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nylsulfonyl)benzoyl)-4-(4-iodophenyl)-3-thiosemicar bazides

OLGA D. CRETU!, STEFANIA F. BARBUCEANU?*, GABRIEL SARAMET3
and CONSTANTIN DRAGHICI4

1University of Medicine and Pharmacy “ Carol Davila” , Faculty of Pharmacy, Pharma-
ceutical Botany Department, Traian Vuia Street 6, 020956, Bucharest, 2University of Me-
dicine and Pharmacy “ Carol Davila” , Faculty of Pharmacy, Organic Chemistry
Department, Traian Vuia Sreet 6, 020956, Bucharest, 3Phar maceutical Techniques and
Drug Industry Department, Faculty of Pharmacy, Traian Vuia Street 6, 020956
Bucharest and 4The Organic Chemistry Centre * Costin. D. Nenigescu” , Romanian
Academy, Splaiul Independengei 202B, 060023, Bucharest, Romania

(Received 21 December 2009, revised 12 July 2010)

Abstract: This paper presents new heterocyclic compounds from the class of
1,2,4-triazole-3-thione which were obtained by intramolecular cyclization, in
basic media of some acylthiosemicarbazides containing diphenyl sulfone moi-
eties. The new 1-(4-(4-X-phenylsulfonyl)benzoyl)-4-(4-iodophenyl)-3-thiose-
micarbazides (7a—c) were obtained by the reaction of 4-(4-X-phenylsulfonyl)-
benzoic acid hydrazides (6a—) (X = H, Cl or Br) with 4-iodophenylisothio-
cyanate. The cyclization of the acylthiosemicarbazides 7a—c in the presence of
an 8 % NaOH solution resulted in the formation of the new 5-(4-(4-X-phenyl-
sulfonyl)phenyl)-4-(4-iodophenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thiones  (8a—
—C). The structures of the newly synthesized compounds were elucidated by
spectral methods (IR, UV-Vis, IH-NMR, 13C-NMR and M S spectroscopy) and
elemental analysis.

Keywords: 1-acylthiosemicarbazide; intramolecular cyclization; 1,2,4-triazole-
-3-thione.

INTRODUCTION

The synthesis of compounds containing 1,2,4-triazole rings in their structure
has attracted widespread attention, mainly in connection with their wide range of
pharmacological properties. A variety of biological activities, such as anti-in-
flammatory,! analgesic,12 antibacterial 34 antifungal,3 antitubercular,® antiviral
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1464 CRETU et al.

antitumoral 6 anticonvulsant’ and antidepressant,8 have been reported for mer-
capto- and thione-substituted 1,2,4-triazole systems.

1,2,4-Triazole-3-thiones have been prepared by different methods. One of
the most common routes to these compounds involves cyclodehydration of acyl-
thiosemicarbazides with a variety of basic reagents, such as sodium hydroxide, 11
potassium hydroxide,12 sodium carbonate,13 triethylamine,14 etc.

In addition, it is known that acylthiosemicarbazides, the key intermediates
used in the synthesis of 1,2,4-triazoles, are compounds with various pharmaco-
logical activities: analgesic,1 antibacterial, 6 antifungal,17.18 antitubercularl®
and antitumoral .17 Moreover, a literature survey revealed that diphenyl sulfone
derivatives possess antibacterial activities. 20,21

In view of the above-mentioned findings and in continuation of our research
in the domain of heterocyclic compounds of the 1,24-triazole class with ex-
pected biological activity,22-25 herein, the syntheses of some new acylthiosemi-
carbazides and their cyclization compounds from the 1,2,4-triazole class con-
taining the diphenylsulfone moiety with potential biological activity are des
cribed. The new synthesized compounds were characterized by IR, UV-Vis, 1H-
-NMR, 13C-NMR and mass spectrometry and elemental analysis.

EXPERIMENTAL
Materials, methods and instruments

All chemicals used in this study were supplied by Sigma-Aldrich and Merck. Méting points
were determined using a BOetius apparatus and are uncorrected. The infrared spectra were
registered with a Vertex 70 Bruker spectrometer using potassium bromide disc technique and
the results are expressed in wave number (cm). The nuclear magnetic resonance (*H-NMR
and 13C-NMR) spectra were registered on a Varian Gemini 300 BB spectrometer working at
300 MHz for H- and 75 MHz for 13C-NMR, using DM SO-d; as the solvent. Chemical shifts
are expressed in ¢ (ppm) using TMS as the internal standard. The mass spectra were obtained
with atriple quadrupole mass spectrometer Varian 1200 L/IMS/MS, with an electrospray inter-
face (ESI), coupled with a high performance liquid chromatograph with a Varian ProStar 240
SDM ternar pump. The sample solution (2 ug mi-1 in chloroform/methanol 1/1, v/v) was intro-
duced into the ESI interface by direct infusion, after a hundred-fold dilution with methanol, at
aflow rate of 20 pl min-l. Theinstrument was operated in the negative ion mode. For negative
ionization, a 10 % ammonia solution was added. The ESI needle was subjected to a DC vol-
tage of £5 kV, and for dispersion, nitrogen at a pressure of 42 psi (14 psi = 1 atm) was used.
The drying gas was air at 200 °C and 19 psi and the collision gas was argon (Linde, 99.9999
%) at a pressure of about 1 mTorr. The UV—Vis spectra were recorded on a Specord 40 Ana
lytik Jena spectrometer, in methanol (2.5x10° M) in the wavelength range 200-600 nm. The
elemental analyses were realized with a Perkin-Elmer 2400 instrument.

General procedure for the preparation of 1-(4-(4-X-phenylsulfonyl)benzoyl)-4-(4-iodophe-
nyl)-3-thiosemicarbazdes (7a—c)

Equimolar quantities of hydrazide 6 (1.0 mmol) and 4-iodophenyl isothiocyanate (1.0
mmol) in absolute ethanol (3.0 mL) were refluxed for 10 h. The formed precipitate was fil-
tered off and washed with afew mL of cold ethanol. The resulting solid was dried in air and
recrystallized from ethanol.
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General procedure for the preparation of the 5-(4-(4-X-phenyl sulfonyl)phenyl)-4-(4-iodophe-
nyl)-2,4-dihydro-3H-1,2,4-triazol e-3-thiones (8a—c)

A mixture of acylthiosemicarbazide 7 (1.0 mmol) and sodium hydroxide solution (8 %,
8.0 mL) was heated under reflux for 4 h. The obtained solution was filtered, alowed to cool
and then adjusted to pH 5.5-6.0 with a dilute solution of HCI. The crude product was filtered
off, washed with water and recrystallized from CHCls/petroleum ether (1:1, v/v).

RESULTS AND DISCUSSION

The synthetic pathway followed for the preparation of the title compounds
was accomplished as shown in Scheme 1. 4-(4-X-Phenylsulfonyl)benzoic acid
hydrazides 6a—c (X = H, Cl or Br), the key intermediates used in the synthesis of
the 1-acylthiosemicarbazides 7a—c, were synthesized according to a literature
method.26 Thus, the diaryl sulfones 3a—c were obtained by a Friedel—Crafts reac-
tion between benzene or halobenzene 1a—c (X = Cl or Br) and p-toluenesulfonyl
chloride 2. The diaryl sulfones 3a—c were converted into the 4-(4-X-phenylsul-
fonyl)benzoic acids 4a—c by oxidation in presence of chromic acid and acetic
acid. The acids 4a—c were reacted with ethanol in sulfuric acid mediato yield the
corresponding esters 5a—c. The latter were converted to the desired 4-(4-X-phe-
nylsulfonyl)benzoic acid hydrazides 6a—c upon treatment with hydrazine hydrate
in ethanol.26 The new 1-(4-(4-X-phenylsulfonyl)benzoyl)-4-(4-iodophenyl)-3-
-thiosemicarbazides 7a—c were obtained by nucleophilic addition of 4-(4-X-phe-
nylsulfonyl)benzoic acid hydrazides 6a—c to 4-iodophenyl isothiocyanate. For the

X—@ + C]()lS—@—UI Ay, @ @
CHLCOOH
la-c 2

a. X=11, b. X=CI, ¢. X=Br

,/ C HSOH NH 0
X S0 C
2 TTmso, 180,
4a-c

O Colls

NH— NH
C
I

//U (‘ZHSOH 1
*X@SOZOC\ + S=C=N | ﬁ
NH—NH,
6a-c¢

0

: !
Ta-¢

lNaOIls%
N—NH }\I—N
_
N 3 N

¢ -

1 1

Scheme 1. The synthetic route of the title compounds.
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synthesis of the new 5-(4-(4-X-phenylsulfonyl)phenyl)-4-(4-iodophenyl)-2,4-di-
hydro-3H-1,2,4-triazole-3-thiones 8a—c, the acylthiosemicarbazides 7a—c were
subjected to intramolecular cyclization in 8 % sodium hydroxide solution under
reflux.

The cyclization of the acylthiosemicarbazides 7a—c to the 1,2,4-triazoles 8a—
could be explained by the following mechanism (Scheme 2).27

NH——NH HN—NH

NH—NH
b des AN T T AN
1l | +® 1 e:O: N S
O NH I @ -
Ta-c A
B
I
o..
N—N N—N N—N N—NH
— R\%/ S 5% 0@ 4 R
= rH'(;/ . —’_H@ R—C_ _C—S]Na —> R— c C—SH === R—-C__ _C=s
N SN N
: HO® : :
1' I 1 I
B C 8a-c

a.X =H, b. X=Cl, ¢. X=Br

Scheme 2. Proposed mechanism for the formation of the 1,2,4-triazoles 8a—c.

The intermediate tautomer anion B was formed by cyclization of the initialy
obtained anion A in basic media from the acylthiosemicarbazides 7a—c. The tau-
tomer anion B’ was converted into the sodium salt C of 1,2,4-triazole 8a—c by
elimination of water.

The analytical and spectral data for the newly prepared acylthiosemicar-
bazides 7a—c are given below.

4-(4-1odophenyl)-1-(4-(phenyl sulfonyl)benzoyl)-3-thiosemi car bazide (7a).
Yied: 90 %; m.p. 228-230 °C. Anal. Calcd. for CygH16IN303S, (FW 537.39):
C, 44.70; H, 3.00; S, 11.93; N, 7.82 %. Found: C, 44.77; H, 2.92; S, 11.89; N,
7.76 %. IR (KBr, cnr1): 3365, 3291 (N-H stretching), 3085, 3064, 3038 (C-H
stretching of aromatic ring), 1667 (C=0 dtretching), 1572, 1545, 1523, 1486
(C=C stretching of aromatic ring), 1326, 1295, 1156 (SO» stretching), 1226 (C=S
stretching), 502 (C-l stretching). 1H-NMR (300 MHz, DMSO-dg, &/ ppm): 10.80
(1H, s, NH), 9.90 (1H, br s, NH), 9.80 (1H, br s, NH), 8.11 (4H, s, aromatic),
7.99 (2H, dd, aromatic, J = 7.9 and 1.2 Hz), 7.65 (5H, m, aromatic), 7.26 (2H, br
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s, aromatic). 13C-NMR (75 MHz, DMSO-dg, & / ppm): 181.32 (C=S), 164.90
(C=0), 143.93, 140.69, 139.17, 137.18, 136.95, 134.21, 130.04, 129.38, 128.33,
127.64, 127.59, 89.84 (aromatic ring). MS (APCI, m/z): 536 [M—H]—, 1073 [2M—
—H]~. UV-Vis (CH30H) (Amax / nm (log ¢)): 204 (4.55), 246 (4.47).

1-(4-(4-Chlorophenyl sulfonyl) benzoyl)-4-(4-iodophenyl) thiosemi car bazide
(7b). Yield: 83 %; m.p. 213-215 °C. Anal. Calcd. for CogH15CIIN3O3S, (FW
571.84): C, 42.01; H, 2.64; S, 11.21; N, 7.35 %. Found: C, 42.10; H, 2.59; S,
11.15; N, 7.43 %. IR (KBr, cmr1): 3325, 3166 (N-H stretching), 3091, 3070,
3050 (C—H stretching of aromatic ring), 1687 (C=0O stretching), 1578, 1541,
1525, 1484 (C=C stretching of aromatic ring), 1321, 1260, 1159 (SO, stretch-
ing), 1224 (C=S stretching), 761 (C—Cl stretching), 509 (C). 1H-NMR (300
MHz, DMSO-dg, 6/ ppm): 10.81 (1H, br s, NH), 9.90 (1H, br s, NH), 9.80 (1H,
br s, NH), 8.12 (4H, s, aromatic), 8.01 (2H, d, aromatic, J = 8.8 Hz), 7.66 (2H, d,
aromatic, J = 8.8 Hz), 7.65 (2H, d, aromatic, J = 8.8 Hz), 7.28 (2H, br s, aro-
matic). 13C-NMR (75 MHz, DMSO-dg, &/ ppm): 181.53 (C=S), 164.60 (C=0),
143.26, 139.84, 139.08, 139.25, 137.26, 136.78, 130.03, 129.51, 129.29, 127.97,
127.53, 89.92 (aromatic ring). MS (APCI, nV2): 570 [M—H]—, 572 [M-H]~. UV-
—Vis (CH30H) (Amax / nm (log ¢)): 203 (4.69), 249 (4.55).

1-(4-(4-Bromophenyl sulfonyl) benzoyl)-4-(4-iodophenyl ) thiosemi car bazide
(7c). Yield: 89 %; m.p. 228-230 °C. Anal. Calcd. for CygH15BrIN3O3S, (FW
616.29): C, 38.98; H, 2.45; S, 10.41; N, 6.82 %. Found: C, 39.06; H, 2.50; S,
10.49; N, 6.75 %. IR (KBr, cmr1): 3329, 3309, 3163 (N-H stretching), 3090,
3046, 3013 (C—H stretching of aromatic ring), 1689 (C=0O stretching), 1576,
1542, 1522, 1484 (C=C dtretching of aromatic ring), 1320, 1261, 1160 (SO
stretching), 1225 (C=S stretching), 573 (C-Br stretching), 505 (C-l stretching).
IH-NMR (300 MHz, DMSO-dg, &/ ppm): 10.81 (1H, br s, NH), 9.90 (1H, br s,
NH), 9.87 (1H, br s, NH), 8.12 (4H, s, aromatic), 7.92 (2H, d, aromatic, J = 8.8
Hz), 7.84 (2H, d, aromatic, J = 8.8 Hz), 7.66 (2H, d, aromatic, J = 8.8 Hz), 7.28
(2H, br s, aromatic). 13C-NMR (75 MHz, DMSO-dg, &/ ppm): 180.03 (C=9),
164.88 (C=0), 143.26, 139.44, 139.05, 137.23, 136.76, 132.96, 129.50, 129.28,
128.48, 128.28, 127.51, 89.76 (aromatic ring). MS (APCI, m/2): 614 [M—-H]-,
616 [M—H]~. UV-Vis (CH30H) (Amax / nm (log ¢)): 203 (4.59), 252 (4.43).

The analytical spectral data for the newly prepared 1,2,4-triazole-3-thiones
8a—c are given below.

4-(4-1odophenyl)-5-(4-(phenyl sulfonyl) phenyl)-2,4-dihydro-3H-1,2,4-triazo-
le-3-thione (8a). Yield: 75 %; m.p. 300 °C. Anal. Calcd. for CogH14IN302S,
(FW 519.38): C, 46.25; H, 2.72; S, 12.35; N, 8.09 %. Found: C, 46.36; H, 2.64,
S, 12.30; N, 8.15 %. IR (KBr, cm1): 3411 (N-H stretching), 3091, 3059 (C-H
stretching of aromatic ring), 1616 (C=N stretching of triazole ring), 1579, 1536,
1490 (C=C stretching of aromatic ring); 1323, 1290, 1159 (SO stretching), 1239
(C=S stretching), 531 (C). 1H-NMR (300 MHz, DMSO-dg, 6/ ppm): 7.96 (2H,
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d, aromatic, J = 8.8 Hz), 7.94 (2H, dd, aromatic, J = 7.7; 1.7 Hz), 7.85 (2H, d,
aromatic, J = 8.8 Hz), 7.68 (1H, tt, aromatic, J = 7.7; 1.7 Hz), 7.60 (2H, t, aro-
matic, J= 7.7 Hz), 7.54 (2H, d, aromatic, J = 8.8 Hz), 7.17 (2H, d, aromatic, J =
= 8.8 Hz). 13C-NMR (75 MHz, DMSO-dg, &/ ppm): 169.04 (C3), 149.00 (C5),
142.61, 140.39, 138.51, 134.05, 130.91, 130.51, 130.44, 130.02, 129.58, 127.81,
127.68, 96.53. MS (APCI, my2): 518 [M—-H]~. UV-Vis(CH30H) (Amax / nm (log ¢)):
204 (4.69), 240 (4.51), 249 (4.48), 323 (3.91).
5-(4-(4-Chlorophenylsulfonyl)phenyl)-4-(4-iodophenyl)-2,4-dihydr o-3H-
-1,2,4-triazole-3-thione (8b). Yield: 94 %; m.p. 293-295 °C. Anal. Calcd. for
CooH13ClIN3O2S, (FW 553.82): C, 43.37; H, 2.37; S, 11.58; N, 7.59 %. Found:
C, 43.29; H, 2.29; S, 11.51; N, 7.70 %. IR (KBr, cm1): 3409 (N-H stretching),
3088, 3061, 3027 (C—H stretching of aromatic ring), 1617 (C=N stretching of
triazole ring), 1579, 1539, 1490 (C=C stretching of aromatic ring); 1322, 1284,
1158 (SO» stretching), 1237 (C=S stretching), 768 (C—Cl stretching); 534 (C-).
IH-NMR (300 MHz, DMSO-dg, 6/ ppm): 7.96 (2H, d, aromatic, J = 8.8 Hz),
7.95 (2H, d, aromatic, J = 8.5 Hz), 7.85 (2H, d, aromatic, J = 8.8 Hz), 7.67 (2H,
d, aromatic, J = 8.5 Hz), 7.54 (2H, t, aromatic, J = 8.8 Hz), 7.17 (2H, d, aromatic,
J =8.5Hz). 13C-NMR (75 MHz, DMSO-dg, &/ ppm): 169.06 (C3), 148.96 (C5),
142.14, 139.42, 139.19, 138.52, 134.05, 130.91, 130.69, 130.17, 129.69, 129.64,
127.88, 96.54; MS (APCI, m/z): 552 [M-H]", 554 [M—-H]". UV—Vis (CH30H)
(Amax / nm (log ¢)): 204 (4.62), 241 (4.47), 251 (4.30), 322 (3.84).
5-(4-(4-Bromophenyl sulfonyl) phenyl)-4-(4-iodophenyl)-2,4-dihydro-3H-
-1,2,4-triazole-3-thione (8c). Yield: 70 %; m.p. 285-286 °C. Anal. Calcd. for
CooH13BrIN30O2S, (FW 598.27): C, 40.15; H, 2.19; S, 10.72; N, 7.02 %. Found:
C, 40.25; H, 2.31; S, 10.65; N, 6.97 %. IR (KBr, cm1): 3410 (N-H stretching),
3086, 3061, 3028 (C—H stretching of aromatic ring), 1617 (C=N stretching of
triazole ring), 1572, 1540, 1490 (C=C stretching of aromatic ring), 1323, 1280,
1158 (SO, stretching), 1238 (C=S stretching), 574 (C-Br); 534 (C). IH-NMR
(300 MHz, DMSO-dg, 6/ ppm): 7.95 (2H, d, aromatic, J = 8.8 Hz), 7.90 (2H, d,
aromatic, J = 8.8 Hz), 7.84 (2H, d, aromatic, J = 8.5 Hz), 7.84 (2H, d, aromatic,
J =85 Hz), 7.54 (2H, d, aromatic, J = 8.5 Hz), 7.17 (2H, d, aromatic, J = 8.5
Hz). 13C-NMR (75 MHz, DMSO-dg, 6/ ppm): 169.08 (C3), 149.00 (C5), 142.11,
139.64, 138.54, 134.08, 133.14, 130.92, 130.69, 129.73, 129.65, 128.56, 127.90,
96.56. UV—-Vis (CH30H) (Amax / nm (log ¢)): 204 (4.67), 239 (4.42), 255 (4.40),
324 (3.83).
The spectral data of al the newly synthesized compounds from the 1,2,4-tri-
azoles and thiosemicarbazides were in accordance with the proposed structures.
The infrared spectra of the new acylthiosemicarbazides 7a—b confirmed that
the nucleophilic addition of hydrazides 6a—c to 4-iodopheny! isothiocyanate oc-
curred by the appearance of a new absorption band due to stretching vibration of
C=S group at 1224-1226 cmL. In addition, the C=0 and N-H stretching bands
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were present at 1667-1689 and 3365-3163 cmL, respectively. In the 1,2,4-tri-
azoles 8a—c, the disappearance of the C=0 stretching band from the acylthiose-
micarbazides and the detection of the C=N stretching band at ~1617 cm? is
evidence for ring closure. 1,2,4-Triazoles 8a—c may exist in the thiol and thione
forms. According to the IR spectral data of compounds 8a—c which have the
triazole-3-thione structure, the observation of C=S stretching bands at 1237-1239
cm~L and the absence of an absorption band in the 2300-2600 cm2 region cited
for the SH group 11,28 proved that, in the solid state, these new derivatives exist
predominantly in the thionic form. The N-H stretching bands of 1,2,4-triazoles
8a—c were observed at 3409-3411 cm L,

All protons were seen in the IH-NMR spectra with the expected chemical
shifts and integral values. The NH protons of the acylthiosemicarbazides were
observed as singlets at 9.80-10.81 ppm. The 13C-NMR spectra of the newly
synthesized compounds (7a—c and 8a—c) showed the number of signals which
were consistent with the number of carbon atoms in the molecule. The C=0 car-
bon signal in the 13C-NMR spectra of the acylthiosemicarbazides 7a—c was ob-
served at 164.60-164.90 ppm, whereas the C=S carbon signal appeared in the
range 180.03-181.53 ppm. The 13C-NMR spectra of compounds 8a—c contained
the resonance signals C3 and C5 of the triazole ring at ~ 169 and ~ 149 ppm,
respectively. The presence of the signal at ~ 169.00 ppm, characteristic for the
carbon of a C=S group, indicated that these compounds from the 1,2,4-triazoles
class existed in solution predominantly in the thione form.29.30

The mass spectra of compounds 7a—c and 8a,b showed an (M—H)~ peak in
agreement with their molecular formula. In the case of compounds which contain
halogen, two molecular ion peaks were observed as expected, due to the isotopic
chlorine or bromine atom in the molecule.

CONCLUSIONS

A series of novel heterocyclic compounds from the 1,2,4-triazole-3-thione
class 8a—c were synthesized by treatment of the corresponding acylthio-
semicarbazides 7a—c with a sodium hydroxide solution, at reflux. The new acyl-
thiosemicarbazides were synthesized by nucleophilic addition of 4-(4-X-phenyl-
sulfonyl)benzoic acid hydrazides 6a—c to 4-iodophenyl isothiocyanate. The struc-
tures of these new compounds were determined by spectral data and elemental
analyses. These new compounds will be tested for their biological activity.
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U3BOA

CUHTE3A U KAPAKTEPHUCAIE HEKHX 1,2,4-TPUA30JI-3-TUOHA JJOBUJEHUX
NHTPAMOJIEKYJICKOM HUKJIM3ALIMIOM HOBUX 1-(4-(4-X-
OEHWICYJI®OHWIT)BEH30M)-4-(4-JOA®EHNIT)-3-TUOCEMUKAPBEA3UIA

OLGA D. CRETU?, STEFANIA F. BARBUCEANU?, GABRIEL SARAMET® u CONSTANTIN DRAGHICI*

Yuni versity of Medicine and Pharmacy “ Carol Davila” , Faculty of Pharmacy, Pharmaceutical Botany De-
partment, Traian Vuia Street 6, 020956, Bucharest, 2University of Medicine and Pharmacy “ Carol Davila”,
Faculty of Pharmacy, Organic Chemistry Department, Traian Vuia Street 6, 020956, Bucharest, 3Pharmaceu-
tical Techniques and Drug Industry Department, Faculty of Pharmacy, Traian Vuia Street 6, 020956 Bucharest
u *The Organic Chemistry Centre “ Costin. D. Nenigescu” , Romanian Academy, Splaiul
Independenyei 202B, 060023, Bucharest, Romania

VY pany cy npukasanu HOBH JepuBaTd 1,2,4-Tpra3on-3-THOHA, TOOHMjeHH HHTPAMOJICKYJICKOM
LHUKJIM3aLHjoM, ¥ 0a3HMM YCIIOBMMa, W3 HEKHX alMITHOCEMUKapOa3uaa Koju caapxke AudeHu-
-cyndoncky crpykrypy. Hosu 1-(4-(4-X-denwmncyndonnn)bensonn)-4-(4-jondernmn)-3-TnocemMu-
Kap0asuau 7a—C 100ujeHn cy peakuujoM xuapasuaa 4-(4-X-dennncyndon)-6eH30eBe KUCEITHHE
6a—c (X = H, Cl, Br) ca 4-jondeHmi-u3otrHonunjanaTtoM. [[MKIM3aMMjOM alUITHOCEMUKApOa3uIa
7a—C y npucycty 8 % pactBopa NaOH no6ujenu cy 5-(4-(4-X-pennncynponwn)pennn)-4-(4-joun-
bennn)-2,4-muxunpo-3H-1,2,4-tuazon-3-tuonn 8a—C. CTpyKType HOBHX jelHiCHa yTBpheHe cy
crekrpanaum Meronama (IR, UV-Vis, H-NMR, BC.NMR u MS CIIEKTPH) U EJIEMECHTAIHOM aHa-
JIH30M.

(IIpumsbeno 21. neuembpa 2009, peuaupano 12. jyna 2010)
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Abstract: A series of 1,2,4,9,10,12-hexaazadispiro[4.2.4.2]tetradeca-2,10-di-
enes 5a—- was synthesized by the reaction of 1,4-cyclohexanedione dioxime (3)
with appropriate nitrilimines (2). The microanalysis and spectral data of the
synthesized compounds are in full agreement with their molecular structure.
The microbial features of some of the synthesized compounds were studied by
aknown method.

Keywords.: Dispiroheterocycles, 1,4-cyclohexanedione oxime; nitrilimines;
cycloaddition.

INTRODUCTION

Recently, a versatile and efficient one-pot synthesis of octaazadispirohete-
rocyclic compounds was described in which 1,4-cyclohexanedione methyl hyd-
razone and nitrilimines, generated in situ from the corresponding hydrazonoyl
halides by the action of a suitable base, were utilized.1 As part of our continuing
interest in the construction of spiroheterocyclic systems by means of the nitril-
imine 1,3-dipolar cycloaddition methodology,2-° the reaction of C-substituted-N-
-arylnitrilimines (2) with 1,4-cyclohexanedione dioxime (3) in an attempt to syn-
thesize the hitherto unknown hexaazadi spiroheterocyclic compounds 5a— is re-
ported herein, with the aim of investigating their biological activities.

RESULTS AND DISCUSSION

The hydrazonoy! halides 1a— were prepared by a modified literature proce-

dureb-14 and the nitrilimines 2 were generated in situ from 1 by reaction with

triethylamine (EtzN). The non-isolatable nitrilimines 2 reacted readily with 1,4-
-cyclohexanedione dioxime 3 affording the corresponding 1,2,4,9,10,12-hexaaza

* Corresponding author. E-mail: hmdalloul60@yahoo.com
doi: 10.2298/J5C090824119D
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1474 DALLOUL and SAMAHA

dispiro[4.2.4.2]tetradeca-2,10-dienes 5a— (Scheme 1). The formation of com-
pounds 5a—j is assumed to involve the primary cycloadducts 4, which tautome-
rize to amine oxide-type intermediates that are deoxygenated by triethylamine to
NH triazoles 5a—j. It is worth mentioning that the nitrile oxides generated in situ
from the respective hydroxamoyl chlorides with triethylamine as the base react
with oximes to give 4-hydroxy-4,5-dihydro-1,2,4-oxadiazoles. 15

CI(Br) H
o s 4
N~ TAr }B\r r
/N
1a- N
lNEt3/0°C Oﬁ)\r?l J\(
o . } R OH
>
Y\N/N\Ar 4a-j
R . THF
2a-j Y Ar
+ I
~N
N:<:>:N >O<
/ \
HO OH
3
Ar = 4-XCoH - aj
Entry ] a b c d e f g h i i

R | Me Me MeO Ph PhNH PANH PhNH 2-CH, 2-C,H,0 2-C,H,S

X H Cl Cl ¢l Cl Br Me cl Cl Cl

Scheme 1. Synthetic pathway for the preparation of compounds 5a .

Characterization data for the synthesized compounds

3,11-Diacetyl-1,9-diphenyl-1,2,4,9,10,12-hexaazadispirof 4.2.4.2] tetradeca-
-2,10-diene (5a). Yield: 47 %; m.p. 180-182 °C. Anal. Calcd. for CpgHogNgO2
(FW 430.51): C, 66.96; H, 6.09; N, 19.52 %. Found: C, 67.18; H, 5.90; N, 19.40 %.
IR (KBr, cm1): 3385 (NH), 1678 (C=0), 1622 (C=N), 630 (C-Cl). IH-NMR
(DMSO-dg, 6 / ppm): 7.42—7.12 (10H, m, aromatic), 5.74 (2H, s, 2 NH, D>0O ex-
changeable), 2.48 ( 6H, s, 2 CH3), 2.17-2.03 (8H, m, 4 CH>). 13C-NMR (DM SO-
-dg, 0 / ppm): 189.65 (C=0), 147.95 (C=N), 141.46-120.18 (C=C Ar), 87.45
(spiro carbons), 35.07, 34.83 (2 CHy), 26.45 (CH3); MS (m/2): 430 (M*°).

3,11-Diacetyl-1,9-bis(4-chlorophenyl)-1,2,4,9,10,12-hexaazadispiro[ 4.2.4.2] -
tetradeca-2,10-diene (5b). Yield: 45 %; m.p. 186-188 °C. Anal. Calcd. for
CoqH24CloNgO2 (FW 499.40): C, 57.72; H, 4.84; N, 16.83 %. Found: C, 57.88;
H, 4.74; N, 16.71 %. IR (KBr, cmr1): 3385 (NH), 1676 (C=0), 1620 (C=N), 631
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(C-Cl). 1H-NMR (DMSO-dg, J / ppm): 7.48-7.14 (8H, m, aromatic), 5.74 (2H, s,
2 NH, D0 exchangeable), 2.47 (6H, s, 2 CH3), 2.16-2.01 (8H, m, 4 CHy). 13C-
-NMR (DM SO-dg, ¢ / ppm): 189.71 (C=0), 147.96 (C=N), 141.94-121.10 (C=C
Ar), 87.22 (spiro carbons), 35.10, 34.86 (2 CH)), 26.48 (CH3). MS (m/2):
498/500 (M*, chlorine isotopes).
1,9-Bis(4-chlorophenyl)-3,11-bis(methoxycarbonyl)-1,2,4,9,10,12-hexaaza-
dispiro[4.2.4.2] tetradeca-2,10-diene (5¢). Yield: 50 %; m.p. 173-175 °C. Anal.
Calcd. for CogH24CloNgO4 (FW 531.40): C, 54.25; H, 4.55; N, 15.81 %. Found:
C, 54.46; H, 4.41; N, 15.95 %. IR (KBr, cm1): 3380 (NH), 1720 (C=0), 1625
(C=N), 628 (C—Cl). IH-NMR (DM SO-dg, 6 / ppm): 7.57—7.20 (8H, m, aromatic),
5.74 (2H, s, 2 NH, D0 exchangeable), 3.74 (6H, s, 2 OCH3), 2.18-2.04 (8H, m,
4 CHy). 13C-NMR (DMSO-dg, 6 / ppm): 156.69 (O-C=0), 147.90 (C=N),
141.90-121.16 (C=C Ar), 88.95 (spiro carbons), 54.22 (OCH3), 35.56, 34.72 (2
CHy). MS (m/2): 530/532 (M*, chlorine isotopes).
3,11-Dibenzoyl-1,9-bis(4-chlorophenyl)-1,2,4,9,10,12-hexaazadispiro[ 4.2.4.2] -
tetradeca-2,10-diene (5d). Yield: 52 %; m.p. 179-181 °C. Anal. Cacd. for
C34H28CIoNgO2 (FW 623.55): C, 65.49; H, 4.53; N, 13.48 %. Found: C, 65.30;
H, 4.70; N, 13.65 %. IR (KBr, cmr1): 3365 (NH), 1665 (C=0), 1618 (C=N), 620
(C-Cl). IH-NMR (DM SO-dg, J / ppm): 8.46-7.26 (18H, m, aromatic), 5.74 (2H,
s, 2 NH, D0 exchangeable), 2.00-1.95 (8H, m, 4 CHy). 13C-NMR (DM SO-dg,
o [ ppm): 184.86 (C=0), 148.10 (C=N), 142.15-121.19 (C=C Ar), 91.50 (spiro
carbons), 35.54, 34.76 (2 CH»). MS (m/2): 622/624 (M, chlorine isotopes).
1,9-Bis(4-chlorophenyl)-3,11-bis(phenylaminocarbonyl)-1,2,4,9,10,12-hexa-
azadispiro[4.2.4.2] -tetradeca-2,10-diene (5€). Yield: 47 %; m.p. 196-198 °C.
Anal. Calcd. for C34H30CloNgO2 (FW 653.58): C, 62.48; H, 4.63; N, 17.14 %.
Found: C, 62.30; H, 4.72; N, 17.02 %. IR (KBr, cm1): 3375, 3248 (NH), 1655
(C=0), 1615 (C=N), 622 (C-Cl). IH-NMR (DMSO-dg, 6 / ppm): 8.90 (2H, s, 2
PhNH), 7.76-7.03 (18H, m, aromatic), 5.68 (2H, s, 2 NH, D>O exchangeable),
2.13-2.06 (8H, m, 4 CHy). 13C-NMR (DMSO-dg, 6 / ppm): 159.36 (C=0),
147.86 (C=N), 141.43-121.10 (C=C Ar), 89.52 (spiro carbons), 35.50, 34.90 (2
CHy); MS (m/2): 652/654 (M*, chlorine isotopes).
1,9-Bis(4-bromophenyl)-3,11-bis(phenylaminocarbonyl)-1,2,4,9,10,12-hexa-
azadispiro[4.2.4.2] -tetradeca-2,12-diene (5f). Yield: 45 %; m.p. 201-203 °C.
Anal. Calcd. for C34H39BroNgO» (FW 742.48): C, 55.00; H, 4.07; N, 15.09 %.
Found: C, 55.22; H, 3.95; N, 14.90 %. IR (KBr, cm1): 3380, 3257 (NH), 1654
(C=0), 1612 (C=N), 631 (C-Br). IH-NMR (DMSO-dg, ¢ / ppm): 8.87 (2H, s, 2
PhNH), 7.78-7.15 (18H, m, aromatic), 5.67 (2H, s, 2 NH, D20 exchangeable),
2.11-2.05 (8H, m, 4 CHy). 13C-NMR (DMSO-dg, § / ppm): 159.40 (C=0),
147.84 (C=N), 141.62-116.50 (C=C Ar), 89.60 (spiro carbons), 35.26, 34.90 (2
CHb»). MS (mV2): 742/744 (M™, bromine isotopes).
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1,9-Bis(4-methyl phenyl)-3,11-bis(phenylaminocarbonyl)-1,2,4,9,10,12-hexa-
azadispiro[4.2.4.2] -tetradeca-2,12-diene (5g). Yield: 48 %; m.p. 191-193 °C.
Anal. Calcd. for C3gH3sNgO2 (FW 612.74): C, 70.57; H, 5.92; N, 18.29 %.
Found: C, 70.45; H, 4.79; N, 18.42 %. IR (KBr, cm1): 3380, 3260 (NH), 1655
(C=0), 1612 (C=N). 1H-NMR (DMSO-dg, 6 / ppm): 8.89 (2H, s, 2 PhNH), 7.80—
—7.13 (18H, m, aromatic), 5.67 (2H, s, 2 NH, D20 exchangeable), 2.26 (6H, s,
2CH3), 2.10-2.04 (8H, m, 4 CHy). 13C-NMR (DMSO-dg, 6 / ppm): 159.24
(C=0), 147.90 (C=N), 141.55-119.94 (C=C Ar), 89.65 (spiro carbons), 35.50,
34.96 (2 CHy), 23.40 (CH3); MS (m/2): 612 (M™).

1,9-Bis(4-chlorophenyl)-3,11-di-2-naphthoyl-1,2,4,9,10,12-hexaazadi spir o-
[4.2.4.2] tetradeca-2,10-diene (5h). Yield: 54 %; m.p. 216-218 °C. Anal. Calcd.
for CgoH32CloNgO2 (FW 723.67): C, 69.71; H, 4.46; N, 11.61 %. Found: C,
69.50; H, 4.35; N, 11.70 %. IR (KBr, cmr1): 3365 (NH), 1650 (C=0), 1605
(C=N), 630 (C—Cl). IH-NMR (DMSO-dg, 6 / ppm): 8.45-7.22 (22H, m, aroma-
tic), 5.74 (2H, s, 2 NH, D0 exchangeable), 2.10-2.03 (8H, m, 4 CHy). 13C-
-NMR (DM SO-dg, J / ppm): 184.56 (C=0), 148.32 (C=N), 142.12-120.86 (C=C
Ar), 91.63 (spiro carbons), 35.30, 34.75 (2 CHj); MS (n/2): 722/724 (M*,
chlorine isotopes).

1,9-Bis(4-chlorophenyl)-3,11-di-2-furoyl-1,2,4,9,10,12-hexaazadispiro-
[4.2.4.2]tetradeca-2,10-diene (5i). Yield: 48 %; m.p. 194-196 °C. Anal. Calcd.
for C3gH24ClIoNgO4 (FW 603.47): C, 59.71; H, 4.01; N, 13.93 %. Found: C,
59.85; H, 3.90; N, 13.85 %. IR (KBr, cmr1) 3370 (NH), 1665 (C=0), 1615
(C=N), 627 (C-Cl). IH-NMR (DMSO-dg, ¢ / ppm): 7.80-7.16 (14H, m, aroma-
tic), 5.64 (2H, s, 2 NH, D0 exchangeable), 2.16-2.10 (8H, m, 4 CHy). 13C-
-NMR (DM SO-dg, § / ppm): 174.56 (C=0), 148.25 (C=N), 143.20-121.58 (C=C
Ar), 94.85 (spiro carbons), 35.41, 34.83 (2 CH»). MS (m/2): 602/604 (MT,
chlorine isotopes).

1,9-Bis(4-chlorophenyl)-3,11-di-2-thenoyl-1,2,4,9,10,12-hexaazadi spir o-
[4.2.4.2]tetradeca-2,10-diene (5j). Yield: 50 %; m.p. 180-182 °C. Anal. Calcd.
for C3gH24CloNg02S, (FW 635.60): C, 56.69; H, 3.81; N, 13.22 %. Found: C,
56.80; H, 3.65; N, 13.06 %. IR (KBr, cm1): 3375 (NH), 1660 (C=0), 1610
(C=N), 628 (C—Cl). IH-NMR (DMSO-dg, 6 / ppm): 7.84-7.12 (14H, m, aroma-
tic), 5.65 (2H, s, 2 NH, D0 exchangeable), 2.15-2.06 (8H, m, 4 CHy). 13C-
-NMR (DM SO-dg, 6 / ppm): 175.82 (C=0), 148.30 (C=N), 143.73-121.68 (C=C
Ar), 94.64 (spiro carbons), 35.35, 34.66 (2 CHj); MS (n/2): 634/636 (M,
chlorine isotopes).

Soectral data analysis

Compounds 5a gave satisfactory analyses for the proposed structures which
are confirmed on the bases of their spectroscopic data. The electron impact (EI)
mass spectra displayed the correct molecular ions (M*) in accordance with the
suggested structures. The base peak in all these compounds was that of the con-
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jugated vinyl triazole cation (Scheme 2). This fragmentation pattern is well known
for cycloalkanones.16

Ar  Ar
/ \ AT
. N—N. N—N o N—N
R (X W R R/ O
¥ i path b s :
R A S
H H O 0
M+ HooH
pathal J-H2
R—C=0" Ar
+ N—N

Ar Ar\ 5 R\/]/Qﬁ/)\;

Vinyl triazole
Scheme 2. The main fragmentation of compounds 5a— .

The IR spectra for 5a— showed absorption bands in the region 3380-3360
cm~1 and 1680-1650 cm—L, assignable to NH and carbony! group signals, respec-
tively. Their 1H-NMR spectra revealed, besides aromatic protons at 8.5-7.1 ppm,
a D>0 exchangeable singlet signal in the region 5.7-5.6 ppm, assignable to the
triazole ring NH proton. The 13C-NMR spectra showed all the signals expected
for the proposed structures and, in particular, the C5 and C8 signals (spiro car-
bons) were found at about 95-85 ppm. Thisis similar to reported values for spiro
carbons flanked by two nitrogen atoms in five-membered heterocycles,3-5 which
provides strong evidence in support of the structures 5a—j. The signal at about
148 ppm was attributed to the C=N of the triazole ring. The 15N-NMR spectra of
similar triazoles, such as 3-acetyl-5,5-dimethyl-1-phenyl-4,5-dihydro-1,2,4-tri-
azole, which displayed a doublet for NH at 284.26 ppm relative to nitromethane
(YIN-H = 85 Hz, 3In—cH, = 2.5 Hz) were reported to support the suggested struc-
ture of the reaction products.1? Further work on the structures of the synthesized
compounds is ongoing.

Antimicrobial activity

The obtained antimicrobial activity datais reported in Table | as the average
of three experiments. The results showed that all the tested compounds exhibited
a marked degree of activity against bacteria and fungi compared with well-
known antibacterial and antifungal substances, such as tetracycline and flucona-
zole. According to NCCLS (2004), zones of inhibition for tetracycline and flu-
conazole < 14 mm were considered resistant, between 15 and 18 mm as weakly
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sensitive and > 19 mm sensitive. In addition, the results showed the degree of in-
hibition varied between the tested compounds.

TABLE I. Antimicrobial screening results of the tested compounds (zone of inhibition in mm)

Bacteria Fungi
Compound Enterococcus E. S Klebsiella. Proteus C. A
sp. coli aureus sp. sp. albicans niger
5a 14 19 11 10 0 11 10
5¢c 14 18 12 0 0 13 8
5d 17 13 12 17 14 15 14
5f 12 15 10 8 0 12 12
5h 9 9 14 19 0 13 0
5 15 12 10 15 11 14 10

DMF — — — — — — —

EXPERIMENTAL

All melting points were determined on an A. Kriiss Melting Point Meter equipped with a
thermometer and are uncorrected. The IR spectra were measured as potassium bromide pellets
using a Satellite 3000 Mid infrared spectrophotometer. The H-NMR and 13C-NMR spectra
were recorded on a Bruker AM 300 MHz spectrometer at room temperature in DM SO-dg so-
lution using tetramethylsilane (TMS) as the internal reference. Chemical shifts were recorded
as o vaues in ppm downfield from the internal TMS. Electron impact (El) mass spectra were
run on a Shimadzu GCM S-QP1000 EX spectrometer at 70 eV. Elemental analyses were per-
formed at Cairo University, Egypt. The hydrazonoyl halides 1a—%14 and 1,4-cyclohexanedi-
one dioxime 318 were prepared according to literature procedures. Tetrahydrofuran (THF) and
triethylamine were purchased from Avocado Research Chemicals, England, and used without
further purification.

General procedure for the reaction of nitrilimines 2 with 1,4-cyclohexanedione dioxime (3)

Triethylamine (0.05 mol, 7 mL) in tetrahydrofuran (10 mL) was added dropwise to stir-
red mixture of oxime 3 (0.025 mol) and the appropriate hydrazonoyl halides 1a—j (0.05 mol)
in tetrahydrofuran (70 mL) at -5-0 °C. The reaction temperature was allowed to rise slowly to
room temperature and stirring was continued over night. The precipitated salts were filtered
off and the solvent was then evaporated. The residue was washed with water (100 mL) and in
few cases the gummy products were triturated with ethanol (10 mL). The crude solid product
was collected and recrystallized from ethanol to give the desired compounds.

Antimicrobial activity testing

Six of the newly synthesized compounds were screened in vitro for their antimicrobial
activity against a variety of bacteria strains, such as Enterococcus sp., Escherichia coli, Sa-
phylococcus aureus, Klebsiella sp. and Proteus sp., and fungi, such as Aspergillus niger, Can-
dida albicans, employing the nutrient agar disc diffusion method?®-2! at a concentration of 10
mg mL"1 in dimethylformamide (DMF) and disc diameter of 6.5 mm by measuring the ave-
rage diameter of the inhibition zone in mm.

CONCLUSIONS

Severd new 1,2,4,9,10,12-hexaazadispiro[4.2.4.2]tetradeca-2,10-dienes were
synthesized and characterized, and some of them proved to have potent antibac-
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terial and antifungal activity. The results confirm that the antimicrobial activity is
strongly dependent on the nature of the substituents at C3 and C11 of the triazole
rings.
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Abstract: The insulin-like growth factor-binding protein 1 (IGFBP-1) is a
member of a family of six homologous proteins that regulate the action of the
insulin-like growth factors. IGFBP-1 is a 25 kDa protein that, in addition to its
native form, may exist in several phosphoforms (30 kDa), which are predo-
minant in the circulation of humans. Phosphorylation of IGFBP-1 is a post-
-tranglational modification that has a great influence on the action of IGF-I.
IGFBP-1 forms multimers and complexes with a2-macroglobulin (a2M). Poly-
merisation of IGFBP-1 was aso reported. In order to analyse and separate
these IGFBP-1 molecular species, affinity chromatography methods were used
in this study. The results demonstrated that most of the IGFBP-1 circulates in
complexes with a2M, which can be isolated by affinity chromatography using
immobilised anti-a2M antibodies. IGFBP-1/a2M complexes may be differen-
tiated from IGFBP-1 dimer and multimers using lectin-affinity chromatogra-
phy, since the latter do not interact with lectins. It seems that the complexes
contain not only monomeric IGFBP-1, but also its multimers. The dimer and
multimers are stable under reducing conditions, suggesting a covalent linkage
between the units. Free IGFBP-1 monomer can be separated from multimers
using Con A-affinity chromatography. The concentration of free IGFBP-1 is
relatively low in the circulation.

Keywords: IGFBP-1; isoforms; complexes; affinity chromatography.

INTRODUCTION
Insulin-like growth factors (IGF-I1 and IGF-I1) are polypeptides, which regu-
late cell growth, differentiation and metabolism.1 In the circulation they are asso-
ciated with IGF binding proteins (IGFBPs), a family that consists of six homo-
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logous proteins that modulate the bioactivity of IGFs. IGFBPs can either inhibit
or enhance the activity of IGFs or have IGF independent effects.2 Only the free
(unbound) form of IGF is considered to be biologically active.3

IGFBP-1 is synthesised in many cell types, including hepatocytes, ovarian
granulose cells, decidualised endometri um? and cells of connective tissue It is
the predominant binding protein in amniotic fluid. In healthy individuals, the
concentration of circulating IGFBP-1 fluctuates tenfold or more within a few
hours as a response to changes in insulin concentration.3 The concentrations of
insulin and IGFBP-1 alter in opposite directions.

IGFBP-1 is a 25 kDa protein that may exist in several phosphoforms of ap-
proximately 30 kDa.® Up to five IGFBP-1 forms, varying in the degree of phos-
phorylation, have been identified.6:” Numerous studies have indicated that human
IGFBP-1 may both potentiate or inhibit IGF-1 stimulated biological activity.89
The differences in IGFBP-1 actions are due to differential phosphorylation of
IGFBP-1 that atersits affinity for IGF-1.10 Potential phosphorylation sites of hu-
man IGFBP-1 are Ser101, Ser119 and Ser169.° Highly phosphorylated |GFBP-1
is the predominant isoform of IGFBP-1 in the circulation of a healthy adult, ha-
ving affinity for IGF-I that is six- to eightfold higher than that of non-phos-
phorylated IGFBP-1.11 Since the non-phosphorylated form binds IGF-1 less tight-
ly, enhancing its actions, %11 a delicate equilibrium between phosphorylated and
non-phosphorylated isoforms is responsible for the regulation of 1GF-1 activity.

In the circulation, IGFBP-1 associates with the glycoprotein ax>-macroglo-
bulin (a2M, =700 kDa), which protects IGFBP-1 from proteolysis.6 Thus, the
IGFBP-1/aoM complex may have an important role in controlling IGF-1 action
by regulating the amount of free IGFBP-1. In tissues, IGFBP-1 was found to form
multimers, the role of which in the action of IGF remains to be determined.12

The aim of this study was to investigate IGFBP-1 isoforms, multimers and
complexes in the circulation of healthy persons, using different affinity chroma-
tography matrices. The affinity chromatography methods were based on the fol-
lowing interactions: metal ion—phosphoprotein, antigen—antibody and lectin—gly-
coprotein.

EXPERIMENTAL
Samples

Blood samples were obtained from healthy adult volunteers (n = 10). Venous blood was

collected after 12 h fasting. The serum was separated by centrifugation within 45 min and kept

frozen at —20 °C until used. The study was approved by the local ethics committee of the
Ingtitute for the Application of Nuclear Energy.

Immobilised metal-affinity chromatography (IMAC)

Iminodiacetic acid-agarose (IDA) was purchased from Sigma-Aldrich (Steinheim, Ger-
many) and 1 mL of gel was packed into a column. After the column had been washed with
distilled water, 1.0 mL of 0.10 mol L1 ferric chloride solution was applied in order to saturate
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the column with ferric ions. Unbound metal ions were washed out with 5 ml of distilled water
and 5 ml of 0.1 % acetic acid. The column was equilibrated with dilution buffer: 0.05 mol L1
MES (2-(N-morpholino)ethanesul phonic acid)/0.5 mol L1 NaCl buffer pH 5.5.13 Serum samples
(100 pL diluted in 900 pL of dilution buffer) were circulated through the column for 1 h to
ensure maximal binding. The unbound material was washed out with 5 mL of MES buffer.
Elution of the bound molecules was performed using 8 mL of 0.2 mol L1 Na-phosphate buf-
fer pH 8.0. The column was regenerated using 10 mL of 0.1 mol L-1 Na-borate/1.0 mol L1
NaCl buffer pH 10.0 and 10 mL of distilled water, followed by saturation with ferric chloride.
The collected fractions (1.0 mL each) were kept at —20 °C until electrophoresis and immuno-
blotting were performed.

Immunoaffinity chromatography (1gY-C)

An IgY-12 column (1.2 mL of microbeads) was purchased from Beckman Coulter (Ful-
lerton, USA, Proteomelab 1gY-12 High Capacity Proteome Partitioning kit). The matrix with
immobilised antibodies enables the binding and remova of albumin, 1gG, IgA, IgM, al-an-
titrypsin, haptoglobin, transferrin, orosomucoid, a,M, HDL (apo A-l and apo A-Il) and fib-
rinogen. The IgY column was loaded with 20 pL of serum diluted with 480 pL of dilution
buffer: 10 mmol L1 Tris (tris(hydroxymethyl)aminomethane)-HCI/1 mol L1 NaCl buffer pH
7.4, and incubated for 15 min at room temperature using a rotator.24 Unbound proteins were
separated by centrifugation for 30 s at 2000 x g and the column was washed three times with
dilution buffer. Bound proteins were eluted with 500 uL of elution buffer: 0.1 mol L1 glyci-
ne-HCI buffer pH 2.5, for 3 min at room temperature using a rotator. They were separated
from the gel by centrifugation and immediately neutralised with 50 pL of 1 mol L1 Tris-HCI
buffer pH 8.0. The column was washed three times with the elution buffer, neutralised with
600 pL of 2 mol L1 Tris-HCI buffer pH 8.0 and washed with a dilution buffer prior to the
next chromatographic cycle. The collected fractions (1 mL each) were kept a —20 °C until
electrophoresis and immunoblotting were performed.

Lectin-affinity chromatography (LAC)

Eleven agarose-immobilised lectins purchased from Vector Laboratories (Burlingame,
CA, USA) were packed into columns: Con A (lectin from Canavalia ensiformis), SNA (Sam-
bucus nigra agglutinin), RCA-I (Ricinus communis agglutinin 1), PHA-E (Phaseolus vulgaris
erythroagglutinin), PHA-L (Phaseolus vulgaris leukoagglutinin), WGA (wheat germ aggluti-
nin), succinylated WGA, ECL (Erythrina cristagalli lectin), UEA (Ulex europaeus aggluti-
nin), LCA (Lens culinaris agglutinin) and MAL (lectin from Maackia amurensis). All co-
lumns except Con A- and LCA-agarose were equilibrated in 0.01 mol L1 HEPES buffer, con-
taining 0.15 mol L-1 NaCl, 0.8 g L' NaN3, pH 7.5 (HBS). The Con A-agarose was equilib-
rated in 0.02 mol L-1 HEPES buffer containing 0.5 mol L-1 NaCl, 0.8 g L-1 NaN3, 1.0 mmol L1
CaCl,, MgCl, and MnCl,, pH 7.5, whereas the L CA-agarose was equilibrated in 0.01 mol L1
HBS containing 0.8 g L' NaN3, 0.1 mmol L1 CaCl, and 0.01 mmol L1 MnCl,, pH 7.5. The
HBS used for ECL-, SNA-, UEA- and MAL-agarose equilibration contained 0.1 mmol L-1
CaCl,, whereas the HBS used for the equilibration of PHA-E and PHA-L-agarose contained
0.1 mmol L1 CaCl, and 0.01 mmol L1 MnCl,. The pH of the HBS for the PHA-E-agarose
equilibration was 8.0. Serum samples (100 pL diluted with 900 uL of the corresponding HBS)
were circulated through the columns for 1 h. The unbound material was washed out with 20
mL of the appropriate HBS. The elution of the bound glycoproteins was generally performed
in two consecutive steps. 1) neutral elution using hapten sugar dissolved in 15 mL of the ap-
propriate HBS, pH 7.5 and 2) acidic elution with 7 mL of hapten sugar solution in 0.1 M
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acetic acid, pH 3.0. The PHA-E and PHA-L-agarose columns were eluted in one-step only,
using 10 mL of a0.1 mol L1 acetic acid solution. The hapten sugars used for specific elutions
were: 0.5 mol L1 lactose for MAL- and SNA-agarose, a mixture of 0.2 mol L1 methyl-a-glu-
copyranoside and 0.2 mol L1 methyl-a-mannopyranoside for Con A- and LCA-agarose, 0.2
mol L1 lactose for the RCA |- and ECL-agarose, 0.5 mol L1 N-acetyl-glucosamine for the
WGA- and succinylated WGA-agarose and 0.1 mol L-1 fructose for the UEA-agarose.l® The
most concentrated protein fractions (1 ml each) were collected and the acidic fractions were
immediately neutralised using 150 pL of 2 mol L1 Tris-HCI buffer pH 8.9. The fractions
were dialysed first against distilled water for 3 h at room temperature and then against 0.15
mol L1 NaCl overnight at 4 °C. After being concentrated to approximately 1.0 ml on Micro-
con centrifugal filter device (Millipore, Billerica, MA, USA) with a 10 kDa cut-off mem-
brane, the samples were kept frozen at —20 °C until electrophoresis and immunoblotting.
Electrophoresis and Western immunabl otting (WIB)

The most concentrated protein fractions obtained after affinity chromatography were
subjected to: native polyacrylamide gel electrophoresis (NnPAGE), denaturing non-reducing
sodium dodecy! sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and denaturing
reducing SDS-PAGE with 10 % 2-mercaptoethanol (v/v) in the sample buffer (rSDS-PAGE)
using 12 % gels.16

Immunoblotting was performed using goat polyclonal anti-IGFBP-1 antiserum (DSL,
Webster, USA), followed by an anti-goat 1gG antibody coupled to horseradish peroxidase
(Biosource, Camarillo, CA, USA) and a rabbit polyclonal anti-o2M antibody (1gG fraction,
ADbD Serotec, Oxford, UK), followed by an anti-rabbit 1gG antibody coupled to horseradish
peroxidase (Pierce Biotechnology, Rockford, IL, USA). The immunoreactive proteins were
visualised using an enhanced chemiluminescence (ECL) reagent kit (Pierce, Minneapolis,
MN, USA).16 Molecular mass markers were from BioRad Laboratories (Hertfordshire, UK)
and the cytosol from human placental cells was used as a source of a physiological marker of
IGFBP-1.17

RESULTS AND DISCUSSION

Severa post-trangational modifications are known to modify the affinity of
IGFBPs for IGFs, including phosphorylation,’-18 proteolysis!® and polymerisa-
tion.20 The mechanisms accounting for these changes remain to be elucidated.12
Phosphorylation of human IGFBP-1 leads to inhibition of IGF-I action.911 The
non-phosphorylated isoform forms multimers more rapidly and to a greater ex-
tent compared to the phosphorylated isoform.12 When complexed to aoM,
IGFBP-1 is protected from proteolysis, but till able to bind IGFs and, thus may
be expected to influence the | GF action as well .6

In order to assess the importance of various molecular forms of IGFBP-1, it
is crucial to develop analytical tools for their investigation. To fulfil this goal,
affinity chromatography methods based on three types of molecular recognition,
i.e, IMAC, immunoaffinity chromatography and LAC, were employed. Electro-
phoretic separation followed by immunoblotting of the fractionated proteins was
used to identify the different molecular forms of IGFBP-1. Fractions of al serum
samples were subjected to SDS-PAGE, rSDS-PAGE and nPAGE. Since al
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samples showed the same pattern of IGFBP-1 distribution upon immunoblotting,
only the representative results are shown in the figures.

SDS-PAGE reveded that ailmost all immunoreactive IGFBP-1 forms bound
to the IDA column (Fig. 1a). Anti-IGFBP-1 antibodies recognised high molecular
mass species as a very wide protein band (or several bands that could not be
clearly distinguished) at ~100 kDa, a protein at ~60 kDa together with proteins at
the start. IGFBP-1 monomer (=30 kDa) was hardly visible. Matrices with immo-
bilised IDA and chelated ions are widely used for the isolation of phosphopro-
teins.13 Phosphate groups are el ectron-donors and, hence, can serve as ligands for
coordination of metal ions. lons that have the greatest affinity for binding to
phosphoproteins are Fe3*, Ga3* and Ni2*, Fe3* being the most widely used metal
ion in IMAC.132122 According to the presented results, different molecular
species of IGFBP-1 could not be separated using IMAC, since al of them bound
to the matrix. rSDS-PAGE was performed in order to investigate the stability of
IGFBP-1 complexes in the presence of 2-mercaptoethanol. Almost al high mole-
cular mass complexes, both in the bound and unbound fractions, dissociated,
which resulted in the appearance of proteins of predominantly ~60 and ~30 kDa
(Fig. 1b). This result implicates the existence of disulphide bonds that maintain
molecules within the complex. It also suggests that the ~ 60 kDa form is stable
and resists dissociation into IGFBP-1 monomers. nPAGE was performed aiming
to differentiate between the phosphoforms of |GFBP-1 monomer. Unfortunately,
al isoforms appeared clustered in the middle of the gel and they could not be
clearly separated from one another (Fig. 1c). Only proteins at the start were iden-
tified by immunoblotting with anti-aoM antibodies (Fig. 1d), suggesting that these
species of very high molecular mass were IGFBP-1/o,M complexes. Cytosol

a) d)

kDa kDa kDa
-97 -97 -97
- 66 ~66 . _66
_45 - 45 - _45

-31 -3

=21 -21

- 14
UuB B C UB B C uB B C U B C

Fig. 1. Immunoblotting of the unbound (UB) and bound (B) fractions obtained after IMAC
with anti-lGFBP-1 antibodies after a) SDS-PAGE, b) rSDS-PAGE c) nPAGE, aswell as
with anti-a,M antibodies after d) SDS-PAGE. IGFBP-1 from placenta cytosol (C)
was used as a physiological marker. The positions of the molecular
mass markers are indicated on the right side.
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gave a different protein profile than that of serum, mostly in terms of the inten-
sity of the bands, as it contains a different proportion of IGFBP-1 molecular
forms than serum. The positions of some protein bands in the two types of samp-
les varied dlightly due to a difference in sample milieu (the number and abun-
dance of other proteins).

After 1gY-C, proteins in the bound fraction were identified as at least three
bands of high molecular mass (Fig. 2a), one band at ~60 kDa and a weak band at
~30 kDa. In the unbound fraction, high molecular mass bands appeared together
with monomer IGFBP-1. In rSDS-PAGE (Fig. 2b) high molecular mass species
dissociated giving predominantly a ~60 kDa protein band in the bound fraction
and a =30 kDa protein band in the unbound fraction. NnPAGE (Fig. 2c), again,
proved itself not to be useful for the study of the isoform pattern of IGFBP-1.
Immunoblotting with anti-aoM antibodies (Fig. 2d) confirmed that only proteins
at the start of the gel were IGFBP-1/aoM complexes.

a) b) c)

d
kDa kDa ) kDa
-97 -97 ’_97
-66 _66 66
-45 -45 N .
=31 -3 -31
=21 21 . i 21
-14 14 & ~14

UB B C UuB B C UB B C UB B C

Fig. 2. Immunoblotting of unbound (UB) and bound (B) fractions obtained after IgY-C with
anti-lGFBP-1 antibodies after 8) SDS-PAGE, b) rSDS-PAGE c) nPAGE, as well as with anti-
a,M antibodies after d) SDS-PAGE. IGFBP-1 from placental cytosol (C) was used as a phy-
siological marker. The positions of the molecular mass markers are indicated on the right side.

The IgY matrix contains immobilised antibodies against oM and, according
to the intensity of the stained protein band, the maority of IGFBP-1 in circu-
lation is engaged in complex formation with apM. The presence of other protein
bands in the bound fraction after SDS-PAGE was most likely due to the disso-
ciation of complexes either during the elution of the sample (acidic buffer) and/or
during sample preparation for electrophoresis. Since anti-aoM antibodies recog-
nised only proteins positioned at the start, the immunoreactive bands of ~100 and
~60 kDa do not contain fragments of oM. These proteins are likely to be multi-
mers of IGFBP-1. The immunoreactive band of ~60 kDa most likely represents
dimeric IGFBP-1, the formation of which may be catalysed by a transglutami-
nase.12 To date, dimers were identified only in tissues consisting predominantly
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of the non-phosphorylated IGFBP-1 form. IGFBP-1 forms having a mass grester
than 60 kDa are most likely higher multimers, resisting the reduction by 2-mer-
captoethanol. Multimers of ~100 kDa were also found in tissues.12

Another way to differentiate IGFBP-1 complexes with aoM from IGFBP-1
multimers is to employ lectins. Lectins have become very important analytical
tool in glycoproteomics.23 In the present study, complexes of IGFBP-1 with gly-
coprotein aoM were expected to interact with certain lectins, whereas |GFBP-1
multimers were not, since IGFBP-1 is not glycosylated. The reactivity was tested
with eleven immobilised lectins covering a wide range of saccharide specificity.
IGFBP-1 immunoreactive forms were detected in pH 7.5 eluates from: Con A-,
SNA-, RCA-I- and WGA-agarose as well asin pH 3.0 eluates from Con A- and
PHA-E-agarose (Fig. 3a). As expected, anti-IGFBP-1 antibodies recognised only
the high molecular mass species (complexes with aoM).

a) b)

kDa kDa
SR L T e

- 97

- 66 - 66

L - 45

- 31
=3

e 21
=14 - - 14
1 2 & 4 & 8 1 2 2 4 &5 B 7 8 ©
Fig. 3. Immunoblotting with anti-IGFBP-1 antibodies of the bound fractions obtained after
LAC and SDS-PAGE. a) The presented samples were eluted from: Con A-agarose (pH 7.5
and 3.0; lanes 1 and 2), SNA-agarose (pH 7.5; lane 3), RCA-1-agarose (pH 7.5; lane 4),
PHA-E-agarose (pH 3.0; lane 5) and WGA-agarose (pH 7.5; lane 6); b) The presented
samples were eluted from Con A-agarose: in the presence of Ca2*, M2 and Mg?* (pH 7.5
and 3.0; lanes 1 and 2), in the presence of Ca2* and Mg?* (pH 7.5 and 3.0; lanes 3 and 4),
in the presence of Ca2* and Mn?* (pH 7.5 and 3.0; lanes 5 and 6) and in the presence of
MnZ* and Mg?* (pH 7.5 and 3.0; lanes 7 and 8). IGFBP-1 from placental cytosol (C)
was used as a physiological marker. The positions of the molecular mass markers are
indicated on the right side.

Despite the fact that IGFBP-1 is not glycosylated at all, it bound to Con A
and was eluted with the pH 3.0 buffer (Fig. 3a, lane 2). In order to investigate
further the nature of this interaction, a series of experiments were performed by va-
rying the presence of ions required for Con A activation (Ca2*, Mn2* and Mg2*).
It was demonstrated that all three ions are necessary for the interaction between
IGFBP-1 and Con A (Fig. 3b). The absence of Mg2* and Mn2* reduced the bind-
ing of IGFBP-1 to some extent, while the absence of Ca2* inhibited the interact-
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tion completely. Lectin Con A is a metalloprotein, the 3D structure of which can
adopt two conformational states, a “locked” form and an “unlocked” form.24 The
unlocked form of Con A weakly binds metal ions and a saccharide ligand, while
the locked form binds two metal ions per monomer, enabling its full binding ca-
pacity for the saccharide. Many metastable complexes can be formed as well. Bi-
nary, ternary and quaternary complexes having both Con A conformers were iden-
tified.2> Although Con A preferably binds methyl a-D-mannopyranoside and a-D-
mannosy! groups, the synthesised ligand peptides, which structurally imitate these
saccharides, can also bind to this lectin.26 The specificity of Con A is not limited
to saccharide units, but sugar-mimics may be identified by Con A binding sites as
well. Therefore, the binding of IGFBP-1 monomer to Con A-agarose could be
explained in the light of the appropriate conformational recognition. Metal ions,
especially Ca2*, are crucial for the interaction to occur.

CONCLUSIONS

The results obtained in this study demonstrated that most of the IGFBP-1
circulates associated with a,M. These complexes can be isolated by affinity chro-
matography with immobilised anti-a,M antibodies. |GFBP-L/a,M complexes
may be differentiated from IGFBP-1 dimer and multimers using lectin-affinity
chromatography, since the latter do not interact with lectins. It seems that the
complexes contain not only monomeric IGFBP-1, but also its multimers. Dimer
and multimers are stable under reducing conditions, suggesting covalent linkage
between the units. Free IGFBP-1 monomer can be separated from the multimers
using Con A-affinity chromatography. The concentration of free IGFBP-1 in cir-
culation isrelatively low.
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nological Development of Serbia, Grant No. 143019.

U3BOJ

HUCIINTUBABE PA3JIMUNTUX |GFBP-1 MOJIEKYJICKUX ®OPMU ITPUMEHOM
AOUHUTETHE XPOMATOI'PA®UIE CA UMOBUJIM30BAHUM METAJIHUM JOHOM,
AHTUTEJIMMA U JIEKTUHUMA

JIPATAHA JIAT'YHIIMH, POMAHA MACHHKOCA, TOPAH MUJbYIII, IPATAHA POBAJAILL u OJI'MIJA HEAWh
Hnciuuiniyi 3a ipumery Hykaeapue enepzuje — MHEII, Ynueepsuitieii y beozpady, Banaiticka 316, 11080 Beozpao

Besyjyhu nporeus tun 1 3a uncynuny cnuune ¢pakrope pacra (IGFBP-1) je wian dammnuje
KOja CaIpXH IIecT XOMOJOTHX Be3yjyhmx NHpoTenHa, 4dja je yJjora y peryianuju akTUBHOCTH
uHCynuHy cinuaux ¢akropa pacra. IGFBP-1 je mporeun on 25 kDa, koju ocuM HaTUBHE, MOXKE
nocrojat U 'y 00auKky Hekoiuko pochopopmu (30 kDa), koje qOMUHUPAjY y HUPKYIALHjH JbY/IH.
dochopuosame |GFBP -1 je moct-TpaHcnanuona Moqudukanyja Koja iMa BEJIMKK yTUIA] HA aK-
tuBHOCT |GF-1. IGFBP-1 dopmupa Mysnrumepe u KOMILIEKCE ca ap-MakporiobyinuaoM (apM). V
by aHanu3e u pasnasajamba | GFBP-1 Monekynckux Bpcra, y OBOM pafy Cy HpHMEHhEHEe METOone
adunuTeTHE XpoMarorpaduje. Pesynraru cy mokasanu ga ce Behuna |GFBP-1 y nupkynanuju Ha-
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Ja3d y KOMIUIEKCHMa ca oM, KOji ce MOTy M30JI0BaTH MPUMEHOM aUHHUTETHE XpoMaTorpaduje ca
nmobunn3oBanuM antu-a,M antutenuma. |GFBP-1/a,M kommiekcu ce Mory pas3aBOjUTH Of
IGFBP-1 numepa u MynTumepa IpiMeHOM aQUHUTETHE XpoMarorpaduje ca IMOOMIN30BAaHUM Jie-
KTHHUMA, TIOIITO CE OJIMTOMEPH He Be3yjy 3a JiekTHHe. J[uMepHa popmMa U MyJITUMEpH Cy CTaOMITHH
MPU PEAYKIMOHUM YCIIOBMMA, IITO YKa3yje Ha KOBaJeHTHY Be3dy m3mely jemununa. Crno0GoaHu
IGFBP-1 moHOMEp je mpucCyTaH y pelaTHBHO Majoj KOHIIHTPALMjH y IUPKYJIAalUjH U MOXE ce
Pa3ABOjUTH OO MyJITHMEpa MPHMEHOM apUHHUTETHE Xpomarorpaduje ca IMOOMIN30BaHIM JIEKTH-
Hom Con A.

(IIpumsseno 30. mapta, peuaupano 2. jyiaa 2010)
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Abstract: Sage is commonly consumed as a herba tea in Anatolia, where not
only Salvia species, but also Sderitis species are called “sage” by the loca
people. Therefore, it was decided to investigate the most common species of
sage-called plants sold in aktars (traditional herb-selling stores). Eighty-seven
samples randomly purchased from 21 provinces throughout Turkey were iden-
tified, which finally led to the identification of 7 species; Salvia tomentosa,
Salvia fruticosa, Sderitis congesta, Sderitis pisidica var. termessi, Sderitis
arguta, Sderitis perfoliata and Sderitis libanotica subsp. linearis. Infusions
prepared from al samples were preliminarily tested for their antioxidant acti-
vity and 7 representative species were further evaluated by the 2,2-diphenyl-1-
-picrylhydrazyl (DPPH) free radical scavenging, ferrous ion-chelating and fer-
ric-reducing antioxidant power (FRAP) tests at 0.25, 0.50, and 1.0 mg mi-1 and
for their anti-acetylcholinesterase activity. The infusions were subjected to the
DPPH bioautographic revelatory test, which led to the conclusion that a fla-
vonoid derivative seemed to be responsible for the antioxidant activity in S
congesta and S. pisidica var. termessi.

Keywords: sage; Salvia; Sderitis; infusion; antioxidant; acetylcholinesterase.

INTRODUCTION

In Turkey, sage is known as “adacay!” and is commonly consumed as teas,
which are also used in Anatolian folk medicine.l Salvia species (Lamiaceae) are
known as “sage” in English, usually referring to S officinalis, whereas through-
out Turkey, species of several plant genera, Salvia, Sderitis and very rarely
Sachys, are usualy known as sage and sold in aktars (traditional herb-selling
stores).2:3 As these three genera belonging to Lamiaceae are similar to each other

* Corresponding author. E-mail: iorhan@gazi.edu.tr
doi: 10.2298/JSC100322115E
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in terms of their morphology, they are easily confused by local people. In addi-
tion, as Salvia and Sderitis species are represented by approximately 90 and 40
species, respectively, in Turkey,45 the aim of the current study was to survey
which species (taxa) are sold as sage (adacay!) in aktars and local bazaars. It was
also decided to determine their antioxidant activity by three different in vitro
methods, i.e., by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radica scaveng-
ing, ferrous ion-chelating, and ferric-reducing antioxidant power (FRAP) tests.
Moreover, some Salvia species have also been reported for memory enhancement
in European folk medicine.” Thus the inhibitory activity of the infusions towards
acetylcholinesterase (AChE), the key enzyme in the pathogenesis of Alzheimer’'s
disease (AD),8 was a'so investigated using the spectrophotometric Ellman method.

EXPERIMENTAL
Plant materials

The name of the aktars and provinces, purchase date and identification of 87 sage-called
plant materials which were sold as sage (adacayi in Turkish) and used in this study are listed
in Table |. The obtained materials (already in dried form) were identified by three taxono-
mists; namely Prof. Dr. Hayri Duman (Department of Biology, Faculty of Art and Science,
Gazi University, Ankara), Dr. Gulderen Yilmaz (Department of Pharmaceutical Botany, Fa-
culty of Pharmacy, Ankara University, Ankara, Turkey), and Dr. Ferhat Celep (Department of
Biology, Middle East Technical University, Ankara, Turkey). The samples are kept at the Phar-
macognosy Research Laboratory of the Faculty of Pharmacy, Gazi University, Ankara, Turkey.

TABLE I. Name of the aktars and provinces, purchase dates, and identification as well as the
yields of the aqueous extract of the sage-called plant materials used in this study

Sample Name of the aktars and province Purchase Identification of the Adqueous extract
No. date plant materias yields, % (w/w)
1 Yenigll Vip Kuruyemis, Ankara 2007  Salvia tomentosa 3.98
2 Tuzabat Koy, Mugla 2007 Salvia fruticosa 3.93
3 Sekeroglu Baharat, Kilis 2007  Sderitis congesta 9.76
4 Ulucami Baharatcisi, Bursa 2007 Salvia fruticosa 4.66
5 Etem Baharatlari, Trabzon 2007 Sderitis pisidica 15.0
var. termessi
6 Etem Baharatlari, Trabzon 2007 Salvia fruticosa 11.4
7 Bagdat Ticaret Gida Limited Sti., 2007  Sderitis congesta 8.26
Ankara
8 Emre Baharat, Kastamonu 2007  Sderitis congesta 10.58
9 Gida Pazari, Ankara 2008 Salvia fruticosa 474
10 Yeni Belediye Is Merkezi, Cankiri 2007 Salvia fruticosa 6.03
11 Lokman Baharat, Karabiik 2007 Salvia fruticosa 8.68
12 Ulukus Alternatif Tibbin Dogal 2007  Sderitis congesta 8.68
Caylar ve Sifall Nebatat Bitkileri,
Gaziantep
13 Y asam Eren Baharat, Edirne 2007 Salvia fruticosa 414
14 Y ayla Baharat, |stanbul 2008 Salvia fruticosa 6.51
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TABLE I. Continued

Sample Name of the aktars and province Purchase Identification of the Adqueous extract
No. date plant materias yields, % (w/w)
15 Ozsen Lokman Hekim Baharat, 2008  Sideritis congesta 9.0
Ankara
16 Arifoglu Baharat, Canakkale 2007 Salvia fruticosa 6.25
17 Simbil Efendi Baharatcisi, 2008 Salvia fruticosa 4.46
I stanbul
18 Aksel Baharat, Istanbul 2008 Salvia fruticosa 7.12
19 Ozgigek Kuruyemis, Istanbul 2008 Salvia fruticosa 4.32
20 Sifa Sultan Bitkisel Uriinler, 2008 Salvia fruticosa 7.54
I stanbul
21 inan baharatlari ve Aktar, Istanbul 2008 Salvia fruticosa 7.69
22 Mesut Glines Aktar ve Baharat, 2008 Salvia fruticosa 7.16
I stanbul
23 Muhittin Lokman Hekim, Ankara 2008 Salvia fruticosa 5.02
24 Muhittin Lokman Hekim, Ankara 2008  Sderitis congesta 12.02
25 DogaBaharat Diinyas, Istanbul 2008 Salvia fruticosa 7.21
26 Nur Baharat, Istanbul 2008 Salvia fruticosa 4.89
27 Kirk Ambar, Istanbul 2008 Salvia fruticosa 8.57
28 Yeni Cavusoglu Baharatlart, 2008 Salvia fruticosa 2.04
I stanbul
29 Karabulut Sifa Baharatcisi, 2008 Salvia fruticosa 5.09
I stanbul
30 Pasam Baharat (Misir Carsisl), 2008 Salvia fruticosa 7.71
I stanbul
31 Gozde Baharat ve Kuruyemis, 2008 Salvia fruticosa 9.01
I stanbul
32 Lokman Baharat, | stanbul 2008 Salvia fruticosa 5.88
33 Atlar Baharat, Istanbul 2008 Salvia fruticosa 4.08
34 Hazerbaba, |stanbul 2008  Sderitis congesta 12.64
35 Antep Pazari, |stanbul 2008 Salvia fruticosa 5.59
36 Ugur Kuruyemis, Istanbul 2008 Salvia fruticosa 381
37 Sena Baharat, |stanbul 2008 Salvia fruticosa 5.10
38 Kardesler Baharat, Kirikkale 2008 Salvia fruticosa 7.72
39 Unlii Lokman Hekim, Kirikkale 2008 Salvia fruticosa 7.28
40 Coskun Kuruyemis, Ankara 2008 Salvia fruticosa 3.97
41 Hunkar Tohumculuk, Ankara 2008 Salvia fruticosa 6.58
42 Lokman Hekim, Ankara 2008 Salvia fruticosa 2.50
43 Avan Kuruyemis ve Baharat, 2008 Salvia fruticosa 471
Ankara
44 Pasa Siipermarket ve Mandira, 2008 Salvia fruticosa 5.84
Ankara
45 Safari Kuruyemis, Ankara 2008 Salvia fruticosa 3.98
46 Akkaynak Siper Market, Ankara 2008 Salvia fruticosa 158
47 Coskunlar Gida, Ankara 2008 Salvia fruticosa 541
48 Zeyveli Gida Pazari, Ankara 2008  dderitis congesta 6.49
49 Mert Gida, Ankara 2008  Sderitis congesta 7.67
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TABLE I. Continued

Sample Name of the aktars and province Purchase Identification of the Adqueous extract
No. date plant materias yields, % (w/w)
50 Berat Baharatlari, Ankara 2008  Sderitis congesta 9.90
51 Kuruyemis Dlnyasl, Ankara 2008  Sderitis congesta 15.0
52 Imalatci Erhan Zeytincilik, 2008  Salviafruticosa 5.01
Ankara
53 Erpas Gida, Ankara 2008 Salvia fruticosa 6.57
54 Sifa Baharatlari, Elazig 2008 Salvia fruticosa 4.65
55 Ozgida, Elazig 2008  Sideritis congesta 12.60
56 Efka Baharat, Mugla 2008 Salvia fruticosa 6.19
57 Seckin Manav, Mugla 2008 Salvia fruticosa 5.36
58 Balci Gokmen, Mugla 2008 Salvia fruticosa 4.30
59 Merve Gida, Corum 2008 Salvia fruticosa 5.53
60 Ebru Kuruyemis, Bingdl 2008 Salvia fruticosa 7.13
61 Nur Gida Pazari, Bingdl 2008 Salvia fruticosa 3.30
62 Hatemoglu Kuruyemis, Ankara 2008  Sderitis congesta 12.50
63 Arvital, Ankara 2008 Salvia fruticosa 4.53
64 Gizem Lokman Hekim, Ankara 2008 Salvia fruticosa 3.06
65 Can Baharat, Ankara 2008 Salvia fruticosa 5.83
66 Cagri Baharat, Ankara 2008  Sderitis congesta 12.41
67 Unlii Lokman, Ankara 2008  Sderitis congesta 10.0
68 Unlii Lokman, Ankara 2008 Salvia fruticosa 9.36
69 Sabuncu Kemal Hoca, Ankara 2008 Could not be 9.97
identified
70 Dr. Ali Nazmi Lokman Hekim, 2008  Sderitis congesta 8.65
Ankara
71 Candan Lokman, Agri 2008 Salvia fruticosa 8.72
72 Esen Lokman Baharat, Agri 2008 Salvia fruticosa 3.05
73 Cerci Husnu Yusuf, Adana 2008 Salvia fruticosa 8.84
74 Agar Bakkaliyesi, Adana 2008 Salvia fruticosa 5.76
75 Kantarmacilar Cerci Mehmet, 2008 Salvia fruticosa 7.71
Adana
76 Kantarmacilar Cerci Mehmet, 2008  Sderitis congesta 9.93
Adana
7 Has Cerci Yusuf, Adana 2008 Salvia fruticosa 8.52
78 Cerci Ugur Yusuf Ticaret, Adana 2008 Salvia fruticosa 242
79 Metin Baharat, Sivas 2008  Sderitis congesta 8.58
80 Ozfidan Baharat, Sivas 2008  Sderitis congesta 8.42
81 Mevsim Ticaret, Sivas 2008  Sderitis congesta 12.26
82 Koyluoglu Baharat, Afyon 2008 Salvia fruticosa 3.58
83 Karaca Baharat, Afyon 2008 Salvia fruticosa 6.86
84 Kamburoglu Baharat, Afyon 2008 Salvia fruticosa 233
85 Oktas Baharat, Antalya 2008 Hderitis perfoliata 18.50
86 Halk Pazari, Antalya 2008 Sderitisarguta 553
87 Mustafa Simgek 2008 Sderitislibanotica 2.62

Baharatcl,Antalya

subsp. linearis
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Preparation of the infusions

Approximately 10 g from each of the 87 samples sold as “sage” was weighed accurately
on adigital balance and 150 ml of boiling distilled water was poured onto each sample and
left for 10 min at room temperature in order to prepare the infusions, which is in accordance
with the traditional method for sage tea preparation in Anatolia. The aqueous parts of each
infusion was filtrated and lyophilized. The lyophilized extracts, the yields (w/w) of which are
givenin Table |, were employed in the AChE inhibitory and antioxidant activity tests.

Antioxidant activity tests

DPPH radical scavenging activity. The stable DPPH radical scavenging activity was de-
termined by the Blois method.® Gallic acid and butylated hydroxyanisol (BHA) were em-
ployed as the references. Inhibition of DPPH (1) in percent was calculated as:

I (%) = 100((Aiank—Asample) / Avlank) )
where Ay ok IS the absorbance of the control reaction (containing all reagents except the test
sample) and Agnpie IS the absorbance in the presence of the extracts/reference. The analyses
were run in triplicate and the results are expressed as average values with the standard error
mean (SEM).

Ferrous ion-chelating effect. The ferrous ion-chelating effect of al the infusions was es-
timated by the method of Chua.1% The ratio of inhibition of the formation of the ferrozine—Fe2*
complex was calculated by Eq. (1), where Apa iS the absorbance of the control reaction
(containing only FeCl, and ferrozing), and Agmpe is the absorbance in the presence of the ex-
tracts/reference. The analyses were run in triplicate and the results are expressed as average
values with the standard error mean (SEM).

Ferric-reducing antioxidant power assay (FRAP). The ferric-reducing power (FRAP) of
the infusions was tested using the assay of Oyaizu.1! The analyses were performed in tripli-
cate. Increased absorbance of the reaction mixture indicated increased reducing power.

Bioautographic DPPH revelatory test

The infusions belonging to Salvia tomentosa, Salvia fruticosa, Sderitis congesta, Sde-
ritis pisidica var. termessi, Sderitis arguta, Sderitis perfoliata and Sderitis libanotica subsp.
linearis were subjected to thin layer chromatography (TLC) using a solvent system consisting
of ethyl acetate:methanol:water (60:20:5). The plate after drying at room temperature was
examined under UV 254 and 366 nm light and sprayed with 4 % DPPH solution. The radical
scavenging spots turned to ayellow color on a purple background.

Analysis of the active spotsin the bioautographic DPPH revelatory test

The spots which were found to be active in the DPPH revelatory test were subjected to
TLC again using the same solvent system and treated with three different spraying agents:
namely 5 % sulfuric acid, 1 % vanillin and naturstoff reagent in order to obtain preliminary
information about phytochemical nature of the compounds.

Anti-AChE activity

Anti-AChE activity was assayed by the spectrophotometric method of Ellman.12 Electric
eel AChE (Type-VI-S, EC 3.1.1.7, Sigma) was used as the enzyme source, while acetylthio-
choline iodide (Sigma, St. Louis, MO, USA) was employed as the substrate of the reaction.
5,5'-Dithio-bis(2-nitrobenzoic)acid (DTNB, Sigma, St. Louis, MO, USA) was used for the
measurement of the cholinesterase activity. All the other reagents and conditions were same as
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described in a previous publication.1® The experiments were performed in triplicate. Galan-
thamine (Sigma, St. Louis, MO, USA) was the reference.
Total phenol and total flavonoid contents

Phenolic contents of the extracts were assayed according to the Folin-Ciocalteu me-
thod.1* The samples were mixed with Folin-Ciocalteu reagent (Sigma) and sodium carbonate
(7.5 %). After incubation at 40 °C for 30 min, the absorption was measured at 760 nm. The
total phenolic contents are expressed as gallic acid equivalents (GAE, mg g1 extract). The
total flavonoid contents were calculated by the aluminum chloride colorimetric method.1® The
absorbance of the reaction mixture was measured at 415 nm.

RESULTS AND DISCUSSION

In this study, the species of 87 plant samples, which were sold as “sage’,
were identified as Salvia fruticosa (61 samples), Sderitis congesta (20 species),
Salvia tomentosa (1 species), Sderitis pisidica var. termessi (1 species), Sderitis
arguta (1 species), Sderitis perfoliata (1 species), Sderitis libanotica subsp.
linearis (1 species) and one unidentified species. In accordance with the tradi-
tional method of preparing sage tea in Anatolia, infusions from the 87 samples
were prepared and the preliminary antioxidant activity of al infusions was de-
termined using the DPPH radical scavenging test at a concentration of 1.0 mg
mi~-1. Their radical scavenging activity against DPPH was found to change be-
tween 12.69 and 71.39 % (Table Il). Further antioxidant activity tests were only
performed on the infusions of the 7 identified species given above using DPPH
radical scavenging, ferrous ion-chelating and ferric-reducing antioxidant power
(FRAP) tests at concentrations of 0.25, 0.50, and 1.0 mg mi-1. Among them, the
S fruticosa (65.04 %), S. arguta (60.70 %), and S. congesta (59.90 %) infusions
had the highest scavenging effect towards DPPH (Table I11), while S. fruticosa
(2.303) and S arguta (1.190) gave the best FRAP results (Table 1V). All in-
fusions displayed an insignificant effect in the ferrous ion-chelating tests (Table
1V). These 7 infusions were tested for their in vitro acetylcholinesterase inhi-
bition at concentrations of 0.25, 0.50, and 1.0 mg ml~1 using an ELISA micro-
plate reader and were found to exert no activity in this assay.

The calibration equations for the total phenol and flavonoid contents of the
infusions were found to be y = 0.0009x + 0.0018 (r2 = 0.87) and y = 2.0447x —
—0.0302 (r2 = 0.99), respectively. Accordingly, the richest infusion in terms of
both total phenol and total flavonoid contents belonged to S. congesta (Table [11).
Subsequently, the 7 infusions were monitored by TLC and post spraying with a4
% DPPH solution. Only two spots having DPPH radical scavenger activity,
evidenced by ayellow color on a purple background, were found, belonging to the
infusions of S. congesta and S. pisidica var. termessi. Those spots possessed the
same Ry value, which seemed to be the same compound, and were sprayed with 5
% sulfuric acid, 1 % vanillin and naturstoff reagents. The spots became bright
yellow with 1 % sulfuric acid and the naturstoff reagent, which led to the con-
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clusion that a flavonoid derivative was responsible for the antioxidant activity of
the infusions of S. congesta and S. pisidica var. termessi.

TABLE Il. DPPH free radical scavenging activity as percentage of inhibition+SEM (standard
error mean), %, of the aqueous extracts of the sage-called species at 1.0 mg/ml

Sample No. Value Sample No. Vaue Sample No. Value
1 34.01+1.01 32 71.12+0.18 63 37.11+0.85
2 48.51+1.79 33 32.49+1.17 64 55.07+0.32
3 47.23+0.44 34 46.80+0.21 65 50.45+0.52
4 52.31+1.47 35 41.73+0.10 66 48.74+1.69
5 36.76+1.84 36 21.12+1.00 67 35.81+0.11
6 63.14+1.72 37 46.46+0.64 68 45.31+1.05
7 39.35+1.72 38 53.59+1.08 69 88.23+1.30
8 56.86+0.32 39 27.84+0.49 70 61.33+1.16
9 43.00+0.57 40 39.59+1.39 71 45,16+1.05
10 32.69+1.07 41 28.69+0.11 72 65.04+0.65
11 33.46+0.74 42 58.02+0.43 73 50.75+0.74
12 66.40+0.32 43 45.01+0.42 74 51.12+1.05
13 57.83+0.63 44 47.40+£0.63 75 51.42+0.21
14 40.41+1.06 45 42.03+0.21 76 41.14+1.27
15 56.57+0.32 46 42.40+0.52 77 46.28+1.15
16 63.71+0.74 47 46.95+0.84 78 12.69+0.32
17 17.04+1.02 48 50.84+1.07 79 34.88+0.63
18 34.48+0.63 49 59.90+1.67 80 36.04+0.11
19 22.14+1.55 50 64.16+1.37 81 32.49+0.21
20 52.71+0.90 51 55.44+0.21 82 34.43+0.15
21 70.12+1.12 52 53.72+0.73 83 59.66+1.37
22 64.78+1.49 53 29.36+0.70 84 23.25+1.47
23 38.54+0.62 54 23.60+1.28 85 43.39+1.68
24 61.67+1.89 55 55.89+1.05 86 60.70+0.11
25 71.39+0.10 56 29.05+0.31 87 16.27+0.10
26 42.62+0.93 57 62.67+0.54
27 47.79+1.94 58 40.76+0.95
28 16.19+1.04 59 48.36+0.31
29 42.70+0.32 60 31.15+1.64
30 47.77+0.53 61 38.75+0.63
31 28.22+0.99 62 50.45+0.53

References
Gallic acid 92.57+0.10
Butylated hydroxyanisol (BHA) 81.60+1.67

The antioxidant and anti-AChE activities of the infusions obtained from the
7 representative plant species were also determined in order to find out if there
were any differences between them. The infusions of the seven taxa identified as
S fruticosa, S. congesta, S tomentosa, S. pisidica var. termessi, S arguta, S
perfoliata, and S libanotica subsp. linearis showed no inhibitory effect against
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AChE. Previous research reveaed that the components of sage which are active
against AChE were the monoterpenes 1,8-cineole and a-pinene found in major
amounts in the essential 0ils.16 The ineffectiveness of the infusions towards
AChE could be that the essential oil and its components are not soluble in water.

TABLE 11l. Tota phenol and total flavonoid contents, and DPPH free radical scavenging acti-
vity (inhibition percentagetSEM (standard error mean)) of the agueous extracts of 7 identified
taxa out of 87 samples of sage-called species

Percentage of inhibition+SEM against

Specimen Total phenol Total flavonoid DPPH radical, %
content**SEM®, % content®+SEM, % DPPH concentration, mg ml™
0.25 0.50 1.0
Salvia 87.87+£0.32 46.31£2.35 9.53£0.11 33.28+1.20 34.01+1.01
tomentosa
Salvia 129.94+0.62 71.66£3.14 22.27+0.74 47.23+1.33 65.04+0.65
fruticosa
Sderitis 88.09+2.52 63.23+1.11 14.09+£0.10 25.72+1.38 60.70+0.11
arguta
Sderitis 154.10+£2.60 138.75+2.94 17.54+0.10 35.16+0.11 59.90+1.67
congesta
Sderitis 55.64+1.26 35.94+1.25 8.33+0.11 10.27+0.31 16.27+0.10
libanotica
subsp. linearis
Sderitis 88.74+2.44 42.49+0.52 16.19+0.85 33.28+1.20 43.39+1.68
perfoliata
Sderitispisidi- 119.72+1.34 96.56+2.24 9.75+0.21 21.52+0.96 36.76+1.84
cavar.
termessi
References
Gallic acid ND 91.61+0.06 92.57+0.10
BHA ND 77.99£0.48 81.60+1.67

@Data expressed in mg equivalent of gallic acid (GAE) to 1 g of extract; Pstandard error mean; ‘data expressed
in mg equivalent of quercetin to 1 g of extract; %ot determined

On the other hand, the preliminary antioxidant activity screening of the in-
fusions at a concentration of 1.0 mg mi—1 by the DPPH radical scavenging test
displayed a great variance with percentage if inhibition values from 12.69 to
71.39 %. These results clearly indicate that the sage-called plant samples had
different phytochemical contents. Since the plant samples were sold in aktars
under no serious official authority inspection, the collection time, date and name
of the identifier are not clear. In addition, the preserving and storage conditions
were not good, hence, some plant samples may have been exposed to direct sun-
light or kept in open sacks. Thus, al these factors could affect the phytochemical
content of the plants. Consistently, the analysis of the total phenol and flavonoid
contents of the sage-called samples also showed remarkable variations (Table 111).
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In the further antioxidant assays for the 7 representative plant species, the S.
fruticosa infusion exerted the best activity in the DPPH radical scavenging and
FRAP assays (Tables |1l and IV). Several studies also showed significant anti-
oxidant activity of the polar (water, ethanol, methanol, etc.) extracts of S. fruti-
cosa, which was attributed to the existence of phenolic compounds, including
rosmarinic acid, caffeic acid, carnosol, apigenin, and luteolin.17=20 Accordingly,
it could be speculated that the high antioxidant activity of this species could
result from the presence of similar phenolic compounds in the infusion. How-
ever, not al the S fruticosa samples purchased for this study displayed high
radical scavenging activity (Table ). This variation could again depend on when
and where the samples were obtained by the aktars as well as the duration of the
storage time. Interestingly, in the DPPH bioautographic test, 7 infusions were
subjected to TLC under the same conditions but only two infusions (S. congesta
and S pisidica var. termessi) were found to contain two active components, the
colors of which turned into yellow on a purple background. In the TLC assay,
chlorogenic acid, caffeic acid, gallic acid, rutin, quercetin, and kaempferol were
used as references. However the two spots had different Ry value to those of the
references. Therefore, the spots were sprayed separately with 5 % sulfuric acid,
1% vanillin, and naturstoff reagents. The color of flavonoid derivatives is known
to become bright yellow with sulfuric acid and naturstoff reagents, which werein
accordance with the present results. The vanillin reagent is more specific in
revealing terpenic substances. Consequently, this led to the consideration that the
active component of the above-mentioned Sderitis infusions could be a flavo-
noid derivative.

TABLE 1V. Ferric ion-chelating effect and ferric-reducing antioxidant power (FRAP, absor-
bance at 700 nm+SEM) of the agueous extracts of 7 identified taxa out of 87 samples of sage-
called species

Ferric ion-chelating capacity Ferric-reducing antioxidant power
(inhibition+SEM?, %) (absorbance at 700 nm+SEM)
Aqueous extracts — - =
Ferric ion concentration, mg ml
0.25 0.50 1.0 0.25 0.50 1.0
Salvia tomentosa P 2.59+0.45 19.35+0.40 0.38+0.01 0.68+0.08 1.12+0.01
Salvia fruticosa - 3.70+£0.97 6.95+1.70 0.96+0.02 1.64+0.05 2.30+0.05
Sderitisarguta - 7.78£0.78 12.04+1.24 0.49+0.06 0.66+0.12 1.19+0.09
Sderitis congesta - 2.50+0.65 5.56+0.88 0.50+0.01 0.67+0.06 1.02+0.08

Sderitislibanotica 4.82+0.83 8.15+0.66 12.87+0.65 0.26+0.01 0.44+0.04 0.58+0.13
subsp. linearis

Sderitis perfoliata - 13.52+0.52 20.84+3.27 0.42+0.02 0.86+0.03 1.03+0.09
Sderitis pisidica - - 6.30+£1.01 0.33+0.01 0.70+0.06 0.78+0.13
var. termessi

Reference
BHA ND° 21.71+1.10 26.94+1.48 2.49+0.01 ND ND

b

®Standard error mean; °no activity; “not determined
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CONCLUSIONS

The current survey showed that 7 plant species (Salvia fruticosa, Sderitis
congesta, Salvia tomentosa, Sderitis pisidica var. termessi, Sderitis arguta,
Sderitis perfoliata and Sderitis libanotica subsp. linearis) are sold under the
name “sage” in aktars (traditional herbal stores) in Turkey. In previous reports,
some Stachys species were also recorded to be known as sage in some parts of
Turkey by local people. Since sage has been used for simple disorders in the
Anatolian folk medicine, correct identification of the plant species is quite im-
portant in terms of their biological activity and phytochemical content. The pre-
sent data showed that the most common species known as sage in Turkey are S,
fruticosa and S. congesta and their antioxidant activity displays a great variation
depending on diverse factors. Thus, the obtained results underline the importance
and necessity of a serious inspection on plant species sold in aktars by authorities
such asthe Ministry of Health from the viewpoint of human health.
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M3BOJ

BPCTE KAJI®UJE ITOPEKJIOM U3 TYPCKE 1 BUXOBA
AHTUOKCUAATUBHA AKTHUBHOCT
ILKAY ERDOGAN-ORHAN?, ELIF BAKI*? SEZER SENOL' u GULDEREN YILMAZ®
1Department of Pharmacognosy, Faculty of Pharmacg/, Gaz University, Ankara, 2ocial Security Institution,

Ministry of Labor and Social Security, Ankara u “Department of Pharmaceutical Botany, Faculty of
Pharmacy, Ankara University, Ankara, 7Turkey

Kanduja ce yobruajeHo KOPHUCTH 3a 4aj y AHAJONIMjU U TO He camo Bpcte Salvia, Beh u Bpere
Sderitis. IIpoyuaBaiau cMo OUIbKe KOje ce cMaTpajy KaldujoM, a poaajy ce y JOKaIHUM MPOJaB-
nunama. OcampeceT ceraM y3opaka HAaCyMHYHO KymubeHe xanduje y 21 nposunimmju Typcke je
uieHTH(HUKOBAHO U cHCTeMaTH30BaHo y 7 Bpera: Salvia tomentosa, Salvia fruticosa, Sderitis con-
gesta, Sderitis pisidica var. termessi, Sderitis arguta, Sderitis perfoliata u Sderitis libanotica
subsp. linearis. EkCTpakTu cBHX y30paka Cy MpeIMMUHAPHO TECTUPAHU paau yTBphUBamba aHTHOK-
CHJIaTUBHE aKTHBHOCTH, a 7 TUIIHYHHUX y30paKa je Jajbe aHaJIu3upaHo tectopuma: a) DPPH, 3a on-
pebhuBame ciobonHuX pagukaina, 6) FRAP, 3a onpehuBame ciocobHocTH Xenaruparma (Gepo-joHa u
peaykuuje Ghepu-joHa U B) TECTOM 3a OfApehHBame aHTH-aLETHIXO0IMHECTEpa3He aKTHBHOCTH. Exc-
TpakTH cy noaspraytu DPPH 6moayTorpadckoM Tecty, 4uju cy pe3yiTaTH JOBENH 0 3aKJbydKa
Ja cy (JIaBOHOMAHM JICPHBATH OATOBOPHM 332 aHTHOKCHIATUBHY aKTHBHOCT BpcTa S congesta n S
pisidica var. termessi.

(Mpumsbeno 22. mapra, pesuaupaso 30. anpuina 2010)
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Abstract: The chemical compositions of essentia oils obtained from Ocimum
basilicum var. thyrsiflora (1.39 % dry weight) and Ocimum basilicum (0.61 %)
were analyzed by GC-MS. Seventy-three constituents representing 99.64 % of
the chromatographic peak area were obtained in the O. basilicum var. thyrsi-
flora oil, whereas 80 constituents representing 91.11 % observed in the essen-
tial ail of O. basilicum were obtained. Methyl chavicol (81.82 %), S(E)-oci-
mene (2.93 %) and o-(E)-bergamotene (2.45 %) were found to be the dominant
constituents in O. basilicum var. thyrsiflora oil while O. basilicum contained
predominantly linalool (43.78 %), eugenol (13.66 %) and 1,8-cineole (10.18
%). The clear separation of the volatiles in all samples, demonstrated by the
application of GCxGC, resulted in significantly different fingerprints for the
two types of basil. The O. basilicum oil showed strong antioxidant activity
while the oil of O. basilicum var. thyrsiflora exhibited very low activity, which
was attributed to the significant differences in linalool and eugenol contents in
these essentid oails.

Keywords. O. basilicum; O. basilicum var. thyrsiflora; DPPH radical scaveng-
ing activity; simultaneous distillation and extraction (SDE); comprehensive
two-dimensional gas chromatography; GCxGC.

INTRODUCTION

Basil (Ocimum basilicum), belonging to the Lamiaceae family, is one of the
most popular plants grown extensively in many continents around the world,
especialy in Asia, Europe and North America. Basil is believed to have origina
ted in Iran and/or India. At least 150 species of the genus Ocimum are widely
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cultivated in other countries of Asia.l Although several basil species are found in
many regions, the species O. basilicum is the most cultivated variety in the
world.2 Basil has been planted as a popular culinary and medicinal herb from
ancient time until now and the leaves and flowers have been used for the treat-
ment of headaches, coughs, diarrhea, worms and kidney malfunctions, as well as
for its carminative, galactagogue, stomachic and antispasmodic properties.1.5~/
Basil contains a wide range of phenolic compounds displaying various antioxi-
dant activities, depending on the basil species and cultivars.8-11 The extracts of
basil obtained by different methods are considered to be antimicrobial,12-14
insecticidal1® and useful in a number of medical treatments.16-18 The essential
oils of basil are used in the flavoring of food and in perfumery because of their
aromatic properties.1® There are significant differences in the chemical com-
position and amounts and kinds of aromatic components in the essential oils of
basil depending on the species and environmental conditions of the cultivation
location. For instance, basil having dark green leaves and white flowers, the
popular cultivars for the fresh market and garden, possesses a rich spicy pungent
aroma due to the presence of linalool, methyl chavicol and 1,8-ci neole.19 Lesser
cultivars vary in growth habit, size, and color, and can display a wide range of
aromas including, lemon, rose, camphor, licorice, wood and fruit.1® The dark
opal cultivar with purple color in al parts contains linalool and 1,8-cineole as the
major components while camphor is dominant in the basil camphor cultivars.19
The basil cultivars of India, Pakistan and Guatemala exhibit methyl cinnamate as
the dominant component.20.21 Basil essential oils include mainly the group of
terpenoid components, which includes monoterpenes and sesquiterpenes as well
astheir oxygenated derivatives.22.23

The similarity of the structures of the constituents has obstructed component
identification. To date, gas chromatography—mass spectrometry (GC-MS) has
played the most important role in the identification of the chemical composition
of basil essential oils. Nevertheless, incomplete identification was achieved by
the use of GC-MS due to the complex nature of the constituents of the essential
oil. Comprehensive two-dimensiona gas chromatography (GCxGC) is a power-
ful technique that has been successfully used for the separation of the volatile
constituents in highly complex samples, especially essential oils.24-26 This tech-
nique is a combination of two columns with different separation mechanisms
coupled via a cryogenic modulator interface. Many co-eluting components on the
first column are separated in the second column. This rapid technique displays
significant differences between samples, making it a valuable technique for ap-
plication in qualitative analysis. The application of comprehensive two-dimensio-
nal gas chromatography coupled to time-of-flight mass spectrometry (GCxGC-
—TOFMS) has been employed to analyze the aromatic compounds of basil samp-
les.27 Linaool, methyl chavicol, eugenol, and 1,8-cineole were the dominant com-
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pounds identified in these samples. The relative abundances of the different con-
stituents allowed differentiation between the examined cultivars.

In the present study, O. basilicum var. thyrsiflora and O. basilicum plants
were grown in northern Thailand. The chemical compositions of the essential oils
of the leaves of both cultivars were identified by using GC-MS and confirmed by
the linear retention indices. The use of GCxGC with a longitudinally modulated
cryogenic system (LMCS) was also employed to clearly differentiate between the
fingerprints of these oil samples. Additionally, the analyses of the volatile cons-
tituents of all oils were completed by an evaluation and determination of the anti-
oxidant activities of the essential oil samples.

EXPERIMENTAL
Plant materials and chemicals

Aerid parts of two varieties of basil, O. basilicum var. thyrsiflora and O. basilicum, were
collected at flowering stage in the Chiang Rai province located in the northern part of
Thailand (altitude 390 m) in June 2008. Voucher herbarium specimens (QBG No. 41462 and
QBG No. 41463) of O. basilicum var. thyrsiflora and O. basilicum plant, respectively, were
identified and deposited at the Queen Sirikit Botanic Garden, Mae Rim, Chiang Mai, Thai-
land. The morphology of O. basilicum var. thyrsiflora and O. basilicum plants differ signi-
ficantly. O. basilicum var. thyrsiflora plant has narrow green leaves, purple—red stems and
violet pink flowers, whereas O. basilicum plant has light-green stems, elliptic-ovate leaves
and white flowers. The leaves were separated by hand and then dried in the shade for 10 days
before being subjected to simultaneous distillation—extraction (SDE). All basil essentia oil
samples obtained were diluted 1:10 v/v with n-hexane prior to injection into the GC-MS and
GCxGC instruments. All chemicals were of analytical grade and consisted of dichlorome-
thane, anhydrous sodium sulfate, mixtures of Cg to C», n-alkanes and 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) which were purchased from Merck (Darmstadt, Germany), and gallic
acid, purchased from Sigma-Aldrich GmbH. (Steinheim, Germany).

Gas chromatography—Mass spectrometry (GC-MS)

The volatile constituents of basil leaf oils were analyzed using a Hewlett Packard model
HP6890 gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) equipped with an
HP-5MS (5 % phenyl-polymethylsiloxane) capillary column (30 mx0.25 mm i.d., film thick-
ness 0.25 pm; Agilent Technologies, USA) interfaced to an HP model 5973 mass-selective
detector. The oven temperature was initially held at 100 °C and then increased at 2 °C min® to
220 °C. The injector and detector temperatures were 250 and 280 °C, respectively. Purified
helium was used as the carrier gas at a flow rate of 1 mL min'l. The El mass spectra were
collected at an ionization voltage of 70 eV over the m/z range 29-300. The electron multiplier
voltage was 1150 V. The ion source and quadrupol e temperatures were set at 230 and 150 °C,
respectively. Identification of volatile components was performed by comparison of their
Kovaéts retention indices, relative to Cg—C,, n-alkanes, and comparison of the mass spectra of
individual components with the reference mass spectra in the Wiley 275 and NIST 98 data-
bases and with the corresponding data for components in basil.10.19.28.29

Comprehensive two-dimensional gas chromatography (GCx GC)

A gas chromatograph, model HP 6890, equipped with an FID detector and an HP 6890
series auto sampler was used for the GCxGC—FID experiments and was operated at 100 Hz
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data acquisition. The GC was retrofitted with a longitudinally modulated cryogenic system,
LMCS (Chromatography Concepts, Doncaster, Australia). CO, was employed as the cryogen,
which was thermostatically controlled at about —20 °C for the duration of each run. The in-
jection temperature was 250 °C with an injection volume of 1.0 uL in the split mode with a
split ratio of 100:1. The injection and detector temperature were operated at 250 °C. Hydrogen
gas was used as the carrier gas at a flow rate of 1.5 mL min'l. The GC was operated in the
constant flow mode. The column set for GCxGC analysis consisted of two capillary columns
which were serially coupled by a zero-dead-volume fitting. The column sets and operation
conditions used in this experiment are listed in Table |. The columns are available from SGE
International (Ringwood, Australia). The GCxGC column set BPX5/BP20 (Column set 1) was
5 % phenyl polysilphenylene-siloxane connected to a polyethylene glycol phase, which sepa-
rates most components according to boiling point rather than polarity, while the separation
polar/non-polar was obtained using the column set Solgel wax/BP1 (Column set 2) which is
the combination of an inverse phase of poly(ethylene glycol) and 100 % dimethylpolysi-
loxane. Both column sets were selected to investigate the basil volatiles in all samples due to
the different properties of these column sets.

TABLE |. GCxGC column sets and temperature programs

Condition i Setl D i Set2 D

Stationary phase BPX5 BP20 Solgel Wax BP1
Length, m 30 2.0 30 2.0
Diameter, mm 0.25 0.10 0.25 0.1

Film thickness, um 0.25 0.10 0.25 0.10
Modulation period, s 6 6

Temperature program  from 120t0 180 °C at 1 °C min™  from 80 to 250 °C at 2 °C min™

Antioxidant activity

DPPH radical scavenging assay. The radical scavenging abilities of O. basilicum var.
thyrsiflora and O. basilicum essentia oils based on reaction with the 2,2-diphenyl-2-picryl-
hydrazyl radical (DPPH") were evaluated by a spectrophotometric method based on the re-
duction of a methanol solution of DPPH according to a modified method of Blois.3° One
milliliter of various concentrations of the each oil in methanol was added to 1 mL of a 0.003 %
methanol solution of DPPH and the reaction mixture was shaken vigorously. The tubes were
allowed to stand at room temperature (27 °C) for 30 min. Each reaction mixture was then
placed in the cuvette holder of a Perkin ElImer-Lambda 25 UV/Vis spectrophotometer and
monitored at 517 nm against a methanol blank. The scavenging ability was calculated as fol-
lows:. scavenging ability = 100x(absorbance of control — absorbance of sample/absorbance of
control). The antioxidant activity of all essential oils is expressed as I Csg, Which is defined as
the concentration (in g mL-1) of oil required to inhibit the formation of DPPH radicals by 50 %.
The experiment was performed in triplicate.

Determination of the total phenolic contents. Total phenolic content of the essentia oils
obtained from O. basilicum var. thyrsiflora and O. basilicum leaves was determined using
Folin—Ciocalteu reagent according to a modified method of Singleton and Rossi3? using gallic
acid as the standard. The oil solution (0.2 mL) was mixed with 1.0 mL of Folin—Ciocalteu
reagent, 1.0 mL of a7 % aqueous solution of Na,CO3 and 5.0 mL of distilled water. Then, the
mixture was vigorously vortexed. The reaction mixtures were allowed to stand for 30 min
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before the absorbance at 765 nm was measured. The concentration of both essential oils was
set to 5 mg mLL. The same procedure was also applied to standard solutions of gallic acid.
The calibration equation for gallic acid was:

y = 0.00515x — 0.00400 (R2 = 0.999)

wherey is the absorbance and x is the concentration of gallic acid in mg mL-1,
RESULTS AND DISCUSSION

The essential oil of the leaves of O. basilicum var. thyrsiflora and O. basi-
licum were extracted using a modified Likens—Nickerson apparatus and appeared
as viscous yellow liquids with a percentage yield of 1.39 and 0.61 (w/w), respec-
tively. These essential oils were subjected to detailed GC-MS analysisin order to
determine the volatile constituents. Overall, 81 volatile constituents were identi-
fied among the two basil leaf oil samples. The GC-MS chromatograms of all
samples are shown in Fig. 1. The structures of the volatile components identified
by GC-MS, their relative area percentages and their retention indices are sum-
marized in Table I1. Although the oils of the two O. basilicum species contained
high percentages of the same group of monoterpenes and sesquiterpenes, the dif-
ferent varieties presented significant variability in their chemical compostions. A to-
tal of 73 congtituents representing 99.64 % of the O. basilicum var. thyrsiflora leaf
oil were established. The dominant components were methyl chavicol (81.82 %),
S-(E)-ocimene (2.93 %), o-(E)-bergamotene (2.45 %), a~epi-cadinol (2.08 %),
1,8-cineole (1.62 %), methyl eugenol (1.10 %) and camphor (1.09 %). As indi-
cated, pentyl butanoate was distinguished only in O. basilicumvar. thyrsiflora es-
sentia oil. The present studies are similar to the published research of Simon et
al.,19 who reported methyl chavicol (60 %) and linalool (12 %) as the major con-
stituents in the essential oil of O. basilicumvar. thyrsiflora; Thai (Richters).

Abundance

Ll ],1. . ll l.’.LL.AI.ﬁA‘I AI(A : . .
10 20 30 40
time, min
Fig. 1. GC-MS chromatogram of volatile component profiles of (1.1 above) O. basilicum
essential ail, (1.2) O. basilicumvar. thyrsiflora essential oil.
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TABLE Il. Structural assignment and relative peak area percent of the volatile components of
the essential oil obtained from of O. basilicum (A) and O. basilicum var. thyrsiflora (B) leaves

Relative peak Relative peak
Component LTPRI®  area, % | Component LTPRI area, %
A B A B
(E)-2-Hexenol 849 0.06 0.03 | Methyl chavicol 1196 021 8182
o-Thujene 924  0.01 t | Geraniol 1253 0.03 0.01
o-Pinene 932 0.19 0.07 |Chavicol 1259 0.07 0.09
Camphene 949 0.03 0.06 |iso-Bornyl acetate 1283 065 011
Sabinene 971 0.33 0.08 | Carquejol acetate 1295 0.05 t
Amyl vinyl carbinol 974 0.04 0.02 | o-Cubebene 1344 0.03 0.02
p-Pinene 978 0.57 0.16 | Eugenol 1355 13.66 0.02
B-Myrcene 988 0.76 0.49 | exo-2-Hydroxyci- 1358 0.04 -
neole acetate
Dehydro-1,8-cineole 991 0.02 0.01 | a-Ylangene 1373 0.08 0.02
para-Mentha-1(7),8- 1007 t 0.01 | s-Bourbonene 1380 010 0.03
-diene
o-Terpinene 1017 0.02 0.01 |iso-Longifolene 1385 0.06 0.03
ortho-Cymene 1024 0.01 0.01 |ps-Elemene 1387 047 031
Limonene 1028 0.23 0.15 | Cyperene 1391 0.05 0.02
1,8-Cineole 1033 10.18 1.62 | Methyl eugenol 1400 0.09 110
p- (E)-Ocimene 1044 057 293 | o-Cedrene 1410 0.09 0.04
y-Terpinene 1056 0.06 t° |[(E)-Caryophyllene 1416 0.08 0.06
(2)-Sabinenehydrate 1071  0.23 0.03 | f-Cedrene 1420 0.04 0.02
Caprylyl acetate 1078 0.08 t |pB-Copaene 1426 t -
Terpinolene 1084 0.06 0.15 | o-(E)-Bergamotene 1431 010 245
Linalool oxide 1087 0.07 - |p-(2)-Farnesene 1438 0.05 0.05
Pentyl butanoate 1095 - 0.01 | (&-Muurola-3,5- 1442  0.05 0.03
-diene
Linalool 1099 43.78 0.43 | o-Humulene 1451 036 0.18
(E)-Sabinene hydrate 1099 0.17 — |p-(E)-Farnesene 1454 020 0.08
(2)-Myroxide 1138 001 - |((2)-Muurola- 1458 035 0.13
-4(14),5-diene
Camphor 1146 020 1.09 |p-Acoradiene 1462 0.04 0.02
iso-Menthone 1162 0.03 0.03 |y-Gurjunene 1471 0.06 0.02
& Terpineol 1170 028 — |y-Muurolene 1477 135 0.60
Borneol 1172 0.36 0.32 |y-Himachalene 1481 047 018
Terpinen-4-ol 1179 0.18 0.06 |p-Selinene 1485 004 0.04
y-Terpineol 1195 175 — |Bicyclogermacrene 1491 0.04 0.18
p-(E)-Guaiene 1498 059 0.27 |1,10-Di-epi-cubenol 1611 0.76 0.29
y-Patchoulene 1503 0.51 0.35 |p-Acorenol 1629 005 0.01
p-Bisabolene 1505 0.09 0.04 | o-Epi-cadinol 1640 576 2.08
y-Cadinene 1509 199 0.57 |p-Eudesmol 1650 0.11 0.09
(E)-Calamenene 1516 0.35 0.06 | a-Cadinol 1652 032 014
(2)-Nerolidol 1521 0.30 0.11 | o-Epi-bisabolol 1683 0.06 0.03
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TABLE Il. Continued

Relative peak Relative peak

Component LTPRI®  area, % | Component LTPRI area, %
A B A B

o-Cadinene 1533 0.03 0.01 | o-Bisabolol 1685 010 0.04
Longicamphenylone 1560 0.08 0.02 | Zierone 1698  0.03 t
Spathulenol 1573 025 0.03 |p-(2)-Santalol 1713 012 0.03
(E)-Sesquisabinene 1579 001 - |(E)-3-Tetradecen-5- 1889 0.24 0.05
hydrate -yne
p-(2)-Elemenone 1580 0.06 0.03

8 inear temperature program retention index; Brace amount, < 0.005 %

Individually, O. basilicum leaf oil yielded 80 identified constituents repre-
senting 91.11 % with dominant components consisting of linalool (43.78 %)
followed by eugenol (13.66 %), 1,8-cineole (10.18 %), a~epi-cadinol (5.76 %),
y-cadinene (1.99 %), y-terpineol (1.75 %) and y-muurolene (1.35 %), respecti-
vely. As can be observed, eight components (linalool oxide, (E)-sabinene hydrate,
(2)-myroxide, S&terpineol, y-terpineol, exo-2-hydroxycineole acetate, f-copaene
and (E)-sesquisabinene hydrate) were detected only in the essential il of O.
basilicum. These results are in a good agreement with those of most published
studies on the chemical composition of O. basilicum essentia oil in which lina
lool was found to be the predominant constituent: Kéita et al.14 (69 %), Akgiil32
(45.7 %) and Gurbuz et al.33 (41.2 %). In other studies, methyl chavicol (estra-
gole) was represented as the major constituent in the O. basilicum leaf oils as can
be seen in the study of Khatri et al.,34 Telci et al.10 and Chalchat et al.28 Ad-
ditionally, methyl eugenol was detected as the main component in O. basilicum
leaf oil in Thailand by Suppakul et al.2® These differences indicate that the che-
mical composition of the essential oils of O. basilicum varieties may be corre-
lated with different environmental and ecological conditions, as well as by gene-
tic factors.

The overal volatile constituents of the basil leaf oil samples were analyzed
using the GCxGC technique. In this study, the conventional combination of co-
lumns BPX5/BP20 (Column set 1) and columns Solgel wax/BP1 (Column set 2)
were also employed (Table I). The essential oil of O. basilicum leaves was used
for the optimization of the conditions in both column sets due to the higher num-
ber of components identified by GC-MS than for the oil obtained from O. ba-
silicumvar. thyrsiflora. The resulting GCxGC—FID contour plots obtained by the
two column sets for all samples are shown in Fig. 2. The component separation in
the Column set 1 was based on boiling point and polarity in first and second co-
lumns, respectively, but the separation was the reverse in the Column set 2. As
seen in the contour plots in Fig. 2, at least 101 and 87 individual components of
O. basilicum leaf oils were resolved by the use of Column set 1 and 2 as shown in

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




1510 PRIPDEEVECH et al.

'
1
wn
2
£.]
el
=
k>
wv
g,
g.
£
A
g 2
N
!
3

lst Dimensional time, min
Fig. 2. The contour plots of the volatile component profiles of: 1) O. basilicum essentia oil
with the polar—non-polar column set, 2) O. basilicum essential oil with the non-polar-polar
column set and 3) O. basilicumvar. thyrsiflora essential oil with non-polar—polar column set.
The components are grouped into 3 groups. monoterpenes (A), sesquiterpenes (B)
and oxygenated sesquiterpenes (C).

Figs. 2(1) and 2(2), respectively. This indicates that a better resolution was
achieved by the use of Column set 1, in which many overlapping peaks were
resolved in the 2"d dimension, allowing additional volatile components to be de-
tected. The differentiations of the chemical composition among two varieties by
the Column set 1 are present as contour plots shown in Fig. 2(2) and 2(3), respec-
tively. At least 92 and 101 volatile components were detected in O. basilicum
var. thyrsiflora and O. basilicum leaf essential oil, respectively. Nevertheless,
using GCxGC, more compounds were found and separated compared to those
obtained by GC-MS. Grouping of the various components are highlighted in the
circled areas. A includes the monoterpenes, B includes the sesquiterpenes, and C
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includes the oxygenated sesquiterpenes. Although similar fingerprint patterns were
exhibited in both essential oil profiles, the number of oxygenated monoterpenes
(region A) of O. basilicum var. thyrsiflora essential oil was found to be signifi-
cantly higher compared to that of the O. basilicum essentia oil profile. The si-
milar profiles of volatile sesquiterpenes (region B) in both essential oils are shown
in Fig. 2(2) and 2(3), while numbers of oxygenated sesquiterpenes (region C) of
O. basilicum essential oil were higher than that obtained from the essential oil of
O. basilicumvar. thyrsiflora.

The antioxidant activities of the essential oils of O. basilicumvar. thyrsiflora
and O. basilicum leaves were tested by DPPH radical scavenging. The violet co-
lor of the radical disappeared when mixed with the substances in the essential oil
solution that can donate a hydrogen atom. The antioxidant activities of all the
essential oils and eugenol are presented in Table 111, in which lower 1Csg values
indicate higher antioxidant activity. The O. basilicum essential oil (ICsq =
= 26.53+0.94 pg mL—1) exhibited a higher scavenging ability for DPPH radicals
than the essentia oil of O. basilicum var. thyrsiflora (ICsg = 98.33+2.08 ug mL—1).
The other results show that a stronger antioxidant activity was found with standard
linalool (ICsg = 0.61+0.05 pg mL-1) and eugenol (ICsp = 2.83+0.08 pg mL-1)
than with either of the essential oils. Thus an essential oil containing a higher le-
vel of linalool and eugenol should provide a stronger antioxidant activity as was
found by Jilisni and Simon3> who reported that a stronger antioxidant activity
was found in the essentia oil containing a higher level of linalool. As aresult, the
O. basilicum essentia oil was evaluated to be the stronger antioxidant than the
essential oil of O. basilicum var. thyrsiflora according to the higher level of lina-
lool and eugenol. The different levels of linalool and eugenol found between O.
basilicum and O. basilicum var. thyrsiflora may be related to ecological con-
ditions and genetic factors.

TABLE IIl. Antioxidant activities of basil essential oils, standard linalool and eugenol
Total phenolic content®

Material ICso / pg mL™ (DPPH)?

mg mL™*
O. basilicum leaf ail 26.53+0.94 0.102+0.009
O. basilicumvar. thyrsiflora leaf oil 98.33+2.08 0.070+0.004
Linalool 0.61+0.05 -
Eugenol 2.83+0.08 -

&/ alues represent averageststandard deviations for triplicate experiments; Pnot studied

The amounts of total phenolic compounds in both the essential oils were in-
vestigated spectrometrically according to the Folin—Ciocalteu procedure, calcu-
lated as gallic acid equivalents. The essentia oil of O. basilicum leaves contained
higher amounts of total phenolic than that of O. basilicum var. thyrsiflora leaf oil,
as can be seen in Table I11. The total phenols of O. basilicum and O. basilicum
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var. thyrsiflora essential oil are 0.102+0.009 and 0.070+0.004 mg mL~1, respec-
tively, at the same concentration of 5 mg mL-L. In the present study, linalool
(43.78 %) and eugenol (13.66 %), the major components in the essential oil of O.
basilicum, would play an important role in the antioxidant activity. The low
amounts of linalool (0.43 %) and eugenol (0.02 %) in O. basilicum var. thyrsi-
flora oil are reflected initsrelatively low antioxidant activity.

CONCLUSIONS

Although the chemical compositions of the essential oils of O. basilicumvar.
thyrsiflora and O. basilicum leaves were similar, both oil samples had significant
differences in their mgjor constituents, as determined by GC-MS. In addition,
GCxGC separation was utilized to monitor the profiles of both samples and good
resolution was exhibited using a combination of non-polar and polar columns.
Thus, this technique could be very useful for quality control during the industrial
production of these essentia oils. Finally, the high amount of linalool and euge-
nol in O. basilicum compared to O. basilicum var. thyrsiflora is likely respon-
sible for the higher antioxidant activity of the former oil.
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M3BOJ

OJIPEBUBAKBE XEMUJCKOI' CACTABA U AHTUOKCUJATHUBHE AKTUBHOCTHU
BOCUJBKA 13 TAJJIAHAA TIPUMEHOM PETEHITMOHUX MHJAEKCA U
JABOJMMEH3NOHAJIHE TACHE XPOMATOI'PADOHIE

PATCHAREE PRIPDEEVECH', WATCHARAPONG CHUMPOL SRI%, PANAWAN SUTTIARPORN?
u SUGUNYA WONGPORNCHAI?

Yschool of Science, Mae Fah Luang University, Chiang Rai, 57100 u 2Department of Chemistry, Faculty of
Science, Chiang Mai University, Chiang Mai, 50200, Thailand

XeMmujcKku cactaB erapckor yiba Gocusbka Ocimum basilicum var. thyrsiflora (1,39 % y on-
HOcy Ha cyBy Macy) u Ocimum basilicum (0,61 %) je ananusupan metogom GC-MS. Cenamuaecer
TpU cacTojka, koja unHe 99,64% yKyInHe MOBPIIMHE HCIIOJ XpOMAaTOrpad)cKuX MakCUMyMa, HaheHo
jey ymy O. basilicumvar. thyrsifiora u ocamnecer (91,11 %) y yssy O. basilicum. MeTun yaBukosn
(81,82 %), p-(E)-ounmen (2,93 %) u o-(E)-6epramoren (2,45 %) cy rmaBuu cacrojiuu ysea O.
basilicum var. thyrsiflora, ok ysse O. basilicum canpsxu HajBunie nunanona (43,78 %), eyrenona
(13,66 %) u 1,8-tiuneona (10,18 %). [ToGpo pasaBajame MCHAap/bHBUX CaCTOjaka y CBUM Y30pLUMa,
nocturayto npumeHoMm GCxGC, yka3yje Ha 3HauajHy pasiHMKy Yy cacTaBy JBE BpCTe OOCHIBbKA.
AnTtHOKcHIaTHBHA akTHBHOCT yiba O. basilicum je Benmka, nok je akruBHocT yipa O. basilicum
var. thyrsiflora mana. Pa3nuka y akTHBHOCTH TIOTHYE O 3HAYajHE Pa3MKe y CaapXKajy JUHAIoIa U
eyreHoja y OBa [[Ba eTapcKa yiba.

(TMpumbeno 3. hebpyapa, pesuanpano 12. jyna 2010)
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Transition metal M (11) complexes with isonicotinic acid
2-(9-anthrylmethylene)-hydrazide
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Abstract: New complexes of isonicotinic acid 2-(9-anthrylmethylene)-hydrazi-
de with Cu(Il), Co(Il) and Ni(Il) have been prepared and characterized by ana-
lytical and physico—chemical techniques, such as elemental and thermal ana-
lyses, magnetic susceptibility and conductivity measurements, and eectronic, EPR
and IR spectral studies. The infrared spectral studies revealed the bidentate or
monodentate nature of the Schiff base in the complexes; the pyridine nitrogen
does not participate in the coordination. A tetrahedral geometry is suggested
for the nitrate complexes and an octahedral geometry for the others. Thermal
studies support the chemical formulation of these complexes.

Keywords: IR spectra; isonicotinoylhydrazone; Schiff base; transition metal
complexes; thermal analysis.

INTRODUCTION

It is generally known that hydrazones have significant antimicrobial, anti-
convulsant, analgesic, anti-inflammatory and antitumoral activities. The re-
markable biological activity of acid hydrazides R-CO-NH-NH>, their corres-
ponding aroylhydrazones R—-CO-NH-N=CH-R’, and the dependence of their ac-
tivity on the mode of chelating with transition metal ions have been of significant
importance in the past.”-10 Thermal analysis techniques (DTA, TG, DSC) play
an important role in the study of the structure of metal complexes.11-16

As a continuation of our interest in the coordination behavior of Schiff bases
with isonicotinoylhydrazones,1? the synthesis and characterization of a series of
copper(1l), cobalt(l1) and nickel (1) complexes with the isonicotinic acid 2-(9-an-
thrylmethylene)-hydrazide ligand are reported herein.

* Corresponding author. E-mail: maridianu@yahoo.com
doi: 10.2298/JSC091113121D
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EXPERIMENTAL
Materials

All chemicals were of pure analytical grade and were purchased from Sigma-Aldrich and
Fluka.

Methods and apparatus

The Schiff base ligand was prepared by a known method.18 The metal(11) contents were
determined by literature methods.2® The carbon, hydrogen and nitrogen contents were deter-
mined using CHNS-O elemental combustion analysis with a Costech elemental analyzer,
model ECS 4010. The melting temperatures of the complexes were directly measured with
SMPI Melting Point apparatus. The molar conductance of the complexes was measured at a
concentration of 1.0x10 M in DMF at room temperature using a Consort type C-533
conductivity instrument. The IR spectra were recorded between 4000-400 cml in KBr pellets
with a Bio-Rad FTS-135 instrument. The reflectance spectra of the complexes were recorded
on a Jasco V-670 spectrophotometer. The EPR spectra for the copper(ll) complexes were
recorded using a Jeol JES-FA 100 X-band frequency spectrometer. Measurements of the
magnetic susceptibility were realized at room temperature using the Faraday method and were
corrected for diamagnetism.

The thermal experiments were performed on a Mettler Toledo TGA/SDTA 851€ thermal
analyzer, within the temperature range 25-1000 °C, and a Mettler Toledo DSC 853¢ differen-
tial scanning calorimeter, within the temperature range 25-600 °C. The TG curves were re-
corded under a dynamic nitrogen atmosphere at a flow rate of 50 mL min'l and at a heating
rate of 10 K min-1. The DSC curves were obtained under a dynamic nitrogen atmosphere at 80
mL min! flow rate and the same heating rate. The samples were held in aluminum crucibles
for the DSC experiments and Al,O5 crucibles for the TG/SDTA experiments, with a pinhole
in the lid, for both methods, to prevent pressure build up due to gaseous products. The sample
mass was between 0.8 and 3 mg for both methods. At the end of the heating process for the
DSC experiments, the mass of the remaining sample represented approximately 30-40 % of
the initial value for all the studied complexes. The TG and DSC curves were used to charac-
terize the variation of mass and also thermal changes during the linear heating.

Synthesis of complexes

A methanolic solution (10 mL) of isonicotinoylhydrazide (1.0x103 M) and a methanolic
solution (20 mL) of 9-anthraldehyde (1.0x10"3 M) were mixed with constant stirring at 50 °C
for 30 min. The preparation of the complexes was performed by mixing methanolic solutions
(1.0x103 M, 20 mL) of metal (Cu(ll), Co(I1) and Ni(l1)) salts (nitrate, acetate and perchlorate)
to a cold methanolic solution of the ligand. The reaction mixture was stirred under reflux for 3
h. The obtained precipitates were filtered, washed with methanol and dried under vacuum on
anhydrous CaCl,.

RESULTS AND DISCUSSION

The synthesized complexes have the general formulae ML 2X2-xH20, where
M = Cu(ll), Co(Il) or Ni(ll), L = Schiff base (Fig. 1) and X = NO3~, ClO4~ or
CH3COO.

The complexes were characterized based on elemental analyses, magnetic
susceptibility and electronic conductibility measurements, IR, UV—-Vis-NIR and
EPR spectroscopy and thermal studies. The M(11) complexes were colored pow-
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ders with high melting points. They were soluble in acetone, DMF and DM SO
and insoluble in methanol, ethanol, CHCl3, CH5Cl» and CCl 4.

Z SN

|

\N/H S

Fig. 1. Structural formula of isonico-
tinic acid 2-(9-anthrylmethylene)-hy-
drazide (L).

The analytical and physical data (color, melting point and molar conductivity
in DMF (1.0x10-3 M, at room temperature)) of the complexes are given in Table
I. The molar conductivity values show that the nitrate and perchlorate complexes
were 1:2 electrolytes and the acetate complexes were non-el ectrolytes.20

TABLE |. Anaytical and physical data of the complexes

Found (Calcd.), % M.p. Ay®
Compound Color C v N M °c  orem? molt
[CuL,(H,0)5](NO3),-2H,O Green 56.03 411 1296 655 >320 154
m (55.41) (4.21) (12.31) (6.98)
[NiL,(H,0),](NOs)»4H,0 Yellowish 5421 426 1254 597 >320 148
(1)) green (53.57) (4.49) (11.90) (6.23)
[CuLx(H,0),](ClOy), Reddish 5388 334 916 6.23 285" 137
() (53.14) (3.61) (8.85) (6.69)
[CoL »(H,0),](ClO,), Brick-red- 5412 328 921 598 260° 175
(1v) -colored (53.40) (3.63) (8.89) (6.24)
[NiL,(H20)2](CIOy), Orange 5369 376 926 6.32 250° 143
V) (53.41) (3.63) (8.90) (6.21)
[CuL,(CHsCOO0),] Khaki 66.82 4.12 1032 7.24 >320 34
(V1) (66.37) (4.36) (10.09) (7.63)
[CoL(CHsCOO),]-2H,O  Brown- 6442 433 1016 6.63 >320 5.2
(V1) reddish (63.96) (4.67) (9.73) (6.82)
[NiL,(CH3COO0),] Green- 68.09 455 1048 7.24 >320 45
(VI khaki  (66.76) (4.38) (10.16) (7.09)

3With decomposition

Infrared spectra

The IR spectra of the Schiff base (L) and its metal complexes were recorded
between 4000-400 cm~1 and the obtained data are summarized in Table 1l with
some assignments of the important characteristic bands.
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1518 DIANU et al.

TABLE Il. The characteristic IR bands (cmrl) of the ligand and the complexes (X~ = NOg,
CIO4, CH3COO")

v(C=0) v(C=N) &(N-H)

Compound v(O-H) Amide| Azomethine Amidell  “X pr(H20)
Ligand (L) — 1654 1597 1520 _ _
[CUL,(H,0)](NO),2H,0 (1) 3421 1652 1558 1507 1384 849
[NiLo(H,0),](NO;),4H,0 (1) 3430 1653 1550 1510 1384 849
[CuL,(H,0),](CIO), (I11) 3430 1637 1569 1510 1106,v; 850
623, V4
[CoL»(H,0),](ClO), (1V) 3367 1635 1551 1521 1088 vs 841
625, Vg
[NiL»(H,0),](ClO), (V) 3420 1661 1564 1519 1108, v; 845
625, v,
[CuL,(CH,CO0),] (V1) ~ 1653 1557 1520 1570, -
Vagym
1493,
Vsym
[COL,(CHsCOO),]2H,0 (VII) 3390 1652 1547 1521 1571, -
Vagym
1498,
Vsym
[NiL5(CH,CO0),] (VI11) ~ 1653 1550 1522 1572, -
Vagym
1450,
Vgym

The IR spectra of the complexes |-V and VII showed a broad band at 3400
cm1 that can be assigned to the v5(OH) and vg(OH) vibration modes from water
molecules.2! The presence of coordinated water was confirmed by the medium
strength bands at 840-850 cm3, characteristic of py(H0) frequencies. These
bands were not observed in the spectra of the complexes VI and V111, indicating
the absence of coordinated water molecules.

The IR spectrum of the ligand exhibits two medium bands at 3196 and 3047
cm1, which can be ascribed to the asymmetric and symmetric vibrational fre-
quencies of the NH amide group, respectively. The band at 1520 cm1 was as-
signed to 6(N—H) of amide |1. This band appeared in the spectra of the ligand and
complexes at the same position, confirming that the nitrogen atom of the NH mo-
iety does not participate in the coordination. The observed minor shift to lower
frequencies of 8(N—H) (amide Il) for some complexes (I-111) may be due to the
presence of the amide group in a chelate system rather than in the open system of
the ligand.14

The band at 1654 cm~1, attributable to the v(C=0) stretching vibration of the
Schiff base ligand® is shifted to another region in the complexes 111-V, indi-
cating coordination of the carbonyl oxygen to the metal ions. The presence of bands
at 520-550 cm1 in the IR spectra of complexes I11-V is due to M—O stretching
vibrations.23
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The azomethine band at 1597 cm1 was shifted to lower frequencies in the
spectra of al the complexes, confirming the participation of the azomethine nit-
rogen atom in the coordination of the metal ions. In the IR spectra of these com-
plexes, the new bands which appear in the 460-420 cm! region are assigned to
the v(M—N) vibration.17

The band at 1623 cm1, assigned to the vibration of the pyridine ring, re-
mains at the same position in the spectra of the ligand and complexes, confirming
that the nitrogen of pyridine group does not participate in the coordination.

The strong sharp band observed at 1384 cm2 in the complexes | and Il can
be assigned to uncoordinated nitrate ion.24 In the IR spectra of complexes I11-V,
the presence of strong vz at about 1100 cm and medium v4 at 625 cm1 bands
indicates that the Tq symmetry of the perchlorate anion is maintained.2> The IR
spectra of the acetate complexes VI-VIII display two bands assigned to the
bidentate coordination of the acetate group (Av = vasym — vsym, Which were in the
73-122 cmr range) .26

All of these IR data confirm a bidentate ligand coordination for complexes
I11-V and a monodentate one for the others.

Electronic and EPR spectra

In order to obtain information concerning the stereochemistry of the metal
ions, the UV—-Vis spectra of the ligand and complexes were recorded in the solid
phase. The electronic spectral data and the magnetic moments for the ligand and
itscomplexes are given in Table 1.

TABLE Il1. Electronic spectral data and magnetic moments for the ligand and its complexes
Ob%rved bandS ,uEff

Compound e/ nm Assignments Symmetry
Ligand (L) 37313/ 268 n— - -
24752 | 404 n—m*
[CuL5(H,0),](NO3),"2H,0 (1) 26316 / 380 n-m 214 Td
14925 / 670 ET
[NiL»(H50),](NOs),4H,0 (11) 39062 / 256 - 4.45 Td
25252 / 396 n— m*
17241/ 580 (v5) T, - TP
9950/ 1005 (vy) .50,
[CuL(H,0),](CIO), (I111) 19608 / 510 TS 1.77 Distorted
14204/ 704 (V]_ + V2) dxz, dyz g dx2_y2 Oh (D4h)
11223/ 891 (v) Chy — 02,2
dzz N dxz-vz
[CoL 5(H,0),](ClO,), (1V) 41841/ 239 n— 5.57 Oh
25445 / 393 n— m*
20576/ 486 (va)  “Tig— ‘Ti(P)
8802 / 1136 (vy) “Tig— *Tag
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TABLE Ill. Continued

DIANU et al.

Compound Obsct:rn\_/le/d nbrinds Assignments "; e;f Symmetry
[NiL»(H,0),](ClOy), (V) 39682 / 252 n— m* 3.05 Oh
25445 | 393 n—
16129/ 620 (v,) Ay — *Toy(F)
10438/ 958 (v4) Pog— Tog
[CuL ,(CH3CO0),] (VI) 24096 / 415 TS 2.27 Oh
12820/ 780 2B, — 2Ty
[CoL 5(CH4CO0);]-2H,0 (V1) 25125/ 398 n— o 5.26 Oh
18182/ 550 (v,) Ty — Ti(P)
9901/ 1010 (V]_) 19— 29
[NiL,(CH5COO0),] (VIII) 39682/ 252 T —> m* 334 Oh
25252 / 396 n— n*
15949/ 627 (v.) Ay — *Toy(F)
10309 / 970 (vy) Asy — *Tog

The UV—-Vis spectrum of the Schiff base ligand is characterized mainly by
two absorption bands at 37313 (268 nm) and 24752 cnm1 (404 nm), which may
be assignhed to t — ©* and n — n* transitions. These transitions were aso found
in the spectra of the complexes, but they were shifted towards lower frequencies,
confirming the coordination of the ligand to the metal ions.

The electronic spectrum of complex | showed a broad band at 14925 cm 2,
due to the 2E — 2T transition, in a tetrahedral geometry around the cooper(ll)
ion. The electronic spectra of complex |11 showed absorption bands at 14204 and
11223 cmrL, assignable to dyy, dy, — dyey2 + Oy — ey (v + vo) and dp —
— dya_y2 (v3), respectively.?” This is consistent for a D4n geometry with a dis-
torted octahedral environment around the cooper(l1) ion. The absorption band at
19608 cm—1 may be reasonably assigned to a charge transfer transition.

The electronic spectrum of complex V1 showed a broad band at 12820 cm 2,
corresponding to a 2Eq — 2Tg transition in an octahedral stereochemistry around
the cooper(ll) ion. The observed magnetic moments 1.77 and 2.27 up, for the
complexes 111 and VI, respectively, usually correspond to an octahedral geo-
metry.28

The electronic spectra of the Co(ll) complexes 1V and V11 of high-spin sys-
tems exhibited bands at 8802 and 20576 cm1 for complex 1V and at 9901 and
18182 cmrL for complex V11, which may be assigned to vy, 4T1g — 4Tog and v3,
4T1g — 4T1¢(P) transitions, respectively. The observed magnetic moment values
of 5.57 and 5.26 g for the Co(ll) complexes suggest an octahedral geometry.29

The electronic spectra of the Ni(l1) complexes V and VIII also showed two
bands at ~ 16000 and =~ 10400 cmL, assignable to Ay — 3T14(F) (v2) and
3A2g — 3Toq (v1) transitions, respectively, in an octahedral geometry. The obser-
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ved magnetic moment values 3.05 and 3.34 ug for the complexes V and VIlII
may be taken as additional evidence for their octahedral structure.2®

The complex 11 displayed two bands at 9950 and 17241 cmi, due to vq:
3T1 — 3T, and v3: 3T — 3T4(P) transitions, respectively, and also, the magnetic
moment value 4.45 up indicates to a possible tetrahedral geometry.30

The ligand field splitting energy (10Dq), interelectronic repulsion parameter
(B) and nephelauxetic ratio (f) for the Co(ll) and Ni(ll) complexes were cal-
culated using the secular equations given by Konig.31-33

For the Ni(Il) complexesV and VII1:

10Dg =v; )
2.2
_ 2vy +v5 + 3y, @
15v, — 27w
For the Ni(Il) complex 11 and the Co(ll) complexes |V and VII:
10Dq = 2v; —v; +15B (3)
1 2, 2
B:%\/—<2vl—v3)+(—v1 +v3+v1v3) 4

The values of the Racach parameter determined for the Ni(Il) and Co(ll)
complexes are lower than usually observed for the free ions, 1041 and 971 cm,
respectively. The nephelauxetic ratio S depends on the ligand position on the
nephel auxetic scale, indicating at the same time the degree of metal-igand bond
covalence.34 For these complexes, the lower values suggest a larger degree of
covalence.

The values of the electronic parameters, the ligand field splitting energy, the
Racach interelectronic repulsion parameter and the nephelauxetic ratio are
summarizedin Table 1V.

TABLE IV. Electronic parameters of the Co(l1) and Ni(I1) complexes

Compound 10Dq/ cm™ B/cm™® i}
[NiL2(H0),] (NO3),-4H,0 (1) 10944 552 0.53
[NiL(H,0),](ClO,), (V) 10438 677 0.65
[NiL,(CHsCOO0),] (VII1) 10309 673 0.65
[CoL»(H,0),](CIO), (1V) 9992 864 0.89
[CoL ,(CH5CO0),]-2H,0 (VI1) 10966 623 0.64

The room temperature EPR spectra of the Cu(ll) complexes I, 111 and VI

were recorded in solid state. From the EPR spectrum of complex | the exact
geometry of the metal ion cannot be proposed. The “g” parameters have only one
value (Gisotropic = 2.14). The electronic spectra, the moment magnetic value and
the relative isotropy of the“g” parameters indicate to the tetrahedral geometry of
complex 1.
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An analysis of the EPR spectrum of complex |1l gave g = 215 and g; =
= 2.07. The trend gj > g,,% which was observed for this complex, indicates a
distorted octahedral geometry.

The EPR spectrum of complex VI displayed an isotropic signal with g; =
= 2.12. The spectral data, magnetic susceptibility and isotropic value of the “g”
factor suggest an octahedral geometry for this complex.

Thermal analysis

Therma analysis by the TG and DSC techniques has proved to be very
useful in determining the crystal water content in complexes and their thermal
stability and decomposition mode under a controlled heating rate. Due to the
explosive nature of perchlorate complexes, the thermal properties of only the nit-
rate and acetate complexes were investigated.36.37

The determined temperature ranges and the corresponding percent mass
lossesaregivenin Table V.

The DSC curves of the Schiff base ligand (Fig. 2) showed a melting process
located at 545.16 K (peak temperature) with AH = 118.5 J g (evaluated as the
area of the endothermal DSC peak). The melting process is followed by exo-
thermal decomposition with maximum at Tiax = 600.16 K. The evaluation of the
exothermal peak area gives avalue of AH = —465.4Jg1.

The thermal behavior of the complexes depended on the nature and the
environment around the metal ion. The TG/DTG and DSC curves of
[CuL2(H20)2](NO3)2-:2H20 complex are represented in Fig. 3. The decompo-
sition of Cu(Il) complex occurred in three stages.

The TG/DTG curves of [CuL2(H20)2](NO3)2-2H20 complex (1) showed a
mass loss between 303.16 and 391.16 K due to dehydration with a loss of two
|attice water molecules (exp. 3.65, calcd. 3.96 %). The second stage, from 391.16
to 429.16 K, corresponded to the elimination of two molecules of HNO338:39
accompanied by the removal of two coordinated water molecules. The processes
of elimination of molecules are indicated by the exothermal peak at 422.7 K on
the DSC curve with AH = —951.22 Jg1. The final stage, which occurred in the
429.16-1259.16 K temperature range, appeared as a complex process with more
than one exothermal peak. The overall mass |oss was observed to be 54.38 %. On
DSC curve, the violent decomposition showed a strong exothermal effect with
two overlapping peaks with a heat of decomposition (calculated as the peak area
neglecting the partial superposition) of AH = — 4670.22 J g-1. This exothermal
process is followed by another one with a maximum at 600.74 K and AH =
=-948.57 JgL.Thefina residue, estimated as CuO and carbon3940, was 23.7 %.

The TG/DTG and DSC curves of the [NiL2(H20)2](NO3)2:4H>0O complex
arerepresented in Fig. 4.
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TABLE V. Thermoanalytical results for the M(I1) complexes

TRANSITION METAL COMPLEXES WITH ISONICOTINIC ACID 2-(9-ANTHRYLMETHY LENE)-HYDRAZIDE 1523

Mass loss (found

Compound TG range, K (calcd.), %) Assignments
[CuL,(H;0)5](NO3),-2H,O  303.16-391.16  3.65(3.96) Loss of 2 lattice water
molecules
391.16-429.16 18.29(17.80) Lossof 2 coordinated water
molecules + 2HNO;
429.16-1259.16 54.38 Removal of the ligand
>1259.16 23.68 Cu0+C
[NiL»(H,0);](NOs)»4H,0  303.16-393.16  7.47 (7.64) Loss of 4 lattice water
molecules
393.16-537.16  26.40(25.60) Loss of 2 coordinated water
molecules + 2 HNOg+
removal of one Py molecule
537.16-1123.16 39.51 Removal of the ligand
>1123.16 26.62 NiO+C
Cu(L),(CH5;COO0), 478.16-523.16  19.45(19.00) Removal of two Py molecules
523.16-634.16 66.01 (66.15) Removal of the ligand
634.16-713.16 5.11 (5.29) Loss of CO, molecule
>713.16 9.42 (9.56) CuO
[CoL,(CHsCOO0),]-2H,0 388.16-458.16  3.88(4.17) Loss of 2 |attice water
molecules
505.16-563.16 18.72(18.31) Removal of two Py molecules
563.16-663.16 64.24 (63.13) Removal of the ligand
663.16—-718.16 4.88 (5.10) Loss of CO, molecule
>445 9.04 (9.29) Co50,
Ni(L),(CHsCOO), 538.16-603.16  19.18 (19.12) Removal of two Py molecules
603.16-733.16  66.42 (66.54) Removal of the ligand
733.16-773.16 5.46 (5.32) Loss of CO, molecule
>773.16 8.94 (9.02) NiO
12
8
=
g
£ 4
=
5,
T
4 4
300 500 600 700 Fig. 2. DSC curve of the li-

Temperature, K

gand.
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Fig. 3. TG, DTG and DSC (inset) curves of [CuL ,(H,0),](NO3),-2H,0 (1).

100 —
20+ 0.000
80 - =4
35 i 18.
-1 =
b ] X
g 60 -0.008
7]
2 50
= ]
40 4
-0.016
304 exo
20 T 2 T 2 T L T . T
400 600 800 1000 1200

Temperature, K
Fig. 4. TG, DTG and DSC (inset) curves of [NiL,(H20)2](NO3)2:4H20 (11).

The [NiL2(H20)2](NO3)2-4H,0O complex showed amost the same three-
-stage decomposition process. The first stage occurred in the temperature range
303.16-393.16 K, with a mass loss of 7.47 % due to the removal of four lattice
water molecules (calcd. 7.64 %). The second step, between 393.16 and 537.16 K,
was complex and was also due to the loss of two coordinated water molecules
together with the loss of two molecules of HNO3 and one molecule of pyridine.
The decomposition processis indicated by the DSC peak at 471.18 K, with AH =
= —641.11 J gL. The third stage (from 537.16-1123.16 K) was due to the total
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decomposition of the ligand. The observed mass loss was 39.51 %. This step was
accompanied by an exothermal process at 658.69 K on the DSC curve, with
AH = —7028.00 J gL. The residue at 1123.16 K amounted to 26.62 % and cor-
responded to nickel oxide and carbon.39:40

The absence of any mass loss under 473.16 K indicates that the Cu(ll) and
Ni(Il) acetate complexes contained neither coordinated water molecules nor wa-
ter of crystallization. Their thermal decompositions revealed them to be anhyd-
rous, which is consistent with the elemental and spectral data.

The thermal decomposition of Cu(L)2(CH3COO), proceeded in three stages.
The TG, DTG and DSC curves are given in Fig. 5. The complex was stable up to
478.16 K. Thefirst step of thermal decomposition occurred in the range 478.16—
—523.16 K and corresponds to the remova of two pyridine molecules (exp. 19.45,
calcd. 19.00 %). The second (from 523.16-643.16 K) and third (from 643.16—
—713.16 K) stages may be due to the removal of the remaining part of the ligand
and the acetate group.#1 The observed mass losses in these temperature ranges
were 66.01 (calcd. 66.15 %) and 5.11 % (calcd. 5.92 %), respectively. On the DSC
curve, the decomposition process is complex with at least three exothermal peaks
with AH = —8234.40 J g1 (obtained as the peak area in the 523.16-643.16 K
temperature range, neglecting the partial superposition). The residue, estimated
as copper oxide, had a mass of 9.42 %, compared with the calculated value of
9.56 %.

<20 -

A
S
1
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o
1

Mass loss, %
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Fig. 5. TG, DTG and DSC (inset) curves of Cu(L),(CH3COO), (V1).
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The TG, DTG and DSC curves of [ColLo(CH3COQO)2]-2H20 are shown in
Fig. 6. The therma decomposition of the Co(ll) acetate complex proceeded in
four stages. The thermal dehydration of this complex occurred between 388.16
and 458.16 K, with a mass loss of 3.88 % (calcd. 4.17 %). Two moles of lattice
water molecules were removed in this dehydration stage. The process was ac-
companied by an endothermal effect at 425.78 K on the DSC curve, with AH =
= 163.59 J gL. The elimination of crystal water molecules at = 426 K suggests
that these are strongly bound in the crystal lattice of the complex.3° The second
(from 505.16-563.16 K) and third (from 563.16-663.16 K) stages may be due to
the decomposition of ligand with an observed mass losses of 18.72 (calcd. 18.31 %)
and 64.24 % (calcd. 63.13 %), respectively. These steps were accompanied by a
complex decomposition process with three consecutive and overlapping exother-
mal peaks on the DSC curve, with AH = -1303.68 J g~ (obtained as the peak
area in the 453.16-603.16 K temperature range, neglecting the partial superpo-
sition). The fourth stage occurred in the 663.16-718.16 K temperature range,
corresponding to the loss of the acetate group, with a mass loss of 4.88 % (calcd.
5.10 %). The process is indicated by the DSC peak with maximum at 718.16 K.
The heat of decomposition had a value of AH = -314.35 JgL. The final residue,
estimated as Co304,4243 had a mass of 9.04 %, compared to the calculated value
of 9.29 %.
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Fig. 6. TG, DTG and DSC (inset) curves of [CoL,(CH3COO),]-2H,0 (VI1).
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As predicted, the Ni(Il) acetate complex was stable up to 538.16 K. The TG,
DTG and DSC curves are shown in Fig. 7. According to the TG analysis, the
thermal decomposition of this complex was a three-stage process. The first mass
loss occurred between 538.16 and 603.16 K, with two exothermal peaks on the
DSC curve at 545.16 K, with AH = —241.13 J g1 and 582.46 K, with AH =
= -92.15 J g1, and is attributed to the removal of two molecules of pyridine
(exp. 19.18, calcd. 19.12 %). The removal of the remaining part of the ligand fol-
lowed in the second stage, between 603.16 and 733.16 K, with a mass loss of
66.42 % (calcd. 66.54 %). The process was indicated by the DSC peak at 698.03
K, with AH = =3174.03 J g~L. The third stage between 733.16-773.16 K with a
DSC peak at 790.76 K and AH = —2689.41 J g1 corresponds to the loss of the
acetate group. The observed mass loss was 5.46 %, which is consistent with the
theoretical value of 5.32 %. The residue, estimated as NiO, had a mass of 8.94 %,
compared with the calcul ated value of 9.02 %.
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Fig. 7. TG, DTA and DSC (inset) curves of Ni(L),(CH3COO), (VI111).

From the thermal investigation of the Cu(ll) and Ni(ll) acetate complexes, it
can be concluded that the decomposition proceeds in the following three stages:
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M (C21H15N30), (CHZCO0), () =M (CygHyoN,O) , (CHZCOO) , (5) +2C5HsN(g)
M(C;gH1oN,0), (CHZC00), (5)+93/20, (g) — MCOy(s) +36CO, (g) +
+13H,0(g) +4NO, ()

MCOj,(s) - MO(s)+CO,(g)

where M is Cu(ll) or Ni(Il).

Based on the above analytical, spectral and magnetic data together with the
thermal decomposition studies, the structural formula and the stoichiometry, gi-
venin Fig. 8, are proposed.

2

(NO3)+ xH0

M=Cu(IT) x=2, N i(II) x=4

(Cl0y),

M=Cu(II), Co(II), Ni(II)
Fig. 8. Structural formula of the ML ,X5-xH,O complexes.
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QK \N__-::-CH
O / «xH,0
H‘(‘% o

M=Cu(II), Ni(IT) x=0, Co(II) x=2
Fig. 8 (continued). Structural formula of the ML ,X5-xH,O complexes.

CONCLUSIONS

Eight new complexes of Cu(ll), Co(Il) and Ni(ll) with isonicotinic acid 2-(9-
anthrylmethylene)-hydrazide were synthesized and characterized by analytical,
spectral and thermal studies. The spectral studies indicated that hydrazone act as
a neutral monodentate ligand coordinating through the nitrogen of the
azomethine group or as a bidentate ligand using both the azomethine nitrogen
and the amide oxygen. The nitrate complexes have a tetrahedral geometry and
the others an octahedral one around the metal ion. The thermal decomposition of
the hydrated I, 11 and VII complexes began with the release of crystalization
water in the first stage. During heating, the nitrate complexes lost two
coordinated water molecules in the second stage. The anhydrous acetate
complexes of Cu(ll) and Ni(ll) were the most stable. Their decomposition
commenced above 473.16 K. The thermal data are in agreement with the spectral
and elemental data.
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U3BOA

KOMIIJIEKCH ITPEJIABHUX METAJIA(I1) CA 2-(9-AHTPUJIMETUJIEH)XUPA3UJIOM
N30HUKOTHMHCKE KMCEJIMHE

MARIANA LOREDANA DIANUY, ANGELA KRIZA®, NICOLAE STANICA? u ADINA MAGDALENA MUSUC?

Yuni versity of Bucharest, Faculty of Chemistry, Department of Inorganic Chemistry, 23 Dumbrava Rosie &.,
020464 Bucharest « 2Romanian Academy, ,, Ilie Murgulescu” Institute of Physical Chemistry, 202 Spl.
Independentei, P.O. Box 12—194, 060021 Bucharest, Romania

CunrernsoBanu cy u okapakrepucanu HoBu komiutekcu Cu(ll), Co(Il) u Ni(ll) ca 2-(9-an-
TPHJIMETHJICH)XUPAa31I0M H30HHKOTHHCKE KHCEIHHE. 3a KapakTepHu3alujy KOMIUIEKca yHoTpeo-
JbEHE CY Pa3IMINTEe aHATUTHYKE U PU3HIKOXEMHjCKE METO/IE, Kao IITO Cy CIEMEHTAlIHA U TepMall-
Ha aHAJIM3a, MardHeTHa W KOHAYKTOMETPHjCcKa Mepema, enekTporckd, ESR u IR cnextpu. Uudpa-
[[PBEHA CMEKTPOCKOIICKA UCITMTHBAMA Cy TOKa3aia Jia Cy y MCIHTHBAHUM KOMIUIEKCHMa OJrOBa-
pajyhu nuranau tuna [Indosux 6a3a MOHOAEHTATHO, WITH OWICHTATHO KOOPAWHOBAHH, Kao U Ja
MUPUIHHCKA aTOM a30Ta KOJI OBHX JIMT'aHa/a He y4ecTBYyje y koopauHauuju. Oxroapajyhum HUT-
paTHUM KOMIUICKCHMA IPHUIHMCAHA je TeTpaeJapcKa, 0K je 3a OCTajle HCIUTHBAHE KOMILICKCE MPeT-
[0CTaBJbeHA OKTaeAapcKa reoMeTpuja. JJOOUBEHN pe3ynTaTd TepMATHUX HCIUTHBAMbA CY Y CKIIady
ca MpeTIOCTaBJLEHIM (POpPMyJiaMa HCITMTHBAHMX KOMILIEKCA.

(Ilpumsbeno 23. HoBemOpa 2009, peuaupano 6. anpria 2010)
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Abstract: Artemisinin and 18 derivatives with antimalarial activity against W-2
strains of Plasmodium fal ciparum were studied through quantum chemistry and
multivariate analysis. The geometry optimization of the structures was realized
with the Hartree-Fock (HF) theory and 3-21G** basis set. Maps of molecular
electrostatic potential (MEP) and molecular docking were used to investigate
the interaction between the ligands and the receptor (heme). Principal com-
ponent analysis (PCA) and hierarchical cluster analysis (HCA) were employed
to select the most important descriptors related to activity. A predictive model
was generated by the partial least square (PLS) method through 15 molecules
and 4 used as an external validation set, which were selected in the training set,
the validation parameters of which are Q2 = 0.85 and R? = 0.86. The model
included as molecular parameters the radia distribution function, RDF060e,
the hydration energy, HE, and the distance between the O1 atom from the li-
gand and the iron atom from heme, d(Fe-O,). Thus, the synthesis of new deri-
vatives may follow the results of the MEP maps and the PLS analysis.

Keywords. Malaria; artemisinin; molecular docking; MEP maps; QSAR.

INTRODUCTION

Malaria is a very serious infectious disease caused by protozoans of the ge-
nus Plasmodium and is transmitted by the bite of infected female Anopheles
mosquitoes. Every year, over one million people die owing to malaria, especialy
in tropical and subtropical areas. Most of the deaths are attributed to the parasite
species Plasmodium falciparum. Many drugs have been investigated for their ef-
ficacy in the treatment of the disease, but resistant strains of P. falciparum to some
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of these drugs have appeared.1-6 Hence, further discovery of new classes of more
potent compounds against the disease is necessary.

However, drug design is a process involving high cost and time. Computa-
tional and quantitative structure—activity relationship (QSAR) studies have been
of great value in medicinal chemistry.’-15 Statistical tools can be used for the
prediction of the biological activities of new compounds based only on the know-
ledge of their chemical structures, i.e., not depending on experimental data, which
are unknown. Such a strategy gives very useful information for the understanding
of the mechanisms of the action of drugs and proposals for syntheses, in this way
rationalizing drug discovery. As Doweykol6 states “QSAR is alive and well”,
thusit is still of relevance today.

Some of the effective drugs used in the clinical treatment of P. falciparum
malaria are artemisinin or ginghaosu and its derivatives. Artemisinin (compound
1, Fig. 1) is a sesquiterpene containing the 1,2,4-trioxane ring system. Currently,

Fig. 1. Artemisinin and derivates with antimalarial activity against W-2 strains of P. falciparum.
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semi-synthetic artemisinin derivatives play an important role in the treatment of
P. falciparum malaria.1:17-19 Even though the true mechanism of their biological
activity against malaria has not been elucidated completely yet, various studies
suggest that the trioxane ring is essential for antimalarial activity owing to the
properties displayed by the endoperoxide linkage. Literature also suggests that
free heme (Fig. 2) could be the molecule targeted by artemisinin in biological
systems and that Fe2* interacts with the peroxide when artemisinin reacts with
heme.20-23

v o Ho” ©  Fig. 2. Two-dimensional structure of the heme.

In this article, a quantum chemical and multivariate study of artemisinin and
18 derivatives, the training set (Fig. 1), with different antimalaria activities, tested
in vitro against P. falciparum, was performed. Initialy, the structures were mo-
deled and many different molecular descriptors were computed. Maps of the mo-
lecular electrostatic potential (MEP) and molecular docking were employed to
better understand the correlation between structure and activity, and the interac-
tion between the ligands (artemisinin and derivatives) and the receptor (heme).
Methods of multivariate analysis?4 were used to deal with such alarge number of
descriptors and find a predictive moddl. First principal component analysis (PCA)
and hierarchical cluster analysis (HCA) were employed in order to choose those
molecular descriptors that are most related to the biological property investi-
gated. Then, a QSAR model was elaborated through the partial least square (PLS)
method to aid future studies searching for others new drugs against maaria.

COMPUTATIONAL METHODS
The compounds studied

Initialy, 19 molecules were selected from the literature® to build a training set (Fig. 1).
They were associated to their in vitro bioactivity against the drug-resistant malarial strain P.
falciparum (W-2 clone), which is cloroquine resistant but mefloquine sensitive. The samples
include artemisinin (1) and analogs substituted in the R, R1 and R2 positions around the tet-
racyclic framework of the parent structure 1. The atomic numbering adopted in this work is
the same as that used in a previous work.19 Considering that the biological data was available
from different sources, the logarithm of the 1Cg value of artemisinin over the 1Csy value of
the compounds (logarithm of relative activity, log RA) was used to reduce inconsistencies caused
by individual experimental environments:
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log RA = log (1Csgq of artemisinin / 1Cgq of an analog) D

where | Csy means the 50 % inhibitory concentration. In this work, the following classification
based on the antimalarial responses was adopted: compounds with log RA > 0.00 were as-
sumed as more potent analogs (1, 2, 8-11, 17 and 19) and those with log RA < 0.00 were
considered as less potent analogs (37, 12—-16 and 18).

Molecular modeling

The starting point in the molecular modeling step was the construction of the structures
of the molecules with the aid of GaussView software.2> To model all the compounds, it was
necessary to use a quantum chemistry method and a basis set able to describe well the region
around the 1,2,4-trioxane ring, which was indicated as being crucial for the antimalarial effi-
cacy of artemisinin, as previously stated. Hence, the complete geometry optimization for al
structures was performed with the Hartree-Fock (HF) method?® and the 3-21G** basis set,2’
incorporated in the Gaussian 98 program.2® This procedure gives good results for the geo-
metrical parameters when compared to the experimental (crystallographic) results, as verified
by Cardoso et al.11

Descriptors

After molecular modeling, various descriptors were computed for each molecule in the
training set. They represent different source of chemical information (features) regarding the
molecules and include geometric, electronic, quantum-chemical, physical-chemical and topo-
logical descriptors and others. They are important for the quantitative description of molecular
structure and to find appropriate predictive models.2® The descriptors computed were dipole
moment, molecular weight, molecular volume, surface area, molecular refractivity, molecular
polarizability, molecular hardness, molecular softness, O1-O2 bond length, atomic charge on
the atoms O1, O2 and O4, logarithm of octanol-water partition coefficient (log P), hydration
energy (HE), radial distribution functions (RDF030e and RDF060e), total energy, frontier or-
bital energies (HOMO, HOMO-1, LUMO, LUMO+1), maximal electrotopological negative
variation (MAXDN), maximal electrotopological positive variation (MAXDP), information
index on molecular size (1SIZ), energy of the interaction of the heme-igand complex, dis-
tance between the O1 atom from the ligand and the iron atom from heme, d(Fe-O1), and the
distance between the O2 atom from the ligand and the iron atom from heme, d(Fe-02). The
computation of the descriptors was performed employing the following software: Gaussian
98, e-Dragon,30:31 Autodock 4.0,32 Molekel,33 and HyperChem 6.02.34

Molecular electrostatic potential maps

An important aspect explored in this research was the correlation of the structure-ac-
tivity of the species studied here through the characteristics of the electrostatic potential in the
region of the 1,2,4-trioxane-ring, since in the literature®1112 it is stated that artemisinin and its
derivatives with antimalarial activities present similar patterns in their MEP maps. Such a
method enables a qualitative analysis to be used to localize reactive sitesin a molecule and the
role played by both the electronic and steric (size/shape) effects on its potency. It is worth-
while to point out that visualization of MEP maps gives qualitative information on molecules
such as the behavior in the interaction between ligand and receptor. MEP maps for artemi-
sinin, derivatives and heme were computed from the atomic charge at the HF/3-21G** |evel
using the Gaussian 98 program and the results are displayed with Molekel software.
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Molecular docking

The interaction between the ligands and the receptor was studied with aid of molecular
docking in order to find the best geometry for the complex formed between these two mole-
cules. The geometry of artemisinin and the derivatives (ligands) was designed with the HF/3-
-21G** level of theory, whereas the geometry of heme (receptor) was obtained from the pro-
tein data bank (PDB) RCSB, identified by the code 1A6M, according to the work of Vojte-
chovsky et al.3> The arrangement in the docking calculation took into account the presence of
the proximal histidine residue under the plane of the porphyring ring. This histidine unity is,
as usual, coordinated perpendicularly to Fe* through its sp? nitrogen atom of its imidazole
ring. Such an arrangement will allow the Fe* to attain a nearly octahedral hexacoordinated
arrangement after binding to the artemisinin molecule.22 The orientation of the ligand was set
just above the plane of heme. Then, for each ligand/receptor interaction, 20 (twenty) confor-
mations were calculated and the most probable one, based on the lowest energies of inter-
action, was selected to evaluate the distance between the O1 atom from the ligand and the iron
atom from heme, d(Fe-O1), and the distance between the O2 atom from ligand and the iron
atom from heme, d(Fe-02). Automated docking cal culations were performed to develop pos-
sible conformations for the complex employing the Lamarckian Genetic Algorithm imple-
mented in the package Autodock 4.0. This program starts the docking displaying the ligand in
an arbitrary conformation and position and look for the favorable dockings with the receptor
using both simulating annealing and genetic algorithms. AutoDock uses a random number ge-
nerator to create new poses for the ligand during its search and estimates the free energy of
binding of a ligand to its target. The resulting conformations were ranked in order of in-
creasing binding energy of the lowest binding energy conformation in each cluster.

Multivariate analysis

A multivariate analysis was performed in order to extract meaningful information effi-
ciently from the data computed. However, prior to performing the exploratory data analysis,
all variables were auto-scaled as a preprocessing so that they could be standardized and this
way could have the same importance regarding the scale. Furthermore, given the large quan-
tity of multivariate data available, it was necessary to reduce the number of variables. Thus, if
two any descriptors had a high Pearson correlation coefficient (r > 0.8), one of the two was
randomly excluded from the matrix, since theoretically they describe the same property,36 that
is, they also have a high correlation with antimalarial activity and it is sufficient to use only
one of them as an independent variable in a predictive model. Moreover those properties that
showed either the same values for most of the samples or a small correlation with activity (r <
< 0.2) were aso eliminated.

After this data compression, two complementary methods for exploratory data analysis,
HCA and PCA, were employed to study intersample and intervariable relationships and to
select the properties that better contribute to the classification of the compounds into two
groups. one for more potent analogs and other for less potent analogs. The PCA was em-
ployed to reduce the dimensionality of the data, find descriptors that could be useful in cha-
racterizing the behavior of the compounds acting against malaria and look for natural clus-
tering in the data and outlier samples. While processing PCA, several attempts to obtain a
good classification of the compounds were made. At each attempt, the score and loading plots
were analyzed based on the variables employed in the analysis. The score plot gives infor-
mation about the compounds (similarity and differences). The loading plot gives information
about the variables (how they are connected to each other and which are the best to describe
the variance in the original data). Then the descriptors selected by PCA were used to perform
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HCA and PLS. The objective of HCA was also to present the compounds distributed in na-
tural groups and the results confirm the PCA results. Thus, several approaches to establish
links between samples/cluster were attempted. All of them were of an agglomerative type,
since each sample was first defined as its own cluster, then others were grouped together to
form new clusters until al samples were part of asingle cluster.

The final purpose of the multivariate analysis was the construction of a mathematical
model to predict antimalarial activity. The samples selected to compose the external validation
set were 5, 8, 15 and 19. In order to evaluate the statistical significance of the model, some
validation parameters were calculated as recommended,2436:37 which included the total va-
riance explained, RZ (correlation between the estimated values predicted by the model built
with the full data set and actual values of y), Q2 (the cross-validated correlation coefficient),
PRESS (prediction residual error sum of squares), SEP (standard error of the prediction), s
(standard deviation) and F (Fisher test). The statistical analysis, including both calculations
and plots was realized with Pirouette software.38

RESULTS AND DISCUSSION

Molecular electrostatic potential maps

The molecules in the training set have similar MEP maps (Fig. 3). They dis-
play contour surfaces close to that of the 1,2,4-trioxane ring, which is character-
rized by negative electrostatic potentials (red color), on which the lowest values
for charge were about —0.30 au (atomic unit). Such a characteristic indicates a
concentration of the electron density due to the lone electron pairs on the oxygen
atoms (01, O2 and O4). These molecules also have contour surfaces characterri-
zed by positive electrostatic potentials (blue color), the highest values of which
are about 0.30 au. The distribution of electron density on the molecules around
the trioxane ring induces their activity against malaria, a belief supported by the
fact that the complexation of artemisinin with heme involves particularly the in-
teraction between the peroxide bond, the most negatively charged zone on the li-
gand, and Fe2*, the most positively charged zone on heme (the receptor molecu-
le).14.23 The MEP map for heme (Fig. 4) displayed a contour surface around the
porphyrin ring associated to negative electrostatic potentials (red color) and the
zone above Fe2* is presented as having a positive electrostatic potential (blue co-
lor). Hence, the presence of a surface in red close to the trioxane ring suggests
these compounds have a reactive site for electrophilic attack and must possess
antimalarial potency; consequently they are interesting to be investigated. Thus,
in the case of an electrophilic attack of the iron of heme against an electronega
tive zone, this attack has a great preference to occur through the involvement of
the endoperoxide linkage. Such a pattern of MEP maps is an indication that the
compounds in the test set are al active against the malarial strain P. falciparum
(W-2 clone). Thus by analyzing MEP maps, the selection of inactive compounds
is avoided.
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Fig. 3. MEP maps (values in atomic unit) for artemisinin and derivatives with antimalarial
activity against W-2 strains of P. falciparum.
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Fig. 4. MEP map (valuesin atomic unit) for heme.
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Molecular docking

Docking calculations showed that the entire molecules of the ligands are
placed parallel to the plane of the porphyrin ring of heme and the polar part of the
ligands containing peroxide bond is directed towards the polar part of the heme
system containing Fe2*. This interaction for compounds 2 and 14, the most active
and the least active in the training set, respectively, is visualized in Fig. 5. Such
orientations were assumed as the most favorable and so represent the real system
under investigation, considering they were chosen based on the lowest free-ener-
gy of binding (interaction energy). For compounds in the training set, the values
of d(Fe-O1) ranged from 2.48 to 2.89 A; however this interval for the d(Fe-Oy)
distances ranged from 2.79 to 3.93 A. For artemisinin (1), the d(Fe-O1) calcu-
lated distance was found to be 2.68 A, which is very close to the value reported
(2.7 A) in other theoretical studies.4041 A clear trend occurs involving the inter-
atomic separation between Fe2* and the oxygen atom in the trioxane ring because
the distances are shorter for the O1 atom than for the O, atom. This result rein-
forces the conception that the O; atom from artemisinin binds to Fe2* from heme
more preferably than the O, atom. Compounds 9, 10, 17 and 19 have higher acti-
vity than artemisinin and also higher values of d(Fe-O1). They have alarge sub-
stituent which certainly causes repulsion due to the steric effect which prevents
them from approaching closer to the heme. Now considering the interaction ener-
gy for the ligand/receptor complex, it showed a poor linear correlation with acti-
vity (r = -0.04) and ranged from —6.80 to —5.53 kcal mol-1. In fact, it was ve-
rified that even though some orientations were associated with the lowest interac-
tion energy, they seemed strongly favorable with respect to being active against
malariafor they presented the endoperoxide bond apart from Fe2*.

Fig. 5. Molecular docking between heme and artemisinin derivatives. Molecules 2 and 14 are
the most and the least potent in the training set, respectively.
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Nowadays, the most accepted mechanism of antimalarial action involves the
formation of a complex between heme and artemisinin derivatives in which the
iron of heme interacts with Oy of the endoperoxide.40 Moreover substituent and
conformation effects may affect the charge distribution at the oxygen and even
the Fe-O, bond.® An increase in the polar area of artemisinin increases the space
with polar interactions between heme, ligand and globin.

PCA method

The first three principal components, PC1, PC2 and PC3 explained 57.89,
24.23 and 17.88 % of the total variance, respectively. Fig. 6 shows the PC1-PC2
scores for the samples 1-19, which are distributed into two distinct separated zo-
nes in PC1. The left side has samples with the lowest PC1 values, corresponding
to the more potent analogs (associated with a plus sign), whereas the right side
has samples with the highest PC1 values, corresponding to less potent analogs
(associated with a minus sign). The molecular parameters of the training set res-
ponsible for such a distinct classification were the radial distribution function 6.0
weighted by the atomic Sanderson electronegativities, RDF060e,3° hydration ener-
gy, HE, and d(Fe-O,). They were selected among the descriptors initially com-
puted and are believed to be closely related to the investigated biological res-
ponse. According to Table I, the Pearson correlation coefficient between log RA
and these variables are moderate: RDF060e (-0.55), HE (-0.71) and d(Fe-O,)
(0.68); however, between the variables it is, in absolute values, less than 0.45.
The other variables were not selected because they either had a poor linear corre-
lation with activity or they did not give a distinct separation of the two classes.
The PC1-PC2 loadings (Fig. 7) reveaed that the compounds with a higher acti-
vity have the main contribution from the d(Fe-O1) descriptor, while the com-
pounds with lower activities have the major influence from the RDF060e and HE
descriptors.

15 16, 4
1+ *
1013 s 12
05 47
8 L]
a 00
19+ 6 3 13-
05/ °, &1+ o 15 , .
: M * . 5 . Fig. 6. Plot of PC1-PC2 scores for artemi-
10/ 1 18 sinin and derivates with antimalarial acti-
. ‘ _ _ vity against W-2 strains of P. falciparum.
-2 -1 0 1 2 3 Plus sign for more potent analogs and mi-
PC1 nus sign for less potent anal ogs.

The radial distribution function descriptors are based on the distance distri-
bution of the molecules and are related to the three-dimensional arrangement of
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the atoms. Thus, the RDF of an ensemble of n atoms can be interpreted as the
probability distribution of finding an atom in a spherical volume of radius R,3°
The spherical volume comprises the inner part of the molecule. For RDF060e
this radius was fixed at 6.0 A from the geometrical center of each molecule under
investigation. High values for RDF060e are attributed to the presence of electro-
negative atoms in the inner part of the molecule limited by this spherical volume.

TABLE I. Values of the three properties (descriptors) that classify artemisinin and its 18 deri-
vatives (training set) and their respective experimental log RA (W-2) values. The table also
shows the correlation matrix (+: more active analogs, — |ess active anal ogs)

Compound RDF060e HE?/ kcal mol™ d(Fe-0O) / A log RA (ref. 6)

1+ 21.89 -3.00 2.68 0.00
2+ 17.35 -3.52 2.79 0.81
3- 32.87 -1.38 2.73 -0.42
4— 31.00 —2.06 2.59 -0.080
5- 32.28 -1.89 2.82 -0.61
6— 29.53 —1.44 2.81 -0.010
7- 29.98 -1.09 2.62 -0.14
8+ 31.28 —4.48 2.74 0.00
o+ 28.22 -4.02 2.89 0.64
10+ 31.27 -3.72 2.89 0.48
11+ 22.00 -2.83 2.73 0.050
12— 29.78 -3.92 2.48 —0.060
13- 40.06 -2.14 251 -0.49
14— 27.30 -1.82 2.48 -0.78
15— 40.03 -0.17 2.60 -0.59
16— 25.58 =-1.77 2.50 -0.39
17+ 31.95 -3.86 2.75 0.31
18- 42.27 -2.19 2.60 -0.51
19+ 25.76 —4.37 2.85 0.27

Descriptor Correlation coefficient

RDF060e - 0.38 -0.28 -0.55
HE — — -0.44 -0.71

d(Fe-O,) — - - 0.68

# keal = 4.184kJ

In asimilar study, Pinheiro et al.9 performed an investigation on artemisinin
derivatives with antimalaria activities against P. falciparum with the aid of com-
putation and multivariate analysis and selected an RDF descriptor. Their work in-
dicated the RDF0O30m (the radial distribution function centered at 3.0 A interato-
mic distance and weighted by atomic mass) as a property closely related to anti-
malarial potency of molecules. They associated the compounds with high activity
to low values of RDFO30m. The more potent analogs exhibited, in general, lower
values of RDF060e and the most potent 2 presented the lowest RDF060e. In ad-
dition, compounds 1, 2 and 11 with small substituents (hydrogen atom, methyl or
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ethyl) presented lower values for RDF060e. The presence of large substituents at
the R and R1 position (13, 15 and 18) caused an increase in RDF060e due to the
presence of more electronegative atoms.

HE
0.0
02
(o]
&
A .04
.6 dFe-O1) Fig. 7. Plot of the PC1-PC2 loadings with
ROFO60e the three descriptors selected to build the
0.8 PLS model of artemisinin and derivatives
-0.50 025 000 025 050 075 with biologica activity against W-2
PC1 strains of P. falciparum.

Regarding the HE, more potent anal ogs showed trends in having more nega-
tive energies involved in the hydration process. The HE descriptor is a physico-
chemical property that is a measure of the energy released when water molecules
surrounds certain molecules. Its presence means that the mechanism of molecules
against malaria is dependent on a hydration process which is related to solubility.
Actually, the study of Costa et al.40 led to the conclusion that the presence of wa-
ter changed the dihedral angle involved in the complex heme-artemisinin (C—Fe—
—-01-0y). Thus, this effect is believed to influence the process of molecular re-
cognition between artemisinin and derivatives and heme in agueous biological
systems. Finally, the selection of the d(Fe—O1) descriptor suggests that the action
of drugs against malaria depends on electrophilic attack on the endoperoxide bond,
particularly on the O1 atom. This result was confirmed by both an analysis of the
MEP maps and by molecular docking as discussed before.

HCA method

The best approach chosen in HCA to group samples into two main classes
(one for more potent analogs and the other for less potent analogs) was based on
the Euclidean distance and the average group method.38 This method established
links between samples/cluster. The distance between two clusters was computed
as the distance between the average values (the mean vector or centroids) of the
two clusters. The descriptors employed in HCA were the same in PCA, that is,
RDF060e, HE and d(Fe—-O1). The representation of clustering results is shown by
the dendrogram in Fig. 8, which depicts the similarity of samples. The branches
on the bottom of the dendrogram represent single samples. The length of the
branches linking two clusters is related to their similarity. Long branches are re-
lated to low similarity while short branches mean high similarity. On the scale of
similarity, avalue of 100 is assigned to identical samples and a value of 0 to the
most dissimilar samples.
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41.35 4

more active analogues -
less active analogues

60.90 4

80.45 ’J-‘

100.00 W

1+ 11+ 2+ 8+ 17+ 9+ 10+19+3- 5- 6- 4- 7- 14-16-13-18-15-12-
Compounds

Similarity

Fig. 8. HCA dendrogram for artemisinin and derivatives with biological activity against W-2
strains of P. falciparum. Plus sign for more potent analogs and minus sign
for less active compounds.

The dendrogram shows, like the PCA plot, the compounds separated into
two different classes according to their activities with no sample incorrectly clas-
sified. More active compounds are on the left side and are divided into two groups.
In one group consisting of 1, 2 and 11, the most active compound 2 is present.
The substituents are small (hydrogen atom, methyl or ethyl) and the values for
RDF060e are the lowest. They present the largest range for activity sinceit varies
from the highest value for log RA, 0.81 to 0.00, the activity of artemisinin. The
other group consisting of 8-10, 17 and 19 has structures presenting a hydrogen
atom or methyl as one of the substituents whereas the other substituent has either
aphenyl attached at the end of its alkyl chain with two to four carbons or an ester
functional group. They present the most negative values of HE. Now considering
the less active compounds, there are three main groups. One of them consisting
of 13, 15 and 18 has a phenyl attached at the end of an alkyl chain of three or
four carbons in length at R and n-butyl at R1; the exception is 15 which has an
n-butyl at both positions. These analogs present the highest RDF060e. A second
group consisting of 3, 5 and 6 has a methyl at R and an alkyl chain of two to five
carbons at R1. It is worthwhile mentioning that analog 3 is the only one that has a
substitution at R2. A third group consisting of 4, 7, 12, 14 and 16 has compounds
with hydrogen atom or methyl as one of the substituents while the other substi-
tuent has an alkyl chain length of three to six carbons. Compound 12 is classified
as outlier. It presents the most negative hydration energy among the compounds
classified as less active. This compound has only a substitution a R, which is a
phenyl group with a chlorine atom in the p position attached at the end of its al-
kyl chain. Others compounds classified as less active, the substitution of which
occursonly at R, have completely different substituents, they are 14 (n-butyl) and
16 (i-butyl). Another conclusion from cluster analysis is that the presence of either
an n-butyl or i-butyl at R or R1 causes a great decrease in antimalarial activity, as
isverified by analogs 5, 13-16 and 18.
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PLS method

The model built with the aid of the PLS method was based on three latent
variables and 15 compounds selected from the training set. The equation which
relates the descriptors and biological activity is:

log RA = —0.30RDF060e — 0.45HE + 0.49d(Fe-Oy) )

The traditional validation parameters expressed in QSAR terms are: total va-
riance explained = 100 %, R? = 0.86, Q2 = 0.85, PRESS= 0.42, SEP = 0.17, s =
= 0.17 and F3 11 = 22.52. They support the fact that the model is efficient and
hence satisfactory if the complexity of the antimalarial mechanisms and the small
number of descriptors (three) selected to build the QSAR model are considered.

According to the PLS eguation, the three variables present amost the same
magnitude of the coefficients of regression (in absolute value). The model reveals
that to achieve high biological potency against P. falciparum, a combination of
higher values of d(Fe-O1), lower values of RDF060e and more negative values
for HE are necessary. The predicted and experimental activities revea a good nu-
merical comparison (Table I1). The plot of the correlation between the measured
and the predicted log RA is shown in Fig. 9. The PLS plot identifies compounds
with higher activity (located up) and compounds with lower activity (located down)
separately, including compounds from the external validation set. Such classifi-

TABLE Il. Experimental and estimated antimalarial activity (log RA) by PLS and residuals for
the compounds from the training set

Compound Experimental (ref. 6) Predicted® Experimental — Predicted
1 0.00 0.22 -0.22
2 0.81 0.60 0.21
3 -0.42 -0.26 -0.16
4 -0.080 -0.29 0.21
5P -0.61 -0.040 -0.57
6 -0.010 -0.050 0.040
7 -0.14 -0.43 0.29
g 0.00 0.41 -0.41
9 0.64 0.61 0.030
10 0.48 0.48 0.00
1 0.050 0.26 -0.21
12 -0.060 -0.080 0.020
13 -0.49 -0.60 0.11
14 -0.78 -0.44 -0.34
15° -0.59 -0.85 0.26
16 -0.39 -0.38 -0.010
17 0.31 0.28 0.030
18 051 -0.49 -0.020
19° 0.27 0.67 -0.40

8PLS model using three latent principal components and leave-one-out cross-validation; bcompounds from the
external validation set
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cation is the same as that achieved by the PCA and HCA methods: no sample ap-
pearing in a different class.

[ ] External validation set

é 1.04
9+ 2+
8 os 10t
% 1+:'11+:L7
T 09 %6
3 o4 _ . _
& 05 7- Fig. 9. Experimental vs. predicted log RA
(W-2) for artemisinin and derivatives

10+, - plotted by PLS model using three latent

-1.0 05 00 05 10 variables. External validation compounds
Experimental log RA included.

CONCLUSIONS

The HF method and the 3-21G** basis set revealed themselves to be ade-
quate to optimize the structures of artemisinin and derivatives and consequently
their study. MEP maps characterized the region of the 1,2,4-trioxane ring for
artemisinin and derivatives as a region of negative electrostatic potential. Mole-
cular docking calculations revealed that the Fe2* ion from heme attacks the Og
from artemisinin more preferably than O>. The PCA and HCA methods enabled
the compounds in the training set to be classified into two groups according to
their degree of antimalarial activity against P. falciparum. The descriptors
RDF060e, HE and d(Fe—O1) were the properties responsible for distinguishing
compounds with higher or lower antimalarial activity. The combination of these
structural attributes is believed to govern the antimalarial response of the com-
pounds studied in this work. The PLS model revealed that the more active com-
pounds have higher values of d(Fe-O;), lower values of RDF060e and more
negative values of HE. By this strategy, useful information was obtained that
could be of use in experimental processes of syntheses and biological evaluation
in order to find new efficient drugs against malaria.
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U3BOA

CTYINJA HOBUX AHTUMAIJIAPMICKUX APTEMU3NHUHA
IIOMOTQY MOJIEKYJICKOI' MOJIEJIMPAA U
MVYIJITUBAPUJAHTHE AHAJIM3E

JOAOE. V. FERREIRA', ANTONIO F. FIGUEIREDO", JARDEL P. BARBOSA’, MARIA G. G. CRISTINO', WILLIAMS
J. C. MACEDO", OSMARINA P. P. SILVA', BRUNO V. MALHEIROS', RAYMONY T. A. SERRA?
1 JOSE CIRIACO-PINHEIRO*

!Laboratério de Quimica Tedrica e Computacional, Faculdade de Quimica, Instituto de Ciéncias Exatas e
Naturais, Universidade Federal do Para, Avenida Augusto Correa, 01, CP 101101, CEP 66075-110, Belém,
PA, Amazonia u *Centro de Ciéncias Biol6gicas e da Salide, Universidade Federal do Maranhéo,

CEP 65085-580, Sao Luis, MA, Brasil

ApreMHU3HMHEH U BeroBrX 18 jepuBara Koju nMajy aHTHManapuuso aejcteo Ha W-2 coj Plas-
modium fal ciparum-a npoyuaBase cy MeToilaMa KBaHTHE XEMHUje U MyJITHBapujaHTHe aHamuse. Or-
TUMU3anuja reomerpuje je usBeaeHa nomohy Xaprpu-®okose (X®P) Teopuje ca OasHUM CETOM
3-21G** . Mame MoIeKyJICKOT eleKTpOCTaTHIHOT ToTernujana (MEP) H MOJNEKyICKO JOKOBAmE
Cy ymoTpeOJheHH 3a MCTPAXUBame MHTEpaKiuja n3mely muranma u peunenropa (xema). AHanuza
rmaBae kommonente (Principal Component Analysis, PCA) u xujepapxujcka KiiacTepcka aHaln3a
(Hierarchical Cluster Analysis, HCA) cy mpumMemeru 1a Ou ce n3abpand HajBaKHHjH JECKPHII-
TOpU y OJIHOCY Ha akTHUBHOCT. [Tomohy Merojie mapuujaiHuX HajMamuX KBagpara (Partial Least
Square, PLS) renepucan je oarosapajyhu npequktuBHd Mozen. KoHcTpykiuja Tor Mozena Gasu-
pana je Ha 15 monekyna u jomr 4 xopuimheHa Kao CET 3a CIIOJballliby BANUIALHjy; IapaMeTpu
BaJMJaNuje cy Q%= 0,85 u R = 0,86. Mozen yKIBydyje cienehe Monekyscke mapamerpe: paau-
janay ¢yukuujy pacnoaene, RDF060e, eneprujy xunpatauuje, HE, u pactojame n3mely aroma Oy
y nurasny u aroma reoxha y xemy, d(Fe-O;). Ha Taj HaunH MOTy ce CHHTETHCATH HOBH JCPUBATH
Ha ocHOBY Mana MEP u PLS ananuse.

(Mpumibeno 26. janyapa, pesuaupano 12. jyna 2010)
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Extraction and separation of U(VI) and Th(IV) from
hydrobromic acid media using Cyanex-923 extr actant

SNEHAL M. GHAG and SURESH D. PAWAR*

Department of Chemistry, Sddharth College of Arts, Science and Commerce,
Dr. D. N. Road, Fort, Mumbai — 400 001, India
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Abstract: A systematic study of the solvent extraction of uranium(V1) and tho-
rium(1V) from hydrobromic acid media was performed using the neutral phos-
phine oxide extractant Cyanex-923 in toluene. These metal ions were found to
be quantitatively extracted with Cyanex-923 in toluene in the acidity range
5x10°-1x10%4 M and 5x10°-5x10"3 M, respectively, and they are stripped from
the organic phase with 7.0 M HCIO, and 2.0-4.0 M HCI, respectively. The
effect of the equilibrium period, diluents, diverse ions and stripping agent on
the extraction of U(VI) and Th(IV) was studied. The stoichiometry of the ex-
tracted species of these metal ions was determined based on the slope analysis
method. The extraction reactions proceed by solvation and their probable ex-
tracted species found in the organic phase were UO,Br,-2Cyanex-923 and
ThBr,4-2Cyanex-923. Based on these results, a sequential procedure for their
separation from each other was devel oped.

Keywords. solvent extraction; uranium(V1); thorium(lV); Cyanex-923; strip-
ping; separation.

INTRODUCTION

In last few years, organophosphorous compounds have found wide applica
tion in nuclear establishments for the extraction, enrichment and reprocessing of
uranium, thorium and plutonium. The new extractant di-(2-ethylhexyl) sulph-
oxide (DEHSO) is used for the reprocessing of spent Th—-U fuel and extraction of
U(VI) and Th(IV) from dilute HNO3 media.l Preston et al.2 performed the ex-
traction of U(VI) and Th(IV) from NaNO3 media using N-alkylcarboxylic acid
amide. Quantitative extraction of Th(IV) and U(VI) from HNO3 media was in-
vestigated by Dhadke et al.3 using bis-(2-ethylhexyl) phosphinic acid (PIA-8)
and bis(2-ethylhexyl) phosphoric acid (HDEHP).

* Corresponding author. E-mail: sureshpawar_2004@rediffmail.com
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The extraction of U(VI) with Th(lV) was performed from nitrate media
using extractants such as N,N'-tetrahexylbipocolinamide(THBPA) and N,N'’-tet-
ra(2-ethylhexyl)bipicolinamide, O-methyleneoxyphenyldiphosphine dioxide and
buty! bis(dibutoxyphosphinylmethyl) phosphinate.#6 The separation of Th, La,
Eu ions was realised using the acidic extractant bis(2-ethylhexyl) phosphoric acid
(DEHPA) in cyclohexane using 2-nitrobenzo-18-crown-6 [NB18(6)].” LIX-360
(HX) in kerosene and Versalic-10 was also used for extraction studies of U(V1).8
In addition, 2-hydroxy-1-naphthaldehyde thiosemicarbazone was used to study
the extraction behaviour of Th(1V) from HNO3 in the presence of donors, tri-
octylphosphine oxide (TOPO), Calix[3]OH[3]OMe[6]arene, trioctyl amine (TOA)
and DM SO in ethy! acetate solvent.9

A new chelating polymeric sorbent was developed using Merrifield chloro-
methylated resin anchored with di-bis(2-ethylhexyl)malonamide (DB2EHM) for
the selective extraction of U(VI) and Th(IV) from an acidic stream.10 The
branched chain di(2-ethylhexyl) isobutyramide (D2EHIBA) was chosen as a pro-
mising aternative to tri-n-butyl phosphate (TBP) for the recovery of U from ir-
radiated Th.11

EXPERIMENTAL
Apparatus and reagents

The extractant Cyanex-923, supplied by Cytec Industries Inc. Canada, was used without
further purification. Known amounts of uranyl nitrate UO5(NO5),-6H,0 and thorium nitrate
Th(NO5),-5H,0 were dissolved in water and diluted to 1.0 dm3 with double distilled water.
All other employed chemical were of analytical grade. An Equip-Tronic model EQ-614 pH
meter with a combined electrode was used for H* concentration studies and an Elico UV—-Vis
SL-27 spectrophotometer with 10 mm cortex quartz cuvettes was employer for the absorbance
measurements.

Procedure

An aliquot of solution containing U(V1) (20 ng) or Th(1V) (20 ug) was taken, diluted to
10 ml and equilibrated with an equal volume of Cyanex-923 diluted in toluene for the required
shaking time of 10 min, after adjusting the acidity of the agueous solution to 1.0x10* and
1.0x103 M HBr, respectively. The organic phase containing the extracted metal species was
then stripped with different stripping agent, such as HCI, HNOs;, H2SO, and HCIO,. It was
found that U(VI) and Th(lV) can be quantitatively stripped from the metal loaded organic
phases of Cyanex-923 with 7.0 M HCIO, and 2.0 HCI solutions, respectively, as was deter-
mined spectrophotometrically using Arsenazo-l and Thoron-1 indicators, respectively.12 All
the experiments were performed at room temperature, except when the effect of temperature
on the distribution equilibriawas studied.

RESULTS AND DISCUSSION

Effect of acidity and reagent concentration on the percentage extraction of U(VI)
and Th(lV)

The effect of acidity on the percentage extraction of U(VI) and Th(IV) with
Cyanex-923 in toluene was studied for the acidic range from 5x105-1.0 M HBr.
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The percentage extraction is the amount of U(VI) or Th(IV) extracted into the
organic phase containing Cyanex-923 in toluene. It was found that the extraction
of U(VI) and Th(IV) into the organic phase of 0.0025 and 0.001 M Cyanex-923
was quantitative in the acidic range of 5x10~°-1.0x104 M and 5x10-5-5x10-3
M, respectively. Hence, al the extractions of U(V1) and Th(lV) with Cyanex-923
in toluene were performed at a fixed acidic concentration of 1x104 and 1.0x10-3
M HBr solution, respectively (Fig. 1).

——%E U(V])
—m— %E Th(IV)

97 A

92 A

X
2 87
w
82
77
72 \ Fig. 1. Effect of acidity on the per-
-0.1 0.4 09 centage extraction of U(VI) and
¢(HBr) / mol dm* Th(1V) with Cyanex-923.

These metal ions were extracted with varying concentrations of Cyanex-923
in toluene from 5x10-5-5x10-3 M, while keeping the other parameters, such as
pH, period of equilibration, diluent and temperature, constant. The extraction was
found to increase with increasing reagent concentration. The extraction of U(VI)
and Th(1V) was quantitative with 2.5x10~3 and 1x10-3 M Cyanex-923, respec-
tively.

Effect of stripping agent

The metal ions were stripped from the metal-loaded organic phases of Cya-
nex-923 with different strengths of acids such as HCI, HNO3, H»SO4 and HCIO4.
This processistermed percentage recovery. The complete stripping of U(V1) was
observed with 7.0 M HCIO4 solution from the organic phase of Cyanex-923.
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Th(IV) was stripped quantitatively with 2.0-4.0 M HCI and 1.0-4.0 M HNO3
solutions (Table).

TABLE |. Effect of the stripping agent on the percentage extraction of U(V1) and Th(IV) from
metal-loaded organic phases of Cyanex-923 in toluene; U(VI1): 20 pg; Cyanex-923: 2.5x10°3
M; acidity: 1.0x10% M; Th(IV): 20 pg; Cyanex-923: 1.0x103 M Acidity;: 1x103M

Acid concentration, mol dm™

Add 1.0 2.0 30 240 50 6.0 7.0 80
UV
HCl 435 423 35 239 141 67 36 12
HNO; 00 43 61 104 208 362 196 166
H,S0, 18 37 159 184 _ _ _ -
HClO, 319 393 411 466 588 663 999 805
Th(IV)
HCI 762 999 999 999 - - - -

HNO;3 99.9 99.9 99.9 99.9 - - - -
H,SO4 39 17.8 27.7 46.5 - - - -
HCIO, 48.5 62.4 63.4 74.3 77.3 53.5 41.6 38.6

Effect of various diluents

The extraction of U(VI1) and Th(IV) was performed with Cyanex-923 using
various aromatic and aliphatic organic diluents, such as xylene, benzene, chlo-
roform, n-hexane, carbon tetrachloride and cyclohexane. Quantitative extraction
of U(VI) was observed with al the diluents. In the case of Th(1V), the extraction
was quantitative with all solvents except for n-hexane and carbon tetrachloride.
Toluene was considered the best diluent for the extraction of U(VI) and Th(1V)
since it provided better phase separation (Table l1).

TABLE Il. Effect of various diluents on the percentage extraction of U(VI) and Th(IV) with
Cyanex-923; U(VI): 20 ug; Cyanex-923: 2.5x103 M; acidity: 1.0x104 M; Th(IV): 20 pug;
Cyanex-923: 1x103 M; Acidity: 1x103M

Diluent Percentage extraction (E / %)
U(VvlI) Th(1V)

Toluene 99.9 99.9
Cyclohexane 99.9 99.9
n-Hexane 99.9 95.0
Xylene 99.9 99.9
Chloroform 99.9 99.9
Carbon tetrachloride 99.9 97.0

Effect of period equilibration

The extraction equilibrium was studied for different periods of shaking rang-
ing from 1-30 min. It was observed that a 1-min shaking period was sufficient
for the quantitative extraction of U(VI1) and Th(l1V) with Cyanex-923 in toluene,
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but there was no adverse effect when the extraction period was extended up to 30
min.

Nature of the extracted species

It was necessary to evaluate the distribution ratio (D) while varying the
extractant concentration to ascertain the nature of the extracted species. The dis-
tribution ratio is the ratio of the concentration of solute in the organic phase to
the concentration of the solute in the agueous phase. Therefore, the composition
of the extracted species was first ascertained from graphs of log D vs. log R at a
fixed HBr concentration of 1.0x10~4 and 1.0x10-3 M (Fig. 2). The slopes ob-
tained were 1.92 and 1.83 respectively for U(VI) and Th(lV), indicating that two
molecules of ligand react with one molecule of U(VI) and Th(IV). Hence, the
probable ratio of the extracted species of U(VI) and Th(IV) with Cyanex-923 was
found to be 1:2. Therefore, the probable extracted species of U(V1) and Th(1V)
in the organic phase are UOBr2-2Cyanex-923 and ThBr4-2Cyanex-923.

0.5

Slope =1.83

log D

-0.5 4

g d

Slope=1.92

+ log DU(VI) Fig. 2. Effect of reagent concentra-
= log DTH(IV) tion on the distribution ratio of
_2-44 42 4 43‘8 -3‘6 34 U(VI) and Th(lV).
' ' logR ’ ' (log R = log [Cyanex-923]).

Influence of temperature

Extractions of uranium(V1) and thorium(IV) with 2.5x10-3 and 1.0x10-3 M
Cyanex-923 in toluene at a fixed HBr concentration of 1.0x10~4 and 1.0x10=3 M
were performed at different temperatures (up to 343 K). The distribution ratio
decreased with increasing temperature. The Van't Hoff Equation is given by:
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AH
—
2.303RT

where D represents the distribution ratio, AH is the enthalpy change for the
reaction and C is a constant. The slope obtained from the plots of log D vs. /T
were 2.45x10-3 and 2.77x10-3 K for the extraction of U(VI) and Th(lV),
respectively (Fig. 3). The obtained AH values were — 46.9 and —53.0 kJ mol—1,
respectively, indicating that the reaction are exothermic in nature.

logD =

Slope = 2.45

log D

0.8 -

0.6 -

* log DU(VT)
m log DTh(IV)

‘ Fig. 3. Effect of temperature on
29 3 i1 5, distribution ratio of U(VI) and
T/ 10°K" Th('V) with Cyanex-923

0.4

Effect of diverseions

The effects of diverse ions on the extraction of U(VI) and Th(lV) by
Cyanex-923 in toluene were studied at a fixed HBr concentration of 1.0x10~4 and
1.0x10-3 M, respectively. The tolerance limit was set so that the error in the
percentage recovery was not more than +2.0 %.

In case of U(VI), ions such as thiocyanate, thiourea and Zr4* interfere the
most with the percentage extraction of U(VI), while ions such as Nat, K*, Cst,
Pb2*, Rb*, Mg2+, Ca2*, Ba2* and Sr2* are tolerated to a greater extent. In case of
Th(1V), ions such as thiocynate, thiourea, Al3*, Be2t and Zr4* interfere to the
maximum in the percentage extraction of Th(IV), while Na*, K*, Cs*, Rb",
Mg2+, Ca2*, Ba2*, Sr2*, CI-, Br, I- and SO32- are tolerated to a larger extent.
The other ions which show intermediate effects are indicated in Table 1.

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




EXTRACTION AND SEPARATION OF U(VI) AND Th(IV) BY CYANEX-923 1555

TABLE Ill. Effect of various diverse ions on the percentage extraction of U(VI) and Th(1V)
Cyanex-923 in toluene; U(VI): 20 pg; Cyanex-923: 2.5x103 M; Acidity: 1.0x104 M; Th(IV):
20 pg; Cyanex-923: 1.0x103 M; acidity: 1.0x103 M
Uranium(VI)
1:32 1:27 1:22 117 1:10 1.6 Strongly
interfere
Na',K*,Cs", Bi*,zn”, Mn¥ Co™, Rh* Au®, V> Mo™, Citrate, Thiocynate,
Pb®, Rb', Mg®, Fe*, cr* cu®, cd®, Ru* Pt**, Ce¥, Oxaate thiourea Zr*

Ca2+ Ba2+ S',2+ Pd2+ OSS+ L a3+
Thorium(1V)
Na', K*, Cs", Mn?, Co®, Cr* Fe*, Pt Pd*, Ce La® SO, Cl, Thiocynate,
Rb", Mg®, c&*, cu®, cd® zn*,Bi* 0O, Ru* I, Br, thiourea Al
Ba*, S citrate, Be™, zr*, v&

oxadate

Mutual separation of uranium(V1) and thorium(IV) with Cyanex-923

The proposed method provides mutual separation of U(VI) and Th(IV).
U(VI) was separated mainly from Th(l1V) and various other metal ions. This was
enabled by exploiting the differences in their respective extracting and stripping
conditions. In order to separate U(VI1) and Th(lV), the difference in their strip-
ping agents was exploited.

A mixture of U(VI) (20 pug) and Th(IV) (20 pg) was taken and the acidity of
the solution was adjusted to 1.0x10~4 M. The final volume was made up to 10 ml
by the addition of double distilled water. It was then equilibrated with an equal
volume of 1.0x10-3 M Cyanex-923 in toluene by shaking it in a separating fun-
nel for 10 min at room temperature, whereby both the metal ions were extracted
simultaneoudly. Taking advantage of the difference in the stripping agents, both
the metal ions were separated. Th(lV) was stripped first with 1.0 M HNO3 fol-
lowed by U(1V) with 7.0 M HCIOg4.

Separation of U(V1) from Th(IV) was possible. In addition, U(VI) was sepa-
rated from a mixture containing Be(l1), Ce(1V), La(lll) and Zr(1V), while Th(1V)
was separated from a mixture containing La(lll), Zr(IV) and Ce(1V) (Table IV).

TABLE V. Separation of U(V1) and Th(1V) from multicomponent mixtures with Cyanex-923
in toluene; Acidity: 1.0x10™ HBr; Extractant, Cyanex-923: 1.0x10° M

No. Metal ion Amount taken, ug Stripping agent Recovery, %

1 u(VvlI) 20 8.0M HCIO, 99.5
Th(lV) 20 1.0 M HNO; 99.3

2. u(VvI) 20 8.0M HCIO, 99.5
Be (Il) 50 1.0 M NaOH 99.2

3. La(lll) 50 2.0 M HCI 99.2
U(Vv1) 20 8.0 M HCIO, 99.5
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TABLE IV. Continued

No. Metal ion Amount taken, ug Stripping agent Recovery, %

4, u(vi) 20 8.0 M HCIO, 99.5
Th(1V) 20 1.0 M HNO; 99.3
Zr(1V) 20 0.5M NaF 98.8

5. u(vl) 20 8.0 M HCIO, 99.5
Th(lV) 20 1.0 M HNO; 99.3
Ce(1V) 50 Unextracted 99.1

6. La(ll) 50 2.0 M HCI 99.2
Th(1V) 20 1.0 M HNO; 99.3
Ce(1V) 50 Unextracted 90.1

CONCLUSIONS

The U(VI) and Th(IV) were extracted quantitatively in the acid concentra-
tion range 5.0x10°-1.0x104 M and 5.0x10-5-5.0x10—3 M, respectively. The
minimum reagent concentration required for the complete extraction of U(VI)
and Th(IV) was 2.5x10-3 and 1.0x10-3 M in toluene, respectively.

A thermodynamic study of the extraction reaction of U(VI) and Th(IV) with
Cyanex-923 in toluene was also performed. It revealed that the extraction re-
action is exothermic in nature with a value of the enthalpy change of —46.9 and
—53.0 kI mol—1, respectively.

Quantitative extraction of U(VI) and Th(IV) was not possible from HNO3
media using 4-benzoyl-2,4-dihydro-5-methyl-2-phenyl-3H-pyrazol-3-thione
(HBMPPT). The addition of petroleum sulphoxides (PSO) was required for
significant improvement in the extraction of U(VI) and Th(1V).13 Cyanex-923 does
not require the addition of any other extractant for the quantitative extraction.

The extraction of Th(IV) was possible with 1-phenyl-3-methyl-4-benzyl-5-
pyrazolone in 1-1.5 M HCI only when ascorbic acid and ammonium oxalate
were used for the extraction,14 while complete extraction of Th(V) was possible
with Cyanex-923 without a salting out agent.

Tri-n-octylphenoxide was used for the separation of Th(IV) and U(VI), but
for complete separation, the use of ascorbic acid solution together with an
NH4I/HCI mixture was required.1> With the proposed method, complete sepa-
ration of U(VI) and Th(IV) was realized without the addition of such mixtures.

Extraction of U(V1) with Primene JMT required a minimum reagent concen-
tration of 0.3 M in benzene, 16 while Cyanex-923 required a lower concentration,
i.e, 2.5x10-3 M.

Acknowledgement. The authors are thankful to Cytec Industries Inc. Canada for sup-
plying the gift sample of Cyanex-923.
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U3BOA

EKCTPAKLIMJA U PA3ABAJAE U(VI) U TH(IV) 13 BPOMOBOJOHUYHE KUCEJIMHE
IIOMORY CYANEX-923 EKCTPAKTAHTA

SNEHAL M GHAG u SURESH D PAWAR

Department of Chemistry, Sddharth College of Arts, Science and Commerce, Dr. D. N. Road, Fort,
Mumbai — 400 001, India

V pany je cucrematcku ucnutHBana excrpakimja ypauujyma(V1) u ropujyma(lV) uz 6pomo-
BOJOHHYHE KHcennHe Kopumihemem HeyTpanHor ¢docoun-okcuma Cyanex-923 y tomyeHy kao
cpelcTBy 3a ekcrpakiujy. HaljeHo je na ce OBM MeTaiHH jOHH KBaHTHTATHBHO EKCTpaxyjy ca
Cyanex-923 y Tonyeny y ocery KoHueHTparuje kucemune 5,0x10°-1,0x10™ i 5,0x10°-5,0x10°
M, pecneKTHBHO, U Jia ce U3 opraHcke ¢ase oasajajy ca 7,0 M HCIO, u 2,0-4,0 M HCI, pecriek-
TUBHO. VciuTHBaH je edexar Ay>KUHE YCIOCTaB/bamha PaBHOTEKE, pa30iiakuBama, APYTUX jOHA U
cpencrsa 3a oaBajame Ha excrpakuujy U(VI) u Th(IV) u onpehen crexmoMerpHjcku cactaB ekc-
TpaxoBaHUX BpcTa. EKCTpakmuja ce ogurpasa COJBATAlMjOM, a BEPOBAaTHE EKCTPAXOBAHE BPCTE
nahene y opranckoj ¢asu cy UO,Br,-2Cyanex-923 u ThBr,-2Cyanex-923. Ha ocHoBy oBHX pe-
3yJTaTa pa3BHjeH je M CCKBEHLMOHAIHH OCTYIIAK 32 BbUXOBO pa3/iBajame.

(Mpumsbero 17. jyna 2009, pesuaupano 12. jyna 2010)
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Abstract: The activity of two aloys, PtzSn/C and Pt;Ru,/C, was compared with
the activity of Pt/C modified with corresponding amounts of Snypp (=25 %)
and Ruypp (=40 %) in the oxidation of ethanol. PtzSn/C, PtzRu,/C and Pt/C
catalysts were characterized by XRD analysis. To establish the activity and
stability of the catalysts, potentiodynamic, quasi steady-state and chronoampe-
rometric measurements were performed. Both alloys are more active than
Snypp- or Ruypp-modified PY/C catalysts. The electronic effect determining
dominantly the activity of PtzSn/C is the main reason for its higher activity
compared to PtzRu,/C. Since Snypp and Ruypp do not provoke any significant
modification of electronic environment, both modified Pt/C catalysts were less
active than the corresponding alloys. More pronounced difference in activity
between Pt;Sn/C and Snyypp-modified Pt/C than between Pt;Ru,/C and Ruypp-
-modified Pt/C is caused by the electronic effect in PtzSn/C. The high activity
of Pt3Sn/C modified with a small amount of Snypp (=10 %) can be explained
by combining the electronic effect, causing less strongly bonded adsorbate on
Pt sites and easier mobility of the Snypp, with an enhanced amount of oxygen-
containing species on the Sn sites, resulting finally in areinforcement of the bi-
functional mechanism.

Keywords. ethanol oxidation; platinum—tin nanocatalyst; platinum—ruthenium
nanocatalyst, platinum nanocatalyst; underpotential deposition.

INTRODUCTION

Ethanol is promising fuel for direct alcohol low temperature fuel cells due to
islow toxicity, high energy density, mass production from renewable sources and
easy storage and transportation. However, the lack of an efficient and selective
anode catalyst able to break the C—C bond providing complete oxidation to CO»
with an exchange of 12 e~ per molecule and to oxidize the adsorbed fragments

* Corresponding author. E-mail: amalija@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C100519093T
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produced by ethanol dissociation is, at present, the main problem for a practical
use of ethanol in adirect ethanol fuel cell (DEFC).

Despite of fact that platinum is generally known as one of the best elec-
trocatalysts for alcohol oxidation at low temperatures, it has limited capability for
C—C bond scission and is easily poisoned by CO and other carboneous inter-
mediates.1-> To improve its electrocatalytic activity, especially at potentials of
technical interest (E < 0.6 V vs. RHE), Pt is modified by the addition of transition
metal s, providing oxygen-containing species at low potentials which facilitate the
oxidative removal of poisoning species through a bifunctional mechanism.6 The
addition of the second metal to platinum (by underpotential deposition or alloy-
ing) creates bimetallic catalysts and changes the electronic and structural pro-
perties of the base material thereby influencing its catalytic properties. It also al-
ters the number of large Pt ensembles on platinum surfaces, which are important
for site demanding processes such as C—-C bond cleavage. All these effects in-
fluence ethanol oxidation on bimetallic catalysts.

Of al other studied bimetallic catalysts, PtSn/C and PtRu/C catalysts demon-
strated the best performance in ethanol oxidation.”—1°

The electronic effect induced by charge transfer from Sn to Pt was reflected
as a negative shift in the Pt 4f binding energies in the XPS spectra of various
PtSn/C catalysts.16 This finding was supported by 1.1 eV shift in the X-ray near
edge spectrum (XANES)17 as well as by X-ray absorption spectroscopic studies
(XAS), which demonstrated a partial filing of the Pt 5d-bands.18

The relevant results obtained for PtRu/C catalysts by means of different
spectroscopic techniques are rather controversial. The XAS spectrarevealed elec-
tron transfer from Pt to Ru in Pt—Ru/C catalysts,18 while, on the contrary, the
XPS data showed no significant electronic effect in Pt—Ru alloys.16 The latter re-
sults were explained by the similar electronegativity values for Pt and Ru, in con-
trast to the values for Pt and Sn which differ appreciably.

Incorporation of Sn atoms in the fcc Pt |attice enhances the Pt—Pt bond dis-
tance, thereby altering the structural characteristic of the base metal. The ex-
tended Pt—Pt distance could facilitate the dissociative adsorption of ethanol mole-
cules and promote the reaction.1>19-21 However, the reduced Pt—Pt distance
caused by the addition of Ru to Pt should not be favorable for dissociative ad-
sorption of ethanol 10,1519

From the viewpoint of the role of an ensemble effect in the oxidation of
ethanol on PtRW/C’ and PtSn/C?2 catalysts with different ratios between Pt and
the alloying atoms, it was suggested that an increase of the Ru or Sn content may
cause a negative effect on the selectivity of the catalysts towards CO» formation
by decreasing the Pt ensembles required for the dissociative adsorption of ethanol.

Recently, the activity of Pt—Sn/C and Pt—Ru/C in ethanol oxidation was cor-
related with the degree of aloying. Although the results reported so far are ge-
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neraly not unambiguous, most of them indicate that highly alloyed catalysts
promote ethanol oxidation.8:23-27

Underpotential deposition (UPD) of Sn or Ru at Pt/C does not significantly
perturb Pt structurally or electronically, as was shown in spectroscopic stu-
dies.16:18.28 The catalytic action of both atoms was associated mostly with their
ability to adsorb oxygenated species at lower potentials than Pt, permitting the bi-
functional mechanism to proceed.

In this work, ethanol oxidation was studied at two alloys, Pt3Sn/C and
PtsRu,/C, as well as at a Pt/C catalyst modified with the corresponding amounts
of Snypp (25 %) and Ruypp (40 %). This comparative investigation based on the
effects influencing the catalytic properties of these electrodes enabled a better
understanding of the differences in the activities of the aloys, as well as those of
the alloys and Pt/C modified by underpotentially deposited Sn and Ru. This ap-
proach, which to the best of our knowledge, has not been used so far, resulted fi-
nally in the comprehension of the superior activity of the catalyst created by mo-
dification of Pt3Sn/C with a small amount of Snypp (= 10 %).

EXPERIMENTAL
Electrode preparation

Commercialy available Pt-based catalysts supported on high surface area carbon were
used: Pt3Sn/C (20 wt. %) provided by E-Tek, and PtzRu,/C (33.5 wt. %) and Pt/C (47.5 wt. %)
provided by Tanaka Precious Metals Group (Kikinzoku International K.K). The catalysts were
applied to a glassy carbon substrate in the form of a thin-film.1% A suspension of 5 mg of the
catalyst in a mixture of 1 ml water, 1 ml ethanol and 50 pl of a5 % agueous Nafion solution
was prepared in an ultrasonic bath and 10 pl of the suspension was placed onto the substrate
(5 mm diameter) and dried at room temperature to form a homogenous catalyst layer. The
resulting metal loading was 25 ug cm2,

To avoid the contribution of any other anions, Sn or Ru adlayers were prepared by
holding freshly prepared electrodes at 0.2 V in 0.1 M HCIO, solution containing Sn or Ru
ions, generated by dissolution of Sn or Ru from the alloy matrix during cycling (20 cycles) of
the Pt3Sn/C and PtzRu,/C electrodes up to 0.70 V or 1.10 V, respectively. The Sn or Ru
modified electrode was then rinsed with water and transferred to the electrochemical cell.

Characterization of the catalysts

The Pt/C, Pt3Ru,/C and Pt;Sn/C catalysts were characterized by X-ray diffraction (XRD)
analysis. The XRD measurements were realized using a Siemens D5005 (Bruker-AXS) dif-
fractometer with a Cu Ka source operating at 40 mA and 40 kV and a graphite monochro-
mator.

The quantitative analysis of the phase content and crystallite size calculations were per-
formed by multiphase Rietveld refinement using Topas software and the Fundamenta Para-
meters approach for the modeling of the peak shape. The Pt(220) diffraction peak was used to
calculate the average crystallite size according to the Scherrer Equation.

Electrochemical measurements

Electrochemical measurements were performed at room temperature in a nitrogen-pur-
ged 0.1 M HCIO4 solution in a standard three compartment electrochemical cell with a Pt wire
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as the counter electrode and a saturated calomel electrode (SCE) as the reference. The em-
ployed reagents were of p.a. purity (Merck) and the solutions were prepared with high purity
water (“Millipore”, 18 MQ cm resistivity). Ethanol (0.5 M) was added to the solution while
holding the electrode potential at —0.2 V. The catalytic activity was measured using the
potentiodynamic (sweep rate 20 mV s1), quasi-steady-state (sweep rate 1 mV s'1) and chrono-
amperometric methods. The current-time transient curves were recorded during 30 min upon
the immersion of the electrode in the solution at —0.2 V and holding for 2 s prior to stepping at
0.2 V. For the CO stripping measurements, pure CO was bubbled through the electrolyte for
20 min while keeping the electrode potential at —0.2 V vs. SCE. After purging the electrolyte
with N, for 30 min to eliminate the dissolved CO, the adsorbed CO was oxidized in an anodic
scan (20 mV s1). Two subsequent voltammograms were also recorded to verify the complete-
ness of the CO oxidation.

A VoltaLab PGZ402 (Radiometer Analytical, Lyon, France) was used in the electroche-
mical experiments.

The potentials are given versus SCE. The current densities are normalized to the active
surface area.

The active surface area for Pt3Sn/C, PtzRu,/C and P/C was calculated from the the
charge of CO stripping, assuming 420 uC cm2 for a CO monolayer (Fig. 1). The CO stripping
voltammograms were corrected for the background currents to eliminate the contribution of
the double layer charge, aswell as Sn and Ru oxidation charges.2®

0.14 [
012 |
0.10

0.08 [

j1 mA cm”

0.06 -

0.02 |

0.00 L— e :
0 100 200 300 400 500 600 700

E/mV (SCE)

Fig. 1. CO stripping voltammograms at Pt/C, PtzRu,/C and Pt;Sn/C catalystsin 0.1 M HCIO,
corrected for the background current; v=20mV s,

RESULTS AND DISCUSSION
Catalysts characterization

The X-ray diffraction patterns of Pt3Sn/C, Pt3Ruy/C and Pt/C catalysts are
presented in Fig. 2. All samples display four characteristic peaks of the face cen-
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tered cubic (fcc) crystalline structure of P, i.e., (111), (200), (220) and (311). No
peaks for either Sn or Pt oxides were found. However, this does not mean that
they were not present; they could be present but in undetectably small amounts or
in an amorphous form. The poorly resolved peak at ~ 43.8° on the diffractogram
for the PtgRu,/C catalyst is assigned to the hexagonal Ru phase (hcp). Two broad
peaks that appeared at 14.0 and 30.9° are related to the carbon support material .

Pt{111) |

A\ Piz00) , :
A Pt{220)  Pt{311)

Pt3Sn/C

Ru(1010)

10 20 30 40 5 60 70 80 90 100
20 / degrees

Fig. 2. XRD Patterns of Pt3Sn/C, PtsRu,/C and Pt/C catalysts. Vertical lines represent the
position of the peaks of pure Pt and pure Ru.

Addition of Sn or Ru to Pt leads to an expansion or contraction of the Pt
lattice, respectively, caused by their different atomic sizes in respect to that of Pt
(Rsn = 1.61 A, Rry =134 A, Ryt = 1.39 Z\), which correspondingly shifts the
peaks in opposite directions compared to Pt/C.

The lattice parameters calculated from the (220) peak as well as the mean
crystalite diameters are listed in Table I. The atomic fractions of Sn and Ru
(xme) and aloying degree (Mgjoy / %) calculated via the Vegard law8 are also
given in Table I. The atomic fraction of Sn, xg, = 0.243 is close to the nominal
content of 0.25 in the Pt3Sn/C catalyst, indicating that almost all the Sn atoms

TABLE |. XRD Analysis of Pt/C, PtzRu,/C and Ptz;Sn/C catalysts

Nominal content Mean crystallite Lattice parameter Maio
Catalysts (Pt:Me) diameter, nm nm € % ’
47.5wt. % Pt/C - 3.9 0.39166 - -
33.5 wt. % Pt;Ru,/C 60:40 45 0.3871 0.368 87.4
20 wt. % Pt;Sn/C 75:25 5.2 0.398385 0.243 96.4
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were alloyed to Pt. The atomic fraction of Ru, Xg, = 0.368, is dightly below the
nomina content of 0.4 in PtgRuy/C, implying that most of the Ru atoms were
incorporated in the fcc Pt structure. This was confirmed by the corresponding
aloying degrees of 96.4 % for Pt;Sn/C and 87.4 % for PtzRuy/C.

Ethanol oxidation

The polarization curves for ethanol oxidation on Pt3Sn/C, PtsRu,/C and Pt/C
catalystsin acid solution are given in Fig. 3. The positive potentials were limited
to0 0.3V to avoid any Sn or Ru dissolution.

i(e)

0.20

j/ mAcm?

0.10

0.05

Fig. 3. Potentiodynamic curves for the

oxidation of 0.5 M C,HsOH at Pt/C

L (curve @), PtRu,/C (curve b) and

200 4100 0 100 200 300 pr.gyC (curve c) catalysts in 0.1 M
E/ mv (SCE) HCIO,; v=20mV st

0.00

The Pt/C catalyst exhibited a low activity (curve a). The reaction commen-
ced at =~ 0.1 V when the dissociative adsorption of water occurred, providing
OHgg species’© needed for the oxidation of adsorbate containing C; fragments
(mostly COq1114 and CH,®) and C, fragments generated by the dissociative ad-
sorption of ethanol .38

Both aloys were more active than P/C. The onset potentials on the PtzRuy/C
(curve b) and Pt3Sn/C (curve c) catalysts are shifted to less positive potentials
with respect to Pt/C by = 0.15 and ~ 0.25 V, respectively. The catalytic action of
Sn or Ru in the corresponding Pt-based alloys was correlated generally by their
ability to dissociate water at lower potentials than Pt, enabling the bifunctional
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mechanism between the adsorbate on the Pt and the OH species adsorbed on the
added metals to proceed. However, the superior activity of Pt3Sn/C with respect
to Pt3Ruy/C catalyst requires further analysis.

Alloying Sn to Pt causes an electronic modification due to the Pt—Sn inter-
action. An electronic modification in the unfilled d-band states of Pt atomsin va
rious PtSn catalysts has been evidenced by spectroscopic techniques.16-18,22
Characteristic for Sn is the decrease of the local density of states at the Fermi
level, which is in direct correspondence with the lowering of the energy of the
d-band center. Therefore, CO binds more weakly on a Pt3Sn surface than on a
pure Pt surface, which is in accordance with the downshift of the d-band centers
of the platinum atoms.31.32 The Sn atom is not a strong acceptor of electrons
from water molecules and forms a weak bond with OH.22.33 Both phenomena
should be beneficia for ethanol oxidation.

Incorporation of Sn atoms in the fcc Pt lattice leads to an expansion of the
|attice parameter, as revealed by XRD analysis (Table 1), changing the structure
of the Pt-based material. The elongation of lattice parameter may facilitate C-C
bond cleavage thus improving the catalytic activity.152021 A DFT calculation
supports this assumption, indicating that surface transition species originating
from ethanol are sensitive to the bond length and angle.34

As the Pt3Sn/C catalyst had the high alloying degree of 96.4 %, it is reason-
able to assume that both effects, electronic and structural, could be the origin of
its high activity. On the other hand, C—C bond cleavage is a site demanding pro-
cess requiring at least two adjacent (ensemble) binding Pt sites as the C—C bond
lengthis 1.5 A and the atomic diameter of Pt is 1.39 A. This means that larger Pt
ensembles are required for C-C bond breakage, while on smaller Pt ensembles,
incomplete ethanol oxidation to acetaldehyde and acetic acid should be pro-
moted. The number of the large Pt ensembles is generally diminished by incorpo-
ration of Sn into the Pt lattice, but it may be simultaneously compensated with
the structural effect originating from the expansion of the Pt—Pt distance (Table
I). However, it should be pointed out that the selectivity of Pt3Sn/C or other
PtSn/C catalysts towards CO, formation was not improved significantly with res-
pect to a Pt/C catalyst.47.810.23

Electron transfer from Pt to Ru in the PtzRu,/C catalyst18 decreases the bond
strength between Pt and adsorbate produced from ethanol .32 Moreover, the de-
creased Pt—Pt bond distance seems to be unfavorable for C-C bond cleavage.10

If electronic and structural effects are not beneficia for ethanol oxidation,
than the promotion of catalytic activity of PtgRuo/C with respect to P/C arises
mainly from the ability of Ru atoms to dissociate water at lower potentials com-
pared to P, providing oxygen-containing species to oxidize the adsorbed frag-
ments generated from ethanol. However, although the capability of Ru atoms to
dissociate water is larger than Sn atoms,16 Pt3Ru,/C is significantly less active

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




1566 TRIPKOVIC, LOVIC and POPOVIC

than Pt3Sn/C in ethanol oxidation most likely due to the slightly stronger bonded
adsorbate, i.e., higher poisoning of the surface.

Electronic effect dominantly determined the activity of the Pt3Sn/C catalyst
in ethanol oxidation and it is the main reason for its higher activity with respect
to Pt3Ruy/C.35 The structural or ensemble effects seems to be less important,
since the selectivity for oxidation to CO» is not significantly increased on both
catalysts compared to Pt/C.19

The stability of the catalysts was studied in chronoamperometric experi-
ments (Fig. 4). The highest initial current density at 0.2 V on Pt3Sn/C related to
the other two catalysts is in accordance with the potentiodynamic measurements
(Fig. 3). The currents decay rapidly at Pt/C and Pt3Ru,/C catalysts, reaching their
steady state values within a few minutes. On the other hand, the initial current
decreases dightly at Pt3Sn/C and stabilizes in the experimental period of time at
avalue which is about two times higher than at the Pt3Ru,/C catalyst. The Pt3Sn/C
catalyst is evidently less poisoned than PtgRuy/C or Pt/C.
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Ethanol oxidation at Pt3Sn/C, Pt/C and the Snypp-modified P/C and Pt3Sn/C
catalysts and the corresponding basic voltammograms are displayed in Fig. 5.

The decrease of charge in the hydrogen region of = 25 % between Pt/C and
the Snypp-modified P/C catalyst (Fig. 5A) can be related to the coverage with
Snypp, assuming that hydrogen does not adsorb on Sn.36

The activity of Pt/C catalyst was improved by the Snypp layer (Fig. 5C).
The reaction commences at ~ 0.0V (curved), i.e.,, a=~ 0.1V less positive poten-
tialsrelative to Pt/C (curve a).
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Fig. 5. (A) Basic voltammograms of Pt/C (solid line) and Pt/C modified with 25 % Snypp
(dash line); (B) basic voltammograms of the PtzSn/C electrode (solid line) and Pty Sn/C
modified with 10 % Snypp (dash-dot line); (C) potentiodynamic curves for the oxidation of
0.5M C,HsOH in 0.1 M HCIO, at Pt/C (curve a), at Pt/C modified with 25 % Snypp (curve
a), at Pt;Sn/C (curve ¢) and at Pt;Sn/C modified with 10 % Snypp (curvec'); v=20mvV s,

Comparison of PtzSn/C containing ~ 25 at. % of Sn (curve c) with Pt/C mo-
dified by the same amount of Snypp (curve &) reveals clearly that the aloy is
considerably more active. The onset of the reaction at Pt3Sn/C is shifted by more
than 0.1 V to less positive potentials and the current densities are enhanced.
Spectroscopic analysis of Snypp on P/C shows that the Snypp interacts with
oxygen species similarly asin PtzSn/C aloy, but the underpotential deposition of
Sn on Pt/C induces much smaller electronic changes in Pt/C than in Pt3Sn/C.28
This means that Snypp does not interfere remarkably with the ability of Pt to
adsorb strongly ethanol or the adsorbate generated by ethanol dissociation, which
should be the main reason for the lower activity of the Snypp modified P/C with
respect to Pt3Sn/C.

The small amount of Sn (= 10 %) electrodeposited on Pt3Sn/C (Fig. 5B)
promotes the activity of the alloy (Fig. 5C, curve ¢’), creating a powerful catalyst
for ethanol oxidation as was shown in the literature.3’ The high activity of this
catalyst can be explained by combining the electronic effect, causing less strong-
ly bonded adsorbate on the Pt sites, and the easier mobility of Snyg,38 with en-
hanced amount of oxygen-containing species on the Sn sites, resulting, as a final
consequence, in areinforcement of the bifunctional mechanism.
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Using the same approach, ethanol oxidation was examined at PtsRu,/C con-
taining 40 % of Ru (Fig. 6B) and compared with the P/C catalyst modified with
approximately the same amount (= 40 %) of Ruypp, (Fig. 6C, curves b and &',
respectively). The decrease of charge in the hydrogen region of =~ 40 % between
Ruypp modified and unmodified Pt/C catalyst (Fig. 6A) can be attributed to the
coverage with Ruypp on the Pt sites, assuming that the maximal coverage of Ru
by H adatomsis~ 15 %.39.40
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Fig. 6. (A) Basic voltammograms of Pt/C (solid line) and Pt/C modified with 40 % Ruypp
(dash line); (B) basic voltammogram of Pt;Ru,/C electrode; (C) potentiodynamic curves
for the oxidation of 0.5 M C,H50H in 0.1 M HCIO, at Pt/C (curve @), at Pt/C modified
with 40 % Ruypp (curve a’) and at PtzRu,/C (curve b); v=20mvV s1.

Inspection of the results given in Fig. 6C shows a significant difference in
respect to the corresponding results obtained at Pt3Sn/C and Snypp modified
Pt/C catalysts (Fig. 5C). The substantia easily recognized contrast is the small
difference between the activity of PtzRu,/C (curve b) and that of the Pt/C modi-
fied by the same amount of underpotentially deposited Ru (curve a’). This is
reliable proof that electronic or structural effects do not provoke a significant
influence on the activity of Ru alloyed Pt catalysts. In this context, the high al-
loying degree of 87.4 % (Table I) is not as relevant for an estimation of the ca-
talytic properties of Pt3Ru,/C asit isin a case of the Pt3Sn/C catalyst. Since un-
derpotential deposition of Ru on Pt/C does not provoke significant electronic
changes in Pt/C,16:18 ethanol oxidation on the respective catalysts obeys the con-
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ditions relevant for the bifunctional mechanism. In this sense, the ratio between
Pt sites, which adsorb ethanol, and Ru sites, which nucleate oxygen species to
oxidize that adsorbate, becomes crucial. The ratio Pt/Ru = 60:40 fulfilled in
PtsRu,/C as well as in P/C modified by 40 % of Ruypp provide the best cata-
lytic performance.#1 The addition of ~ 10 % Ruypp on PtsRuy/C or enhancement
of the amount of Ruypp on Pt/C at 50 % decreases the activity of both catalysts,
respectively (not shown).

The activities of the catalysts studied in ethanol oxidation obtained under
quasi-steady state conditions are given in Figs. 7 and 8. In these plots, the cur-
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Fig. 7. Tafe plotsfor the oxidation of 0.5 M C,HsOH in 0.1 M HCIO4 solution at: Pt/C (curve
a), Pt/C modified with 25 % Snypp (curve a), PtzSn/C (curve c) and PtzSn/C modified with
10 % Snypp (curvec’). (A) Current density normalized to the active surface area of the
respective catalysts; (B) mass specific current density; v=1mV s1.
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rents are given either as active surface area normalized current densities (Figs.
7A and 8A) or as mass normalized currents (Figs. 7B and 8B). The Pt3Sn/C is
more active than the Pt/C modified by Snypp (= 25 %) catalysts (Fig. 7) and
considerably more active than Pt/C. The activity of PtsRu,/C and Pt/C modified
by Ruypp (= 40 %) are similar, but both catalysts are more active than Pt/C (Fig.
8). The activity of the respective catalysts at E = 0.1 V (SCE) summarized in
Table Il show that the ratio of the activity between the alloys and corresponding
Snypp- or Ruypp-modified P/C is generally maintained regardless of whether
the currents are given as active surface area or as mass specific currents.
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Fig. 8. Tafd plotsfor the oxidation of 0.5 M C,H50OH in 0.1 M HCIO, solution at: Pt/C (curve
a), Pt/C modified with 40 % Ruypp (curve a') and PtsRu,/C (curve b). (A) Current density
normalized to the active surface area of the respective catalysts;

(B) mass specific current density; v=1mV s1,
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Pt3Sn/C modified by = 10 % Snypp is the best catalyst studied. Its activity
enhanced more than two times in respect to Pt3Sn/C catalyst is close to the ac-
tivity attained at ternary Pt/Rh/SnO, catalyst.42-44

TABLE II. Activity of the respective catalystsat E = 0.1V (SCE)

Pt/C + Pt;Sn/C + Pt/C +
Cdalysts Pt/C 25 % Snueo Pt;Sn/C 10 % Snyeo Pt;Ru,/C 40 % Ruyep
j /T mA mg'1 1.69 3.25 11.75 25.6 5.45 4.02

j/mAcm?  24x10° 46x10° 14.2x10° 31.3x10°  6.2x10° 5.5x10°

Tafel slopes of ~ 120 mV dec! obtained at PtzSn/C and Snypp modified
Pt/C catalysts indicate that the first electron transfer could be the rate determining
step.23 Higher Tafel slopes of 140-150 mV dec® at Pt/C, PtsRuy/C and Rugg
modified Pt/C catalysts are caused by alarge poisoning of Pt.4°

CONCLUSIONS

According to the results obtained in this work dealing with the effects influ-
encing the overall ethanol oxidation on the studied catalysts, the following con-
clusions can be reached.

Both aloys are more active than Pt/C. Pt3Sn/C is more active than PtgRuy/C
or the corresponding Snypp- or Ruypp-modified Pt/C catalysts as revealed from
potentiodynamic and quasi steady state measurements. Its high activity originates
mainly from the electronic effect causing the weakly bonded adsorbate generated
by ethanol adsorption on the Pt sites and the appropriate amount of oxygen-con-
taining species labile bound to Sn to oxidize the adsorbate through the bifunc-
tional mechanism. It was concluded that the promoted OH generation is the pri-
mary reason for the enhanced activity towards ethanol oxidation on the PtzRu,/C
catalyst.

Since underpotential deposition of Sn or Ru does not provoke any significant
electronic effect, both the modified Pt/C catalysts were less active than the cor-
responding alloys. Accordingly, the more pronounced difference between the
Pt3Sn/C and the Snypp-modified Pt/C (25 % Sn) as compared to the difference
between Pt3Ru,/C and the Ruypp-modified Pt/C (40 % Ru) is caused by the
electronic effect in Pt3Sn/C.

Modification of Pt3Sn/C with a small amount of Snypp (= 10 %) creates a
powerful catalyst for overal ethanol oxidation.
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U3BOA

VIIOPEJHO UCIIUTUBAIBE OKCUAALIWJE ETAHOJIA HA TNTATUHCKHUM
HAHOJIET'YPAMA U Pt HAHOYECTULIAMA MOJIUOMKOBAHUM
MNOAINIOTEHIIUIJAJIHOM JIETIO3ULIMIOM

AMAJIMJA B. TPUIIKOBUR, JEJIEHA /1. JOBUR u KCEHUJA 'B. [IOIIOBU'R
HUXTM — Lenitiap 3a eaexitipoxemujy, Yrnusepauitieii y beozpaoy, thezowesa 12, ii. ip. 473, 11000 Beozpao

AxTuBHOCT 11Be nerype, PtsSn/C u PtzRuU,/C, ynopehene cy ca akruBHoctima P/C momudu-
KOBaHHM oaroBapajyhum xommauaama Shypp (= 25 %) niu Ruypp (= 40 %) y peakuuju okcuarje
eranona. Katanmusaropu cy okapakrepucanu auppakimjom X-3paka (XRD) u ompeljen je crenen
nerupama. IbUXoBa aKTUBHOCT M CTaOMJIHOCT UCHMTHMBAHA j€ MOTEHIMOAMHAMUYKHM, KBa3H-CTa-
LMOHAPHIM M XPOHOAMIIEPOMETPHUjCKUM MepemHnMa. JJoOujeHn pe3yiTaTu cy IoKa3anu Ja cy obe
nerype aktuBHUje of Snypp U Ruypp Momudurosanor PY/C karamusaropa. AxtusHocT PtzSn/C
KaTaJi3aTopa ojpeheHa je 3HauajHUM EJICKTPOHCKUM e(EeKTOM, LITO je U IVIABHU Pa3jior HEroBe
Behe aktuBHOCTH y omuocy Ha Pt3RU/C. OmcyctBo enmekrpoHcKor edekra kox Shypp 1 Ruypp
moaudukoBanor Pt/C karanu3aTopa YMHH OBE €IEKTPOJIE Mambe aKTUBHUM O] oarosapajyhux ie-
rypa, 1j. ox Pt;Sn/C u PtzRU,/C. Beha pasnuka y aktusHocTH n3mely PtSn/C u Snypp Moaudu-
koBanor Pt/C karanusaropa Hero usmehy PtsRU/C u Ruypp Moaudukosanor Pt/C karanusaropa
n3a3BaHa je enKTpoHCKUM edektom y PtzSn/C karammsartopy. Benuka aktusaoct PtzSn/C kara-
nM3aTopa MOIH(HKOBAHOT MAJIOM KOJIUYHHOM SNypp (= 10 %) moxe ce 00jacHUTH KOMOHHALMjOM
CJIEKTPOHCKOT epeKTa, Tj. cIadjoM Be3oM aacopbarta Ha Pt mectuma n Behom MobmHOIIThY SNypp,
u noBehanom kommanHOM OHy wecTuia Ha SN MecTUMa, IITO Kao KPajibH Pe3ysTaT uMa modob-
mame OUdyHKIHOHAIHOT MEXaHH3Ma peakije.

(Mpumibeno 19. maja, pesuaupano 30. jyna 2010)
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constant and therelative acidity scale of water
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Abstract: The autoprotolysis constant and the relative acidity scale of water
were determined by applying the coulometric—potentiometric method and a hy-
drogen/palladium (H,/Pd) generator anode. In the described procedure for the
evaluation of the autoprotolysis constant, a strong base, coulometrically gene-
rated in situ at the platinum cathode in the electrolytic cell, in the presence of
sodium perchlorate as the supporting electrolyte, was titrated with hydrogen
ions obtained by the anodic oxidation of hydrogen dissolved in the palladium
electrode. The titration was performed with a glass-SCE electrode pair at
25.0+0.1 °C. The obtained value, pK,, = 13.91+0.06, is in agreement with lite-
rature data. The range of the acidity scale of water was determined from the
difference between the half-neutralization potentials of the electrogenerated
perchloric acid and that of sodium hydroxide in a sodium perchlorate medium.
The half-neutralization potentials were measured using both a glass-SCE and a
(H/Pd);,s—SCE electrode pair. A wider range of the relative acidity scale of
water was obtained with the glass-SCE electrode pair.

Keywords. coulometry; potentiometry; autoprotolysis constant; relative acidity
scale; hydrogen—palladium electrode.

INTRODUCTION

A variety of procedures have been used for the evaluation of autoprotolysis
constants, mainly based on potentiometric titrations.! The classical potentiomet-
ric procedure for the determination of an autoprotolysis constant requires the pre-
paration of standard solutions of strong acids and strong bases in the investigated
solvent; the parameters, such as concentrations of the solutions and the presence
of either acidic or basic impurities, must be accurately evaluated. The potentio-

* Corresponding author. E-mail: radadz@kg.ac.rs
doi: 10.2298/J5C100316094D
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1576 DZUDOVIC and JAKSIC

metric determination of autoprotolysis constants was simplified by generating the
acid or base coulometrically.

Glab and Hulanicki2 were the first to apply coulometric titrations for the
determination of autoprotolytic constants. The values of pKg of solvents were
caculated from the potentials measured during the course of a titration of a
strong acid (perchloric acid) with a cathodically generated base. In the described
procedure, only one solution containing the acid and the conducting electrolyte
had to be prepared, and its concentration was determined from the coulometric
akalimetric titration curve, assuming 100 % current efficiency for the generation
of the base. The same authors3# applied the coulometric titration technique for
the determination of the protonation constants of acids and bases in water and
non-agueous solvents.

In previously published papers,®6 it was shown that the use of a standard
perchloric acid solution for titration of bases in agqueous and non-aqueous media
can be avoided by generating perchloric acid coulometrically at a Ho/Pd gene-
rator anode. Furthermore, a Ho/Pd anode was applied as the source of hydrogen
ions in the coulometric determination of the dissociation constant of bases in
some apratic solvents, as well as in the determination of autoprotolysis constants
and relative acidity scales of some non-agqueous solvents.5.7 In the present study,
aHy/Pd generator electrode was used for the coul ometric-potentiometric determi-
nation of the autoprotolysis constant of water as well as for the evaluation of rela-
tive acidity scale of water.

EXPERIMENTAL
Apparatus
The apparatus and the electrodes used in this work were described previously.”
Reagents

Water, twice distilled. Sodium perchlorate, analytical grade. A 0.10 M aqueous sodium
perchlorate solution was used as the supporting electrolyte solution. Tris(hydroxyme-
thyl)aminomethane (THAM), analytical grade. THAM was used to prepare a primary standard
solution (0.0676 M).

Procedures

Determination of the autoprotolysis constant. The supporting electrolyte was poured into
both the generating (35.0 mL) and the auxiliary (10.0 mL) compartment of the coulometric
cell. For the generation of the base, both electrodes in the generating circuit were made of pla-
tinum; the surface of the generating cathode was about 2 cm?. Base was generated by passing
a constant current of 15 mA to give a concentration of 0.006 M. The generator H,/Pd anode
and the electrode pair glass-SCE were then placed in the generating compartment. Titration of
the base was performed with hydrogen ions generated at the H,/Pd anode, at a current of 15
mA. The total concentration of the generated acid was equal to double the initial concentration
of the titrated base. Possible interferences due to the diffusion of the solution through the
porous diaphragms, separating the anode from the cathode compartment, were avoided by oc-
casional replacement of the catholyte with fresh supporting electrolyte solution. The titration
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AUTOPROTOLYSISAND RELATIVE ACIDITY OF WATER 1577

end-point (EP) was determined by the Gran method, which was modified for the coulometric
titration. The slope of the glass electrode was 59 mV.

Determination of the relative acidity scale. The range of the relative acidity scale of wa-
ter (mV) was determined from the difference in the half-neutralization potentials during the
reaction of perchloric acid with sodium hydroxide, generated coulometrically in an agueous
solution of sodium perchlorate.

a) Determination of the half-neutralization potential of an acid. The supporting electro-
lyte solution was poured into the anode (35.0 mL) and cathode (10.0 mL) compartment of the
coulometric cell. The (Ho/Pd)ge, anode and the Pt-cathode were immersed into the anolyte and
the catholyte, respectively. The perchloric acid was generated using a current strength of 15
mA, until a concentration of 0.007 M was achieved. The Pt-electrode and the glass-SCE (or a
(Ho/Pd)ine—SCE) pair was then immersed in the anolyte, and the acid was titrated with ca-
thodically generated base. The half-neutralization potentials of acid were determined gra-
phically (Fig. 1).

> -120
£
w

-100

-80

Fig. 1. The dependence of the
potential of the cell on log
[HA/(100 — HA)], where HA re-

g present the percent of neutrali-
40+ zed acid. The graphical deter-
, : ; : , : mination of the half-neutraliza-

0.4 0.0 0.4 tion potential of perchloric acid
log[ HA/(100-HA)]  jsillustrated.

-60

b) Determination of the half-neutralization potential of a base. The supporting electro-
lyte solution was poured into the generating (35.0 mL) and the auxiliary (10.0 mL) compart-
ment of the coulometric cell. The base was generated at the Pt-cathode with the current
strength of 15 mA, until a concentration of 0.007 M was achieved, and then titrated with the
acid generated at the H,/Pd anode. The potentials were measured by means a glass-SCE or a
(H,/Pd)i,—SCE €electrode pair. The half-neutralization potential of the base was also deter-
mined graphically.

All measurements were carried out at 25.0+0.1 °C in solutions stirred with a magnetic
stirrer.

Coulometric—potentiometric titration of THAM in water. A THAM solution (2.00 mL)
and the sodium perchlorate solution (18.0 mL) were put into the anode compartment of the
coulometric cell, and the sodium perchlorate solution (5.0 mL) was poured into the cathode
compartment. The auxiliary electrode (a Pt-wire) was immersed in the catholyte. The (H,/
/Pd) gen @node and the electrode pair glass-SCE or (H,/Pd);,—SCE were placed in the anolyte.
The titration of the base was performed with hydrogen ions generated discontinually at the
H,/Pd anode, under continuous registration of the potential.
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1578 DZUDOVIC and JAKSIC

RESULTS AND DISCUSSION

The autoprotolysis constant of water was determined by the coulometric pro-
cedure in which a strong base was first generated cathodically in the electrolytic
cell and then titrated with hydrogen ions generated by the anodic oxidation of
hydrogen dissolved in palladium, in an agueous sodium perchlorate solution. The
concentration of the base was determined from the coulometric acidimetric tit-
ration curve, assuming 100 % current efficiency for the generation of hydrogen
ions at the (H2/Pd)gen anode. The changes in hydrogen ion concentration were
followed with a glass electrode. For calibration of glass electrode the so-called
“E0-titration”® was used; at a constant ionic strength, the em.f. of the cell is a
linear function of the logarithm of hydrogen ion concentration.

The experimental data obtained in the course of the coulometric—potentio-
metric titration of the electrogenerated base with perchloric acid generated at a
(H2/Pd)gen anode at a given ionic strength (0.10 M) were used to calculate the
autoprotolysis constant of water. The concentration constant of water autopro-
tolysis (pK{, =—logKy, ) was calculated by means of the expression:

L
59.16
were the potentials Eg and Eg represent the specific cell constants for the basic
and acid regions, respectively, involving the standard potential of the glass
electrode, the potential of the reference electrode, the diffusion potential and the
activity factors. The values E (mV) and EJ (mV) were calculated from a

definite number of points along the titration curve before and after the equiva
lence point, respectively, using the equations:

E0 = E-50.16 log 2P~
FV

E) = E+59.16 Iogﬂ
FV

where Qgp (C) denotes the amount of charge generated up to the end point of
titration of the base, Q (C) is the quantity of the charge generated up to the
measured potential E (mV), V is the solution volume (mL) and F is the Faraday
constant (96500 C mol—1). The constancy of Eg and Eg over the whole range
indicates the proper functioning of the indicator electrode and the absence of
systematic errors. The detailed record for this procedureisgivenin Tablel.

The concentration constant was recalculated to obtain the thermodynamic
value:

pK,, =pKS —log f, f_

by using the known ionic strength (in 0.10 M ionic strength, f. = 0.83 and f_ =
=0.76).°

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




AUTOPROTOLYSISAND RELATIVE ACIDITY OF WATER 1579

TABLE I. Coulometric determination of the autoprotolysis constant of water; the base in 35
mL cell was generated at a Pt-cathode and then titrated with electrogenerated acid by the use
of an (Hy/Pd)yen anode; current 15 mA; equivalence point for acid generation corresponds to
Qep = 19310 mC; the supporting electrolyte was 0.10 M sodium perchlorate;

K¢S =w =13.70; pK,, = 13.89

w

59.16
Q/C E/mV EY/mV E2/mV
1.80 322 457.4 -
2.70 321 457.8 -
3.60 319 457.2 -
4.50 318 457.7 -
5.40 317 458.4 -
6.30 317 460.1 -~
7.20 316 460.9 -
8.10 314 4610 -
9.00 312 461.1 -
9.90 311 4625 -
10.80 307 461.2 -
11.70 305 462.0 -
12.60 300 458.4 -
13.50 295 459.2 -
24.30 -183 - -352.5
25.20 -188 - -350.6
26.10 -192 - -351.0
27.00 -195 - -350.9
27.90 -198 - -351.1
28.80 -200 - -350.6
29.70 -202 - -350.3
30.60 —204 - -350.2
31.50 -206 - -350.2
32.40 -208 - -351.4
33.30 -210 - -350.7
34.20 -212 - -351.1
35.10 -214 - -351.6
36.00 -215 - -351.2
Average — 459.6 —351.0

The pKy, values determined coulometrically using a Ho/Pd anode, as well as
the literature date, are listed in Table Il. The pK,y value obtained experimentally
in this study agrees well with the literature data.l0 This indicates that the
procedure proposed here delivers fair results, but that special attention must be
paid to avoid the diffusion of the solution through the porous separator.

TABLE Il. Autoprotolysis constant of water obtained by coulometry at 25.0+0.1 °C
pK ¢ +3D? pK,,=SD? pK,, Literature data’™
13.71+0.06 13.91+0.06 14.0
Standard deviation, number of determinations: 6
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1580 DZUDOVIC and JAKSIC

The relative acidity scale

The relative acidity scale (Eg) of a solvent defines the approximate potential
range which can be used for potentiometric acid—base titrations in the given sol-
vent under the determined experimental conditions. The value of the practical Eg
scale can be determined from the difference between the half-neutralization
potentials of a strong acid and a strong base in the applied solvent.11

The relative acidity scale of water was determined in this study coulomet-
rically from the difference between the half-neutralization potentials of solutions
of perchloric acid and sodium hydroxide.

Es = Ev2Hci0,) — Ev2(NaoH)

The half-neutralization potentials of the acid were determined graphically
from the experimental data obtained in the course of the titration of electrogene-
rated perchloric acid with the coulometrically generated base in sodium perchlo-
rate media (Fig. 1). The potentials were measured using both a glass-SCE and a
(H2/Pd)ing—SCE electrode pairs at 25.0+0.1 °C. The half-neutralization potentials
of the base were also determined graphically, from the experimental data ob-
tained in the course of the titration of coulometrically generated sodium hyd-
roxide with perchloric acid generated at an (H2/Pd)gen anode in an agueous solu-
tion of sodium perchlorate.

The ranges of the relative acidity scale of water obtained by the coulometric—
—potentiometric procedure using a (H/Pd)gen electrode, as well as literature data,
are summarized in Tablelll.

TABLE Ill. The relative acidity scale of water obtained by coulometry at 25.0+0.1 °C; sup-
porting electrolyte, 0.10 M sodium perchlorate

. E (aidtD?  Epy(base)rD EctD Es/mV
Electrode pair mv mv mv (literature data™)
Glass-SCE —79+£3 41147 49046 540
(H./Pd); ,SCE 66+4 276+14 21049 -

Standard deviati on, number of determinations. 4

The experimentally determined Eg values of the acidity scale of water ob-
tained in this study by coulometry differ from the ones obtained by the classic
potentiometric method.1! This difference can be explained by differences in the
experimental conditions (titrant, electrode pair, ionic strength, etc.) in the present
work in comparison to those applied by other authors.

As can be seen (Table I1), a wider Eg scale of water was obtained when a
glass-SCE electrode pair was used to measure the half-neutralization potentials.
This significant difference between the values of Eg scales obtained with a glass—
—SCE and a (H2/Pd)in¢—SCE electrode pairs is probably caused by the lower sen-
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sitivity of the (Ho/Pd)ing €lectrode compared with the glass electrode. Previoudly,
it was shown that the slopes of the potential response of the (Ho/Pd)ing €lectrode
in agueous media were sub-Nernstian.12 Based on this fact, it could expected that
the highest potential jumps at the end-point would be obtained if a glass electrode
were used as an indicator electrode.

Thus, for example, in the coulometric titration of THAM in agueous media
(Fig. 2), the potential jumps at the end-point were, respectively, about 140 and 70
mV when a glass and a (Ho/Pd)ing €l ectrode were used, (for a base concentration
0.0070 M). Hence, a relative acidity scale of water determined by coulometry
may be a practical and useful criterion for the choice of the optimal conditions
(for example, the choice of a favorable electrode pair) in coulometric-potentio-
metric acid—base titration in this solvent.

-200 —

—n— glass - SCE
—— —o— (H/Pd),q - SCE
-100 - R

~0

E/mV

100 —

200 —

I I I I I
100 300 500 700
t/s
Fig. 2. Coulometric—potentiometric titration curves of tris(hydroxymethyl)aminomethane

in agueous media.

CONCLUSIONS

The autoprotolysis constant and relative acidity scale of water were deter-
mined by applying the coulometric—potentiometric method and a hydrogen/pal-
ladium generator electrode. By employing a hydrogen/palladium anode as the
source of hydrogen ions, the preparation of a standard solution of acid was avoid-
ed and the titrated volume and the ionic strength remained unchanged. This pro-
cedureis more rapid and simpler than the classical potentiometric procedure.
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M3BOJ

KYJIOMETPUJCKO-TIOTEHLIMUOMETPUICKO OJAPEBUBAKE KOHCTAHTE
AYTOITPOTOJIM3E U PEJIATUBHE CKAJIE KUCEJIOCTHU BOAE

PAZIMIJIA M. LIYJIOBUR® n JbMJbAHA H. JAKIINA?

TMpupoono—maimemaimuuru daxyaitiems, Ynusepsuiwiein y Kpazyjesuyy, Padoja Jomarnosuha 12, 34000 Kpazyjesay u
Pydapcko—zeonoucu daxyaitieis, Yuusepauitieini y Beozpady, Bywwra 7, 11000 Beozpad

KoHcTaHTa ayTONpOTONM3E U PellaTHBHA CKajla KUCEIOCTH BOJE OApeljeHe cy IMPUMEHOM Ky-
JIOMETPHjCKO—TOTEHIIHOMETPHjCKe MeTo e U Boponuk/manaaujymose (Ho/Pd) reneparopcke anone.
V npukazaHOM MOCTYIIKY 3a oapeljiBame KOHCTaHTe ayTOMPOTOIM3e BOAe, jaka 6a3a reHeprcaHa in
Situ kymomeTpujcku Ha Pt-katomy, y pacTBOpY HAaTpHjyM-TIepXJIOpaTa Kao eleKTPOIUTA, THTPUCAHA
j€ BOIOHMKOBHM jOHHMa JI00MjeHUM aHOJHOM OKCHAIN]OM BOJOHHKA PACTBOPEHOT Y MalaHjyMy.
Turpanuja je u3BoheHa NPUMEHOM €IEKTPOIHOT mapa crakieHa enekrpopa—3KE na 25,0+0,1 °C.
Hob6wujena Bpenuoct pK,, = 13,91+0,06 je y cariacHOCTH ca JUTEPATYPHHM MoAanuMa. PenaTuBHa
KHCEJIMHCKA CKajla BoJe onpeheHa je U3 pasiMKe Ioy-HeyTpaan3aloOHUX MOTEHIMjala pacTBopa
€JICKTPOTeHEePHCaHe NEPXIIOPHE KUCEINHE U HATPHjyM-XUIPOKCHAA Yy HATPHjyM-NIEPXIIOPAaTHO] Cpe-
JMHH. 32 Mepere MoTy-HeyTPAIN3alMOHUX OTEeHIHjala KOpHITheH! Cy eeKTPOJHH ITapOBH CTaK-
nena enexrpona—3KE u (Hy/Pd)y;,—3KE. Ilpumenom enexTpomHor mapa crakiena enekrpoga—3KE
nobujere cy Behe BpeHOCTH 3a peNIaTUBHY CKaTy KHCEIOCTH BOJE.

(Tpumsbeno 16. mapra, peBuaupato 6. jyma 2010)
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Abstract: An HPLC method for digoxin quantification in dissolution samples
obtained as per the official British Pharmacopeia (BP) method is presented in
this paper. The chromatography was performed at 20 °C on a Symmetry C18;
3.5 um, 75 mmx4.6 mm column with water—acetonitrile (72:28, v/v), as the
mobile phase and UV detection at 220 nm. The method was found to be se-
lective, linear, accurate and precise in the specified ranges. The LOD and LOQ
were 0.015 and 0.050 pg mL-1, respectively. Robustness testing was conducted
to evaluate the impact of minor changes in the chromatographic parameters
(i.e., acetonitrile fraction, flow rate of the mobile phase, column temperature
and column length) on the characteristics of the digoxin peak. A full factoria
design (2% was used to investigate the influence of the four variables The
presented HPL C method was applied in quality and stability testing of digoxin
tablets 0.25 mg.

Keywords: digoxin; tablets; dissolution testing; HPL C; validation; experimental
design.

INTRODUCTION

Digoxin isacardiac glycoside that is widely used in the treatment of conges-
tive heart failure and certain cardiac arrhythmias. This drug is characterized by a
narrow therapeutic range (typically 0.5-2.0 ng mL—1 in serum), wide individual
variability in dosage requirements and complex metabolic pathways.!

As is known, dissolution testing is a routine quality control procedure in
good manufacturing practice (GMP), and the dissolution data are a substantial
parameter for the estimation of the bioavailability of solid oral dosage forms.

* Corresponding author. E-mail: mirmilenkovic@actavis.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100106123M
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1584 MILENKOVIC et al.

Numerous high performance liquid chromatographic (HPL C) methods have been
reported for the determination of digoxin.2=13 There are some methods reported
for digoxin determination after a dissolution test.14-16

In the United States Pharmacopoeia (USP), 0.1 M hydochloric acid (HCI)
and in the Japanese Pharmacopoeia (JP), diluted HCI is used as the dissolution
medium,17.18 while distilled water is employed as the dissolution medium in the
British Pharmacopeia (BP).1° As some degradation could occur by acid-cata-
lyzed hydrolysis of digoxin16, dissolution testing with water as the dissolution
medium was used in this study. Quantification of digoxin in the dissolution
samples is, as per al three compendia (i.e., the BP, USP and JP), based on mea-
surement of fluorescence induced by exposing digoxin to drastic conditions (i.e.,
ascorbic acid—methanol solution and hydrochloric acid, followed by hydrogen
peroxide—methanol solution over a period of 2 h). Here, afast and ssimple HPLC
method is applied for digoxin determination after dissolution and filtration with-
out any derivatization.

The Pharmacopoeias state that digoxin (Fig. 1) is practicaly insoluble in
water. It can also be found on the web that the solubility of digoxin is 0.07 and
0.0648 mg mL-1.20.21 When the described BP dissolution test conditions are
applied to 0.25 mg digoxin tablets, the resulting concentration should be about
0.42 pg mL~1 when the whole dose is dissolved (i.e., 0.25 mg in 600 mL). This
concentration can be determined by the HPLC method without any additional
sample treatment, except filtration, when an aliquot of 100 pl isinjected.

0
0
oH
HO, HO, Mol G’
o 0
! OH
HO" SO g s
RO T HO RO T

Fig. 1. Structural formula of digoxin.

A robustness test was performed to indicate factors that could affect the re-
sults. Evaluating robustness according to the International Conference on Harmo-
nization (ICH) definition is possible by two approaches: one variable at a time or
experimental design. For several reasons (too many experiments, no interactions
terms, etc.), the univariate approach, athough often performed and described in
the literature, is not recommended for robustness testing.22. Full factorial design,
as a powerful statistical tool, was employed in this study.
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EXPERIMENTAL
Equipment

Development and validation of the method were realised on a Agilent HPLC system HP
1200 series equipped with abinary pump G1312A, a vacuum degasser G1379B, an autosamp-
ler G1329A, athermostated column compartment G1316A and a UV detector G1315D, from
Agilent Technologies (Waldbronn, Germany). Data acquisition, data collection and system
control was provided by Chemstation software, revision B.03.01-SR1, from the same company.

A Symmetry C18, 3.5 um, 75 mmx4.6 mm column purchased from Waters (Wexford,
Ireland) was used.

The dissolution tests were performed using an Erweka DT700LH Dissolution apparatus
(USPI) (Heusenstamm, Germany). The dissolution medium was filtered through Whatman 25
mm, blue ribbon glass microfibre filters (Maidstone, UK).

Other equipment used was a Sartorius MC 1 analytical balance with a precision of 0.1
mg (Go6ttingen, Germany) and a Bandelin Sonorex ultrasonic bath (Berlin, Germany).

Design-Expert software, version 7.1.6, Stat-Ease Inc. (Minneapolis, USA), was used for
the experimental design of the robustness test.

Reagents and solutions

HPL C-grade acetonitrile and HPL C-grade methanol were purchased from Merck KgaA
(Darmstadt, Germany), while the HPLC-grade water was obtained from a Sartorius Stedim
Biotech water system (Gottingen, Germany).

As the standard, an in-house working standard provided by Roche Diagnostics GmbH,
Mannheim, Germany, (assay calculated on “as is’ substance, 96.46 %) was used and stan-
dardised against digoxin EPCRS (assay calculated on “asis’ substance, 98.50 %) as reference.
Digoxin tablets (dilacor 0.25 mg tablets) manufactured by Zdravlje Actavis, Leskovac, Serbia,
were used for vaidation purposes. One tablet weighed 120 mg and contained 0.250 mg of
digoxin.

A digoxin stock solution was prepared by dissolving 21.0 mg of reference substance
digoxin in 90 m of a mixture of methanol—acetonitrile-water (20:20:60, v/v) and diluted to
100.0 mL with the same solvent mixture, ¢ = 0.21 mg mL™1. A standard solution of digoxin
was prepared by diluting 1 volume of stock solution to 500 volume with water, ¢ = 0.42 ug mL-1.

Sample solutions were prepared by performing the dissolution test.

For the selectivity test the following samples were prepared in 600 mL of the dissolution
medium:

— Excipients (mixture of lactose monohydrate, maize starch, soluble starch, colloidal
anhydrous silica and magnesium stearate), in the same amount as present in one tablet.

— Digoxin, in the same amount as present in one tablet.

— Digoxin and excipients in the same amount as present in one tablet.

The linearity stock solution was prepared by diluting 1.0 mL of digoxin stock solution to
50 mL with water, ¢ = 4.2 ug mL"L. Six linearity solutions were prepared by diluting of line-
arity stock solution.

A set of dilute solutions were prepared for the determination of the limit of detection
(LOD) and limit of quantification (LOQ). After determination of the LOD and LOQ, one so-
lution with the LOD concentration and six solutions with LOQ concentration were prepared
by diluting the standard solution.
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Experimental conditions

The experimental conditions described in the BP were used for the dissolution tests. For
dissolution experiments, digoxin tablets were weighed and placed in the dissolution apparatus
in batches of six. Sample aliquots (ca. 10 mL) were withdrawn at 5, 10, 15, 20, 30, 45 and 60
min and filtered through Whatman 25 mm, blue ribbon filters, whereby the first portion of the
filtrate was discarded. No additional pretreatment was required prior to HPLC analysis.

HPLC Chromatography was performed with a column temperature of 20 °C and the mo-
bile phase (mixture of water and acetonitrile, 72:28 % v/v) was pumped at a flow rate of 0.8
mL min-1.2 The run time cycle was completed in 10 min, while for the robustness test, it was
set on 20 min. Peak areas registered at 220 nm were used for digoxin quantification.

RESULTS AND DISCUSSION
Method validation

The parameters to be validated for the HPLC assay were according to the
ICH guidelines.24

System suitability. The USP states the tailing should be in the interval 0.8
—1.5; the RSD derived from six injections of standard solution should be less than
2.0 % and number of theoretical plates per column for the digoxin peak should be
not less than 2000. This parameter was demonstrated throughout the validation
work. The results obtained in the beginning, as well as the results obtained when
performing the intermediate precision by a second analyst are givenin Table .

TABLE I. Results for system suitability test

Analyst 1 Anayst 2

Run Area of - Theoretica Area of . Theoretical

digoxin peak USP Tailing plates digoxin peak USP Tailing plates
1 52.6 1.028 6952 46.1 1.073 6877
2 52.4 1.054 6861 459 1.084 6838
3 52.2 1.064 7069 45.1 1.092 6836
4 54.1 1.101 6867 449 1.100 6748
5 54,5 1.032 6730 44.6 1.104 6659
6 52.7 1.021 6883 43.8 1.112 6671
Mean 53.08 1.05 6894 45.1 1.094 6772
D 0.97 0.03 112.09 0.85 0.014 92.76
RSD / % 1.82 2.84 1.63 1.89 1.296 1.37

SHlectivity. In order to determine the selectivity of the dissolution medium,
placebo solutions, sample and standard solutions were filtrated and injected into
HPL C system. Representative chromatograms are shown in Fig. 2.

In the placebo solutions, no interfering peaks were observed at the expected
retention time of the active ingredient.

Linearity. The linearity of digoxin (area of peak against concentration) was
verified within the range 20-120 % of the reference solution, which corresponds
to concentrations 0.084-0.504 ng mL—1 of digoxin. The best-fit line through un-

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




HPLC DETERMINATION OF DISSOLVED DIGOXIN 1587

weighted least squares linear regression was generated. Digoxin gave a linear
response over the tested range and the linear regression equation was obtained:

y =129.69x/ 0.0867 D
M
_ ARAT AR

1 v

3
3 [\J\V__,W

2 3 4 5 6 7 H 9
Time, min

1

1,

nﬂ/\ﬂ\/\ 5372
1 2 3

S N B O

5. 6
Time, min

Abs / mAU
& m o n & o

S N B O o0

a 5 6 7 3 9
Time, min
Fig. 2. Chromatograms of placebo solution (&), standard solution (b) and
sample solution (c) under the described conditions.

The raw data for the best line calculation is given in Table |l as well as the
caculated peak areas of the best line, the peak area residual values and the
relative peak arearesidual values.

TABLE II. Linearity of the response for digoxin (peak arearesiduals)

c/pgmL™ Area, mAU s Best line peak area Peak arearesiduals RdatrlgdpL?alaI; area
0.084 121 10.98 112 10.19
0.168 21.2 21.88 -0.68 -3.09
0.252 32.3 32.77 -0.47 -1.43
0.336 433 43.66 -0.36 -0.83
0.420 53.8 54.56 -0.76 -1.39
0.504 66.6 65.45 1.15 1.75

The correlation coefficient (r) was 0.999. No apparent hon-linearity was ob-
served. This indicates functional linearity between the concentration of analyte
and the digoxin peak area.
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Limit of detection and limit of quantification. The LOD and LOQ values
were determined based on the SN criteria and were found to be 0.015 pg mL—1
(SN = 3) and 0.050 ug mL—1 (SN = 10), respectively. The LOQ solutions were
tested against the standard solution (¢ = 0.42 ug mL-1). The RSD value of 8.9 %
and a mean recovery of 103.4% show that acceptable accuracy and precision
were obtained.

Precision. In order to determine the repeatability, the dissolution test was
performed as previously described. To determine the intermediate precision of
the method, a second analyst performed the repeatability determination on the
same batches of 0.25 mg digoxin tablets on a different day, using a different dis-
solution apparatus and a different HPLC system. The results of the precision test-
ing aregivenin Tablelll.

TABLE Il1. Repeatability and intermediate precision results for digoxin
Digoxin dissolved, %

Sample Anayst 1, day 1 Anayst 2, day 2
1 100.07 101.63

2 101.96 99.66

3 98.75 98.76

4 104.42 98.40

5 101.20 98.04

6 106.69 104.50
Mean 102.18 100.17
D 2.92 2.48
RSD / % 2.86 2.48
RSD / % of 12 samples 2.76

95 % confidence intervals 99.85-104.52 98.18-102.15

Accuracy. The accuracy was tested as the recovery of digoxin at levels 80,
100 and 120 % of the declared content of digoxin, with 100 % content of pla-
cebo. Placebo (120 mg) and the appropriate amount of digoxin, i.e., 0.200, 0.250
or 0.300 mg of digoxin, were added in the form of a solution of concentration
0.10 mg mL-1 (i.e., 2.0, 2.5 or 3.0 mL, respectively) into dissolution vessels fill-
ed with 600 mL of dissolution medium (three replicates for each concentration
level) and the dissolution testing was performed as per the method.

The accuracy results for digoxin in all samples showed good recovery and
are summarized in Table IV.

Sability of solution. The stability of digoxin in the test solution and the sta-
bility of digoxin in the standard solution during a period of 48 h were deter-
mined. Three test solutions representing 100 % of the 0.25 mg digoxin tablets
were used to determine the stability of the test solutions. The initial concentration
of digoxin was compared to the concentration of digoxin in same solutions after
24 and 48 h. The test solutions and standard solution were stored in autosampler
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vials a ambient temperature. The results show that the solutions were stable
when stored in autosampler for a period of 48 h, since the measured content of
digoxin in the stored solutions differed by not more than 2.0 % from the initialy
measured content.

TABLE 1V. Accuracy results for digoxin (accurate concentrations of digoxin were 0.336,
0.420 and 0.504 pg mL ™, respectively)

Determined Determined Determined

. Reco- . Reco- - Reco
concentration concentration concentration
Sample ug mLL very ug mLL very ug mLL very
80 % level 100 % level 120 % level

1 0.327 97.32 0.415 98.81 0.509 100.99
2 0.321 95.54 0.419 99.76 0.499 99.01
3 0.321 95.54 0.422 100.48 0.491 97.42
Mean 0.323 96.13 0.419 99.68 0.500 99.14
D 0.003 1.031 0.004 0.836 0.009 1.789
RSD / % 1.072 1.072 0.839 0.839 1.805 1.805
95 % Confiden- 0.319-0.327 94.96-97.30 0.415-0.423 98.74— 0.489-0510 97.12-
ceinterva —100.6 -101.2

Robusthess. Critical chromatographic parameters, such as the percentage of
acetonitrile in the mobile phase, flowrate of the mobile phase, column tempera-
ture and column length, were deliberately varied to test their impact on the digo-
xin determination. The characteristics of the digoxin peak, such as peak area, re-
tention time, USP tailing, symmetry, number of theoretical plates per column
(half-width method) and capacity factor, were used to observe the influence of
these changes in the method. The experimental results of the robustness study are
summarized in Table V.

The number of experiments required for a study depends on the number of
independent variables. The responses are measured for each trial and then the
interactive model (Y = bg + b1X1 + boXo + bgX3 + b1oX1Xo + bygX1X3 +-) is
fitted by performing multiple regression analysis and F-statistics to identify the
statistically significant terms.2>

The estimated effects were graphically and statistically interpreted to deter-
mine their significance. The half-normal probability plot was used as a graphical
tool to assess significance of the effects. In this plot, the non-significant effects
are found on a straight line through zero, while the significant deviate from this
line. An example of the graphical method is given in Fig. 3, which shows that
changing the flow rate has statistically the most significant effect on the area of
the digoxin peak.

The interactive statistical first-order model was generated completely to
evaluate the digoxin peak area. The final equation was given in terms of the
actual factors:
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TABLE V. Robustness — 2* full factorial design layout

Variable level in actual form Responses
No Acetonitrile t Flow rate cfg'q“?;}” Area Re:ﬁ”ngon USP o Tlf;tﬂetg .
fraction, % °C mL min? "9 mAU's X Tailing y P P
mm min column

250 180 06 750 696 120 111 0.87 8317 8.64
250 220 06 750 678 129 1.10 0.87 8672  9.37
250 180 1.0 750 441 7.5 1.07 0.91 6439  9.06
250 220 10 750 416 81 1.09 0.90 7009  9.83
310 180 06 75.0 692 6.2 1.19 0.86 15612  4.00
310 220 06 75.0 785 4.4 121 0.82 5046 255
310 180 10 750 482 26 121 0.81 4660  2.49
310 220 10 750 46.7 2.7 1.06 0.83 4831  2.72
250 180 06 1000 725 175 0.98 1.02 11297 951
10 250 220 06 1000 69.7 187 0.95 1.01 11920 10.26
11 250 180 10 100.0 443 9.4 1.00 1.00 9086  8.48
12 250 220 10 100.0 437 102 1.00 0.97 9424  9.20
13 310 180 06 100.0 70.6 4.8 1.05 0.94 10082 1.88
14 310 220 06 100.0 719 4.9 1.06 0.94 9907  1.99
15 310 180 10 100.0 44.4 29 1.07 0.92 6742 195
16 310 220 10 100.0 411 3.1 1.05 0.94 7108  2.07

OCO~NOOOTAWNPE

99 —f

Ec

95 —

90 —

80 —

70 —

S0 —

Half-Normal Probability, %

30 —
20 —
10 —
0 —

0.00 6.74 13.48 20,22 26.96

Standardized Effect
Fig. 3. Half-normal probability plot — effect of flow rate on the digoxin peak area.
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Dioxin peak area=111.67 — 67.41c 2
Equations for other responses were also generated:
Retention time=-161.24+5.72A+1.49B +133.98C + 2.57D —

3

_0.05AB—4.73AC—0.00AD — 2.22CD +007ACD )
USP Tailing=1.11+ 0.01A—4.4x10™°D (4)
Symmetry = 0.086—0.01A+ 4.15x10°D (5)

Theoretic plates=—-2.05x 10 +82476.83A+ 94770.67B +

+2.01x10° + 20173.27D — 3821.04AB — 81230.83AC —
—808.69AD —92704.17BC —923.86BD —19611.22CD + (6)
+3751.04ABC +37.36 ABD + 792.12ACD + 903.75BCD —
—36.65ABCD

Capecity factor = 37.58—-1.13A @)

where A is the % acetonitrile, B is the temperature (°C), C is the flow rate
(mL min—1) and D is the column length (mm).

From the generated equations, it can be observed:

— statistically, the most significant factors that have an influence on the USP
tailing and symmetry, are the % acetonitrile and the column length;

— statistically, the most significant factor which has an influence on the ca-
pacity factor is the % acetonitrile;

— statistically, all factors have a significant influence on the number of theo-
retical plates (N) and the retention time.

After construction, model was interpreted graphically by drawing 2D con-
tour plots. A 2D contour plot shows the iso-response lines as a function of two
levels of two factors. As an example, the graphical representation of the depen-
dence of the number of theoretical plates on the % acetonitrile and temperature is
shown in Fig. 4.

Finally, the robustness of the method can be seenin Fig. 5.

For the construction of the overlay plot, it was taken that the response factors
were peak area above 50; retention time less than 10 min; symmetry, min 0.85;
USP tailing, 0.8-1.2; number of theoretical plates (N) more than 2000 and capa-
city factor, 2-10.

In addition, the temperature and column length were chosen to be constant.

From the figure, it can be seen that the chosen experimental conditions arein
the middle of the graph.

Dissolution profile. Method described above was used to analyse commer-
cia batches of digoxin tablets. As per the applied BP dissolution test method, the
requirement for released digoxin is a minimum of 75 % in 60 minutes. The dis-
solution profile of one of the batches with error barsis shownin Fig. 6.

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




1592 MILENKOVIC et al.

2200 =
6179.75
5971

21.00 —

20.00
@) 76225
e——
A )

19.00 —

344,75
1800 T T T 1
25.00 26.50 2800 29.50 310

Acetonitrile fraction, %
Fig. 4. 2D Contour plot — number of theoretical plates.
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Fig. 5. Overlay plot — robustness of the method.
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Fig. 6. Dissolution profile of digoxin.

CONCLUSIONS

In this work, an HPLC method for the evaluation of the dissolution of di-
goxin tablets in water is presented and validated by the modification of an exist-
ing in-house HPLC method. By this method, using the BP dissolution conditions,
itis possible, ssimply and exactly, to determine digoxin in the dissolution medium
without fluorescence detection or any additional sample pre-treatment. The ac-
quired validation parameters indicate that this method is selective, accurate, pre-
cise and linear. In addition, by 24 full factorial design, it was shown that the me-
thod is robust and hence suitable for routine analyse of the dissolution of digoxin
tablet.

N3BOJI
HPLC METOJA 3A OJIPEBUBAILE JIJUTTOKCUHA Y PACTBOPEHUM Y30PLIMMA

MHUPOCJIAB X.MUJIEHKOBUR! BAJIEHTUHA JI. MAPUHKOBUR TIPEJIPAT C. CABUHOBUR?,
PAJJOCAB M. TTAJINR? n JIPATAH M.MUJIEHOBUR*

' @apmayeyiticko xemujcra unoyciipuja 30paswe—Axitiasuc, Baajkosa 199, Jleckosay u’Ynusepauitieii y Huuty,
IpupooHo—maitiemaitiuuku axyaitieit, O0cek 3a xemujy, Buwezpaocka 33, Huw

Y oBoMm pany npenctaBibeHa je HPLC merona 3a onpeljuBame TUroKCHHA Y y30pIUMa HAKOH
TEeCTa PacTBOPJBUBOCTH, 10 bpuranckoj dapmakoneju (b®). Xpomarorpaduja je nzsenena xHa 20 °
C, ma Symmetry C18 xononu, 3,5 um, 75 mm x4,6 mm, ca MoOmwIHOM (a3oM BOJa—alleTOHUTPILIT
(72:28, v/v) u VB nerekiumjom Ha 220 NM. YCTaHOBJBEHO je [a je MEeTO/Ia CEJICKTHBHA, JINHEapHa,
TauHa ¥ IpelnsHa y creumduimpanom oncery. LOD u LOQ Bpegsoctn usHocue ¢y 0,015 pg mL™
1 0,050 ug mL ™. Tecr pobycHocTH je Takolje H3BeaeH 1a GM M0Ka3a0 eeKaT MUHOPHHX [POMEHaA
y xpoMarorpadcKuM napameTpuma (Tj. y yaely aleTOHUTpPHUIIa, IPOTOKY MOOWIHE (ase, TemMrepa-
TYpHU KOJIOHE W JY)XHHH KOJIOHE) Ha KapaKTepPUCTHKE ITHKa JUIOKCUH cucrteMa. IloTmyHu (akrto-
pHjeNH Anu3ajH (24) je ynorpebJbeH f1a Ou ce moKas3ao yTUIaj YeTHpH NpoMensbuBe. [IpencraBbena
METO/Ia je NPUMEHEeHA Y KOHTPOJIH KBAJIUTETA U Yy TECTOBUMA CTaOMIHOCTH AUTOKCHH TabieTa.

(TMpumsbeno 6. janyapa, pesuaupano 13. centembpa 2010)
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Abstract: The kinetics and mechanism of isothermal crystal growth of K,TiGe;Oq
from a glass of the same stoichiometric composition were studied. The crystal
growth rate, U, in the range 1x1011-1.27x1019 m s was experimentally de-
termined in the temperature interval 540-600 °C. In the range of high under-
cooling, At, 435-375 °C, spherical crystals growing at (374+19) kJ mol-! was
observed.

Keywords: crystal growth; K5TiGesOg; Kinetics; mechanism; glass.

INTRODUCTION

Binary alkali germanates exhibit a characteristic behavior known as the “ger-
manate anomaly effect .13 This behavior means the presence of extremes on the
curves showing the dependence of some properties (density, refractive index,
glass transition temperature and viscosity) on the content of the alkali oxide.
Studies of the behaviors of ternary germanate glasses are not very numerous.
Recent investigations*6 showed that during crystallization of some K,0-TiOo—
—Ge0» glasses with a high content of TiO», crystals of KoTiGesOg were formed.
The presence of these crystals enables non-linear optical materials showing se-
cond harmonic generation to be obtained.® Such materials have great potential for
different applications. Due to this, the phase formation of KoTiGezOg has been a
subject of reinforced interest because knowledge of crystal nucleation and growth
processes of KoTiGesOg is important for the preparation of crystallized glasses
possessing the desired microstructure and properties.

The results of a study of KoTiGesOg crystd nucleation in a KoO-TiO2-3GeOo
undercooled melt were previously published.” In the present study, attention was

* Corresponding author. E-mail: grujic@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C091118120G
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1596 GRUJIC et dl.

focused on the kinetics and mechanism of crystal growth of KoTiGeszOg from its
undercooled melt.

EXPERIMENTAL

The K,0-TiO,-3GeO, glass was prepared by melting a homogeneous mixture of reagent
grade K,COs, TiO, (both Fluka Chemica,) and GeO, (electronic grade) in a platinum crucible.
The melting was performed in an electric furnace, Carbolite BLF 17/3, at t = 1300 °C during
7= 2 h. The glass was obtained by quenching the melt on a steel plate. Powder X-ray diffrac-
tion analysis (XRD) confirmed the quenched melts to be vitreous. The glass samples were
transparent, without visible residual gas bubbles.

The experiments were performed under isothermal conditions with bulk samples in a
one-stage regime in an electric furnace, Carbolite CWF 13/13, with automatic regulation and a
temperature accuracy of £1°C. The glass samples were heated at a heating rate = 10 °C min1
up to the desired temperature of heat treatment and maintained at the chosen temperature for
different times. The heat treatment temperatures, t., were in the range 540-600 °C. The samp-
les were maintained at the selected temperature for times, 7, in the range 10-1000 min. Fi-
nally, the samples were removed from the furnace and crushed in an agate mortar for X-ray
and SEM analyses.

A Jeol JSM 6460 microscope was used for the scanning electronic microscopy (SEM)
investigations. The samples for SEM investigation were gold sputtered. The diameters of cir-
cular intersections of the particles were determined from the SEM micrographs. The crysta
growth rate, U, at the treatment temperature, t, was determined from the time dependence of
the largest circular cross-section diameter, d.

The XRD method was used to determine the phase composition. The XRD patterns were
obtained on a Philips PW-1710 automated diffractometer using a Cu tube operated at 40 kV
and 32 mA. The instrument was equipped with a diffracted beam curved graphite monochro-
mator and a Xe-filled proportiona counter. The diffraction data were collected in the 26 Bragg
angle range from 4 to 70°, counting for 0.25 s at every 0.02° step. The divergence and re-
ceiving slits were fixed 1 and 0.1, respectively. The XRD measurements were performed at
room temperature in a stationary sample holder.

RESULTS AND DISCUSSION

The results of the chemical analysis show that a glass composition:
19.27K20-16.8Ti02-63.93Ge0, (wt. %) was obtained. This composition is close
to the stoichiometric one K2O-TiO2-3GeOs.

The XRD patterns of samples thermally treated under different conditions
are shown in Fig. 1, from which it can be seen that KoTiGe3Og was the only
phase formed during the crystallization of this glass, i.e., polymorphic crystal-
lization occurred.8

The SEM micrographs of these samples are presented in Fig. 2. It is obvious
that the nucleation process commenced within the bulk of the melt and that the
morphology of the growing crystals was spherical.

A previous investigation of the nucleation of this glass showed that the tem-
perature ranges of nucleation and crystal growth partly overlapped.” Accord-
ingly, isothermal, single-stage heat treatment experiments were performed. The
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CRYSTAL GROWTH OF KTiGesOg IN THE GLASS 1597
largest circular cross-section diameters, d, measured as a function of time at 540,

560, 580, 590 and 600 °C are shown in Figs. 3a—3d. The crystal growth rates
were obtained from the slope of the lines.

180

g 120 d)
~ 60 <)
by
0
b) Fig. 1. XRD Patterns of: a) glass,
a) b) sample crystallized at t = 580 °C
for 7 = 38 min, c) sample crys
8 45 60 tallized at t = 590 °C for 7= 30 min
30 . and d) sample crystallized at t =
0o 1 28/ = 640 °C for 7= 1000 min.

Fig. 2. SEM Micrographs of crystallized samp-
les after heat treatment at: a) t = 580 °C for
7=38 min, b) t =590 °C for =30 min and
) t =640 °C for 7= 1000 min.

The experimentally determined crystal growth rate and nucleation rate as a
function of temperature are presented in Fig. 4.
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The kinetics and morphology of crystals growing from the melt are deter-
mined by the following factors: @) interface kinetics — the movement of material
across the interface and its attachment to the crystal surface; b) material transfer —
the diffusion of material in melt; c) heat transfer — the removal of latent heat of
crystallization from the growing crystal surface and c) reconstructive transfor-
mation — the arrangement of atoms or ions species at the solid-iquid interface.®
Crystal growth from the melt is realized by different mechanisms. The condition
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CRYSTAL GROWTH OF K;TiGe3Og IN THE GLASS 1599

of the surface of a growing crystal and the degree of undercooling of the melt
play decisive roles on the action of certain growth mechanisms. Three standard
models are employed to describe crystal growth and to predict the kinetic be-
havior and morphology: normal growth, screw dislocation growth and surface
nucleation growth.10-13 An appropriate method for the estimation of the surface
condition of a growing crystal (crystal-iquid interface) and for the prediction of
the growth mechanism is the Jackson criterion.13 Accordingly, for materials with
small entropies of fusion ASy, < 2R, the solid-iquid interface should be rough on
an atomic scale. If the interface is atomically rough, continuous growth with non-
faceted interface morphology occurs and the anisotropy of the growth rate is
small, hence normal growth is expected. In contrast, for materials with large
entropies of fusion ASy, > 4R, the solid-iquid interface should be smooth. If the
interface is atomically smooth, layer growth with faceted interface morphology
occurs, either by a screw dislocation or a surface nucleation growth mechanism.
Previous experimental studies showed that for numerous organic and inorganic
glasses, screw didocation growth is operative. For glasses, crystallization with nor-
mal growth is less characteristic while surface nucleation growth is not usual .10
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Fig. 4. Uecp and |’ in the temperature range 540-600 °C.

When the melt and crystal have the same chemical composition, for the case
of growth at step sites provided by a screw dislocation intersecting the interface,
the growth rate may be expressed by the relation:13

U = f/lv[l— exp(—%ﬂ (1)
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where U is the growth rate per unit area of the interface, f is the fraction of
preferred growth sites on the interface and v is a frequency factor for transport at
the interface, 4 is the jump distance (of the order of atomic/molecular dimen-
sions), AG is the free energy of crystallization (free energy difference in the
transformation liquid-crystal, i.e., the thermodynamic driving force for crystalli-
zation), T, is the temperature in Kelvin and R is the gas constant. The factor f is
proportional to the undercooling AT = Ty, — T according to the expression:

_JAH AT

= 2
47meTm @

where Ty, is the melting temperature, Vyy, is the molar volume of the crystalline
phase, o is the crystal/liquid interfacial and AH, is the enthalpy of melting per
mole. The frequency factor for transport at the interface, v, may be expressed as:

AGp
) =l)0exp —F (3)

where vg is the vibration frequency of the growth controlling atoms, AGp is the
activation free energy for diffusion across the interface (the activation energy of
crystal growth).

Under the assumption that the molecular mobility necessary for crystal
growth is similar to the transport of molecules in the bulk melt, then the activa
tion energy for diffusion across the interface, AGp, is equal to the activation
energy for viscous flow, AG,, (AGp = AG). Considering viscosity as an activated
process, then it can be approximated by an equation of the form:14

AG_(T)
n=1g exp( FZT J @)
Mo =II(—1—1'0 ®)

where | is the metal—oxygen bond length (Ge-0), 1y is atime of the order of the
period of atomic vibration (79~ 1/ vg) and k is the Boltzmann constant.

By substitution of Eq. (5) into Eqg. (4) and then into Eg. (3), the following
expression is obtained:

b=HT (6)
/]
Introducing Egs. (2) and (6) into Eq. (1), Eq. (7) is obtained:
2AH K
U= m_ TAT 1 {1— exp(—ﬁﬂ (7)
4oV I° Ty 7 RT
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Using Eq. (7) and the values of the parameters given in Table |, the theore-
tical rate of KoTiGesOg crystal growth can be calculated.

TABLE |. The parameters of K,TiGe;Og used for the estimation of U

k/JK™ (Ref. 13) 1.3807x10%

Al 'm (Ref. 15) 5.6x10™"

| / m (Ref. 15) 1.77x10™%°

Vyn / m® mol™ (Ref. 8) 123.6x10°

o/ Im? (Ref. 8) 0.17

AG/JImol™ (Ref. 7) AG(T) =-102.97(1308.16 — T) + 108.27[(1308.16 — T) —
—T(In(1308.16/T)], TinK

1/ Pas (Ref. 5) n=-0.286 + 1739/(T - 684), TinK

To aobtain a more exact insight into the relation between the theoretical and
experimental values of the growth rate of KoTiGesOg crystals, this relation in a
narrow temperature range 540-600 °C is presented in Fig. 5, from which it may
be seen that a good agreement between the theoretical and experimental values of
the growth rate of KoTiGesOg crystals exists in the temperature interval 540-600
°C. This enables the crystal growth mechanism and the activation energy of crys-
tal growth to be determined based on experimental values.

1.4x10™°
1.2x10™°
1.0x10™°

lw |
£ 8.0x10™"
~ -
6.0x10™"

) ]
4.0x10™"
2.0x10™ +

0.0 -

T

530 540 550 560 570 580 590 600

t /°C
Fig. 5. Experimental (V) and calculated (---) crystal growth rates according to
Eq. (7) vs. t in the range 540-600 °C.

If in EQ. (1) the exponentia factor expands in the series:
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_av 2 3
RT 21\ RT 3NRT

and as significant, the first two terms in the series are taken into consideration,
the following replacement can be made

1_exp(_£j —ﬁ_AHm (Tm_T)_AHm AT (9)
RT RT T RT T,

m

Replacement of Eq. (2), (3), (9) and vg = KT/h, k = R/INa (where h is the
Planck constant and Np isthe Avogadro constant) in Eq. (1) gives:
2 2
U=— 2 (am)2ep- 20D, (10
4noV AN, T RT
The first term of the right side in Eq. (10) is independent of temperature,
hence Eq. (10) may be written as:

U= Kl(AT)Zexp[—%) (11)

where K1 = A2AH2/(4toVmhNaTm2).

Using the experimental data of the crystal growth rate at temperatures in the
interval 540-600 °C according to Eg. (11), the relation In[Uexp/(AT)Z] vs. UT
shown in Fig. 6 was obtained. As can be seen in Fig. 6, the relationship can be
described by a straight line of negative slope. This suggests that growth of
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1000 7" / K IN[Uew/(AT)?] vs. UT.
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KoTiGesOg crystals occurs by the screw dislocation mechanism in the region of
undercooling, At, 435475 °C. From the slope of this line, the activation energy
of crystal growth AGp = (374+19) kJ mol—1 was cal cul ated.

In the range of large undercooling, the temperature dependence of the crystal
growth rate substantially follows that of the viscosity of the liquid which crys-
tallizes polymorphic and where crystal growth occurs by the screw dislocation
growth mechanism. For comparison, the activation energy of viscous flow,
AG(T), was calculated. Since AG,(T) is temperature-dependent, the temperature
range was selected in which the isothermal experiments were performed. The
calculation was realized using data from Table | and Eq. (4). A value of AG;; 560-
_600 = (372+12) kdmol—1 was obtained, which isin good agreement with AGp.

CONCLUSIONS

The crystal growth kinetics of KoTiGezOg from its melt under isothermal
conditions was studied. The experiments were performed in the temperature
range 540-600 °C. The crystal growth rates determined by SEM were in the
range from 1x1011 to 1.27x10-10 m s-1. In this temperature range, the agreem-
ent between the theoretical and experimental values of the crystal growth rate of
KoTiGesOg is good. The analysis showed that in the region of high undercooling,
At, 435475 °C, the crystals of KoTiGesOg grew by the screw dislocation me-
chanism. The activation energy of crystal growth AGp = (374+19) kJ mol—1 was
calculated. This value corresponds to the activation energy of viscous flow in this
temperature range.

Acknowledgment. The authors are grateful to the Ministry of Science and Technological
Development of the Republic of the Serbiafor financial support (Project No. 142041).

U3BO [
PACT KPUCTAJIA K,TiGe;Og ¥ CTAKITY

CHEXAHA P TPYJUR?, [HUKOJIA C BJJATOJEBUH[", MUXAJJIO b TOILWHRZ, BJIAJUMUP J] KUBAHOBUR?
1 3ATOPKA C ARUMOBUWR-TTABJIOBUR®

" Texnoaowro-memianypuu paxyaiiei, Kaprezujesa 4, 11000 Beozpad u* Muciiuiiyiti 3a fiexHonozujy
HYKACAPHUX U OPYZUX MUHEPAAHUX cuposuna, Ppanute 0'Eiiepea 86, 11000 Beozpao
ITox M30TEPMCKHUM YCIOBHMa MpOyYaBaHa je KHHETHKAa M MexaHm3aMm pacta K,TiGe;Og
KpHUCTala M3 CTaKJia MCTOI CTEXHMOMETPHUjCKOT cacTtaBa. Y HMHTepBany Temmeparype 540-600 °C
eKCIIepHMEHTAIHO cy oxpelene Gpsume pacra kpucrana, U, 1x10-1.27x10"° m s™. [oxazano je
na ce y obnmactu Bucokux morxialjema, At, 435-375 ° C, pacr cdeprux kpucrana oe dase oasuja

0 MEXaHU3MY 3aBOjHe auciokauuje. JloOmjeHa je eHepruja aktuBammje pacta kpuctama AGp =
= (374+19) kI mol ™.

(Mpumsbeno 18. HoemOpa 2009, pesuaupano 29. jyma 2010)
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Abstract: This paper presents the results of an ex situ bioremediation of soil
contaminated by mazut (heavy residua fuel oil) in the field scale (600 m3). The
treatment-bed (thickness 0.4 m) consisted of mechanically mixed mazut-con-
taminated soil, softwood sawdust as an additional carbon source and crude ri-
ver sand, as a bulking and porosity increasing material. The inoculation/rein-
oculation was conducted periodically using a biomass of a consortium of zy-
mogenous microorganisms isolated from a bioremediation substrate. The bio-
stimulation was performed through addition of nutritious substances (N, P and
K). The aeration was improved by systematic mixing of the bioremediation
system. After 50 days, the number of hydrocarbon degraders had increased a
100 fold. Based on the changes in the group composition, the average biode-
gradation rate during bioremediation was 24 mg kg! day! for the aliphatic
fraction, 6 mg kg1 day! for the aromatic fraction and 3 mg kg'! day1 for the
nitrogen—sul phur—oxygen compounds (NSO)—asphaltene fraction. In the satu-
rated hydrocarbon fraction, gas chromatography—mass spectrometry (GC-MS)
in the single ion-monitoring mode (SIM) was applied to analyse isoprenoids
pristane and phytane and polycyclic molecules of sterane and triterpane type.
Biodegradation occurred during the bioremediation process, as well as a reduc-
tion of the relative quantities of isoprenoids, steranes, tri- and tetracyclic terpa-
nes and pentacyclic terpanes of the hopane type.

Keywords: mazut; bioremediation; field experiment; zymogenous microbial
consortia; isoprenoids, steranes and terpanes.
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INTRODUCTION

Mazut is a low quality, heavy residual fuel oil (chain length 12—70 C
atoms).1.2 In the United States and western Europe, heavy fuel oil is blended or
broken down with the end product being diesel. Mazut is widely used in eastern
Europe as a heating agent. Its long-term storage and use leads to the formation of
a reservoir of hydrocarbon sediment with a high content of various mechanical
impurities and water, which may potentially be hazardous for the environment.

The accumulated sediment is periodically taken off by mechanica means.
Common practice dictates that the removed sediment should be placed into metal
barrels or discarded reservoirs. In the case of incidents and mazut spills onto
concrete surfaces, it is habitual to add sand to prevent further spreading, which is
then covered and discarded along with the removed contaminated soil on a wa-
tertight material. Improper disposal of such material leads to contamination of the
environment, in particular contamination of soil, and represents a grave hazard
for the subterraneous waters.

Among numerous technologies for the cleansing of contaminated sites, bio-
remediation by means of zymogenous microorganisms3 is the most commonly
used method.4:°

Oil-degrading mixed cultures can be constructed either by combining a
number of strains with known complementary degradative capabilities (defined
consortia) or by direct enrichment procedures (non-defined consortia).6

Enrichment procedures with selected oil products or with some specific
components can provide non-defined, metabolically specialized microbial con-
sortia. The result is a microbial population naturally selected by its metabolic
cooperation in the degradation of each mixture, with potentially higher efficiency
in degrading identified and non-identified components.”

Studies conducted to date of bioremediation of soil polluted by mazut, per-
formed in laboratories on the level of model systems, have proven the presence
of bioremediation potential for stimulated self-purification.8

Although the most suitable criteria for optimising the bioremediation process
are known (careful control of temperature, aeration, particle size, moisture,
macro and micronutrients in the mass to be composted, C/N ratio of the mate-
rias, etc.),® so that the microbial activity necessary for treating this organic mat-
ter can be encouraged, very few studies have attempted to treat mazut and heavy
fuel oil on theindustrial scale.10-14

The fraction of saturated hydrocarbons is dominant in most oils compared to
aromatic hydrocarbons and nitrogen-sulphur-oxygen compounds (NSO).15-17
The fraction shows the highest presence of n-alkanes and isoprenoid aliphatic
alkanes. The n-alkanes in oils may be present in different ranges, most frequently
n-C10—Css, while the most represented isoprenoids are Cqg, pristane and Co,
phytane.
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Polycyclic hydrocarbons of the sterane (Cy7—Cog) and terpane type (tri-,
tetra-, and pentacyclic; C1g—C3s) are most commonly found in much smaller
quantities. Due to their great biomarker potential, these compounds are highly
important in both organo-geochemical and bioremediation testing.

Previous field scale application showed that the oil pollutant mixture in the
soil treated by ex situ bioremediation behaved in a complex way: different degra-
dation rate and time evolution were observed for the different fractions of the
hydrocarbon mixture, which are characterised by different molecular weight and
structure.18:19 |t was also concluded that a stable microbial community had been
formed after initial fluctuations and that the microorganisms which decompose
hydrocarbons were dominant in the microbial population at the end of the
bioremediation process, with a share of more than 80 % (range 107 CFU/g).20

This paper presents transformations of saturated hydrocarbons of petroleum
type pollutants (isoprenoids and polycyclic akanes of the sterane and terpane ty-
pe) during ex situ bioremediation of soil contaminated by mazut of approxima-
tely 600 m3. Dominant hydrocarbon utilizing strains from mazut-contaminated
soil were selected and used for reinoculation as the active zymogenous microbial
consortium in this study. Experiments of biostimulation, bioventilation and rein-
oculation were performed during five months.

EXPERIMENTAL
Preparation of the biomass of the zymogenous consortium

The consortium of microorganisms was obtained from a mazut-contaminated soil by the
method of enrichment using a mineral medium (10 mass %),2! in which the mazut was used as
the sole source of energy and carbon at a concentration of 2000 ppm in one-litre Erlenmeyer
flasks with 200 mL medium.

Suspensions of the microorganisms were concentrated and used as inoculum to seed four
5-litre Erlenmeyer flasks containing 2000 mL of a medium containing 23 g of nutritious bouil-
lon, 100 mL of soil extract and 20 g of mazut.22 A commercial non-toxic and readily biode-
gradable surfactant, Biosolve® Clear® supplied by the Westford Chemical Corporation, (West-
ford, MA, USA) was used as a surface active agent to solubilise the mazut. The origina
solution supplied by the manufacturer was used at a concentration 1 mL L1, The growth con-
ditions were as follows: temperature, 28 °C; 120 rpm; pH 7.0 (adjusted with 1.0 M HCI or
NaOH); duration of growth: 96 h.

The microbial populations from al four flasks were used to inoculate (approx. 1 % v/v) a
self-designed and produced mobile bioreactor (total volume 1000 L) with a working volume
of 800 L, to produce the microbial consortium. The medium was 12 g L1 of meat peptone
(Torlak, Belgrade, Serbia); 0.2 g L (NH,),HPO,; 25 g L1 of an in autoclave sterilized soil
sample from an undisturbed deciduous woodland; and 10 g L1 of mazut. The growth condi-
tions: non-sterile, 25 °C, aeration and agitation 0.70 volume of air/volume of medium/min, pH
7.0 (adjusted with 10 M HCI or NaOH), duration 48 h and sunflower oil (1 mL L1) as an
antifoaming agent.
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Experimental treatment bed, design and treatment

The treatment bed for bioremediation was set up on a watertight asphalt base with an
approximate area of 1500 m?and a 1 % slope. A quantity of 270 m3 of contaminated soil was
mixed with 300 m3 of crude river sand and 60 m3 of softwood sawdust as the additional car-
bon source and bulking component. To ensure homogeni zation, the components were mixed 3
times with a front-end loader and finally fitted with a harrow. The final dimensions of the
treatment bed at the bioremediation site were about 75 mx20 m with a height of 0.4 m, which
means that the bioremediation substrate had a volume of approximately 600 m3. A perimeter
drain enclosed the entire treatment area and directed all leachate and runoff to a joint vessel,
from where they were pumped back to the treatment bed. Based on the analysis, the optimal
ratio C:N:P:K (approx.100:10:1:0.1) was secured by spraying a solution of ammonium nitrate,
diammonium phosphate and potassium chloride using a tractor-powered agricultural sprinkler.
This also provided for the required level of moisture (40-60 % of the water holding capacity-
-WHC). Moisture and aeration during bioremediation were maintained by 15-day watering,
tumbling and mixing of the treatment-bed. Reinoculation with the prepared microbial biomass
was performed in 30-day intervals, in the same manner as the moistening substrate was ap-
plied.

The treatment bed was aso amended with BioSolve® Clear®, applied at a volume of 70
mL of original solution per cubic meter.

After mixing, the heaps were covered with polyethylene foil to prevent the direct in-
fluence of the weather conditions on the bioremediation substrate.

The bioremediation experiment was conducted from March to August 2009 and in this
period, the average temperature was 18.2 °C (min. 0.3, and max. 35.4 °C).

Chemical and microbiological indicators of the bioremediation process were monitored
immediately after application of the microbial biomass (time zero, sample S-0) and every 50
days over aperiod of 150 days (designations S-50, S-100, S-150).

Determination of the number of microoorganisms

The number of microorganisms was determined by the method of a serial dilution on
agar plates incubated at 28 °C. For the total microorganisms, a nutrient agar was used and for
hydrocarbon degraders, a mineral based medium with 2000 ppm diesel fuel 2123

Determination of hydrocarbon fractions and GC-MSanalysis

The organic substance of the bioremediation substrate was extracted by the Soxhlet me-
thod and the components of the group composition were quantified after chromatographic
separation on an adsorbent column. The NSO-asphaltene fraction was calculated arithmeti-
cally.?

Isoprenoid aliphatic alkanes, pristane and phytane, and polycyclic alkanes of sterane and
triterpane types in saturated hydrocarbon fractions were analysed by gas chromatography—
—mass spectrometry (GC-MS). An Agilent GC System 6890N gas chromatograph with an
Agilent 7673 Series injector and Series 5973 mass detector fitted with J & W Scientific DB-
-5ms-ITD column (30 m, 0.25 mm id, 0.25 um film) was used. Helium was employed as the
carrier gas (flow rate 1 mL min'1). The temperature program of the column was 50 to 285 °C
at 10 °C min'L. Isoprenoids were identified from the nvz 183, steranes from mvz 217 and triter-
panes from m/z 191 fragmentograms obtained from anaysis in the single ion-monitoring
mode (SIM). The most relevant peaks were identified based on organic geochemical literature
data,” or based on total mass spectra, using mass spectra databases.?

All the results were calculated to dry substance.
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RESULTS AND DISCUSSION
Basic microbiological indicators

The initial concentration of the zymogenous population of hydrocarbon de-
grading bacteriain the sample S-0 was approximately 104 CFU g1 (Fig. 1). Pre-
viously conducted studies had determined that the bioremediation would not be
realised to a significant extent if the population of the microorganisms capable of
degrading the target contaminant was smaller than 10° CFU g of soil.4 The
concentration of these microorganisms was increased through reinoculation of
the zymogenous microbial biomass and multiplication in the bioreactor. Fol-
lowing biostimulation and reinoculation, the number of hydrocarbon degrading
microorganisms after 50 days had increased by as much as 100 times (from 104
to 106). Midway through the process, the proportion of oil hydrocarbon degraders
in the total number of microorganisms had increased to 75 %. This proportion
amounted to only < 1 % at the beginning of the process. A decreased hydro-
carbon concentration brought this proportion down to 25 %. The population of
the bacterial consortium able to consume diesel oil as a sole source of carbon was
stable even after 150 days following the first application of the microbial con-
sortium, indicating the very high survivability of the introduced strains.

=1 Total microorganisms
mm Hydrocarbon degraders

log(CFU/g)

P
=]

Fig. 1. Changes in the number of total micro-
0 50 100 150 organisms and hydrocarbon degraders during
t/ day the bioremediation process.

Due to the toxic effect of the contaminant, the biodiversity of the conta-
minated soil decreased, whereas the concentration of the population of micro-
organisms degrading the contaminating substance rose.26 Along with a decrease
in the concentration of the contaminant towards the end of the remediation pro-
cess, the share of hydrocarbon utilizing microorganisms in the total number de-
creased. Due to the reduced toxicity, the microbia population in the soil became
more diverse.

Analysis of the hydrocarbon fractions

Biodegradation and the decreased concentration of the individual fractions
within the hydrocarbons is shown in Fig. 2. The highest degree of degradation
was noted in the most extensive aliphatic fraction. In sample S-0, the proportions
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of aiphatic, aromatic and NSO-asphaltene fraction were 71.6, 17.0 and 11.4 %,
respectively. Due to the intensive biodegradation processes, the share of indivi-
dua fractions after 50 days compared to the initial concentration decreased to
27.0, 5.2 and 7.5 %. Since the n-alkane fraction was dominant and the most pro-
ne to bioremediation, the trend continued so that the percentages of the individual
fractions amounted to 15.4, 3.3 and 6.4 after 100 days, i.e., 3.1, 0.6 and 1.9 after
150 days.

Fig. 2. Percent and decrease of the concentration of
;u’daylo0 group composition components within the total ini-
tial hydrocarbons during ex situ bioremediation.

Asphaltenes

The average rate of decrease during the biodegradation of the heavy residua
fuel oil was 23.7 mg kg1 day—1 for the aliphatic fraction, 5.7 mg kg~ day—1 for
the aromatic fraction, and 3.3 mg—1 kg1 day—1 for NSO and the asphaltene frac-
tion. As expected, the asphaltene fraction was the most recalcitrant and the most
persistent in the environment, which is the reason why it has the slowest rate of
decomposition.12 Considering the decomposition rate of the individual fractions,
the relative ratios within the group composition change at the expense of de-
creased aliphatic and aromatic fractions and increased proportion of NSO and the
asphaltene fraction. The increase in the proportion of NSO and the asphaltene
fraction was followed by a decrease in the absolute value of al fractions in the
group composition.

GC-MS Analysis of the aliphatic hydrocarbon fraction

Changes in the content of the alkane fraction were monitored by means of
GC-MS anaysis of samples S-0, S50, S-100 and S-150. The total ion current
(T1C) chromatograms of the alkane fraction of samples S-0 and S-150 are shown
in Fig. 3. The SIM-chromatograms of isoprenoids (m/z = 183), terpanes (m/z =
=191) and steranes (m/z = 217) are presented in Figs. 4-6, respectively.

Based on the appearance of the TIC-chromatograms (for samples S-0 and
S-150, Fig. 1), it may be concluded that alkane fractions of the tested samples are
characterized by a high quantity of an unresolved complex mixture (UCM). This
is an expected result, knowing that the soil tested in this study had been polluted
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by mazut, a heavy ail fraction. The presence of peaks of individual n-alkanesis
also visible, which is in accordance with the fact that the alkane fraction makes
up over 75 % of the total hydrocarbons. As judged from the gas chromatograms,
the hydrocarbons left in the soil had already been degraded to some extent during
natural biodegradation processes since the abundances of C;7 and C1g n-alkanes
a time zero was somewhat smaller than the abundances of pristane (C1g) and
phytane (Co).

S-0
¥
ol 2 Cao
E ............ M‘“—-——“—*—
'% ] S-150
B
<

Retention time, min
Fig. 3. TIC of the alkane fractions of extract samples S-0 and S-150; Pr: pristane; Phyt: phytane.

2 1o o Pristane
i 0 ¢ 7,
75 5
Isoprenoids > Czo 2]
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Fig. 4. Fragmentograms of the isoprenoids (SIM, nm/z 183) of the alkane fractionsin the
samples S-0 and S-150 (full mass spectra corresponding to peaks of pristane C19 and phytane
C20 for S-0 sample are also presented); Pr: pristane; Phyt: phytane.

The ratios Pr/n-C17 and Phyt/n-C1g may be used for differentiating between
physical weathering and bioremediation.2? Since the volatility of n-Cq7 and pris-
tane are similar, asis the case with the volatility of n-Cqg and phytane, a decrease
in the concentrations of these substances over time should be attributed to wea-
thering if their ratio remains the same. If with time, the ratios Pr/n-Cy7 and Phyt/
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/n-C1g increase, the conclusion is that this occurs due to bioremediation, which is
a consequence of the fact that bioremediation removes n-C17 and n-Csg at higher
rates than pristane and phytane, respectively.28

100,

75

50

Abundance, %

Retention time, min
Fig. 5. Fragmentograms of the terpanes (SIM, my/z 191) of the alkane fractions in the samples
S-0and S-150. 1: C19 —tricyclic terpane; 2: C,q —tricyclic terpane; 3: C,, —tricyclic terpane;
4: C,, —tricyclic terpane; 5: Cos —tricyclic terpane; 6: Cy4 — tetracyclic terpane; 7: Cyg — tri-
cyclic terpane; 8: Cy7 — 18a(H)-22,29,30-trisnorhopane (Ts); 9: Cy7 — 17a(H),18a(H),218(H)-
-25,28,30-trisnorhopane; 10: Cog — 17a(H),213(H)-hopane;
11: Cyg — 18a(H),215(H)-30-nornechopane.

A decrease of the quantity of isoprenoid molecules over the course of the
bioremediation process may also be noted based on the abundance of the peaksin
chromatograms of the ion m/z 183, characteristic for these molecules (samples
S0 and S-150; SIM method; Fig. 4). In the chromatogram m/z 183 of all the
samples, the pristane and phytane peaks are clearly differentiated, being the most
intensive in the sample S-0. In this sample, individual peaks originating from the
homologue strain > Coq isoprenoids are also observed, while in sample S-150
they are biodegraded.

The chromatogram of terpane in the initial sample S-0 (SIM, m/z 191, Fig. 5)
is dominated by peaks originating from C19—Cpg tricyclic terpanes, Cpy tetra-
cyclic terpane and Co7—Coyg pentacyclic terpanes, with a distribution not typical
for raw heavy fud oil (data not shown) rather for samples that had been exposed
to weathering and biodegradation over extended periods of time.l7 Thisisin ac-
cordance with the ratio Pr/n-C17 and Phyt/n-Cqg of the SIM isoprenoid fraction.
Bearing in mind that terpanes are, generally speaking, more resistant to micro-
biological degradation compared to n-alkanes and isoprenoid aliphatic alkanes,
their presence in the oil pollutant that had previously been exposed to natural bio-
degradation is not surprising. During the bioremediation process, the quantity of
all tricyclic and tetracyclic terpanes decreased and in the sample S-150, the quan-
tity of tricyclic (Cqg, Ca4, Co5, and Cpg) and tetracyclic terpanes (Co4) is accord-
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ing to their intensity virtually no different from the peaks overlapped by the
background noise. In relation to them, the quantity of pentacyclic terpanes of the
hopane type also decreased at an intensity that conforms to degradation of oil and
oil derivatives under natural conditions.

100,
75
50
25

ol
100,

75

Abundance, %

S04

25

1L

Retention time, min
Fig. 6. Fragmentograms of the steranes (SIM, m/z 217) of the alkane fractions in the samples
S-0and S-150. 1: Cy; — 138(H),17a(H)-diasterane (20S); 2: Cy7; — 138(H),17a(H)-diasterane
(20R); 3: Cy7 — 13a(H),17p(H)-diasterane (20S); 4: Cy7 — 13a(H),174(H) diasterane (20R);
5: Cyg — 138(H),17a(H)-diasterane (20R); 6: Cog — 13a(H),174(H)-diasterane (20S) + Cy7 —
—14a(H),17a(H)-sterane (20S); 7: Cog — 13p(H),17a(H)-diasterane (20S) + Cy; —
— 148(H),178(H)-sterane (20R); 8: C,7 — 145(H),178(H)-sterane (20S) + Cyg —
—13a(H),175(H)-diasterane (20R); 9: Cyg — 134(H),17a(H)-diasterane (20R);
10: Cyg — 13a(H),178(H)-diasterane (20R) + Cog —148(H),178(H)-sterane (20R);
11: Cyg — 14a(H),17a(H)-sterane (20R); 12: Cog — 14a(H),17a(H)-sterane (20R).

Steranes and diasteranes are polycyclic alkanes that are degraded more
quickly and easily than terpanes.2? The decreased concentration due to intensive
bioremediation processes makes their identification by the SIM method more
difficult. Over the course of conducted bioremediation experiments, the fate of
steranes and their more stable structural isomers, diasteranes, Co7—Cog, is similar
to the fate of the terpanes (Fig. 6), and biodegradation, decrease and loss of reso-
lution of the individual signals, was observed in the sample S-150.

CONCLUSIONS

This research monitored the effects of bioremediation of soil contaminated
by mazut over a period of 150 days (March — July 2009). The bioremediation
was stimulated through a two-week reinoculation with a zymogenous microbial
consortium, along with mixing, watering and biostimulation. The analysis of
change in the group composition evidenced that the average rate of decrease
during the biodegradation of mazut was 23.7 mg kg1 day—1 for the aliphatic
fraction, 5.7 mg kg~ day—1 for the aromatic fraction and 3.3 mg kg day—1 for
the NSO-asphaltene fraction. These findings indicate that the microorganisms
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consumed al the components of the compounds of the hydrocarbon mixture,
although at different biodegradation rates.

The participation of oil hydrocarbon degraders to the total number of micro-
organisms had increased to 75 % by the mid-cycle, compared to < 1 % during
early bioremediation. The population of microorganisms capable of using diesel
as their sole source of carbon remained stable even 150 days after the first reino-
culation, which indicates that the natural ability of microorganisms to adapt to
the environmental conditions significantly contributes to their extremely high
survival rate.

The fate of the saturated hydrocarbons was monitored through changesin the
composition of the alkane fraction. The abundance of n-Cy7- and n-Cqg-alkanes
a time zero was somewhat smaller than the abundance of pristane (C1g) and
phytane (Cpg). This indicates that the process of hydrocarbon degradation had
started before the design and application of the bioremediation procedure.

Polycyclic alkanes, steranes and diasteranes, as well as terpanes, were biode-
graded in the sample S-150 and did not differ from peaks overlapped by the
background noise. The zymogenous bacterial consortium used in this bioreme-
diation study degraded isoprenoids with > Cyg, and to a certain extent pristane
and phytane as well, which are recalcitrant compounds resistant to biodegra-
dation and hence commonly used as chemical markers against which the degree
of biodegradation of the other compounds and oil maturation are measured.27,30
Biodegradation of pristane and phytane means that these compounds are not suit-
able internal standards for monitoring bioremediation. Therefore, by comparing
the content of other hydrocarbons relative to pristane and phytane, their degree of
biodegradation may be underestimated, because branched pristane and phytane
are also biodegradable, although in most cases with a lower biodegradation rate.
However, the ratio Pr/n-C17 and Phyt/n-C1g may serve to differentiate between
physical weathering and bioremediation.2” The ratio Pr/n-C17 and Phyt/n-Cqg
increased over time of bioremediation because bioremediation removes n-Cq7
andn-Cjg at a higher rate than pristane and phytane, respectively.

TIC confirmed a significant degradation of alkanes. This was followed by a
decreased concentration of isoprenoids (> Cyg), tricyclic (C1g—Cog) and tetracyc-
lic terpanes (Cp4), pentacyclic triterpanes (Co7—C3p) as well as by decreased ste-
rane and diasterane contents (C27—Cog).
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U3BOA

ITPOMEHA U3OITPEHOUJHE, CTEPAHCKE U1 TEPITAHCKE ®PAKITUJE TOKOM EX STU
BUOPEMEJNJAIIMIE MA3YTA HA UHAYCTPUJCKOM HUBOY

BJIAJIVIMHUP 1. BEIIKOCKH', MUJIOII TAKWF?, JEJIEHA MAJIUR', MIJIA WJIWR',
I'OPJJAHA rOJFI/ITl-HBI/UOBI/ITll, BPAHUMMUP JOBAHUMREBUR? 1 MUPOCJIAB M. BPBIR™2
Henimap 3a xemujy, Mnciuitiyi@ 3a xemujy, liexnoaozujy u meiianypzujy, lhezoweea 12, ii. iip 473, 11001 Beozpad u
ZXemujcxu axyainieii, Ynusepsauitieiu y beozpady, Ciiyoeniticku wuipz 16, ii. tip 51, 11158 Beozpao

IMpukazanu cy pesynraTu €X Situ Guopemeujaiije 3eMbUIITA KOHTAMHUHUPAHOT Ma3yToOM Ha
ungycrpujckom HuBoy (600 m®). Buopememujamuonu Matepujan (neGsune 0,4 M) ce cacTojao ox
MEXaHMYKH MOMEIIaHUX Ma3yToM 3araljeHor 3eMJBHMINTA, YaMOBE IMMJBEBHHE Ka0 JOJAaTHOT M3BOPa
YIJbCHUKA M HENpedyunIneHOr peyHOr Iecka, Z0JaTor y by Mellamba U moBehamba IOpo3HOCTH.
Wnokynanuja/penHokynanuja (6noayrMmeHTanuja) je nepHoguaHo paleHa ca 61oMacoM KOH30PIH-
jyMa 3UMOT€HHX MHKPOOOpraHM3aMa M30JI0BaHMX M3 CYICTpaTa 3a Ouopemenujauujy. buoctiumy-
nanyja je peanusoBaHa qojgatkoMm xpanspuux cyncradiu (N, P u K). Aepanuja je moGospiuiaBaHa
CHCTEeMaTCKUM MeIlameM OnopeMenujanuonor cucrema. Hakon 50 mana 6poj MuKpoopranuzama
KOjH Jerpaanpajy yriboBomonuke rnosehan je 100 myra. Ha ocHOBY mpoMeHa y IpyITHOM CacTaBy
MpoCceYHa cTola Omoerpamganije TOKOM OnopeMenujanydje je Ouna 3a amudatnuny ¢pakuujy 24
mg kg no nauy, 3a apomariuny 6 mg kg mo many u 3 mg kg no many 3a HCO-acanrencky
¢pakiujy. Y 3acuhenoj yriboBogoHnuHOj ppakuuju merogom GC-MS (SIM meron) aHanusupaHu
Cy M30NPEHOMIH MPUCTaH M GUTAH U TMOJUIUKINYHA MOJIEKYJIH CTEPAHCKOT U TPUTEPHAHCKOT TH-
rma. TokoM OnopeMeHjalioHOTr Ipoleca AONIUIO je 10 OHojerpajaldje W CMambemha PeaTUBHUX
KOJIMYMHA W30MPEHONA, CTepaHa, TpU- U TEeTPALMKINYHUX TeplaHa U MEHTAUUKIHIHUX TepliaHa
XOMaHCKOT THIIA.

(IIpumibeHo 5. Maja, pesuaupano 22. jyna 2010)
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