPLC)
with ultraviolet [8-13] and mass spectrometric
detection [14-17]. Limitations of some of these
methods include lack of the requisite sensitivity and
selectivity necessary for accurate assessment of the
pharmacokinetics of the drug, large sample
volumes and the extraction procedure of protein
precipitation which is the dirtiest method existing.
To overcome these problems, a new HPLC-UV
method with a lower limit of quantification (LLOQ)
of 200 ng/mL was published recently [13]. But the
procedure of liquid-liquid extraction with 3 ml of

* To whom all correspondence should be sent:
E-mail: yaocyul2@163.com

hexane—methylene chloride (70:30, v/v) requested
relative big amount of organic reagents and long
run time (6 min), which were inappropriate in
clinical studies with large numbers of samples.

This paper describes the development and
validation of an improved method for the
quantification of voriconazole in human plasma
using LC-MS/MS. The assay is accurate and
precise and requires only a small sample volume
(0.10 ml), achieving a lower limit of quantification
(LLOQ) of 20 ng/ml. The advantages of this
method include the use of a small sample volume,
liquid-liquid extraction (2 ml diethyl ether:
dichloromethane, 60: 40, v/v) with high extraction
efficiency and short chromatographic run times (3.2
min). This method was applied to a bioequivalence
study of two oral tablet formulations of
voriconazole in 20 healthy volunteers.

EXPERIMENTAL
Materials and reagents

Voriconazole (99.8%) and diazepam (99.0%)
were purchased from the National Institute for the
Control of Pharmaceutical and Biological Products
(Beijing, P.R. China). Heparinized blank (drug-free)
human plasma (different batches examined) was
obtained from Changchun Blood Donor Service
(Changchun, China). Acetonitrile and methanol
were HPLC-grade. Distilled water, prepared from
demineralized water, was used throughout the study.
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All other chemicals were of analytical grade and
used without further purification.

Preparation of standard solutions

Stock solutions of voriconazole and diazepam
(both 1 mg/ml) were separately prepared in 10 ml
volumetric flasks with methanol. Voriconazole
standard solutions with concentrations of 20, 50,
100, 200, 500, 1000 and 2000 ng/ml were prepared
by dilution of aliquots of the stock solution with
heparinized blank plasma. Low, medium and high
concentration quality control (QC) solutions (50,
200, 1600 ng/ml) were prepared in a similar way. A
working internal standard (1.S.) solution (diazepam,
250 ng/ml) was prepared in methanol: water (50: 50,
v/v). All solutions were stored at 4°C.

Instrumentation and conditions

Chromatographic analysis was performed using
an Agilent 1100 series HPLC (Agilent Technologies,
Palo Alto, CA, USA). Separation of the analyte
from potentially interfering material was achieved
using a 150x4.6 mm, 5 um Zorbax extend Cis
column maintained at 40°C. The mobile phase used
for the chromatographic separation was composed
of acetonitrile—10 mM ammonium acetate (85:15,
v/v) and delivered isocratically at a flow rate of 0.7
ml/min.

Mass spectrometric detection was performed on
an Applied Biosystems Sciex Q-trap™ mass
spectrometer (Concord, Ontario, Canada) equipped
with an electrospray ionization (ESI) interface. The
detector was operated at unit resolution in the
multiple-reaction monitoring (MRM) mode using
the transitions of the protonated molecular ions of
voriconazole at m/z 350.3 — 127.0 and diazepam at
m/z 285.2 — 193.1. The MS operating conditions
were optimized as follows: curtain gas, gas 1 and
gas 2 (nitrogen) 20, 40 and 60 units, respectively;
dwell time 200 ms; source temperature 500°C;
lonSpray voltage 5000 V. Declustering potential
and collision energy were 30 V and 40 eV for
voriconazole and 55 V and 33 eV for diazepam,
respectively. Data acquisition and integration were
controlled by Applied Biosystems Analyst version
1.3.2 Software.

Sample Preparation

An aliquot of plasma (100 ul) was placed in a 10
ml-glass tube followed by 100 pl I.S. solution, 100
ul 1M sodium carbonate solution and 2 ml diethyl
ether: dichloromethane (60: 40, v/v). The mixture
was vortex-mixed for 30 s and shaken for 10 min.
After centrifugation at 3500 g for 5 min, the organic
phase was transferred to another 10 ml-glass tube

148

and evaporated to dryness at 40°C under a gentle
stream of nitrogen. The residue was reconstituted in
150 ul mobile phase and a 10 ul aliquot of the
mixture was injected into the LC-MS/MS system.

Assay validation

Three independent calibration curves and six
replicates of QC samples (50, 200, 1600 ng/ml,
respectively) were analyzed on three different days.
Linearity was analyzed by weighed linear
regression (1/x?) of analyte-internal standard peak
area ratios. Accuracy and precision were based on
assay of six replicates of QC samples analyzed on
three different days. The LLOQ was the
concentration below which the inter-day coefficient
of variation (CV) exceeded 20%. The limit of
detection was determined as the concentration with
signal-to-noise ratio of 3. The recovery rate was
determined by comparing peak areas of QC
samples with those of corresponding concentration
QC solutions (prepared in methanol: water (50: 50,
v/v)) dissolved in the supernatant of the processed
blank plasma. The matrix effect of voriconazole
was evaluated by comparing the peak areas of
analyte in extracted blank plasma samples spiked
with QC solutions (prepared in methanol : water
(50 : 50, v/v)) with the peak areas of analyte in
extracted water samples spiked with QC solutions
(prepared in methanol : water (50 : 50, v/v)). The
matrix effect of diazepam was investigated in a
similar way except that I.S. solution was used
instead of voriconazole solutions.

Stability tests including three freeze—thaw cycles,
storage for one month at —20°C and at room
temperature for 12 h were evaluated by QC
samples.

Bioequivalence study

The method was applied to evaluate the
bioequivalence of two tablet formulations of
voriconazole in 20 healthy adult male volunteers
who received a single dose (200 mg voriconazole)
in a two-period randomized crossover design with a
one-week washout period between doses.

Venous blood samples were collected into
heparinized tubes at the following times:
immediately before administration, 0.25, 0.50, 0.75,
1,15, 2.0, 3.0, 4.0, 6.0, 8.0, 10, 12and24h
after dosing. Plasma samples were obtained by
centrifugation of the whole blood at 3000 g for 10
min and stored at —20 °C. Bioequivalence of the
two formulations was assessed according to
US-FDA methodology [18].
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RESULTS AND DISCUSSION
Mass spectrometry

Tandem mass spectrometry with ESI source
detection was used to provide a sensitive and
selective assay for voriconazole and diazepam in
human plasma. The structures and positive
electrospray  ionization mass  spectra  of
voriconazole and diazepam are shown in Fig. 1.
MRM was performed at unit resolution using the
mass transition ion-pairs m/z 350.3 — 127.0 for
voriconazole and m/z 285.2 — 193.1 for diazepam,
respectively.
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Fig. 1. Chemical structures and full-scan product ion
mass spectra of [M+H]* ions of voriconazole (A) and
diazepam (B) (internal standard).

Chromatography and specificity

The composition of the mobile phase was the
critical factor for achieving good chromatographic
peak shape and resolution. In the present study,

acetonitrile—10 mM ammonium acetate (85:15, v/v)
was selected as an isocratic mobile phase. The
retention time of voriconazole and diazepam was
<3 min. The selection of diazepam as the I.S. was
based on its chromatographic and extraction
behavior. Fig. 2 shows typical chromatograms.
Voriconazole and diazepam were well separated
from the biological background under the
chromatographic conditions used with retention
times of 2.27 and 2.74 min, respectively. The total
analysis time for each run was 3.2 min, and no
interference by the constituents from the blank
human plasma samples at these retention times was
registered.

Precision and accuracy

The calibration curves were linear in the plasma
concentration range 20-2000 ng/ml (r > 0.9991)
with a limit of detection of 5 ng/ml. Intra- and
inter-day precision was 2.83-4.40% and 1.97-5.44%
respectively and the relative error was below 3.76%
(Table 1). All results were within the ranges of
precision (%) and accuracy (%) specified by the
FDA for bio-analytical applications.

Extraction recovery, matrix effect and stability

The recoveries of voriconazole at 50, 200 and
1600 ng/ml were 92.7%, 96.5% and 89.4%,
respectively. The recovery of the internal standard
was 95.9%. The matrix effect of the assay was
evaluated at 50, 200 and 1600 ng/ml for
voriconazole and three samples were analyzed at
each level. The percent nominal concentrations
determined were 92.7+4.2%, 94.2+4.8%, and
94.6+2.6% at each concentration level. The same
evaluation was performed for the I.S. and the
percent nominal concentration was 95.0+4.5%. The
results indicate that ion suppression or
enhancement from plasma matrix was negligible
for this analytical method.

Table 2 summarizes the data from the short-term,
freeze/thaw, and long-term stability tests for
voriconazole. The results indicate that no
stability-related problems are expected during the
routine analyses for the study.

Table 1. Precision and accuracy for the determination of voriconazole in human plasma.
(Data are based on the assay of 6 replicates on 3 different days)

Nominal conc. Mean found conc. Intra-day Inter-day Relative error
(ng/mL) (ng/mL) RSD(%) RSD(%) (%)
50 48.13 2.83 5.44 -3.74
200 193.1 3.15 3.39 -3.43
1600 1540 4.40 1.97 -3.76
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Table 2. Stability data of voriconazole in human plasma (three samples of each concentration).

Nominal conc.

Storage conditions

Mean found conc. Relative error (%)

(ng/mL) (ng/mL)
50 48.27 -35
Freezing for 30 days at —20°C 200 195.0 -2.5
1600 1557 2.7
50 48.47 -3.07
Three freeze/thaw cycles 200 194.3 -2.8
1600 1570 -1.9
Autosampler stability for 12 h 50 47.4 -5.3
(after extracting and 200 187.6 -6.2
reconstitution) 1600 1511 -5.5
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Fig. 2. Representative MRM chromatograms of (A) blank plasma, (B) standard sample at LLOQ (20 ng/ml) and (C)
plasma sample from a volunteer 2 h after oral administration of 200 mg voriconazole. Peak I, voriconazole; Peak Il,

diazepam.
Application to the clinical test

The proposed method was applied to the
determination of voriconazole in plasma samples
for bioequivalence study in 20 healthy Chinese
male volunteers orally administered 200 mg of
voriconazole in tablet form. High-throughput
sample analysis is of particular importance for
studies that require the analysis of a large number
of samples. The devised method of sample
150

preparation using liquid-liquid extraction could
resolve this problem. In the present study, the 560
clinical samples were divided into four batches,
each batch consisting of a calibration curve and QC
samples in triplicate.

Fig 3 shows the mean  plasma
concentration—time curves for the two voriconazole
formulations. The pharmacokinetic parameters
derived from these curves are presented in Table 3.
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Fig. 3. Plasma concentration versus time curve for two voriconazole tablet formulations in healthy volunteers

(n=20). Data are mean=S.D.

Table 3. Pharmacokinetic parameters of voriconazole in test and reference formulations (mean + S.D., n=20)

Voriconazole

Parameter Test formulation Reference formulation
Chax (ng/ml) 1640.05+564.77 1772.08+676.26
Tmax (h) 1.3+0.8 1.1+0.7
Tiz (h) 6.99+2.47 7.40+2.98
AUCq. (ng.h/ml) 8827.98+4243.32 8122.76+3740.73
AUCq., (ng.h/ml) 9971.75+5409.05 9412.17+5006.66
According to the present study, the relative
bioavailability of the test formulation was 109.28% REFERENCES

(mean AUCy-) and 107.53% (mean AUCjox).
There were no significant differences between the
two formulations on the basis of assessment by a
two one-sided t-test. The 90% confidence intervals
of test to reference ratio (after log-transformation)
of the AUC, . (101.20-115.07%) and AUC/
(97.43-113.75%) were within the bioequivalence
criteria range of 80-125%, and that of Cnax (after
log-transformation) was within 70-143%. Based on
these, the two tablet formulations were found to be
bioequivalent.

CONCLUSIONS

A simple, rapid and sensitive LC-MS/MS
method is reported for the determination of
voriconazole in human plasma. Moreover, the
devised method fully meets FDA guidelines, and
has high sensitivity and specificity. The method
allows high sample throughput (more than 150
samples per day), making it suitable for PK or
bioequivalence studies of voriconazole.
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OITPEAEJIAHE HA BOPUKOHA3OJI B HOBELIKA ITJTASMA YPE3 TEUHA
XPOMATOI'PA®UA 1 MAC-CITEKTPOMETPUA

I.-111. Tenr?, JI.-3. YKao? , Kc. JIu &

Y Vuunuwe no xumus u nayxu sa scusoma, Texnonozuyen ynusepcumem ¢ Yaneuyn, Kumaiicka HP
2Bmopa 6ornuya npu Yuusepcumema XKunun, Yanzuyn, Kumaiicka HP

ITocrpnuna Ha 26 siHyapu, 2015 r;

Kopurupana Ha 6 okromspy, 2015 1.

(Pestome)

PazpaboTeH e Obp3 1 UyBCTBUTEIICH METOJ 3a ONPEAEITHE Ha BOPHKOHA30J B YOBEIIKA IIa3Ma. BOpHKOHA30/IbT 1
BBTPEIIHUAT CTAaHAAPT CE SKCTPaxHpaT OT IUIa3MEHH MPOOH ¢ 2 MII cMeC OT JHETWIIOB eTep u auxiopmera (60: 40,
v/v). XpomarorpadckoTo pasiensiHe ce U3BbpINBa U30KpatudHo Ha konoHa Cig (150%4.6 mm, 5 um Zorbax) mpu
ne6ut 0.7 mL/min. OnpenensiHeTo cTaBa Mac-CIIEKTPOMETPHYHO MPH IMOJOKHUTEIHA HOHU3ALMS C EJIEKTPOCIped B
PEeXKUM Ha MOHHTOPHHT Ha MHOXKECTBO peakiu. OmpeaensHeTo 3apbpiinBa cieq 3.2 Min.  3aBHCHMOCTTa € JIHHEeHHA
B untepBana 20-2000 ng/ml ¢ rpanuia Ha otkpuBane 5 ng/ml. TouHoCTTa B paMKUTE HA €IMH M TOBEYE JHU € C
CTaHIAPTHO OTKIOHEHHE chOTBETHO <4.40% u <5.44%. MeToqpT € IPUIIOKEH B M3CIICABaHE 32 OMOCKBUBAIICHTHOCT Ha

JiBe TabyeTHH (POPMHU HA BOPHUKOHA3OII.
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Lycopene is one kind of carotenoid. Its antioxidant is very high. It also plays the important role to prevent cancers
and atherosclerosis and develop immunity from disease. Therefore, the research of lycopene is a hot point in the
functional foods and new drugs as an ingredient in the world. The main physiological functions and feasible extraction

technology in industry were reviewed in this paper.
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INTRODUCTION

Lycopene is a kind of natural caroteniod and
widely exited in the nature. It's the first isolated
from tomato, therefore, called lycopene. As a
potential functional natural colorant, lycopene has
the active oxygen quenching, dispelling the human
free radical, preventing heart disease, reducing
autherosclerosis, preventing of various types of
cancer, cardiovascular protection, anti-aging,
protecting the skin and other physiological
function. It has a “hidden in tomato gold” laudatory
name. In recent years, the research of lycopene and
related products have been became a hot issue in
the functional foods and new drugs as an ingredient
in the world.

THE PHYSIOLOGICAL FUNCTIONS OF
LYCOPENE

Anti-tumors effect

For the first time since 1950, the American
scientists reported that lycopene had anti-cancer
effect. After a number of animal experiments, the
human body cell culture and epidemiological
studies in recent years showed that lycopene had
the effect on cancer biology. Campbel et al
[1]found that the content of lycopene in liver was
lower in patients with hepatocellular carcinoma;
Francesschi et al [2] doing research on more than
3000 digestive tract cancer patients for seven weeks
found that the digestive tract cancer is associated
with the intake of lycopene; Giovannucci et al

* To whom all correspondence should be sent:
E-mail: yxlijlan@163.com

[3]studied 47894 men, focused on about the
relationship between the intake of carotenoids,
retinol, fruits vegetable and prostate cancer, then
pointed out that after eating food containing high
lycopene, such as fresh tomatoes, tomato sauce had
significant relationship between the reduction rate
of prostate cancer. Bolieau[4]through the
experimental study on rat model confirmed that
licopene in rats the bladder cancer incidence was
significantly lower than the control group.

The above research results indicate that rich
lycopene in tomatoes and tomato products diet can
reduce some of tumor closely related, and have
done a lot of research on the mechanism of
lycopene. Now, it is widely recognized that the
main mechanism of action of lycopene in the
following areas: (1) antioxidant and free radical
scavenging effects. Because there are 11 conjugated
double bonds of lycopene molecule, compared with
other carotenoids, lycopene quenching singlet
oxygen and free radical scavenging ability was the
strongest, its ability to quench singlet oxygen is 100
times the vitamin E, carotene 2 times[5]; (2)
inducing cell gap junction intercellular
communication. Lycopene by inducing intercellular
connections, enhanced cell gap junction
communication between normal cells, controlling
cell growth and induction of cell differentiation to
inhibit tumor growth, but also promote the
interaction between the phagocytes cell and
lymphocytes, the activation of cells by secreting
cell activating factor finally can promote
phagocytic capacity and lymphocyte
transformation, enhance immune function[6];(3)
Regulation of tumor cell proliferation. Lycopene
can affect breast cancer, lung cancer and uterine

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 153


http://www.iciba.com/immunity/

X. Zhao et al.: Physiological functions and extraction technology of Lycopene - a natural antioxidant

cancer cell cycle transition from G1 to S, to
influence the growth of tumor cells, lycopene can
inhibit insulin like growth factor induced
proliferation ~ of  cancer  cells[7];(4)genetic
expression of inhibiting cancer cell proliferation
and metastasis of a-TGF factor. Lycopene can
reduce the expression of a-TCF in the genetic
process to prevent the formation of female breast
cancer in the female rats[8].

Enhance immunity

Lycopene has the activation of immune cells,
protective the phagocytic cells from oxidative
damage to their own, while it can promote the
protection of T, B lymphocyte proliferation and
stimulate T cell function then enhance the ability of
macrophages, T cells to kill tumor cells. It can
promote the interaction of phagocytic cells and
lymphocytes the activation of cells by secreting cell
activating factor finally which can promote
phagocytic capacity and lymphocyte
transformation, enhance immune function. The
animal experiment showed that adding lycopene
group mice can increase cell subsets; variation of
abnormal T cells can recover to normal mice, and
also reduce the oxidative damage of lymphocyte
DNA, and promote the produce interleukin and
bring immune regulation mechanism into play.

Medical researchers believe that tomatoes can
enhance children's immunity and reducing child
mortality caused by severe diarrhea. Researchers at
the national Taiwan university school of medicine
conducted a survey found that the immune function
of human body decreased significantly for two
consecutive weeks of low content of carotenoid
intake of food, but after ingesting tomato juice for 2
weeks lycopene can be increased obviously in
body, while at the same time the immune function
of T lymphocytes was enhanced.

Anti-atherosclerosis and inhibit
synthesis

Lycopene is fat soluble substances, mostly
existed in the cell membrane and lipoprotein
components, more concentrated in the low density
lipoprotein (LDL) and very low density lipoprotein,
but not existed in high density lipoprotein.
Lycopene can significantly inhibit the serum lipids
and the oxidation of LDL so as to reduce the risk of
coronary heart disease. The concentration of
lycopene in the body and atherosclerosis,
myocardial infarction is negatively correlated. Fat
content of lycopene top 20% of the population has
much lower risk of myocardial infarction than the
minimum content of 20% of people. Lycopene can
also reduce cholesterol synthesis, degradation of

cholesterol
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LDL in cells increased, thereby reducing the
probability — of occurrence of  myocardial
infarction[9]. Lycopene can inhibit macrophage
cholesterol  synthesis from acetate pathway;
inhibition rate reached 73%, but cannot inhibit the
synthesis of formic acid from cholesterol valerate
pathway. It may increase LDL receptor activity,
inhibit cholesterol synthesis rate-limiting enzyme
methyl-glutaryl CoA reductase activity, reduce
cholesterol synthesis. Meanwhile, it can accelerate
the transfer of triglyceride to macrophages, reduce
the ormation of triglyceride synthesis key enzyme
diacylglycerol acyltransferase mRNA, generate in
the blood triglyceride reduction[10].

Rissanen et al[11]reported that total of 725
middle-aged men epidemiological investigation
showed that the lower the plasma levels of
lycopene, the greater risk of suffering from acute
coronary heart disease and carotid artery wall
intima or media thickness ratio are. Kirsten et
al[12]used the case-control method, eliminated the
gender, age and other factors, analyzed the serum
concentration of 108 subjects in a variety of
carotenoids. The results showed that the
concentration of lycopene was negatively
correlation with atherosclerosis.

Skin protection

The sun and ultraviolet radiation cause skin
damaged in different degree, accelerated the
formation of wrinkles, stains, and even lead to skin
cancer. The reason for this is the generation of
ultraviolet and singlet oxygen and free radicals.
Clinton[13]proved that through the usual intake of
lycopene rich foods can defend against UV, and
avoid UV irradiation erythema. Recent studies have
confirmed that ultraviolet irradiation, first destroy
the skin of lycopene by sunlight, the lycopene
content of skin exposed to sunlight is 31%-46%
lower than of the skin without sunlight[14]. By
inference, the skin of lycopene has a clear UV
produced ROS, reducing dietary lycopene content
can cause skin cancer rates increased.

Other aspects of the role

Lycopene wide variety of sources and safe non-
toxic, added to various foods, can improve the
nutritional value, the nutrition is better than vitamin
E and f- -carotene. With antioxidant and
photoprotective effect, it can prevent oxygen free
radicals, which caused by a variety of retinal
macular degeneration, and retinal pigmentation
caused by degeneration of vision loss and blindness
and other symptoms. In addition, lycopene from
tomato has been widely used in food additives,
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functional food, pharmaceutical raw materials and
advanced cosmetics industries, in order to make full
use of lycopene health, disease prevention,
treatment and beauty features[15].

THE EXTRACTION PROCESS OF LYCOPENE
Organic solvent extraction

Depending on the properties of insoluble in
water, soluble in methanol, ethanol, soluble in
petroleum ether, hexane, acetone and benzene, the
lipophilic organic solvents are commonly used as
the extraction agent for extraction of lycopene. At
present, saponification is usually used. The
principle is through the saponification of tomato
processing raw materials to destroy tomato tissue
cells, so that lycopene can completely release.The
specific method of saponification methods: (1) the
fresh tomato peeled, beating, centrifugal out the
water; weigh a certain amount of tomato pulp,
adding the appropriate lye, heating and stirring, the
reaction is completed when tomato pulp washing to
neutral, then dried and crushed tomato pulp; (2) the
extraction of lycopene. Adding proper extracts such
as: petroleum ether into the saponification and dried
tomoto powder to extract, after the extract was
filtered, then wvacuum concentration, obtained
lycopene oleoresin[16].

Enzymatic extraction

Enzymatic extraction is a popular method for
extracting lycopene by pectinase and cellulase
reaction with tomato skin itself. The extraction
process is:(1) tomato (or tomato processing
byproducts) after beating smash, adding alkali to
adjust the pHvalue; (2)45 ~ 60 °C heating constant
temperature preservation; (3) the skin was removed
by filtration, the residue seed and fiber, to obtain
extract; (4) adding acid to adjust to be a weak acid
to precipitate the carotenoid cohesion, by removing
the upper turbid liquid siphon obtain containing
carotenoid precipitate; (5) adjusting to the pH
value, vacuum concentration, then adding acid or
salt preserved. In addition, it can also be applied to
0.1% pectinase or cellulase, controlled by
enzymatic hydrolysis and extraction time as to
achieve the purpose[17]. Ranveer et al[18]
optimized extraction process of lycopene by using
solvents and examine the effect of enzyme
treatment on the recovery if any. The results
revealed that the tomato peel (417.97 nug/g) contains
highest amount of lycopene followed by industry
waste (195.74 pg/g), whole tomato (83.85 pg/g)
and pulp (47.6 pg/g).

Supercritical fluid extraction

The supercritical fluid phase is a kind of special
material, has good solvent properties, widely used
in organic extraction. The principle of supercritical
fluid extraction technology is the use of the
relationship between solubility of supercritical fluid
and its density, namely the use of pressure and
temperature affect the ability of dissolved
supercritical fluid carried out[19]. CO; is the most
common extraction solvent, while supercritical
fluid CO. is at the critical fluid temperature and
pressure (called the critical temperature critical
point CO, as 31.1°C, the critical pressure as 7.38
MPa above CO,, which has a liquid between gas
and liquid in a heavy nature, so that it has good
permeability[20]. Singh et al reported that at the
conditions of the 40MPa and 2.5 mL/min CO, flow
rate, supercritical carbon dioxide technology can
obtain the maximum yield of 1.18 mg lycopene per
gram of samples[21].

Microwave extraction

Lycopene is a fat-soluble pigment with the
characteristic of long time extraction. Because
organic solvent is difficult to penetrate through the
material of cell wall and membrane, so that it is not
a good dissolution of the extract from organelles.
Microwave-assisted extraction (microwave-assisted
extraction, referred to as MAE) can improve the
extraction  efficiency.  Microwave is an
electromagnetic wave frequency between 300 MHz
and 300 GHz, with volatility, high frequency,
thermal properties and non thermal characteristics
of four basic features. The thermal effect of
microwave is based on different charge polarization
internal material dielectric properties and material
does not have the ability to keep up with the
alternating electric field to achieve[22].

For the purpose of optimization MAE of
lycopene from tomato peels and evaluation the
effect of treatment on all-trans and isomer vyields,
Ho et al[23] used response surface methodology
(RSM) to optimize lycopene extraction with solvent
ratio solid-liquid ratios, microwave power, and
delivered energy equivalents as factors. The results
showed that the optimum MAE condition was
determined as: 0:10 solvent ratio at 400 W with a
yield of 13.592 mg/100 g of extracted all-trans-
lycopene.

Ultrasonic extraction
Ultrasound can accelerate the process of
dissolution of lycopene in solvents, reduce the

lycopene in the air and sunlight exposure time.
However, it was not very clear that whether
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lycopene itself is affected or whether lycopene
oxidative degradation accelerates to its cis-trans
isomerization reaction[24]. Eh et al[25]reported
that the optimisation of the lycopene extraction had
been performed, giving the average
relative lycopene yield of 99% at 45.6 min, 47.6 °C
and ratio of solvent to freeze-dried tomato sample
(Viw) of 74.4:1 via
the ultrasonic assisted extraction (UAE). From the
optimised model, the average vyield of all-
trans lycopene obtained was 5.11+0.27 mg/g dry
weight. Zhang and Liu [26] reported that the
extracting technology of lycopene from tomato
paste by ultrasonic and microwave
assisted extraction (UMAE) and ultrasonic
assisted extraction (UAE). The results showed that
the optimal conditions for UMAE were 98 W
microwave power together with 40 KHz ultrasonic
processing, the ratio of solvents to tomato paste was
10.6:1 (V/W) and the extracting time should be 367
s; as for UAE, the extracting temperature was 86.4
degrees C, the ratio of the solvents to tomato paste
was 8.0:1 (V/W) and the extracting time should be
29.1 min, while the percentage of lycopene yield
was 97.4% and 89.4% for UMAE and UAE,
respectively. In their study, the results implied that
UMAE was far more efficient extracting method
than UAE for extraction (UAE) of lycopene from
tomatoes.

Microbial fermentation

In addition to extract from containing lycopene
substances, it can also use algae and fungi and yeast
fermentation to produce the lycopene[27]. Now, the
producing lycopene microorganisms are including
gram negative bacteria, blakeslea trspora, golden
Mycobacterium and gene engineering
bacterium[28]. With the development of genetic
engineering techniques, the use of genetic
engineering bacteria producing lycopene has
become a research hot topic. Hal et al[29] reported
a foreign gene inserted by transgenic technology in
E. coli cultures produce lycopene, and can obtain
11,000 ppm (ug of lycopene/g dry cell weight).
Gavrilov et al[30] found that adding tomato
industrial wastewater into the growth medium of
the Blakeslea trspora can inhibit the production of
carotenoids, but stimulate the synthesis of
lycopene. In addition, in the breeding of high-yield
- carotene Blakeslea trispora strains, people found
that the strain had a unique metabolic process.
Adding vegetable oil, surface active agents,
antioxidants and a variety of structural analogues
can improve [-carotene vyield; the other
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fermentations can improve the vyield of other
carotenoids[31,32].

CONCLUSIONS

Among the production methods of lycopene
above, the method of organic solvent extraction has
some characteristics, such as simple process, low
energy consumption and the solvent recycled
easily. However, the water-insoluble components in
extraction contain a large of fatty acid glycerol
vinegar and varieties of free fatty acids, which not
only influence the purity of the product, but also
make it difficult to release the lycopene inside; The
saponification method makes the mount of
extracting is almost four times higher than the
normal method and organic solvent extraction. At
the same time, it can eliminate the influence of
carotene to the determination of lycopene.
Compared to the enzyme reaction method and
organic solvent extraction method, it can shorten
the time with the extraction yield improved
significantly. Among them, the amount of
extracting of miccrowave enzymatic is higher
compared with simple enzyme reaction method and
microwave method. For the ultrasonic extraction
lycopene, in addition to shorten extracting time and
improve the high extracting amount outside,
meanwhile it avoids the oxidative loss of lycopene
because of long extracting time. It is suitable for
industrial production with low cost and less
investment.

With the superior physiological function, the
lycopene can be used as health care products,
cosmetics, medicine and food additives. At present,
lycopene has been allowed to use as an edible
natural pigment by the EC and the Biritish.
However, because of unstable characters, it is
necessary to eat mix antioxidants, like vitamin E
and so on, or grease in the application. With the
development of technologies, the physiological
function of lycopene will be proved with the
scientific research in deep and system. It will open
up a broad prospect for the development and
utilization of lycopene.

China is the third tomato producer after America
and Italy. The tomato production is about 20% of
the world. It has a unique advantage to develop the
tomato processing industry. However, it’s still in
the initial stage on domestic research. So the gap is
large compared with foreign counterparts. In our
country, the size of tomato products industry is
expanding quickly. However, there is a large of
waste from tomato peels’ residues in factories. If
each manufacturer adopts reasonable extracting
methods according to their own condition,
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extraction of lycopene improves with high value-
added from the tomato peels’ residues. It is a
potential way to raise the economic benefit and
industrial development.
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OU3NOJIOI'NMYHU ®YHKIMNU 1 TEXHOJIOTHA HA U3BJIMHAHE HA JIMKOIIEH —
EJIMH ECTECTBEH AHTUOKCHUIAHT

Kc. XKao?, B. Veit!, [ix. XKon!, JIx. JInu?

Ylabopamopus 3a 3enenu xumuunu npoyecu na Munucmepcmso na 06paz06anuemo, yuuiuue no UHICeHePHa XUMUsL U
¢apmayusa, Yxan mexnonoecuuen uncmumym, Yxan 430073, Xyoeu, Kumaii
2Uncmumym no ocnoenu meduyuncku nayku, Koneoic no obwa meouyuna, Kamedpa no ungpexyuosnu 6orecmu,
Penmun bonnuya, Xybeii ynusepcumem no meouyuna, luan 442000, Xyoeu, Kumaii

Tlonyuena nHa 26 ronu, 2015 r., peBusupana Ha 10 cenrremBpu 2015 1.
(Pesrome)

JlukonensT € BUI KapoTeHOoMA. HeroBara aHTMOKCHIAHTHA aKTUBHOCT € MHOIO BHCOKa. ToH ChIIO Taka urpae
Ba)KHA POJIS 3a MPEIOTBpATIBAaHE Ha PAKOBH 3a00JIIBaHUS M aTepPOCKIEPO3a M CIioMara Jja ce pa3Bhe UMYHHTET CPEILy
6omnectra. [Topanu ToBa, M3CIEOBAHETO HA JIMKOIIEHA € TOPEIIa TOYKAa B (PYHKIMOHAIHWUTE XPaHW M KaTO CHCTaBKa B
HOBH JIEKapCcTBa, MO cBeTa. B Ta3u crartus Osxa pasrielaHd OCHOBHHMTE (PU3MOJOTMYHU (PYHKIUH U OCHLIECTBHMA
TEXHOJIOTUA 33 EKCTPAKIUs B HHIYCTPHATA.
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Chromogenic agent alizarin red S was applied as complexant for the quantitative determination of trace aluminum
by ultraviolet spectrophotometer. The experimental parameters (pH of the aqueous solution, temperature and the
reaction time), interference in the measurement was optimized. The maximum absorbance of the reaction system was
490 nm further than the one of alizarin red S itself. The calibration curve was linear over the concentration range
0.04~0.14 mg-mL* of aluminum with good precision as well as accuracy and the variance reached to 0.9803. The
detection limit was down to 0.004 mg-mL™. Method Validation showed that: Fe** and Cu?* had some influence on
determination of AI®*, while K*, Na* had little interference. The recoveries were 82%~108%. Results from experiments
indicated that the proposed method was easy for operation with great selection, reproductivity and comparison as well

as board range of detecting concentration.

Keywords: Alizarin Red S, Spectrophotometry, Aluminum(lll) lon, Determination

INTRODUCTION

Aluminum is a familiar metallic element which
is up to 8.8% (by weight) in the earth's crust, just
lower than oxygen and silicon. The main
existence form of aluminum is compound silicate or
weathering products. As a broad-spectrum metal,
aluminum has great number purposes in the realm
of industries and other fields of life[1]. Early before
the 1970S, it’s universal that aluminum is not
absorbed and digested by human body. Therefore,
aluminum is widely used as food additives, water
treatment agent[2], drug, structural material in the
construction[3], etc. It also used to make tableware
and food packaging. But in recent years, studies
have shown that aluminum is toxicological effect
on health of the public concluding the human
beings, animals and plants[4, 5]. Aluminum
accumulated in the body can produce great number
of illnesses,  Alzheimer disease, dialysis
encephalopathy, Guam dementia Parkinson's
syndrome and so on[6]. Aluminum accumulated in
the brain could cause central nervous system
dysfunction. Aluminum cumulative in bone tissue
may result in bone pathology. The activity of many
enzymes system can be affected by aluminum,
which produce toxicity to the hematopoietic
system. In addition, aluminum has significant
inhibitory effects on immune function. Aluminum

* To whom all correspondence should be sent:
E-mail: 1ff0928@sina.com; wangxiaoli6578@sina.com

also does damage to embryo. Meanwhile,
Aluminum could inhibit the elongation and division
of plant root tip cell.Taking into account all
evidence offered above, determination of aluminum
content accurately and rapidly is the premise to
ensure the safety of food and then the health of
human beings.

Currently, the common measurement methods
of trace aluminum contain EDTA complexometric
titration, high performance liquid chromatography
(HPLC)[7] and Inductively coupled plasma atomic
emission  spectrometry  (ICP-AES)[8] and
inductively coupled plasma mass spectrometry
(ICP-MS)[9], graphite furnace atomic absorption
spectrophotometry[10], fluorescence spectrometry
and polarography and so on. However, all these
methods have some limitations. For example,
EDTA complexometric titration is easily influenced
by other interfering ions; UV-Visible absorption
spectrum is greatly influenced by the medium;
Mass spectrometry instruments is much expensive

Alizarin red S (Alizarin sodium sulfonate,
Alizarin 'S, ARS) is a kind of hydroxyl
anthraquinone  reagent applied widely in
photometric analysis as chromogenic agent[11] and
complexing agent[12]. It is the organic material
extracted from a natural product called
anthraquinone[13]. It can form a number of water-
soluble complexes with lots of metal ions[14],
mainly for the determination of Al**, Ga**, In® and
rare earth elements ion. In this experiment, the
absorbance of materials being tested was measured
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using spectrophotometric method at particular
wavelength or a certain range of wavelength,
therefore, the material was qualitative and
guantitative analysis. Alizarin red S and aluminum
can produce color reaction under certain conditions.
The maximum absorption peaks of complex
produced by alizarin red S and aluminum was
determined using spectrophotometer. Under the
maximum absorption peak, the optimal conditions
of of aluminium content the determination was
evaluated by controlling variables method,
concluding temperature, acidity and reaction time.
Four interfering ions and recoveries were used to
confirm the feasibility of the experiment. By UV
spectrophotometer, a new and simple method is
created with high sensitivity, good selectivity for
the determination of trace aluminum.

EXPERIMENTAL
Apparatus

A ultraviolet  spectrophotometer  (Cary50,
Varian, USA) equipped with 1.0 cm quartz cells
was used to collect all the spectral data at room
temperature. All the reagents were weighed by an
analytical balance (0.0001g, Mettler-Toledo
Instruments, USA). Digital electronic constant
temperature water-bath (HY-4, Guohua Electrical
Instruments, China) was use to control the
temperature. The pH of the solution was measured
by a pH meter (PHS-3D, Shanghai Precise
Instruments, China).

Reagents

All the reagents used were of chemical purity or
analytical grade. The solutions were prepared with
distilled water or deionized water, and working
solutions were obtained by appropriate dilution.

Alizarin red moderate S (0.25 mg-mL?) solution
was prepared by dissolving 0.0500 g of alizarin red
moderate S in 100 ml absolute ethyl alcohol and
then diluted to 200 ml with distilled water. The Al**
standard solution (1 mg-mL™) was prepared by
dissolving 8.9000 g of AICI;-6H,O in 100 ml
distilled water and 10 ml of 0.1 mol-L* HCI, and
then diluted to 1000 ml in volumetric flask on 1000
ml with distilled water.
Disodium hydrogen phosphate solution (0.2 mol-L-
1 was prepared by dissolving 17.9 ¢ of
disodium hydrogen phosphate in 100 ml distilled
water and subsequently diluted to 250 ml in
volumetric flask on 250 ml with distilled water.
Citric acid solution (0.1 mol-L*) was prepared by
dissolving 5.2500 g of Citric acid in 100 ml
distilled water and diluted to 250 ml in volumetric
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flask on 250 ml with distilled water. Interferential
ions solutions (0.25 g¢g-L?) was prepared by
dissolving 0.0500 g of FeCls;, CuS0O.-5H,0, KCI,
NaCl, respectively, in 100 ml deionized water and
then diluted to 200 ml with deionized water.

PROCEDURES
Adsorption preparation and dosage determination

1.5 ml of alizarin red S solution was diluted to 5
ml with distilled water. 0.7 ml of standard solution
of aluminum together with 1.5 ml of alizarin red S
solution were measured accurately into a test tube,
and then 7 another test tubes were prepared similar
to the aforementioned. An aliquot of solution of
phosphate  hydrogen phosphate-citrate  buffer
(0.0~5.0 ml), separately, were added into the 8 test
tubes, and finally diluted to 5 ml with distilled
water. 0.15 ml of disodium hydrogen phosphate-
citrate buffer solution ( pH=4.5, determined
optimum finally) and 1.5 ml of alizarin red s
solution as well as the aluminum standard solution
(0.0~0.7 ml) were taken into graduated test-tubes,
and diluted to 5 ml with distilled water. Various
amounts of color reagent and 0.15 ml buffer (
pH=4.6) together with a certain volume of standard
solution of aluminum (0.2~0.7 ml, respectively)
were added into 6 test tubes, and then diluted to 5
ml.

The solution above was put in a 1.0 cm quartz
cell, respectively. The absorption curve as well as
the maximum absorbance of all the aquas were
measured by ultraviolet spectrophotometer at room
temperature.

Determination of the optimum condition

1.5 ml alizarin red S solution and 0.7 ml
aluminum standard solution together with disodium
hydrogen phosphate-citrate buffer solution with
different pH values were added into the above
tubes, water was added until the volume is 5 ml,
absorbance values of the solutions were determined
at the room temperature. 1.5 ml alizarin red S
solution and 0.7 ml aluminum standard solution in
conjunction with 0.15 ml disodium hydrogen
phosphate-citrate buffer solution (pH=4.6) were put
into a test tube(5 ml), absorbance measured at
different temperatures. Solution similar to the
second one was left to stand for diverse time
(10~60 min) with absorbance detection.

Method Validation

The stability test of recommended method was
assess by the addition of interfering ions in the
reaction system. The interference of foreign ions
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(Na*, Fe*, Cu?*, K*) were measured with various
concentration of aluminum standard solution
(pH=4.6). The accuracy and precision of the
proposed method was evaluated with the standard
curve and the recoveries.

RESULTS AND DISCUSSION
Dosage determination

The studies indicated that utilize of alizarin red
S for determination of trace aluminum was feasible
and precise. Without anything others, absorption
response of alizarin red S itself appeared at 420 nm
(Fig. 1a). Within disodium hydrogen phosphate-
citrate buffer solution, absorption wavelength as
well as Abs value of the reaction system increased
with its volume. The absorption wavelength ranges
from 420 nm to 490 nm (Fig. 1b). The range of the
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absorption wavelength was wide and the sensitivity
was accurate with 0.15 ml buffer solution (Fig. 1c).
In addition, together with the aluminum standard
solution, absorption peak increased with its dosage
to 490 nm because of the complexation between
aluminum and alizarin red S. The Abs also rised
with its volume until the volume was equal to 0.7
ml (Fig. 1d, 1e). In conjunction with various dosage
of aluminum standard solution, Abs grew with the
volume of the Alizarin red S. The Abs had large
extent and great accuracy when the volume of
Alizarin red S was from 1.5 ml to 1.8 ml (Fig. 1f).
From the point of cost-saving and result-precise,
the dosage of disodium hydrogen phosphate-citrate
buffer solution, aluminum standard solution and
Alizarin red S were 0.15 ml, 0.2-0.7 ml and 1.5 ml,
respectively
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Fig. 1. Reagents dosage determination: (a) absorption spectrum of alizarin red S, (b) influence of buffer
solution’s volume, (c) buffer solution’s volume determination, (d) absorption spectrum of aluminum standard
solution, (e) absorbance of aluminum standard solution, (f) absorbance of Alizarinred S.
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Fig. 2. The optimum condition: (a) influence of the pH value, (b) impact of the temperature, (c) effect of the

reaction time, (d) standard curve.

The effects of reaction variables

The pH value of alizarin red S itself was 4.67. In
order to achieve better sensitivity, the reaction
should be carried out in a weakly acidic medium.
When the pH value was lesser than 4.0, the
maximum absorption peak was about 470 nm.
There was sediment in the reaction system when
the pH value was greater than 7.0. The absorption
peak was approximate 490 nm (Fig. 2a). So the Abs
should be measured when the pH was 4.6 at 490
nm. The value of Abs increased with temperature in
only a slight degree (Fig. 2b). For cost-effective
and easy-to-control, the experiments were operated
at room temperature. The absorbance fluctuated as
the reaction time in a small range. The reaction
system can keep stable for about 6 h with
correlation index of the standard curve equal to
0.9803 (Fig. 2c, 2d ).

Method Validation

This study took interfering ions and recovery
into consideration to discuss feasibility of this
method. For the interfering ions, the Na*, K*, Fe*,
Cu?* were choosed to be tested. The absorbance as
well as maximum absorption peak were nearly
invariant with Na* or K* whether there is AI** in the
system (Fig. 3a, 3b, 3c, 3d). But for Fe** and Cu?,
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the Abs value rised with their concentration to
some extent (Fig. 3e, 3f, 3g, 3h). The recovery and
precision were tested for accuracy. The result is
between 82%~108%, which illustrated the method
feasible (Tab. 1).

Table 1. Recovery test results of determination of
aluminum.

Number Background  Addition  Absor- Recovery

values (ug) values (ug) bance (%)
1 0.15 0.1 0.2981 82
2 0.15 0.2 0.5302 108
3 0.15 0.3 0.6691 107
4 0.15 0.4 0.7475 99
5 0.15 0.5 0.8005 90

CONCLUSIONS

The results showed that the appropriate use of
alizarin red S allowed determining trace aluminum
exactly. Alizarin red S was employed as
complexing agent. To ensure satisfactory results,
some conditions such as pH of the aqueous
solution, temperature, the reaction time of the
reaction system were optimized. The application of
spectrophotometer provided a very simple and
relatively rapid determination of aluminum. The
linear range was relatively wide within general
concentration range of 0.04~0.14 mg-mL™.
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Fig. 3. the influence of interfering ions: (a, c, e, g) Reaction between Alizarin Red S and different quantity of
Na*, K*, Fe®*, Cu?*, (b, d, f, h) Influence of Na*, K*, Fe3*, Cu?* on absorbance determination of reaction system.

The method recommended was precise, less
cumbersome, easy to operate and sensitive when
the volume of disodium hydrogen phosphate-citrate
buffer solution, aluminum standard solution and
alizarin red S were respectively 0.15 ml, 0.2~0.7 ml
and 1.5 ml with pH equal to 4.6 at room
temperature in conjunction with wavelength of
490nm. Method validation concluding influence of
interfering ions and recovery indicated that the
recommended method was of great veracity and
stability. As a consequence, alizarin red S
represents a possible new alternative which
surpasses the methods known from literature in

many aspects. It may be a new test tool for
determination of aluminum.
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CHEKTPO®OTOMETPUYEH METO/] 3A OITPEJEJISIHE HA CJIEJIV OT AJIYMWHUI C
I[TPUJIAT'AHE HA AJIM3APMHOBO YEPBEHO S

®. Jlen™™, U. Ixunt, I1. Yeii!, U. Yan?, U. JIs!, Kc.Van?*, KcX. Ky?

Y Yuunuwe 3a nayxu 3a scueéoma u unsicenepcmeo, Texnonozuuen ynusepcumem 6 Jlanoxcoy, Janoxcoy 730050,
Kumaii
2 Jlanoocoy uncmumym 3a ceicko cmonancmeo u gapmayeemuunu nayku na CAAS, Kumaii

Tlonyuena Ha 26 rouu, 2015 r., peBusupana Ha 10 cenremspu 2015 r.

(Pesrome)

XpOMOTCHHHUSI areHT alu3apMHOBO YEPBEHO S C€ MpuiIara KaTto KOMILICKCOOOpa3yBaTell 3a KOJHYCCTBEHO
OTpeNICIIIHe Ha CJIEeIU OT aJyMHUHHU C YITPaBHOJIETOB crekTpodoromerhp. Excrepumenrtannute nmapamerpu (pH Ha
BOJHUSI Pa3TBOp, TEMIIepaTypa U BpeMe Ha peakiius), CMYIICHUATa B U3MEPBAHETO ca ONMTHUMU3MpaHu. MakcuManHaTa
abcopOmms Ha peaknuoHHaTa cucreMa ¢ ¢ 490 HM oTmasedeHa OT Ta3d HAa CaMOTO AlIM3apHHOBO YEPBEHO S.
Kanubpannonnara kpuBa e juHeiHa B auana3oH Ha koHieHtpanuu 0.04 ~ 0.14 mr/mu anymunuii ¢ 1o0pa TOYHOCT,
KaKTO W MPENU3HOCTTa U Bapuarusara gocturaa 10 0.9803. I'panunara Ha orkpusade e 0.004 mr/mi. Banuaupanero Ha
MeTozia mokasa, ue Fe®* u Cu?* umar u3BeCTHO BJIMAHHE BLPXY ompeselsHero Ha Al¥" mokato K ¥, Na * umar mainko
Bnusinue. HuBara Ha Bb3cTaHoBsiBaHE ca 82% ~ 108%. Pesynrature oT eKCIEPUMEHTUTE MOKa3BaT, Y€ MPEATIOKEHUSIT
METOJl € JIeCeH 3a paboTa, C ToJsIMa CEIIEKTUBHOCT, TOBTOPSEMOCT, KaKTO W MIMPOK JAWANa30H Ha OIPEIeIsSTHU

KOHIIEHTpALIUH.
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The edge eccentric connectivity index of a graph G is defined as gec(G):szE(G)degG(f)ch(f), where

deg, () is the degree of an edge f and ec, (f) is its eccentricity. In this paper, we investigate the edge eccentric

connectivity index of a class of nanographs, namely, nanothorns and we present an explicit formula for the edge
eccentric connectivity index of nanothorns. The results are applied to compute this eccentricity-related invariant for
some important classes of chemical graphs by specializing components of this type of graphs. In addition, an algorithm
is designed for calculating the edge eccentric connectivity index of graphs.

Keywords: Edge eccentric connectivity index, Eccentric connectivity index, Eccentricity, Zagreb index, Thorny graph.

INTRODUCTION

Let G=(V,E) be a connected simple graph
with vertex and edge sets V(G) and E(G),
respectively. If |V (G)|:n and |E(G)|:q, we
say that G is an (n,q)-graph. The degree of a

vertex VeV (G), denoted by degg(V), is the

number of edges incident to v. A vertex of degree
one is called a pendent vertex. The edge incident to
a pendent vertex is called a pendent edge. The

distance dg (u,Vv) between two vertices u and v

in G is the length of the shortest path between
them. The eccentricity of a vertex ueV(G),

denoted by ec; (u), is the largest distance between
u and any other vertex v of G . Let f =uv be an
edge in E(G). Then the degree of an edge f,

dege (f), is defined to be
deg, (f)=deg, (u)+degs (v)—2. For two
=u,v, in E(G), the distance

denoted as

edges f,=uy,, f,
between two edges
dg ( f,, f, ) is

f, and
defined to be

f,, denoted as

ds (. f,)= min{dG (U, ), dg (v, ), dg (v, 1, ), dg (vl,vz)}

. The eccentricity of an edge f, denoted by

*To whom all correspondence should be sent:

E-mail: zeynep.berberler@deu.edu.tr; murat.berberler@deu.edu.tr

ecs(f). is
ec; (f)= max{dG(f,e)|ee E(G)}. The corona

product GoH of two graphs G and H is defined
as the graph obtained by taking one copy of G and

V(G) copies of H and joining the ith vertex of

defined as

G to every vertex in the ith copy of H [3,7]. We
will omit the subscript G when the graph is clear
from the context.

A topological index is a numerical descriptor of
the molecular structure derived from the
corresponding  (hydrogen-depleted)  molecular
graph. Various topological indices are widely used
for quantitative structure-property relationship
(QSPR) and  quantitative  structure-activity
relationship (QSAR) studies [2,14,16-17,19].

The eccentric connectivity index of G, &° (G)

proposed by Sharma, Goswami and Madan [24],
has been employed successfully for the
development of numerous mathematical models for
the prediction of biological activities of diverse
nature [21-22]. It is defined as

£(G)= ZVEV(G)degG (v)ecs (v),
where deg (V) denotes the degree of the vertex v

in G and ecg (v) is the largest distance between

v and any other vertex u of G. The quantity
ecs (V) is named as the eccentricity of vertex v in

G. In fact, one can
connectivity index as

rewrite the eccentric

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 165
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£°(G)= ZUVGE(G)(eC(U) +ec(v)).

The total eccentricity of a graph G [18],
denoted by @(G), is the sum of all the

eccentricities of G, that is,
0(G) =3 ierc(V).

The eccentric connectivity and total eccentricity
polynomials of G are defined as

E(G,x)= ZVE\/(G)degG (v)x*= and

®(G' X) = ZVEV(G) X,

respectively. It is easy to see that the eccentric
connectivity index and the total eccentricity of a
graph can be obtained from the corresponding
polynomials by evaluating their first derivatives at
x=1.

The edge version of eccentric connectivity index
of G, & (G), proposed by Xu and Guo [25], is

defined as

&£(G)= ZfeE(G)degG (f)ecs (),
where deg () is the degree of an edge f and
&Cg () is its eccentricity.

The Zagreb indices are the most known and
widely used topological indices. The first and
second Zagreb index of a graph were first
introduced by Gutman and Trinajsti¢ [13], defined
as

M, (G)= ZveV(G)deg (V)2 '

M, (G)= ZUVEE(G)deg (u)deg(v)

respectively.
The first Zagreb index can be also expressed as
a sum over edges of G,

M, (G)= ZUVEE(G)(dege (u)+degg (v))

It is important and of interest to understand how
certain invariants of composite graphs are related to
the corresponding invariants of the original graphs.
The concept of thorny graphs was proposed by
Gutman [12]. Let G be a connected graph on n

vertices. The thorn graph G™ of G is obtained by
attaching p, new vertices of degree one to the

vertex U, of the graph G, where p, >0 and
i=1...,n. The p, pendent vertices attached to
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vertex U, are called the thorns of u,. Recall the
definition of the corona product. In particular, if
p=p,=...=p,=P, then the thorny graph

G =G oK_p, where K_p denotes the complement

of a complete graph K .

The concept of thorn graphs was found in a
variety of chemical applications as given in Refs.
[4-6,11-12,15,20]. Interesting classes of graphs can
also be obtained by specializing the parent graph in
thorny graphs. Plerograms and kenograms are the
two types of molecular graphs. Molecular graphs
will be depicted in a usual way — atoms will be
replaced by vertices and bonds by edges. In modern
chemical graph theory, the plerograms are
molecular graphs in which all atoms are represented
by vertices whilst the kenograms are referred to as a
hydrogen-suppressed or hydrogen-depleted
molecular graphs [1]. The name thorn graphs for
plerographs was introduced by Gutman [12]. What
Cayley [1] calls a plerogram and Pdlya [10] a C-H
graph is just a thorn graph [12] and the parent graph
would then be referred to as kenogram or a C-
graph. In addition, caterpillars are the thorn graphs
whose parent graph is a path [9]. For a given graph
G, its t-fold bristled graph Brs,(G) is obtained

by attaching t vertices of degree 1 to each vertex of
G . This graph can be represented as the corona of

G and the complement graph on t vertices K

The t-fold bristled graph of a given graph is also
known as its t-thorny graph.

The paper proceeds as follows. In Section 2, the
edge eccentric connectivity index of thorn graphs is
investigated. Then, the results are applied to
compute this eccentricity-related invariant for some
important classes of graphs in terms of the
underlying  parent graph by specializing
components and consider some special cases. A
polynomial time algorithm is proposed in order to
calculate the edge eccentric connectivity index for
any simple finite connected graph without loops
and multiple edges in Section 3.

MAIN RESULTS

Let G bean (n,m)-graphand G" be the thorn
graph of G with parameters p,, p, >0,
i=1...,n, Welet t; be the j th thorn attached to
the vertex u, of G, where j=1...,p,. By the

definition of thorn graphs, for every edge f in G,
it holds that
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degs (u;)+ p; +dege (u; )+ p; -2
iff =uu, €eE(G);

deg .. (f)=
gG ( ) deQG (ui)+ P -1
if f =ut; isapendentedge in G".
and
ecs (f)+1,
iff eE(G);
e (F)= ecg (u;)
G i)

if f =ut; is apendent edge in G”.

Now, we start to compute the edge version of
eccentric connectivity index of thorn graphs.

Theorem 2.1. Let G be an (n,m)-graph. If G
is the thorn graph of G with parameters p,,
p,>0,1=1..., n, then
£(G7)=£(G)+M,(G)-2m+

> (pi+pj)(ece(uiuj)+1)+

f=uu;cE(G)
> p;(dege (u; )+ p; —1)ec, (u;)
i=1

Proof. By the definition of edge eccentric
connectivity index, we have:

5(67)= Zdeg

feE

f)ece*(f)

= > deg..(uu

fuueEG

e (o)
(o)

By substituting the values of parameters due to
the definition of thorn graphs, we compute

5(6)=
Z (dege (ui)+ p; +degg (uj)+ P; _2)(ECG (uiui)+1)+

f=uu;eE(G)

n

> deg. (utJec,

i=1 j=1

ii(dege )+ Pi—L)ecs (u)

= de de —2kcC
fu,éE(@( d (u;)+deg (u; ) —2)ecs (u
> (degG(ui)+degG(uj)—2)+

f=uu;eE(G)

> (prpece(uu)+ > (p+py)+

i cE(G) i E()
Z p: (degs (u)+ p; —1)ecs (u;)
Since

Z deg, ()= > (dege (v)) ~2|E(G)| [8l,
\j:eE get e

£(G7)=&(G)+M,(G)-2m+

> (oo ) ())

f=uu;eE(G)

Zn: p; (degs (ui)+ P; _1)eCG (ui)

i=1

Hence, the desired result of &; (G*) holds.

The following corollaries for thorny graphs
follow easily by direct calculations.

Corollary 2.1. If G~ is the thorn graph of an
(n, m) -graph G with parameters

p,=p,=...=p,=p,then
£(G7)=£(G)+M,(G)+2m(p-1)+
p(£(@)+(p-10(0))
2p Y ec(uy,)

f=uu, E(G)

Corollary 2.2. If G™ is the thorn graph of an
(n, m)-graph G with parameters
p=p,=...=p, =1, then

&(G7)=&(G)+M,(G)+
£(G)+2 Y ece(uy;)

f=uu;eE(G)
Observation 2.1.

By Corollary 2.1, the edge eccentric
connectivity index of t-fold bristled graph of a

given graph G can easily be computed.
Example 2.1. Let G be an (n, m)-graph. Then

& (Brs,(G)) =& (G)+ M, (G)+2m(t-1)+
t(&°(G)+(t-1)6(G))+

2t > ecg(uu))
f=uu;eE(G)

For the simple bristled graph (t =1)
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& (Brs,(G)) =& (G)+M,(G)+
£(G)+2 Y ece(uuy))
f=uu;eE(G)

From the above formula and Observation 2.1,
the edge eccentric connectivity index of the t-fold
bristled graph of P, and C, can easily be
computed.

an(n(t* +3t+2)-8)—t(2n(t+13) +t-17)+26
2 ,
if n is odd;

n(3n(t2 +3t+2)-2(t? +13t+12))
4+4t+6

& (BI’S‘(Pn )) =

n(n(1+t(t+5)/2)—2t),

if nis even;
n(n—1+t(nt—t+3n—3)/2),
if nis odd.

Note that the 2 -fold bristled graph of P, is the
molecular graph related to polyethene.

& (Brs,(C,))=

and

Table 2.1. Invariants of path and cycle

if nis even.

G P, C,
(3n*—16n+21) /2,
. if n is odd;
«(©) (3n2 ~16n+20) /2, nl(n-2)/2]
if nis even.
(3n*-6n+4)/2, n?,
. if n is even; if n is even;
(e 3(n-17°/2 n(n-1),
ifnis odd. if n is odd.
3/4n*-1/2n, 12n?,
H(G) if nis even; if nis even;
3/4n* -1/2n-1/4, 1/2n(n-1),
if nis odd. if n is odd.
Ml(G) 4n—-6 4n
(3n*-12n+9) /4,
if n is odd;
f:uiujeE(G)ece (Uiuj) (3n2 —12n+8)/4, n|_(n—2)/2J
if n is even.

COMPUTING THE EDGE ECCENTRIC
CONNECTIVITY INDEX OF A GRAPH

In this section, a polynomial time algorithm is
proposed in order to calculate the edge eccentric
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connectivity index for any simple finite undirected
connected graph without loops and multiple edges
by using the exploration algorithm BFS [23]. The

adjacency matrix A is used to store the neighbors
of each vertex.
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Algorithm. The Edge Eccentric Connectivity Index

forall veV do
BFS(G,v);
o[v] «0;
forall ueV do
D[v,u] <« dist[u];
o[v] « o[v]+ Alv,u];

end
end

& (6)«0;
forall f,(u,v,)eE do
dege ( fl) <~ 5[“1] + é‘[V1] -2

forall f,(u,,v,)€E do

dG[fZ] A mln{D[ul’ u2]’ D[ul’VZ]’ D[Vl’UZ]’ D[Vl’VZ]

end
ec, (f,) « max{d,[f] | Vf e E}

& (G) « & (G)+degq (f,)*ecs(f,)
end

The below function BFS returns the distances
from a source vertex Vv to all other vertices in the
graph.

function BFS(G,v);

Input: Graph G =(V, E), start vertex v

Output: for all vertices u reachable from v,
dist[u] is set to the distance from v to u

forall ueV do
dist[u](—oo;
end
dist[v] «0;
Q«[v];
while Q is not empty do
u <« eject(Q);
for all edges (u,w) e E do
if dist[v]=oo then
INJECT(Q,V);
dist[w] < dist[u]+1;
end

end
end

The Edge Eccentric Connectivity Index
calculation algorithm runs in polynomial time. The
running time of function BFS(G,v) s

O(|V|+|E|) and the function BFS(G ,V) runs for
all veV (G) . Since the binary combinations of the

edge set, that are C(|E|,2):|E|(|E|—1)/2, are
handled one by one in the algorithm and since
|E|£|V|(|V|—l)/2, the complexity for the

algorithm described is O(|E|2) = O(|V|4)
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WNunekc Ha ekcrieHTpudHa peObpoBa CBHP3aHOCT HA HAHOTOPHH
3. H. bep6epnep, M. E. bepbeprep

Hayuen ¢paxynmem, [lenapmamenm no komnromvpnu Hayku, Yuusepcumem J{oxys Einyn, 65160,
Hzmup, Typyusa

[Monyuena na 28 snyapu, 2015, kopurupana na 27 ronu, 2015 r.

WHOeKchT Ha  eKCHIEHTpUYHa pebpoBa  cBbp3aHocT Ha eaud  rpap G ce geduHUpa  KaTo
§C(G):ZfEE(G)degG(f)gCG(f), KBJICTO degc(f) € CTemeHTa Ha emaHo pebpo f u ecG(f) € Herosara

e
eKCIICHTPUYHOCT. B Tasm cTaTtus wm3cnenBamMe WHAEKCA Ha EKCICHTPHYHAa peOpoBa CBBP3aHOCT HA EIOUH KIIAc
Ha”HOTpadu, a IMEHHO HAHOTOPHH M MpEACTaBsIMe eIHA eKCIUTMIUTHA GOopMyIa 3a HHAEKCa Ha eKCIeHTpUIHa pedpoBa
CBBP3aHOCT Ha HAHOTOPHH. PesynrathTre ce mTpmwiaraT 3a W3YHCISABAHE HA TO3M WHBApUAaHT, CBBP3aH C
EKCIICHTPUYHOCTTA 32 HAKOW BAYKHH KJIaCOBE XMMHUYECKHU Ipady OT CIIeIHaTH3NpaHN KOMIIOHEHTH Ha TO3H THII Tpadu.
B nmombiiHeHME, ¢ KOHCTPYHpaH alrOpUTHM, MpeIHA3HAUCH 3a M3YUCIIIBAaHC HAa WHJCKCA HAa CKCLIECHTPUYHATA peOpoBa
CBBP3aHOCT Ha Tpadu.
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